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1.0 INTRODUCTION

The purpose of this project is to analyze and interpret acoustical and
electrical data which have been provided by the U. S. Army Avionics Research and
Development Activity (AVRADA), Ft. Monmouth, NJ. The acoustical data are in the form
of magnetic tape recordings of acoustlcal nolse or speech, measured In 7 different
types of U. S. Army aircraft during typical in-flight operations. Some of the
electrical data are in the form of magnetic tape recordings of electrical noise
on voice communication lines in those same aircraft. The remainder of the elec-
trical data are in written form and are data from standard electrical tests of
individual items of communication gear in the same aircraft. The data were
analyzed to determine noise and speech levels in the communication channel,

especially at the pilot's or crewman's ear. Calculations were then performed to:

- Estimate hearing damage risk
- Estimate the intelligibility of speech
- Estimate the effect on hearing damage risk or intelligibility

of changing the noise in selected elements of the channel.

A further purpose of this project is to identify harmful nolse sources and
levels affecting the communication channel. The principal objective of the project
is to determine the contribution of the communication channel to aviator hearing
loss and to recommend measures to reduce or eliminate this contribution. Another

important objective is to recommend measures to improve the intelligibility of speech.

A study by the U. S. Army Medical Research and Development Command esti-
mates that from 30 to 50 percent of all personnel in the infantry, artillery,
armor, and aviation branches suffer noise - induced hearing loss during their
military careers.] In 1970, the Veterans Administration paid compensation of
approximately 52 million dollars for hearing loss, presumably sustained in

military service.

The noise levels in many, if not most, types of military aircraft are

hazardous to the unprotected ear.z—h Measures to significantly reduce the

sound at the source, or to attenuate it before it reaches the cockpit or cabin
area, have in the past imposed unacceptable performance penalties or required |
yet-to-be-developed design advances. Personal hearing protection and adminis-

trative controls are used to conserve hearing. |




This project has been structured so that the performance of aircraft com-
munication systems is measured while in operations use. Thus, one can see whether
the communication components work as well in service, with regard to intelligibility

and hearing conservation, as they do in the laboratory.

The tape recordings and electrical measurements were made at Ft. Hood, TX
and Ft. Eustis, VA by personnel from AVRADA and from the American Electronics
Service Corporation (AEL). The recordings were made between September 1976 and

April 1977, inclusive.
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2.0 DESCRIPTION OF THE COMMUNICATION ENVIRONMENT

Measurements were made in 37 individual aircraft, including 7 different

models.
No. of Wing No. of
Aircraft Model Type Engines
10 UH-1H lroquois (Huey) Rotor ]
6 OH-58A Kiowa Rotor ]
6 0V-1D Mohawk Fixed 2
3 AH-1S Hueycobra Rotor 1
3 AH-1Q Hueycobra Rotor 1
3 CH-47C Chinook 2 Rotors 2
6 CH-54B Tarhe Rotor 2

All aircraft are powered by turboprop or turboshaft engines. The manufacture
dates range from 1966 to 1973, inclusive. More detailed descriptions are found

in Appendix A.

The aircraft radios and intercommunication sets (AIC) are a mix of SLAE
(Standard Lightweight Avionics Equipment) and PRE-SLAE. The SLAE AIC is the
C-6533 which was used in 15 aircraft. The PRE-SLAE C-1611D was used in 22 air-
craft. Additional information about the avionics complement is found in Appendix
€.

Figure 1 is a block diagram of the communication system, applicable to either
the C-1611D or C-6533. The circled items identify possible sources of noise which
will ultimately appear as masking or damaging audio frequency noise at a crewman's
ears. The C-1611D headset amplifier is capable of delivering about 100 mW of low-
distortion speech to each earphone, providing about 97 dB SPL at the ear. At
higher levels, the distortion increases rapidly. At the point where limiting
occurs, a sound pressure of about 100 dB SPL is produced at the ear. The C-6533
can deliver somewhat higher low-distortion signal to each earphone producing about
100 dB SPL at the ear. It is estimated from a few measurements made during the
project that at least 104 dB SPL can be produced at the ear before limiting occurs.
Higher levels are possible in frequency bands where the earphone has response peaks.
The C-6533 has a softer limiting characteristic than'thé c-1611.

The air crewman's helmet worn during the flight tests was the Model SPH-4,

The helmet contains plastic earcups which have circumaural ear cushions filled
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with soft foamed plastic. Each earcup contains a Model H-143/AIC earphone.5 The
earphones are electrically connected in parallel.
All

were taken in the same SPH-4 helmet in the right-hand earcup.

The specified impedance of
each earphone at 1000 Hz is 19 + 2 Ohms. in-the-earcup acoustical data

The response of
the H-143 earphone was measured by AVRADA

and is shown in Figure 2. The re-

sponse is considered to be typical.

Those data segments which include speech were made with a boom-mounted,
noise-cancelling microphone, Model M-87/AlC.
5 + 2 Ohms.

The microphone impedance is
Various individual M-87's were used. They were observed to operate
normally, but were otherwise not calibrated. Figure 2 also shows the close-

- 6
talk response of a nominal M-87 microphone, as specified by MIL-M-26542A" at

a test distance of 1/b4 inch,

Figure 3 shows the amplification characteristics of the C~1611, which is

very similar to the amplification characteristic of the C-6533. Also shown is
an overall response of the communications system, including microphone, AIC,

and earphone.7

During the planning of the data acquisition phase, lists of relevant flight

modes and communication system test points were developed.

Flight Modes (Standard Maneuvers)

Communication System Test Points

1 Take-0ff 1 Cabin Ambient (acoustic)

2 Climb 2 Earcup, interphone not keyed

3 Descent Right (acoustic) (NO KEY)*

4 Climb left 3 Earcup, interphone keyed, no processed
5 Descent left speech (acoustic) (KEY NO TALK)

6 Climb Right L Earcup, interphone keyed, with processed
7 Descent speech (acoustic) (KEY TALK)

8 Level Flight 5 Earcup, interphone not keyed,

9 Hover at Altitude dummy headset (electrical)

10 Hover in Ground Effect 6 Earcup, interphone keyed, dummy

11 Land headset (electrical)

12 Nap of Earth Flight 7 Earcup, interphone keyed, dummy

See Appendix C, page C-1 for definitions

microphone dummy headset (electrical)

of Key and No Key conditions.
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The cabin ambient noise was tape-recorded on one channel of a magnetic tape
recorder using a microphone in the aircraft cabin. The earcup acoustical re-
cordings were simultaneously made on the other channel using a microphone inside
the earcup, at the crewman's ear. The earcup electrical recordings were made A
across a dummy (82) headset load. Details of the data acquisition and format

are given in Appendix B.

The above conditions permit 72 combinations of earcup recordings per air-
craft, for a total of 2664 for 37 aircraft. About 22 percent of the possible

total were actually made and found suitable for analysis.

Each of the tape recordings for each flight condition and test point was

one minute long. During the making of the ''talk' recordings, the speaker (crew

or pilot) was asked to read a prepared text, referred to as the ''rainbow

passage,' in a ''"normal voice' suitable for the communication environment. The
volume settings on the AIC sets were adjusted for ''comfortable listening level'
suitable for the communications environment. In most or all cases a mid-range

setting (12 o'clock to 1 o'clock) of the volume control was selected.

The earcup, earphone and microphone package in the SPH~4 helmet is designated
the MK-1564 ( )/AIC. The applicable specification is MIL-H-55351(EL).
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3.0 DESCRIPTORS OF THE ENVIRONMENT
3.1 A-WEIGHTED NOISE

The electrical output of microphones and associated audio amplifiers often
is passed through an electrical filter which is designed to approximate the
frequency-dependent response of human ears to sound. Such a filter is called an
A-weighted filter. Figure 4 shows the frequency-dependence of the response of

such a filter.

The overall level of A-weighted sound has been found to be useful for cal-
culating the impact of noise on human beings, where that impact may be inter-
ference with activities, annoyance, physiological effects, or risk of hearing
loss.9 The use of a single number for overall A-weighted sound as a descriptor
of risk of hearing loss is based on the assumption that sound that cannot be

9

heard cannot damage an ear. A related assumption is that A-weighting accounts
for the frequency dependence of an ear's susceptibility to damage, so that a
given A-weighted level for a discrete frequency sound produces the same hearing

loss regardless of the frequency of that sound.

The A-weighted sound levels which are tabulated in this report were pro-
duced by playing back magnetic tape recordings of helicopter noise through an
analog A-weighting filter (Bruel & Kjaer Type 2111 Spectrometer) and supplying
the electrical output of that filter to a B&K Type 2305 graphic level recorder.
Values of A-weighted sound levels were read from the resulting strip charts of
sound level versus time. The resulting levels were calibrated by means of a
250 Hertz tone corresponding to a known sound pressure level which was recorded
on the magnetic tapes during the initial measurements. Listings of the out-
put of the Articulation Index computer program (See Appendix D) which appear
in several places in this report include calculated A-weighted sound levels.
Those levels generally agree to within about 2 dB with the levels that were
determined with a B&K filter and a level recorder. Calculations of Articulation
Index like those described in Section 3.4 do not incorporate A-weighted sound,

but weighting factors similar to A-weighting are built into the calculations.
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3.2 POWER SPECTRUM LEVEL VS FREQUENCY

The plots of power spectrum level versus frequency which are presented in
this report were produced by a Hewlett Packard Model S451A Fast Fourier Trans-
form (FFT) system. The Model 5451A utilizes an electronic digital computer to
calculate Fourier transforms of time-varying signals. Those Fourier transforms
are used to calculate power spectrum levels for narrow bands of frequencies

throughout a frequency range of interest.

The method of analysis is as follows. A section of taped data for a given
test and flight condition is processed using Fourier analysis to determine a
power spectrum. The tape sections are l-minute long; however, the effective
averaging time for the analysis is about 40 seconds because the A/D conver-
sion is a little slower than real time. The excellent repeatability of the
results indicate that the accuracy would not be improved by averaging for a
full minute. The effective filter bandwidth for the analysis is 10 Hz. The
results are stored as a list of numbers representing the mean-square voltage in
each of the 10-Hz bandwidths required to cover the frequency range of interest,
which is 20 Hz to 10000 Hz. Division of the numbers by 10 yields a pseudo power
spectrum, corresponding to a | Hz bandwidth. A 250 Hz calibration tone on the
tape is also analyzed to derive a calibration scale factor. |Its dimensions are
(volts)zl(psi)2 where the (rms) psi is derived from the known sound pressure
produced by the pistonphone used to make the calibration. |f necessary, an addi-
tional scaling factor is applied to account for the setting of the input attenua-
tor on the Nagra recorder. Any of the numbers in the stored list can then be
converted to dimensions of (psi)2 by dividing by the calibration scale factor.
Further processing yields dimensions of dB SPL, in whatever bandwidth is found

useful.
3.3 HEARING DAMAGE RISK - PUBLISHED CRITERIA

In the following discussion of hearing damage risks, the threshold shifts
which are cited are in addition to those shifts which normally occur due to the

human ageing process.

Although there is some disagreement among hearing experts as to what com-

prises a threat of significant hearing loss.,]0 there is general agreement that

1

I
L

JUESTI -,



measurable hearing loss results from frequent exposure to sound levels above .

9

75 dBA for ten years or more. For example, exposure to sound levels of 85
dBA for 8 hours per day, five days a week, for ten years will produce a noise-
induced permanent threshold shift (NIPTS) of 19 decibels or more at 4000 Hertz

in ten percent of people who are so exposed.]0 Exposure to 88 dBA for 4 hours

N ———

a day or 91 dBA for 2 hours a day will produce that same loss of hearing,
assuming that the noise is continuous without interruption. Even at levels as

low as 75 dBA, 10 percent of the population will experience an NIPTS of 6 deci-

g

bels or more at 4000 Hertz after 40 years of daily exposure.10

Judgements of the significance of the hearing loss just described are aided
by noting that the average of NIPTS at 500, 1000, and 2000 Hertz resulting from
daily exposure to 85, 90, and 95 dBA for 8, 4 and 2 hours per day, respectively,
will be 3 decibels or greater, after 40 years, for 10% of the population.10 It
has become common practice to refer to such frequencies as ''speech frequencies',
implying that avoidance of hearing losses in that frequency range will prevent

9

any serious speech communication handicap. That premise is explicit in most
occupational hearing damage-risk criteria, which treat hearing losses at fre-
quencies above 2000 Hertz as insignificant for speech comprehension.ll However,
hearing at frequencies up to at least 3000 Hertz plays a major role in under~
standing of speech,12 and speech sounds ranging from 200 tc 6100 Hertz contain

useful information.ll

Differences in judgements of the importance of hearing at high frequencies
are largely responsible for differences in proposed maximum allowed sound levels

to protect hearing. For example, the Cccupational Safety and Health Adminis-

13

tration (OSHA) requires that an employee's eight-hour time-weighted average

exposure be no more than 90 dBA, while the Environmental Protection Agency (EPA)
has recommended that OSHA reduce that limit at least to 85 dBA,]3 and the U. S.

. i
Army has adopted that reduced limit.‘k In another context, EPA has stated'l :

that a limit of 73 dBA appears to be the rational choice if strict conservation
of hearing is to be the criterion without consideration of cost. Much of the 17

dBA difference between OSHA's requirement and EPA's goal of 73 dBA is due to

differences of opinions concerning the importance of hearing losses at 4000 Hertz.lo

The remainder of the difference is due to differing objectives in terms of the

12




percentage of the population that is to be protected. OSHA limits are designed
to protect 90 percent of the population from NIPTS exceeding 5 decibels at
''speech frequencies“,lo while EPA limits are designed to protect 100 percent of

the population from NIPTS exceeding 5 decibels at 4000 Hertz.

EPA has taken the position that any measurable NIPTS at any frequency is
unacceptable if the goal of regulations is to protect the health and welfare
of people with an adequate margin of safety. However, EPA considers noise-
induced permanent threshold shifts of less than 5 decibels to be unmeasurable
and, therefore, not relevant. OSHA regulations are based on a judgement that
a noise-induced permanent threshold shift of 7 or more decibels at ''speech
frequencies' for 10 percent of the population is acceptable, from which it may
be inferred from NIPTS curves that NIPTS of 28 or more decibels at 4000 Hertz

for 10 percent of the population is acceptable.10

EPA's compromise of their
ideal of 73 dBA for 100 percent protection to a recommendation for 85 dBA and
the U. S. Army's acceptance of that limit’h corresponds to acceptance of NIPTS
of 3 or more decibels at ''speech frequencies'' and 19 or more decibels at 4000
Hz for 10 percent of the population, after 40 years of exposure. Actually,
most of the loss suffered after 40 years of exposure is sustained during the

first 10 years of exposure.

The Committee on Conservation of Hearing of the American Academy of Opthal-
mology and Otolaryngology defined a hearing handicap to be that condition which

they judged to interfere with understanding everyday speech.]5 The threshold

of handicap was defined by them to occur when the average of the hearing levels

at 500, 1000, and 2000 Hz is 25 decibels above what they defined as normal
hearing (International Standards Organization Standard, 1963). Although that
is a popular criterion,16 it may lead to significant underestimates of the
severity of noise-induced hearing loss and overestimations of tolerable limits

15

to exposure to noise.

The Veteran's Administration (VA) allows no compensation unless a noise-
induced permanent threshold shift (NIPTS) at ''speech frequencies'' exceeds 37 dB

iz Figure 5

in a person's better ear, or exceeds 57 dB in their poorer ear.
shows that the VA criterion for the better ear corresponds to requiring a limit

of 113 dBA to noise levels to which workers are exposed for 8 hours per day if

13
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it is desired to protect 90 percent of employees. Figure 5 also shows EPA
and OSHA criteria for comparison. The data shown in Figure 5 were taken

from a report on NIPTS which was published by EPA.I8 Those data also were

plotted and interpreted by von Gierke.9

Figure 5 does not provide any information about noise limits required to
protect the ten percent of people who are most susceptible to hearing loss.
Figure 6 provides that information. Part of the information in Figure 6 is
from the EPA NIPTS report,18 and part is from extrapolations and from Figure 5.
The extrapolations which are displayed in Figures 5 and 6 are risky, as extra-
polations always are. However, even if there is some inaccuracy in those
extrapolations, the resulting curves still serve to put the problem of risk of
hearing loss of helicopter pilots in perspective. No additional published data
are available, so extrapolations are necessary for definition of the problem of
helicopter noise. A discussion of the reasonableness of the extrapolations and
of the applicable exposure durations will be presented later in this section,

after some examination of the meaning of the curves in Figure 6.

Figure 6 shows that one percent of people who are exposed to 110 dBA for
8 hours per day for 40 years suffer an NIPTS of more than 37 dB, and 0.2 per-
cent suffer more than 37 dB NIPTS for exposure to 108 dBA for that same time.
The line in Figure 6 labelled ''distribution of hearing level of non-exposed
population of 60 year-olds'' shows that it is not relevant to consider NIPTS
for 40-year exposures to noise at less than 108 dBA if 37 dBA NIPTS is the pro-
tection criterion; normal ageing causes the small fraction of the population
which is to be protected at that level to suffer a 37 dB loss of hearing, even

if they are not exposed to unusually loud noise throughout their working life.

The extrapolations shown in Figure 6 are reasonable, since the resulting

curve for 37 dB NIPTS shows that essentially 100 percent of the population will

lose the ability to carry on conversation effectively if people are exposed for

a working lifetime to noise at a level equalling the threshold of pain. [t seems
likely that evolutionary processes have supplied the human organism with a pain- f
avoidance mechanism which encourages people to avoid sound which can destroy their 4

ability to converse with other people.

Figures 5 and 6 do not provide information about the effects of exposure |

for less than 8 hours per day and/or for less than 40 years. An ''equal energy

———
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rule'” allows an increase of noise levels by 3 dBA for each halving of exposure
time. (Some investigators use a ''five-dB-per doubling rule' for ''speech fre-
quencies.') That rule would allow raising the 37 dB NIPTS curve in Figure 6 by
3 dBA if exposures were limited to 4 hours per day. Limiting exposures to 10
years also would allow raising the curve some, but differences between hearing
loss after ten years exposure and after 40 years exposure are small.]1 However,
there is little information about rates of hearing loss near the threshold of
pain. Since it is likely that hearing loss is disproportionately rapid for
sound levels in the neighborhood of the threshold of pain, a cautious approach
requires assuming that the curve for 37 dB NIPTS in Figure 6 applies to expo-

sures of less than 8 hours per day for less than 40 years.

There are no extrapolations involved in applying Figure 6 to the U. S.
Army's criterion for hearing protection.]h That portion of the 5 dB NIPTS
curve that is below 95 dBA is based on measurements. That curve shows that
2 percent of people routinely exposed for 8 hours per day to sound levels equal
to the maximum allowed by the U. S. Army (85 dBA) will suffer a 5 dB NIPTS
after 40 years of exposure. Helicopter pilots normally will not be exposed to
helicopter noise for 40 years, but there is little difference between hearing
losses after 10 years of exposure and hearing losses after 40 years of exposure.ll
As far as hearing loss at ''speech frequencies' is concerned, it does no good to
lower the maximum allowed sound level below 85 dBA, because the 1/2 percent of
the population that is to be protected by going to a lower level cannot hear sounds
at that level at age 60 even if they have not been exposed to loud noise during
their working years. OSHA and Army regulations allow a 5 dBA increase in sound
level for each halving of daily exposure, up to a maximum sound level of 115 dBA
for OSHA and 110 dBA for the Army.

3.4 ARTICULATION INDEX

Articulation Index (Al) is a weighted fraction representing, for a given
speech channel and noise condition, the effective proportion of the normal speech
signal that is available to a listener for conveying speech intelligibility. Al
is computed from acousticai estimates or measurements of the speech spectrum and
of the effective masking spectrum of any noise which may be present along with

the speech at the ear of a listener.

17




Articulation iIndex values were calculated for the test conditions described

in this report by means of a FORTRAN IV computer program which was executed
either on a GDC 6600 electronic computer or in modified form on a peripheral
computer associated with a Hewlett-Packard 5451A Fourier Analyzer. The logic
of the computer program is based on an American National Standards Institute

Standard (ANS! S3.5).]9 The program is described and listed in Appendix D.

The sound levels generated by electronic communications of speech in
helicopters are sufficiently high that ANSI $3.5 rules out the use of octave-
band sound pressure levels in the calculation of Al. For high sound levels,
the ANS| standard requires the use of a 20-band method which involves the use
of spectrum levels of sound. The 20-band method is based upon measurements or
estimates of the spectrum level of the speech and noise present in each of
20 contiguous frequency bands. Those bands are defined in such a way that in
a quiet background the speech components within each band contribute equally to
speech intelligibility when the spectrum level of the speech peak at the mid-
frequency of each band exceeds the threshold of audibility at that frequency

by 30 decibels or more.
3.5 INTELLIGIBILITY

The intelligibility of speech depends on the extent to which extraneous sounds
distract a listener's attention from the speech of interest. Figure 7 shows a
curve which is useful for determining the intelligibility of speech in the presence

of noise. That curve displays intelligibility as a function of Articulation Index.

The relationship between intelligibility and Al indicated by the curve in
Figure 7 is approximate. There is a point beyond which speech levels cannot be
increased to compensate for increased noise levels. Attempts to generate very high
voice levels generally lead to distortions of speech which cause decreased intelli-
gibility, whether the high voice levels are generated by an increased vocal effort
by a person or by increasing the gain of an electronic amplifier. Frequency dis-
tortion (transmission of a signal with unequal gain as a function of frequency)
usually affects intelligibility of speech.'9 Clipping to limit the dynamic range
of speech signals introduces distortion and harmonics which degrade the intelli-

Senel Figure 7 is not precisely applicable to cases of

bility of speech signals.
amplitude and frequency distortion. Even if no such distortion occurs, the precise
relationship between intelligibility and Al depends upon the nature of the trans-

mitted message and upon the skill of talkers and listeners.

18
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Gasaway22 listed numerous references which show that articulation index

probably is the best method for predicting approximate speech intelligibility
for electrical communication systems. He specifically mentioned a reference23
which shows that the 20 band method for calculating values for the articulation
index is the most accurate method for predicting speech intelligibility in
high-level noise. Gasaway2b also noted an influence on intelligibility which is
not described by calculations of articulation index -- there are acoustic
features of voice communications in aircraft that may enhance the intelligibility

of speech, such as the emphasis of plosives by a lip-position microphone.

3.6 DECIBEL AVERAGING

The composite noise levels and earcup attenuations in this report were
obtained by averaging the dB, dB SPL, or dBA values of several individual measure-
ments. |f sound pressures or sound powers were averaged instead, the averages
would be different. For example, if the values of 94 dB SPL and 100 dB SPL were

averaged, the results would be as follows (reconverted to dB SPL).

Decibei Average: 97 dB SPL
Sound Pressure Average: 97.52 dB SPL
Sound Power Average: 97.98 dB SPL

Since earcup attenuation is the difference of two averages, the influence

of the averaging method tends to be diminished.
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4.0 NOISE PROFILES OF AIRCRAFT COMMUNICATION SYSTEMS

In Appendix C, there are tabulations of A-weighted noise in the communica-
tions systems for each of the 37 aircraft studied during the project. Appendix
C also has untouched computer-generated plots of noise spectra for some
of the aircraft types studied during the project. Noise profiles have
been developed from the spectra and the A-weighted summaries. These pro-

files will be presented in this section.

Among the various flight conditions the plots of spectrum level vs.
frequency for each aircraft type showed no significant differences between
spectra, except for differences in dBA levels. Level flight is the most
common flight mode and also produces an intermediate noise level; therefore,
most of the remaining discussion will deal with level flight. Figures 8
through 27 represent a noise profile of 5 aircraft types. At various
frequencies, most of the original spectra (See the last few pages of Appendix C)
have very narrow lines which extend above the general spectrum level about
10 dB. These lines may be due to discrete frequency vibrations of transmission
or engine components; however, there is not a consistent pattern of frequencies
from aircraft to aircraft. These lines do not contribute significantly to
the overall sound pressure level and have not been copied in the figures in
this section. The fundamental rotor blade passage frequency of the helicop-
ters is near 10 Hz. The 10 Hz effective bandwidth of the FFT filtering
process is not adequate to resolve the discrete lines of pressure due to blade

passage.

The frequency scale of Figures 8 through 27 is logarithmic. The
curves are plotted using a constant percentage bandwidth weighting (in
particular, 1/3-octave band weighting) or combined 1/3-octave band and
A-weighting (see Figure 4). This is done to provide a proper visual perspec-
tive for associating the appearance of the curves with the contributions of
various parts of the spectra toward the noise problem.

L,] UH-1H IROQUOIS (HUEY)

The rank order of average ambient noise levels in the cabins of

10 UH-1H aircraft for 11 flight modes is as follows (to the nearest decibel).

21
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Average (dBA)

Descent 96
| Descent left, right 96 ;
Nap of earth flight 95
Climb right 94 L
Level flight 94
Climb 94
Climb left 93
Hover in ground effect 92
Hover at Altitude 91
Land 90 (One data sample only)

There are no data for the ''take off'' maneuver. A few measurements were
made during maximum performance maneuvers. There is no significant difference

between these levels and those during standard maneuvers.

A more detailed rank order of average noise levels for 3 representative

flight modes is shown in Table 1.
Figure 8 shows spectra of noise which was measured in the cabins of the
UH-1H's, and in the earcup of an SPH-4 helmet. In a previous U.S. Army project,25

the main descrete noise sources in the UH-1A were identified as follows.

o Main rotor 20-220 Hz
o Tail rotor 50-500 Hz
o Engine 100-900 Hz
o Main transmission 600-6,000 Hz

At frequencies near and above 1000 Hz, some of the indicated levels of earcup
noise are probably higher than the true levels, due to noise introduced by the data
collection, recording, and analysis process. The extent and significance of this is
discussed in Appendix B. However, the overall dBA levels cited in the report are

not greatly affected by earcup noise at the higher frequencies.

Figure 9 suggests a noise model for the UH-1H which will be seen to be
applicable to all the aircraft in this study. The model has the following

components.

o A noise spectrum in the earcup which slopes downward as frequency

increases (due to earcup leakage), designated NO KEY in Figure 9.

22
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0 A separate noise spectrum in the earcup due to noise which is picked
up at the microphone when it is keyed. This spectrum slopes upward
as frequency increases, up to the upper cut-off frequency of the

interphone. The peak at 3 kHz is due mostly to the earphone response.

o A cross-over frequency below which the noise is due to noise leaking

through or around the earcup or due to earcup vibrations, and above
which the noise is due to microphone pickup.

In Figure 9, the cross-over frequency is seen to be about 1500 Hz. This

is the frequency where the KEY NO TALK level exceeds the NO KEY level by 3 dB.

Figures 10 and 11 show the range of noise spectra encountered for 7 UH-1H

aircraft.

Figure 12 shows the result of A-weighting the noise levels shown in
Figure 9. The A-weighted curves are significant for estimating the improvements
which are needed to reduce hearing damage risk and speech masking. The rela-
tive contributions of earcup leakage and microphone pick up of noise can be
determined from the KEY NO TALK curve by integrating the pressure above and below

tbe cross-oyer freeuency, as follows.

Earcup leakage 82 dBA 72% of noise power
Microphone pickup 78 dBA 28% of noise power
Overall 83.5 dBA

The overall level is about 2 dB less than that obtained for KEY NO TALK
in Table |. The Table | values were measured using an analog filter. These
results show that earcup leakage is the major problem, but that more than
4 dB of improvement will produce diminishing returns unless the microphone
circuit is also improved.

Earcup improvements will be most beneficial in the three octaves at 100,
200, and 400 Hz. In the microphone circuit, if it is considered desirable
to retain the peak at 3 kHz for consonant intelligibility, then the noise-

cancelling performance needs to be improved in the two octaves at 2 and L kHz.
4.2 OH-58A KIOWA

The amblent dBA level for 12 flight modes, averaged over 6 OH-58A

alrcraft, is 90.4 + 0.6 dBA. Therefore, all flisht modes are equally notsy,
A detailed breakdown for 3 flight conditions is shown in Table |. The
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CLIMB flight condition, which is representative of all flight conditions, was
selected for display in Figures 13-15 because the computer-generated spectra

were more complete.

Figure 13 shows spectra of nolse which was measured In the cockpits of

OH-58A's, and in the earcup of an SPH-4 helmet. A Bell Hellcopter report
identifies the noise sources for turbine-powered light helicopters as follows.26

o Rotors 20-600 Hz

o Main transmission 300-2400 Hz
o Accessories 600-4800 Hz
o Engine Gearbox,

Compressors, and
Turbines 2400-10,000 Hz

Figures 14 and 15 show that the cross-over frequency for the OH-58A

is also about 1500 Hz. The relative contributions to noise due to earcup leakage

and microphone pickup are

Earcup leakage 83 dBA 86% of noise power
Microphone pickup 75 dBA 14% of noise power
Overall 83.6 dBA

4.3 0V-1D MOHAWK

The ambient dBA levels for 7 flight modes range from 100 dBA to 102 dBA.

In addition there was one take-off sample at 116 dBA and two landing samples,
averaging 95 dBA.

A detailed breakdown for two flight conditions is shown in Table 1.

Figure 16 shows spectra of noise which were measured in the cockpits of OV-1D's
and in the earcup of an SPH-4 helmet. The predominant noise is from the propeller
blade passage.

Figures 17 and 18 show that the noise cross-over frequency for the OV-1D is
about 1400 Hz. The relative contributions to noise due to earcup leakage and

microphone pickup are

Earcup Leakage 86 dBA 86% of Noise Power
Microphone Pickup 78 dBA 14% of Noise Power
Overall 86.6 dBA
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L.4 AH-1S AND AH-1Q HUEYCOBRA
The data did not show any significant differences in noise levels hetween
AH-1S ana AH-1Q aircraft. The rank order of cockpit noise levels (average of

6 aircraft) for 5 flight modes is as follows (to the nearest decibel).

1 Average (dBA)

} Level flight 95
g Descent 95
’ C1imb 94
i Hover in ground effect 93
‘ Hover at altitude 92

A more detailed rank ordering of average noise levels for 3 representative
flight modes is shown in Table 1. Figures 19-21 show the spectra of noise in
the cockpit of the AH-1 and in the earcup of the SPH-4 helmet.

The noise cross-over frequency for the AH-1 is about 2200 Hz. During
level flight, the relative contributions to noise due to earcup leakage and

microphone pickup are

Earcup leakage 33 dBA 83% of noise power
Microphone pickup 76  dBA 17% of noise power
Overall 83.8 dBA

4.5 CH-L7C CHINOOK

The cabin noise levels (average of 3 aircraft) ranged from 110 to 111 dBA
| for 5 flight modes. A detailed rank ordering of average noise levels for 3
representative flight modes is shown in Table 1. Figures 22-24 show the spectra
of noise in the cabin of the CH-47C and in the earcup of the SPH-4 helmet,
during the CLIMB flight mode.

The noise cross-over frequency for the CH-47C is about 1800 Hz. The

relative contributions to noise due to earcup leakage and microphone pickup are

Earcup leakage 89 dBA 89% of noise power
Microphone pickup 80 dBA 11% of noise power
Overall 89.5 dBA
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L.6 CH-54B TARHE

The cabin noise levels (average of 6 aircraft) ranged from 96 to 97 dBA
for 5 flight modes. A detailed rank ordering of average noise levels for 3
representative flight modes is shown in Table 1. Figures 25-27 show the *
spectra of noise in the cabin of the CH-54B and in the earcup of the SPH-4

helmet, during level flignht.

The noise cross-over frequency for the CH-54B is about 1800 Hz. The

relative contributions to noise due to earcup leakage and microphone pickup

are
Earcup leakage 85 dBA 45% of noise power
Microphone pickup g6  dBA 55% of noise power ;
Overall 88.6 dBA

The relatively high pickup by the microphone is due to narrowband peaks
of noise at 3200 Hz and 5000 Hz.

4.7 SPEECH LEVELS AND EARCUP ATTENUATION

Figures 28 and 29 show computer-derived speech spectra in the earcup,

calculated by removing the KEY NO TALK spectrum from the KEY TALK spectrum.

Figures 30 and 31 show the earcup attenuation, derived as a function of
frequency by subtracting the NO KEY spectra from the AMBIENT spectra. The
lowest curve in Figures 30 and 31 is R. T. Camp's measurement of the SPH-4,
as reported by Giordano and Keane.7 The test method was USASI Standard
224.22-1957 (Method for the Measurement of the Real Ear Attenuation of Ear
Protectors at Threshold). Weinreb and Touger27 report that real-ear-threshold
measurements of ear protectors usually show better attenuatlon values than are
obtained by the method of comparing sound pressures tnstde and outstde the ear-
cup. They attribute this to physiological factors. The heavy dashed lines in
Figures 30 and 31 show a mpdified version of Camp's attenuation curve, showing

the attenuation that might have been obtained had a comparison method been used.

The attenuation curves which are derived from measurements in the aircraft
show both a deficient attenuation compared to Camp's measurement, and also
a marked variability. The variability in earcup attenuation was extreme, not ’
only from aircraft-to-aircraft, but even in successive tests in the same

aircraft with the same user. Figure 32 shows earcup attenuation for 5§ flight
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modes in one Hueycobra aircraft. The range of the curves shows the variability
obtained on successive trails, even for the same human subject. Figure 33 is a
simple overlay of the attenuations measured in all six of the Hueycobra aircraft
which were studied during this project. Curves are shown for one flight mode in
each aircraft. There are no known characteristics of the aircraft which would
cause the attentuation to differ among aircraft. There is a possible influence
of seat vibration being conducted through the body, causing the head to vibrate.
This point is discussed in Section 7. A more likely reason for variable earcup
attenuation is an improperly sealed ear cushion. The quality of the seal depends
on such things as user technique, hair style, the wearing of glasses, and head

shape.

There are numerous cases where the earcup attenuation was negative somewhere
in the range 20-200 Hz, especially for the OH-58A. Likely reasons for this are

discussed in detail in Section 7.

At 1000 Hz and above, the possibility of artifact noise must be considered.

This is discussed in Appendix B.

As noted in Appendix B, the SPH-4 helmet was necessarily not located at the
same point in space as the ambient-measuring microphone, which probably contri-

buted to some of the variability.

Figures 30 and 31 show the possibility of about a 10 dB improvement in atten-
uation if the earcups performed as well in the aircraft as they do in the labora-
tory. The tabulations of earcup leakage and microphone pickup which are listed in
Sections 4.1-4.6 show that the earcup performance is the limiting factor with re-
gard to providing a noise environment free of damaging noise and speech interfe-
rence. However, if the earcups performed as well in the aircraft as they do in
the laboratory, the microphone noise-cancelling performance would be the limiting

factor in all aircraft studied in this project.

4.8 STATISTICAL ANALYSIS

The ambient noise levels and spectra measured during this project are

2-h’7

similar to those measured during other studies.
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There were large level differences (5-6 dB) among average sound levels for
various flight conditions for some types of aircraft (UH-1H) but not for others
(OV-1D, except during landing, and OH-58A). There were some extreme ambient
level differences among individual aircraft of the same type. For example, the
OV-1D with propellers not synchronized produces fully 10 dB more A-weighted noise

than the typical aircraft.

Maximum performance maneuvers for the helicopters did not produce signifi-
cantly more noise than standard maneuvers. Nor did the limited amount of rele-

vant data show that open doors and windows cause more noise.

The measurements of overall sound levels within helicopters that are
described in this report yielded as few as two values for a given flight
condition for one type of aircraft (AH-1Q), and a maximum of 10 values for
any particular aircraft (UH-1H). With such sparse data, there are questions
about how accurately the variability of sound levels within Army helicopters
has been defined. In other words, how much deviation from measured values
can result from confluences of random factors such as meteorology, microphone
position, pilots' control techniques, age of vehicles, structural variations,

manufacturing tolerances, and measurement errors?

A first approximation of the variability of sound levels within helicopters
can be obtained from the relatively few measured values by assuming that those
sound levels are normally distributed (see any monograph on statistics).

Other distributions may be more appropriate, but more data would be required

even to determine the type of distribution.

When an average is calculated from a small number of values out of a
large number of possible values, a ''sample mean'' is obtained. That sample
mean is only an estimate of the average that would be calculated if all of the
large number of possible values were available--the ""universe mean'. The
smaller the number of available values, the cruder the sample estimate of the
universe mean. Similarly, when a standard deviation (see any monograph on
statistics) is calculated from a small number of values out of a large number
of possible values, a '"'sample standard deviation' is obtained. That standard

deviation is an estimate of the ''universe standard deviation' that would be

calculated if all of the large number of values were available, even when a
routine calculation technique which is said to yield a standard deviation

""unbjased by sample size' is used. The expected distribution of values for
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sample standard deviations from a normally-distributed universe of values of

a variable Is described by a '"'student-t distribution' (see any monograph on
statistics).

One can make use of the known properties of a normal distribution to
define the degree of confidence in a sample estimate of a universe mean.28
A sample mean and a sample standard deviation can be used to calculate an
upper limit to a universe mean. The value of that limit will depend on the
level of confidence that is required of that limit: in other words. the
mathematical function of a sample mean and a sample standard deviation that
is used to calculate the upper limit to a universe mean depends on how confi-

dent of the calculation one wishes to be.

Table 2 shows calculated values of sample means and sample standard
deviations for the measurements of overall sound levels within helicopters
that are described in this report. The sample average, X, was calculated

in the usual way:

st N
X=g I %,
i=]

where N is the number of values, and XT is the ith value. The "unbiased"

sample standard deviation, o, was calculated from:
a0
N=1

where "‘unbiased' refers to division by (N-1) inside the radical. A "biased"

oS Z

(Xi'Y)z ’
i=1

standard deviation refers to division by N inside the radical. The level

below which one is 95 percent confident that the universe mean falls was

calculated from Duncan,ze:
- _ =, 1.645 ¢
XISS% =X + “:%T“" :

which assumes a Gaussian distribution. |In addition, as a first approximation,
the sample standard deviation was assumed to be equal to the universe standard
deviation; as indicated on the table, more precise confidence intervals could

be calculated from the ''student-t' distribution of sample standard deviations
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for a normally-distributed universe of values. The 95 percent confidence
level which includes 99.7 percent of all anticipated measured sound levels
(the 95/99.7 level) was calculated by adding three standard deviations to
the 95 confidence level for the universe mean.

A footnote in Table 2 compares the 95/99.7 level with maximum levels

allowed by two military regulations (MIL-A-8806A29; TB Med 251'“ and one

V3.

civilian regulation (OSHA Notice that we are 95 percent confident that

noise levels in some of two models of helicopter will exceed MIL-A-8806 limits
and OSHA limits, while some of four models of helicopter will exceed TB Med 251
limits (See Sections 3.3, 4.5 and 10.2). Additional measurements and further

study will be required to construct more detailed and more precise conclusions

concerning random variations of levels of measured noise within Army helicopters.
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TABLE 2
STATISTICAL ANALYSIS OF HELICOPTER COCKPIT NOISE DATA
(assuming a Gaussian distribution of cabin noise levels)*
MEASURED SOUND LEVELS (dBA) FOR LEVEL FLIGHT

(“'"UNBIASED'') 95% CONFIDENCE 95% CONFIDENCE

MEASURED SAMPLE LEVEL OF UPPER LEVEL WHICH
SOUND LEVELS SAMPLE STANDARD LIMIT OF UNI-  INCLUDES 99.7%
AIRCRAFT WITHIN COCKPITS AVERAGE DEVIATION  VERSE MEAN#* OF SOUND LEVELS
MODEL (dBA) (dBA) (dB) (dBA) (dBA) #
UH-1H 95 93 96
93 94 89
94 93 95
36 94 2 95 101
OH=58 92 89 87
93 92 9 92 4 95 107
ov-1D 98 100 102
104 100 100 101 2 102 108
AH-1S 97 95 92
& AH-1Q 96 95 95 95 2 96 102
CH-47¢C 108 111 112 110 2 112 118
CH-548B 95 93 96
99 103 95 97 b 100 112
ALL
AIRCRAFT 97 6 99 117

See discussion in Section 4.6.

assuming that the universe standard deviation = sample standard deviation;
the '"'student-t'" distribution for sample standard deviations could be used
for more precise calculations of 95/99.7 percent sound levels.

*% MIL-A-8806 maximum = 111 dBA;

OSHA maximum = 109 dBA for 4 hours for typical SPH-4 attenuation;
TB Med 251 maximum = 104 dBA for 4 hours for typical SPH-4 helmet attenuation.
(See Sections 3.3, 4.7 and 10.2)
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5.0 PSYCHOACOUSTIC PROFILES OF AIRCRAFT COMMUNICATIONS SYSTEMS

Methods for assessing risks of hearing loss are reported in Section 3.3.
G]origI6 pointed out a difficulty which was not discussed in Section 3.3 --
accounting for innumerable combinations of level and duration in real environ-
ments. Sound levels and accompanying durations within a given helicopter de-
pend upon maneuvers, meteorological conditions, and electronic communication
devices. The Tables in Appendix C show that sound levels within a given heli-
copter generally vary by around 5 decibels or less during maneuvers, with a
few exceptions. By using the maximum sound levels which were measured during
maneuvers of a given helicopter, slightly high numbers for predicted hearing
loss will result. That conservatism is particularly justified since occasional
sound levels much higher than time-averaged sound levels were observed, and

since peak speech levels are 12 decibels higher than average speech levels.!9

Peaks of speech sound pressure levels are so intermittent as to border on
being transient or impulsive. Background speech levels, to which speech peaks
add, border on being continuous. Very little is known about risks of hearing
losses which are associated with combinations of impulsive sounds and continuous
sound,3°'3' especial ly when peak sound levels begin to move towards the threshold

31

of pain, as they will if pilots turn up volume controls on communications equip-

ment to maximum positions.

The fraction of flight time during which pilots and crews are exposed to
electronic communication of speech is not known. The estimates of hearing
loss which are presented below are based on the assumption that speech communi-
cations are conducted during one-half of one 4 hour flight each day. Since
Camp et al32published curves which show that aircraft communications systems
are used about 40 percent of flying time, that assumption may lead to slightly
high estimates of noise induced hearing loss. However, since sound levels
at a pilot's ears with and without speech generally do not differ greatly, the
assumption introduces little error. An additional conservative factor is intro-
duced by applying hearing loss curves for 40 years exposure to helicopter pilots
and crew who serve less than 40 years. However, differences between hearing

loss after 10 years exposure and after 40 years exposure are small. !}

59

proT




Table 3 summarlizes the results of predictions of hearing loss. Those
results are discussed below. All assessments of hearing loss which are discussed
here apply only to personnel who wear helmets which provide at least as much

protection as SPH-4 helmets.

percent during one maneuver of an aircraft (68-16612) from which sound absorptive

material had been removed. Estimates of hearing loss by protected occupants of

|

i

Methods for computing articulation index are reported in Section 3.4. Methods %

for converting calculated values of articulation index to estimates of the intelli- ;
gibility of sentences were reported in Section 3.5. The factors which limit the g
accuracy of estimates of intelligibility also were reported in that section. j
}v

5.1 UH-1H
The intelligibility of electronically communicated speech within these air- i
craft was calculated to be 97 to 99 percent. Intelligibility was as low as 56 3
|

these aircraft range from no risk of measurable hearing loss at ''speech frequen- i
cies,'" to a 5 to 10 dB NIPTS at speech frequencies among 35 percent of frequent
occupants, coupled with an NIPTS of more than 10 dB at ''speech frequencies' for

1.5 percent of frequent occupants.
5.2 0V-ID

The intelligibility of electronically communicated speech within these air-
craft was calculated to be 93 to 99 percent. Intelligibility was as low as 72
; percent during one maneuver of one aircraft (68-16996). Predictions of hearing
loss by protected occupants of these aircraft range from no measurable loss at

""'speech frequencies'' to a 5 to 10 dB NIPTS at ''speech frequencies'' among 90 per-

cent of frequent occupants, combined with an NIPTS of more than 10 dB at ''speech

frequencies' among 25 percent of frequent occupants.
5.3 OH-58

The intelligibility of electronically communicated speech within these
aircraft was calculated to be 97 to 99 percent. Predictions of hearing loss
by protected occupants of these aircraft range from no measurable loss at

"'speech frequencies' to a 5 to 10 dB NIPTS at ''speech frequencies' among

26 percent of frequent occupants, and an NIPTS greater than 10 dB for one

percent of those occupants.
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k 5.4 AH-1S AND AH-1Q

i The intelligibility of electronically communicated speech within these

1 aircraft was calculated to be 96 to 99 percent. Predictions of hearing loss

o e

by protected occupants of these aircraft range from no measurable loss at 4
? "'speech frequencies' to a 5 to 10 dB NIPTS at ''speech frequencies'' among 4

percent of frequent occupants.
5.5 CH-47cC

The intelligibility of electronically communicated speech within these
aircraft was calculated to be 49 to 83 percent. Predictions of hearing loss by
protected occupants of these aircraft range from a 5 to 10 dB NIPTS at ''speech
frequencies' among 7 percent of frequent occupants to an identical loss among

17 percent of frequent occupants.
5.6 CH-54B

The intelligibility of electronically communicated speech within these

aircraft was calculated to be 88 to 98 percent. Predictions of hearing loss by
| protected occupants of these aircraft range from no measurable loss at ''speech |
frequencies' to a 5 to 10 dB NIPTS at ''speech frequencies'' among 60 percent of ‘
frequent occupants, combined with an NIPTS of more than 10 dB at ''speech frecuencies'

among 8 percent of frequent occupants.
5.7 SENSITIVITY OF HEARING LOSS ESTIMATES TO SOUND LEVEL

The estimates of hearing loss which are presented in Section 5.1 through
5.6 were based on the highest sound levels that were measured during many ma-
neuvers. Some justifications for that procedure were previously presented in
Section 5.0. The degree of conservatism introduced by that procedure is illus-
trated by re-estimating hearing damage risks for a couple of other choices at
sound levels for the aircraft which generated the widest range (7 dB) of measured
sound levels--the OV-1D number 68-16996.

Using the highest measured sound level measured for the number 68-16996
OV-1D results in an estimate of a 5 to 10 dB NIPTS for 90 percent of frequent
occupants, coupled with an NIPTS of more than 10 dB for 25 percent of those
occupants. |If the mid-range value of measured sound levels is used, the result-

ing estimate is a 5 to 10 dB NIPTS for 48 percent, combined with an NIPTS of
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more than 10 dB for 4 percent. Using the lowest values results in an estimate

of a 5 to 10 dB NIPTS for 19 percent of frequent occupants. This sensitivity =
to choice of values amoﬂg measured sound levels is the greatest one for the list

of damage risks shown in Table 3. since the range of measured sound level is the p

greatest for this case.
5.8 COMPARISON OF RESULTS WITH THOSE OF PREVIOUS STUDIES

The levels of intrusive noise which are tabulated in Table 3 are close to
levels defined by Gasaway22 as threshold levels for which the intrusion of am-
bient noise begins to create noticable interference with aural communications.
The intelligibility levels which are tabulated in Table 3 agree with Gasaway's
conclusion that the background noise levels are marginally adequate, since the
tabulated values for intelligibility vary with the levels of background noise.
If there were any leeway in noise levels, then intelligibility scores would re-

main high for varying levels of background noise.

An extensive literature search revealed no publications which relate spe-
cific amounts of hearing loss to exposure to helicopter noise, nor have there
been published attempts to predict how many people will suffer given levels of
hearing loss as a result of exposure to helicopter noise. There is a pro-
nounced need to study hearing losses among helicopter pilots and crew members
whose exposures to noise both on and off duty are well defined and documented.

It is difficult to keep track of their exposure to noise while they are not

on duty within a helicopter. That exposure could be defined for a study group
of typical helicopter occupants by performing audiometric tests of their hear-
ing on frequent, randomiy-selected occasions at the beginning of their daily

duty.

5.9 HEARING LOSSES AMONG ARMY PERSONNEL BEFORE THEY BECOME HELICOPTER PILOTS
33

Walden, et al published measurements which show that, while the vast
majority of individuals entering the Army have hearing within normal limits, in
the first four to six months that an individual is on active duty, his chances of
sustaining a hearing impairment increase substantially as his time on active duty
continues. For example, they reported that 5 percent of individuals who complete
basic and advanced training suffer hearing losses at the end of that training of
sufficient magnitude that they should be removed from the job for which they have

just been trained.
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Many helicopter pilots are drawn from experienced infantry, artillery,
and armor personnel. Table 4 shows that over half of those personnel have
suffered significant hearing losses at the time that they enter helicopter
service, and one-quarter to one-half of them have suffered severe hearing
losses which make them unsuitable for duty in high-noise environments at the

time that they enter helicopter service.

5.10 CONCLUSIONS

The noise levels that are listed in this report are in agreement with levels
which were measured and published by other investigators. Currently accepted
criteria for predicting hearing losses which result from noise exposure lead
one to conclude that those noise levels will cause what is currently accepted
to be a hearing handicap (see Section 3.3) in only a small fraction of one
percent of all exposed personnel who wear helmets at least as good as SPH-4
helmets. However, the measurements which are described in this report were
performed with volume controls set at mid-range. |f pilots routinely turn up
volume controls on their communication aids because of real or imagined problems
with intelligibility, then large percentages of them will suffer handicapping

losses of hearing.

Tables 5 and 6 show the calculated effects of turning up electronically-
generated signals and noise by 10 decibels. When that is done, low frequency
noise which is transmitted mechanically through earcups is not changed. The
result is that a pilot does achieve a considerable improvement in intelligi-
bility by turning up volume controls. Those Tables also show that pilots in-
crease overall A-weighted speech and noise levels by almost 10 dB when they
turn up the gain by 10 dB; such changes in overall sound level correspond to

a significant increase in risks of loss of hearing. "

It is likely that pilots turn up volume controls on communications aids
in attempts to raise speech levels above the level of intruding low frequency
noise that is transmitted through helmets and earcups (see Sections 4.7 and 8.2).
If that low frequency noise could be eliminated, then pilots would be more in-
clined to set speech levels at less than harmful levels, and they would feel
more comfortable and be less subject to fatigue and error and risks of hearing

loss would be even less than those small risks which are described in this

section.
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TABLE 5. EFFECTS OF INCREASED VOLUME CONTROL SETTINGS (UH-TH)

UH=-1H 6B~16612y LEVEL FLIGHT
GAIN STUDY. ORIGINAL LEVELS.

CENTER SPECTRUM SPECTRUM

s FREQUENZY LEVEL OF LEVEL OF T1CABLE
; UF BANU SPEECH NOISE ,BISPAGEISBESTQHALITY:“fE_’,
~ (HERTZ) (D8) (08) ZROM COPY FURNISHED 0 D
. 270.0 W7ok 51,2
3560.0 “5.9 53,4
490,0 53.9 7.t
630.0 51.5 A
770.0 2.3 39.9
320.0 39,2 34,2
1070.0 37.8 33.9
1230.0 39.3 37.3
100.0 «2.0 36.5
1570.0 42.9 36,2
1740.0 “w0.2 36,1
1320.0 37.2 37.6
2130.0 3646 38.7
2370.0 34.8 36,9
1 2660,0 33.1 5.3
3000.0 “2.3 50.9
3600.0 29.6 45,0
3950.0 23.6 36004
4560.0 24,0 34,3
5600.0 18.0 30,6
OASL (0BA) = 77.8 81.9
OVERALL SOUND LEVEL (SPEECH ¢ NOISE, 200 TO 6100 HZ) = 83.3 DBA
CENTER  CORRECTED  SPREAND-  MASKING |
FREQUENZY NOISE OF-MASKING LEVEL OF |
OF BAND LEVEL OF NOISE NOISE }
(HERTZ) (03) (08) (0B) ;
270.0 61,2 2647 6142 ;
360.0 53,4 21.8 53.4 }
%300 W?.1 18,1 7.1 i
u 630.0 Glole 1445 Lol 3
? 770.0 39,9 11.6 39,9 |
920.0 34,2 9.1 34,2 |
10700 33.9 ) 33.9 ;
1230.0 37.3 4e3 37.3 ‘
1600.0 3645 30 3545
1570.0 3642 1+ 3 36.2
17‘0000 36.1 0.': 3601
1920.0 37.8 gs 0 37.5
2130.0 38,7 2.0 38,7
2370.0 36.8 0.9 36.8
266040 4543 0. 0 45.3
300040 51e1 a. 51.1
2 3400.0 45,0 0.0 45.0
395040 354 0.9 36,4
456040 34,3 34,3 34.3
560040 30.6 G.0 30.6
ARTICULATIUN INOEX = 34 67




TABLE 5. EFFECTS OF INCREASED VOLUME CONTROL SETTINGS (UH-1H) (Continued)

UH=-1H 58-16612, LEVEL FLIGHT
GAIN STUJdY, RAISE NOISE SPL AVOVF 1000 HZ AND ALL SPEECH SPL BY 10 DB.

CENTER SPECTRUM SPEC TRUM
FREQUENCY LEVEL OF LEVEL OF

OF BAND SPEECH NOISE 7
(HERTZ) (0B) (n8) R
270.0 574 61.2 éi//
360.0 55.9 53,4 éy
63040 615 Ll b &S
770.0 52.3 39.9 S
32040 49,2 34,2 «,9?
1070.0 47.8 3.9 é?¢a
1230.0 49.3 w73 «‘73?
1400.0 52,0 4645 gﬁgﬁ
1570.0 52.9 4642 éﬁéﬁ
1760.0 5042 46,1 é&
13200 47,2 67,5 4§P
2130.0 6.4 48,7
2370.0 '0‘005 “6.8
2660.0 3.1 5543
3000.0 52.3 60.9
34000 39.6 55,0 ,
395000 ‘0306 ‘06.‘4 1
456040 34,0 WGo3 ‘
5600,0 28.0 40.6
1
OASL (DBA) = 37.8 90.6 s
OVERALL SOUND LEVEL (SPEECH ¢ NOISE, 200 TO 6100 HZ) = 92.4 DBA

CENTER CORRECTED SPREAD- MASKING

FREQUENZJY NOISE OF-MASKING LEVEL OF
OF bAND LEVEL OF NOISE NOISE
(HERTZ) (08) (08) (DB)
27040 61,2 38.6 61.2 1
350.0 S53.4 33.7 53.06
430.C 47.1 30.0 47.1
63000 ‘0‘005 2().‘0 \0'0.‘0
770.0 39.9 23.5 39.9
920.0 4.2 2GS 36.2
1070.0 3.9 18.7 43.9
1230.0 47,3 1647 47.3
1400.0 4645 1%.9 46.5
1570.0 46,2 13.2 46be2
1740.0 46.1 11.7 46.1
1920.0 47.6 10.3 47.6
2130.0 4B.7 8.0 48.7
2370.0 Lb6.8 7.3 L6.8
! 2660.0 56.2 5¢6 5642 ’
3000.0 63.1 3.9 63.1
3600.0 56.0 57.3 57.3
3950.0 46, b 0.0 LBl .
456040 Lu.3 b, 3 Lb,3
5600.0 40.6 0.0 40.6
ARTICULATION INDEX = .43 68
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TABLE 6. EFFECTS OF INCREASED VOLUME CONTROL SETTINGS (OV-1D) i

Ov=-1D =68-16997, LEVEL FLIGHY {
GAIN STUDY, ORIGINAL LEVELS.

CENTER SPECTRUM SPECTRUM
FREQUENCY LEVEL OF LEVEL CF

OF WAND SPEECH NOISE THIS
(HERT2) (DB) (0B) IS PAGE IS BEg
27040 72.6 70.3 FROM Cory wsﬁﬁé’iﬁl’;" PRACTICABLE
380.0 54,3 56.7 .
‘090-0 5206 ‘49.5
630.0 Sieb 47,5
770.0 48.5 41.3 |
‘ 920.0 45.0 38,2 :
1070.0 4543 37.6 ;
1230.0 L6ole 38,2 |
1400.0 7.2 39,2 ‘
1570.0 7.5 38, "
17600 4642 3645
1920.0 440 3446
213G.0 Yhe? 36.0
2370.0 46.5 37.0
266040 55.8 3.5
3000.0 549 55.5
3600.0 51.0 52.5
3350.0 21.3 Lol
560.0 -19,.0 W3.1
560040 -20.2 36.5
O0ASL (DBA) = 89.6 83.1
OVERALL SGUND LEVEL (SPEECH ¢ NOISE, 200 70 6100 HZ) = 91,9 DBA
CENTER CORRECVED  SPREAD-  MASKING
FREQUENCY NOISE OF =-MASKING LEVTL OF
OF BAND LEVEL OF N) ISE NOISE
(HERTZ) (D8) (DB) (03)
270.0 70.3 32.9 70,3
380.0 5647 279 5647
43040 9.5 24.3 49.8
630.0 L7.5 20.6 “7.5
770.0 “1.3 177 1.3
920.0 38.2 15.2 38,2
1070.0 37.6 13.0 37.6
1230.0 38.2 11. 0 38,2
1400.0 39.2 9,1 39,2
1570.0 38.7 7.5 38,7
174040 3645 640 3645
J 1920.0 34.6 Lo 6 34e6
| 2130.0 3640 . I 3640
} 2370.0 37.0 1.5 37.0
\ 266040 49,5 0.0 49,5
300040 56456 040 5646
340040 53.0 51,4 53,0
3950.0 Lbolo 0. " 50'40'0
456040 43,1 0.0 b3.1
560040 38.5 0.6 38,5

ARTICULATION INDEX = 449 69
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TABLE 6.

CENTER
FREWUENCY
OF BAND
(HcoRT2Z)
270.0
380.0
+90.0
630.0
770.0
920.0
1070.0
1230.0
1400.0
1570.0
1740.0
13920.0
2130.0
2370.0
2660.0
3000.0
3400.0
3950.0
560.0
5500,0

OASL (0BA) =

SPECTRUM

LEVEL OF

SPEECH
(08)

82.6
64e3
62.6
6bl.b
58.5
55.0
55.3
56,4
57.2
57.5
56.2
Sbel
54.2
56.5
65.8
64.9
61.0
31.3
-19,.0
’20.2

93.6

OVERALL SOUND LEVEL

CENTER
FREQUENCY
CF 3AND
(HERTZ)
270.0
330.0
t30.0
630.0
770.0
920.0
1070.0
1230.0
1400.0
1570.0
1740.0
1920.0
2130.0
2370.0
2660.0
3000.0
JL00.0
3950.0
456040
5600.0

LORRECTED

NOISE
LEVEL
(08)
70.3
56.7
“J.8
47.5
1.3
38.2
37.6
38.2
33.2
38.7
365
ubheb
46,0
47.0
61.2
68.6
65.0
55.1
581
4w8.5

ARTICULATION INDEX =

EFFECTS OF INCREASED VOLUME CONTROL SETTINGS (OV-1D) (Continued)
Ov-10 ©€-16997,

LEVEL FLIGHT

SPECTRUM
LEVEL OF
NGISE

(03

70.3
56.7
L9,0
7.5
61,3
38.2
37. ¢
38. 2
39,72
38.7
36.5
““oﬁ
46. 0
L7,
59,
65. €%
62.5
Shels
53.1
“8.{:

(S A0Eps |

96 .0

(SPEECH ¢ NOISE,

GAIN STUDY, RAISE NOISE SPL ABOVE 1800 HZ AND ALL SPEECH SPL BY 10 DB.

SPREAD~ MASKING
OF=-MASKING LEVEL OF
OF NOISE NOISE

(08) (nB)

44.9 70.3
39.9 56.7
3663 49,8
32.6 @7.5
29.7 4143
272 38.2
2540 37.6
23.1 38.2
21.1 39.2
19.5 38,7
18.0 365
lb6sb (3
15.1 46.0
13.° 47.0
11,9 61.2
10.1 - )
62¢ 4 65.0
63.4 63,4
649eS 6be5
3642 8.5
+66

209 Y0 6100 HZ) 101.2 DBA




There is little chance of modifying existing helicopters to reduce the
levels of low frequency sound to non-intrusive levels (See Section 8.1). Modi-
fications of helmets and earcups or more effective use of earcups by personnel
are the most likely means for reducing the noise significantly (See Section 8,2).
Earplugs provide a less appealing, but effective, means for controlling the
intrusion of low frequency noise. Some people have expressed concern that
earplugs might prevent equalization of pressure within ears during rapid
altitude changes. However, Stork and Gasaway3h conducted studies which pro-
vided evidence that most people can wear earplugs in flight without discomfort

and wlthout difficulty in ventilating thelr middle ears.

Whatever the methods for controlling the levels of noise at people's ears,

posed to high intensity sound. There is enough doubt about the accuracy of
15

hearing loss data, and enough individual variation from trends for large
populations, that limits on noise exposure do not insure that given individuals
will not suffer significant hearing losses when they are exposed to noise which

routine periodic audiometric tests should be performed on people who are ex- { |
is controlled to meet popular damage risk criteria.

The need for frequent audiometric testing of people who are exposed to high

intensity sound has been recognized by the military services since 1949.35

Since
1956, the Air Force has performed an annual audiometric test of each noise-exposed
person within the Air Force. Early indications of a growing loss of hearing is
cause for removing a person from noisy work conditions, well before a significant
hearing handicap is established. The result is that noise-exposed military

and civilian personnel employed by the Air Force hear better than the general

population of the U.S.; that difference cannot be attributed entirely to entry

standards. The U. S. Army has adopted a similar program. A description of

n111tary programs s found in Section 9.2.

71




6.0 ANALYSIS OF AVIONICS EQUIPMENT

Part of the data supplied by AEL is in the form of electrical measurements
made on radios and aircraft intercommunication (AIC) sets. The performance of

AlIC's will be discussed In this section.

Data were provided on the gain and harmonic distortion of the microphone
and headset amplifiers. These are summarized in Table 7. The microphone tests
at small and large input voltages show that the AGC circuits are operating
satisfactorily and that the distortion is low. After allowance for an attenua- i
tion of 66 dB in the input test circuit, and allowance for the sensitivity
of a typical M-87 microphone (-111 dBV/ubar),6 the test voltage of 0.6 Volts
simulates a sound pressure of about 115 dB SPL; 4.0 Volts simulates a sound
pressure of about 131 dB SPL.

The headset amplifier output of 1.25 Volts produces approximately 100 dB SPL
in the earcup. For both AIC's, the distortion exceeds 5% at some frequencies.
This distortion, although exceeding specifications, probably has no adverse
effect on intelligibility.

When the signal to the earphone is raised from 1.25 Volts to 1.5 Volts, the

C-1611D distorts severely, whereas the distortion of the C-6533 does not increase. 1

AEL personnel performed a few distortion tests on an AN/ARC-115 VHF-AM
radio, serial no. 25959, which permit assessing the relative distortion in the
C-6533 and the receiver. The following result is typical. A standard 80%
modulated RF signal was applied at 131.150 MHz,

AIC OUTPUT (mW) RECEIVER VOLUME DISTORTION (%)
200 Max imum 24.5
253 (Max) Mid-range 19
200 Mid~-range 4.8

This result indicates that at maximum volume settings at this input signal

level, the AIC and receiver audio circuit contribute about equally to distortion.

Another set of electrical measurements was available in the form of tape
recordings of the electrical noise at the output of the headset amplifier. The

headset was simulated by an 8 ohm resistor. Measurements were made with the




AIC TYPE

COMPONENT

NUMBER TESTED

TEST INPUT (VOLTS)

FREQ. RESPONSE (Hz)

(3db POINTS)

QUTPUT (VOLTS)

HARMONIC DISTORTION (%)

1000 Hz

DISTORTION RANGE (%)

1000 Hz

HARMONIC DISTORTION (%)

300 Hz/6000 Hz

TABLE 7 AIC AVERAGE PERFORMANCE

C-16110D

Microphone
Amplifier

12
0.6

130-7000

2.6

2.2

1.6-4.0

Same as
1000 Hz

C-6533

Microphone

Amplifier

11
0.6

250-4600

2.9

123

0.6-2.6

Same as
1000 Hz

C-1611D

Headset
Amplifier

13
2,75
145-7000
1.25
(Volume

adjustment)

4.5

2.9-8.0

7.0/5.4
(2 units)

C-6533

Headset
Amplifier

11
2.75
125-9000
1.25
(Volume
adjustment)

By

LARGE SIGNAL

TEST INPUT (VOLTS)

LARGE SIGNAL OUTPUT

(VOLTS)

LARGE SIGNAL
DISTORTION (%)
1000 Hz

3'9
(4 units)

2.6
(4 units)

73

3.1
(2 units)

s
(2 units)

275

(Volume max.)

lle55

24.5




AIC both keyed and not keyed, and with both a real and simulated M-87 microphone.
The contribution to acoustic noise at the ear due to electrical self-noise in

the amplifiers was found to be negligible. The values of the sound pressure
which would be produced at the ear by these electrical sources could not be
precisely calculated because of uncertainty about the exact calibration of the
earphone in situ and because of the problem of tape recorder noise at the low
levels encountered. The following values represent a worst case est.mate and a
most probable estimate of the sound at the ear due to amplifier noise, compared

to the noise due to all acoustic sources.

o Worst case estimate: Noise (in dBA) due to electrical sources is

30 dB below noise (in dBA) due to acoustical sources.

o Most probable estimate: Noise (in dBA) due to electrical sources is

50 dB below noise (in dBA) due to acoustical sources.

A few measurements were made to test the action of AGC in the microphone
amplifier upon the initiation of the speech test-phrase. The method is described
in Appendix B. Due to various problems in inserting the test signal and interpreting

the results, the confidence level of the accuracy of the values is only moderzte.

AIRCRAFT TYPE AMPLIFIER GAIN CHANGE (dB)
UH-1TH -3.1 (one sample)
ovV-1D -3.6 (one sample)
AH-1S -5.1 (three samples)

These values were not used to adjust the KEY NO TALK noise (above the crossover
frequency) downward before calculation of the articulation indices which are listed

in this report. Had they been used, the listed indices would have been slightly

better. For example, in the case of the 0V-1D #69-17005, the index increases

from .40 to .44 when AGC action is taken into account.




7.0 EXPERIMENTAL STUDIES OF EARCUPS

In Section 4, it is shown that earcups are the weak link in the aircraft
communication system with regard to reducing noise at the ear. A series of
experiments were made to determine why the SPH-4 has deficient performance in
the aircraft. Before beginning the experiments, the literature was reviewed.

The theory of circumaural earcups has been described by Zwislocki,36’37 Shaw

38,39

and Thiessen and others. Following are mechanisms cited for sound trans-

mission through or around earcups.

o Sound leakage through spaces between the earcup cushion and the
head.

o Vibration of the earcup as a unit relative to the head. Caused
by external sound pressure, the vibration modulates the internal
earcup pressure, thus producing sound at the ear. This phenomenon

has been referred to as ''earcup pumping' or the ''pumping mode."
o Local flexure of the earcup wall or earcup cushion.

o Sound transmission into the earcup volume through the flesh

immediately under the earcup cushion.

o Sound transmission through the chest and head (bone conduction) to
the middle ear. This is known to limit the attenuation of all types

of ear defenders to about 45 dB throughout the spectrum."‘0
7.1 EXPERIMENTS WITH THE SPH-4 ON A FLAT PLATE COUPLER

Figures 34 through 37 show the results of an investigation of various
factors which contribute to reduced attenuation in the SPH-4. The tests were

made at ATC on the same helmet which was used by USAECOM for the in-flight

measurements. A few tests were made on a different but similar set of SPH-4
earcups. The earcups and cushions were in good condition. A test sound pressure
of 94 dB SPL was applied. The helmet straps were used to apply approximately
one kilogram-force to the earcup. The tests were made by pressing the SPH-4
earcup against a flat plate which was built up slightly with clay to provide a
contoured surface. The contoured surface facilitates making a good seal. The
reference pressure was measured just outside the earcup; thus diffraction effects
do not appear in the results. A single loudspeaker in an anechoic chamber was

used as a sound source.
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ATTENUATION, DECIBELS
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FIGURE 34, ATTENUATION DEPENDENCE ON LEAKS UNDER EAR CUSHION - SPH-4 MOUNTED

ON FLAT PLATE (MODIFIED WITH CLAY)

76




RATION,

/100 dB SPL

5

ACCEL
1, M/SEC

REF.

ATTENUAT|ON, DECIBELS

e e
e EARCUP ACCELERATION
IN SQUND FIELD
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h A number of the individual earcup attenuation measurements which went into

the averages plotted in Figures 30 and 31 showed a negative attenuation somewhere
in the region 20-200 Hz. This is evidence of a resonance condition, due either
to sound leakage, which can cause a Helmholtz resonance, or due to the pumping

mode.

E Figure 34 illustrates two attempts to make a best seal on the flat plate

] (modified with clay). The other curves in Figure 34 show the effects of leaks

1 caused by eyeglasses. The ''plastic frame' curve illustrates a Helmholtz resonance.
There is sufficiently low damping so that the attenuation is negative. The
plastic frames cause a 10 dB loss in performance. The ''best seal' curves show

the characteristic plateau below 200 Hz, and -12 dB/octave slope above 300 Hz,
which is due to earcup pumping. The mechanical resonance in the pumping mode

7

appears to be at about 200 Hz. Camp's curve’in Figure 30 shows a break point
at about the same frequency. In the SPH-L4, the pumping action limits the

attenuation to about 15 dB at low frequencies.

The ''best seal'' earcup attenuation was measured at 3 sound pressure levels:
84, 94, and 104 dB SPL. There was no evidence of a non-linear response. This

is the same result found by Forstallh] for sound pressures up to 120 dB SPL.

Figure 35 shows a verification of the pumping theory. The upper curve shows
the acceleration produced by 100 dB SPL sound field. A very light accelerometer
3 was mounted to the earcup on the other side of the wall from the earphone. The
lower solid curve shows the results of calculating the sound pressure in the ear-
cup and determining the attenuation, using the measured acceleration and the ear-

cup dimensions as parameters. The dashed curve is the measured attenuation.

Figure 36 shows how hair styles may influence earcup leakage. The dotted
curve was made by positioning a woman's wig on the modified flat plate before

placing the earcup.

Figures 34 through 36 should be compared to Figures 30 and 31 which show the
attenuation obtained in the aircraft studied during this project. The com-
parisons show that a plausible explanation for the poor performance of the SPH-4
in the aircraft is either an improperly fitted helmet or interference from glasses

or large amounts of hair. Additional experiments with human subjects are reported

in the next section.
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Another possible source of noise in the earcup is a variation of the pumping
mechanism in which airframe vibrations are transmitted through the crewman's body
to the head. A sound pressure is thus produced in the earcup due to the differ-
ential vibration of the head and the earcup. Figure 37 shows the results of a
measurement in which ATC's modified flat plate with earcup in place was attached
to a shaker and subjected to a vibration level of 0.1 m/s2 (0.01 g), thus simu-
lating a vibrating head. The bottom curve shows the measured sound pressure in

the earcup.

In Appendix E, a mechanical model of the human body is described which
predicts lateral head vibrations of up to 0.003 g in the frequency range
near 90 Hz, assuming that the seat vibration reaches 1.5 g, the maximum level
permitted by MIL-A-887O.h2Assuming a linear relationship between vibration levels
and sound pressure levels, Figure 37 shows that those vibration levels will re-
sult in sound pressure levels of about 90 dB inside an earcup. At frequencies
above 200 Hz, much smaller maximum values of head vibration and sound pressure

would be expected.
7.2 EXPERIMENTS WITH THE SPH-4 ON A REAL HEAD

The experiments described in the preceding section were continued by testing
the SPH-4 with human subjects. In each case, the subject wore a medium-size
SPH-4 helmet. The earcup cushions were in good condition although not quite as
thick as those on the SPH-4 used for the tests which are described in Section 4.
A miniature microphone was placed in the earcup at the face of the earphone, to
monitor the sound pressure in the earcup. The cable was passed through a hole
drilled in the left earcup. The hole was then sealed with modeling clay. The
subject was seated four feet from a loudspeaker in an anechoic chamber. The subject
faced the speaker with his left ear on the speaker axis. The ambient sound pressure
was monitored at the '"ear'" of the helmet, one inch from the outside surface of the
helmet. |In each case, the helmet appeared to be of the correct size for the
subject's head. There was no attempt to pad the inside of the helmet to improve

the fit. The chin strap was pulled tight.

Figure 38 shows the attenuation obtained on a subject with fairly thick hair
(an average ''styled'" haircut), with approximately one inch lona hair in sideburns.
About 11 dB of attenuation was obtained at 200 Hz when the subject did not wear
glasses. However, when plastic frame glasses were worn (earpiece diameter of

1/8 inch), significant attenuation was obtained only above 300 Hz.
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Figure 39 shows that when a subject has very long, thick hair which covers
the ears, no attenuation is obtained below 40O Hz. Nor is the attenuation im-

proved very much by tightening the chin strap.

Although two other subjects were tested, both with relatively short hair, no
attenuation curves were obtained that were better than the bottom curve in Figure
38. Various trials with the subjects indicated that those with shorter hair have
a better potential for obtaining good attenuation at low frequencies, but that a
considerable amount of adjustment of the cushions and chin strap, and placement of

padding inside the helmet, may be necessary to realize that potential.

A questionnaire was sent to the five observers who wore the SPH-4 helmet during
the data-taking in the aircraft. The answers indicated that all of the observers
wore some kind of prescription glasses or sunglasses, a practice which is also
common among the crew in these aircraft. The thickness of the earpieces (perpen-

dicular to the temple) ranged from 0.04 inches to 0.125 inches. Hair styles

ranged from moderate length (1/2 inch average) up to fairly long, similar to
that of the subject of Figure 38. Sideburns were not prominent. An attempt was
made to correlate the earcup attenuation which was obtained in the aircraft with
the hair styles, dimensions of eyeglass frames, and technique of the observers.

No correlation was found.

A1l of the observers adjusted or ''worried' the earcups to make a better seal
after donning the helmet. The chin strap was adjusted to be snug in every case.
As a measure of the quality of the seal, four out of five observers felt that a
significantly better seal could have been obtained by moderately pressing the

earcups against the head with the hands.

The experiments of this and the preceding section indicate that the deficient
performance of the SPH-4 in the aircraft (see Figures 30 and 31) can be accounted
for in the region 50-300 Hz by the presence of acoustic leaks past the cushion due
to a combination of less than perfect fit, and the interference of glasses and
hair. The performance of the SPH-L in the aircraft at higher frequencies cannot
be fully accounted for, since Figures 38 and 39 show that at 1000 Hz and higher
frequencies, attenuations of greater than 25 dB are obtained even with substantial

leakage. Some possible reasons for the discrepancy are:

o The results shown in Figures 38 and 39 are less applicable at
higher frequencies since the measurements were not made in a

spatially random noise field.
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o Noise due to the tape recording process may be significant above
1000 Hz, because the range of the spectrum level of noise exceeds the
dynamic range of the tape recorder (see Appendix B). In this case,
the actual attenuations provided by the SPH-4 in the aircraft may well
be as good as it is in the laboratory, at frequencies near and above

1000 Hz.

7.3 COMPUTER SIMULATION OF EARCUP PERFORMANCE
36,37

Definitive publications(e.g., Zwislocki, ; Shaw and Thiessen38)
which describe mathematical analogs of earcups were published about 20 years
ago. The equations in those publications were derived from schematics of
electrical analogs of earcups. At the time of those publications, electronic
digital computers were not available to aid analyses, so assumptions were made
to simplify extraction of numerical values from complicated equations. For

36

example, Zwislocki examined the influence of earcup damping on earcup per-
formance by assuming that the stiffness of skin is much greater than the stiffness
of an earcup cushion; that is equivalent to considering an earcup on a rigid
surface, which leads to conclusions which do not apply to an earcup on a real

h3

head. Zwislocki combined flesh properties and cushion properties, and assumed
that an earcup system is critically damped; that approach also does not provide
an analysis of the sensitivity of earcup performance to cushion damping. Shaw

38

and Thiessen published a graph which showed the influence of cushion damping

on earcup performance, but they neglected skin flexibility in deriving that graph.

Since there are no published results of exact calculations of the influence

of earcup damping on earcup performance, we programmed a CDC 6600 electronic

digital computer to perform those exact calculations. The results which are
described in this Section are for the ''pumping mode'' only. It is assumed that
all leaks have been eliminated and that transmission through the body is negli-
gible. Appendix F describes electrical analogs and corresponding equations
which were used in the studies which are reported here. That appendix also
includes a listing of the FORTRAN |V computer program that was used, and

typical tabular and graphical print-outs of the program are presented.

Figure 40 shows a comparison between transmission ratios calculated by

means of the computer program which is described in Appendix F and transmission
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ratios measured by Shaw and Thiessen38 for two test earcups which are described
in their article. The two models referred to as the "Zwislocki model'' and the
"alternative model' are based on two different modes of displacement of skin by
an earcup. Those modes and models are described in Appendix F. Matches between
calculations and experimental results were obtained by using a value for the
Young's modulus of polyvinyl chloride earcups equal to one-half of the value
reported by Shaw and Thiessen38 for static elongations. The matches for
water-filled cushions were obtained by using a cushion resistance equal to 0.75
or 4 times the resistance of the skin around an ear, depending on the geometry
of each cushion. 1In view of the high viscosity of skin, that may seem like a
high value for the resistance of a water-filled cushion, but resistance depends
on geometry and velocity fields as well as on viscosity. Much higher fluid
velocities are established within a fluid that is confined in a small space than
is generated in skin by earcup vibrations, so viscous losses can be higher in a

confined low viscosity material than in an unconfined high viscosity material.

Figures 40 and 41 show good agreement between calculated and measured
values of the transmission ratio of two particular earcups on a rigid surface.
That agreement indicates that the geometric and material coefficients of the two
subject earcups are appropriate. The ''peaked' deviation of the calculated curve
near 160 Hz for the air-filled cushion from the measured curve in Figure %0
merely indicates that air provides some cushion resistance; zero cushion re-

sistance was assumed for calculations of the performance of the air-filled cushion.

The match between calculated and measured values of earcup transmission
ratio is much better for the '"Zwislocki model'' than for the ''alternative model'
in Figure 42 . That indicates that the mode of deformation of circumaural skin

by an earcup that was assumed for the Zwislocki model is more applicable than the

mode of deformation that was assumed for the alternative model (see Appendix F).
However, that conclusion is based on a single example; the mode of deformation
depends on the stiffness of the air volume enclosed by an earcup, and it may
depend on the configuration of an earcup and on contact pressure. Therefore,
the question of which model is applicable to a given earcup at a given frequency

and a given contact pressure should be recalled for each analysis.

Figure 42 shows measured values of transmission ratio which are greater than
"Zwislocki' calculated values at high frequencies, which reveals less than ex-
pected '"mass~law' performance.3 The high measured values may be due to
bone conduction, air leaks, surface waves in skin, inner ear impedance, or trans-

mission of sound directly through earcup walls. Those factors should be included
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in future computer models. However, the agreement between the values of trans-
mission ratio which were calculated with the Zwislocki model and measured values
was judged adequate to justify using that model to explore the sensitivity of

earcup performance to changes in cushion and skin resistance.

Figure 43 shows calculated and measured influences of skin flexibility
on the transmission ratio of two experimental earcups with water-filled cushions.
That figure shows that the influence of skin flexibility on the transmission
ratio of an earcup with a liquid-filled cushion can be pronounced. Since that
influence has not been investigated thoroughly in published studies, there is
a question as to whether the designs of earcups with liquid-filled earcups have
been optimized to take full advantage of damping that is provided by liquid-

filled cushions.

Figure 44 shows the results of computer calculations of the sensitivity of
the transmission ratio of two experimental earcups with liquid-filled cushions
to the mechanical resistance of the cushions. That figure shows that the bene-
fits to be gained by increasing the mechanical resistance of earcup cushions
depend on earcup configuration. The computer calculations do not show a large
benefit for the two configurations that were analyzed. However, there is no
assurance that the volumes and cushion stiffnesses of the two earcups that were
analyzed were selected by experimenters to yield the optimum sensitivity to ear-
cup resistance. Further mathematical and computer studies similar to those
which are outlined in Appendix G will be necessary to define optimum configurations
for earcups. The equations which are presented in Appendix G are very compli-
cated; they are presented merely to illustrate that the optimum conditions are
so complex that they defy definition by means of applications of intuition and

trial-and-error variations of design parameters.

38 reported no appreciable benefit when they substituted

Shaw and Thiessen
a 2.5 million centipoise syrup for water in the cushion of one particular ear-
cup. However, they reported that the syrup could be molded, which means that
it was actually a low-yield plastic solid, which does not meet the requirements
for earcup damping. |In addition, the viscosity of the syrup was much higher
than typical optimum values that are indicated by cursory studies and the de-
sign of the test earcup system was not optimized to give the maximum advantage

from filling of the earcup cushion with a viscous liquid.




TRANSMISSION RAT!O (dB)

=20

-30

-40

-20

-30

-40

«50

-60

ZWISLOCK| MODEL I |
| — FLEXIBLE SKIN
h~_+‘~hﬁ‘ﬁ—* 4‘”//rJ

)
R 7T TN

RIGID SURFACE —/ §

| \

(a) Computed Effect for the Water-Filled Earcup Shown in Figure 8 of
Shaw & Thiessen (Ref. 38)

<—
o
/
/

=
RIGID SURFACE N

FLEXIBLE SKIN

10 100 1000 10000

FREQUENCY IN Hz

(b) Measured Effect Reported by Shaw & Thiessen38 for the Earcup Shown
in Figure 11 of their Publication

FIGURE 43 EFFECT OF SKIN FLEXIBILITY ON THE FREQUENCY-DEPENDENCE OF THE
TRANSMISSION RATIO OF EXPERIMENTAL EARCUPS

91




-]o .
ZWISLOCKI MODEL [ f
g T /T R CUSHION = .75 x R SKIN
-20 T~ ~ A | (ORIGINAL EARCUP)
™~ <+ \
i \J-
P
-30 7 n
R CUSHION = 500 x R SKIN ™\
= AJ \K
< <o |
o (a) Earcup Shown in Figure 8 of Shaw & Thiessen (Ref. 38) on
- Flexible Skin
<<
z ZWISLOCKI MODEL ‘
@ e R CUSHION = 4 x R SKIN
= el = (ORIGINAL EARCUP)
=
: \\
-20 P ”
R CUSHION = 2000 x R SKIN 4‘\\\\\\ 1
‘30 \
-40 N
-50
N 1
-60
10 100 1000 10000

FREQUENCY IN Hz :

(b) Earcup Shown in Figure 11 of Shaw & Thiessen38 on Flexible Skin

FIGURE 44 COMPUTED EFFECT OF CUSHION RESISTANCE ON THE FREQUENCY-DEPENDENCE |
OF THE TRANSMISSION RATIO OF EXPERIMENTAL EARCUPS |

92




. b : ke .
Zwislocki 3 reported some improvement in the transmission ratio of a test

earcup when the earcup cushion was filled with wax, but that improvement may
have been due to associated changes in earcup mass or to changes in the trans-

mission of sound directly through cushion walls.

Further mathematical and experimental studies are required to define fully
the potential for improvements in earcup performance. The computer model should
be expanded to include the effects of bone conduction, air leaks, surface waves

in skin, and inner ear impedance.
7.4 FIELD EXPERIENCES WITH EARCUPS AND OTHER EQUIPMENT ITEMS

At various times during the project, contacts were made by letter, tele-
phone, and personal visits with medical and administrative persons in the mili-
tary services, to learn more about equipment and operations. Additional con-
tacts were made with technical persons in industry and DoD. |In Section 11, there
is a partial list of the persons contacted. |In this Section, some of the comments
made during these contacts are presented. This survey was not scientifically
conducted; the comments are offered to stimulate further discussion and

investigation.

A complaint from helicopter manufacturers and from military hearing con-
servation personnel alike is that air crewman defeat the noise control features
that are built into the aircraft. This is another way of saying that the air-

craft are not designed for the uses that are made of them.

Helicopters are several dB noiser, especially in the 100-300 Hz frequency
band, if operated with doors open. However, as a practical consideration they

are often operated thus to enable rapid egress.

Helicopters sent to combat regions are routinely stripped of acoustic
padding because the padding not only bears a weight penalty, but also covers up
critical hydraulic lines which must be inspected frequently for leaks. Manu-
facturers are allowed to meet MIL-A-880629 by retrofitting acoustic padding
and other materials which usually are not compatible with combat conditions.
In some cases, DoD will waive MIL-A-8806 for cost, weight, or other considerations.
The rationale seems to be that aircraft may be allowed to be sources of noise
that is well above human tolerance, if hearing protectors are capable of lowering
noise levels to the tolerance level. With this situation, there is the danger
that safety precautions will fail. This is exactly what happens if hearing

protectors do not provide the expected amount of attenuation.
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A variance of noise exposure measured inside earcups is primarii, due (o
differences in sizing and fitting of cups to various personnel. Some persceanel
have low tolerance to the pressures of ear cushions and tight chinstraps. Some
70 percent of air crewmen inspected recently were not properly fitted, and others,
although properly fitted, did not have the proper adjustment of crossbands and
fasteners in the helmet. Different styles of hair and eye glasses also add to
variances of noise exposures, and compound the problem of ascertaining exposure

levels.

Considerable non-uniformity exists in the SPH-4 units procured by the
services, in part because four different companies are now making them. The
applicable specification does not regulate quality sufficiently to avoid large
and important differences in the hardness of the earcup seals and the mastoid
cups. Variations of this kind are known to affect the results of noise measure-
ments in laboratories and are likely to be even worse in operational conditions

where vibrations occur.

Some flight personnel use customized helmets and earcups. These may or may
not be as good as issue, but at best they tend to defeat the purpose of monitoring

and control.

Earcup seals become hard and brittle with age. Personnel realize this
and try to get them replaced for their own protection. This is not always
possible. In a recent case, a large group of flight personnel waited 11 months

for new seals to be procured, and finally had to go overseas without them,

Persons who cannot tolerate earplugs suffer from sharing the intercom with
those who do. Earplug wearers require higher volume settings, and this causes

extra noise in the ears of the non-wearers.

There is controversy as to what degree of blame for the hearing loss problem
must be placed on radio and intercom equipment in military aircraft. Some
investigators feel that the intelligibility of the electronic communications is
too low, and that the volume is often turned up to harmful sound levels in an
attempt to understand transmissions. Others feel that this condition is
ameliorated because flight personnel learn by experience to decipher the dis-
torted speech sounds, and have little difficulty with them. Speech comprehension

probably does improve with experience, but personnel may form bad habits with
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their use of the volume control, or may even suffer some hearing damage, before
the necessary experience is gained. This suggests that a '""low-volume,' pre-
flight training program to gain this experience for personnel would be a good

investment for a hearing conservation program.




8.0 SUMMARY OF HARDWARE PERFORMANCE AND FEASIBLE IMPROVEMENTS

8.1 CABIN NOISE
45,46

von Gierke identified the dominant sources of helicopter noise to
be: (1) engines, (2) transmissions, (3) rotational noise generated by tail
rotors, and (4) vortex noise generated by main rotors, and he referred to
methods for predicting those noise levels. Since then, the main advance in
the technology of predicting noise levels generated by propulsion systems

has been the computerization of calculations which are otherwise much the same

as they were 20 years ago (for example, Ramakrishnan, et al., 1975)."7

In the early days of helicopters, internal combustion engines were used,
and unmuffled exhausts were a major source of noise.[’5 Modern helicopters
are powered by gas turbine engines, and inlets, turbine blades, and exhausts
of those engines are major sources of helicopter noise. Methods for analysis
and control of such noise are still being developed,l*a's2 but some practical
applications of those new methods have been successful.53’5“ Methods for
predicting rotor noise have been known for decades, but only recently have
computer iterations on design variables made it practical to control rotor
noise by judicious choices of blade shape, rotor solidity, and rotor tip
speed.sl”SS Faulknersh performed studies of the cost of noise reduction in
intercity commercial helicopters, and concluded: '...good economic perfor-
mance can be expected of relatively quiet future helicopters which have low

tip speeds and high solidity rotors."

Although the technology for predicting and controlling noise from engines
and rotors is available, the technology for predicting and controlling trans-
mission noise (predominantly gear noise) is not so well developed. Moeller56
provided a good qualitative discussion of the problem, but quantitative pre-
dictions have been developed only in the last few years,57»58 largely due to
the necessity for carrying out the required calculations on modern high-speed
electronic computers. The mechanisms of generation of gear vibrations and
conversion of those vibrations to sound still are poorly defined and poorly
understood. Therefore, for the present, control of gear noise must be achieved

59,60

largely by means of vibration isolation and by enclosing61 the offending

gears.
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The principles of noise control in helicopters have been known for decades.
In 1957, von Gierke “5'46 provided spectra of noise within and external to
helicopters, reported studies of noise reduction achievable with special
structures, and offered criteria for selecting materials for noise control.
He reported that there were no quantitative methods for predicting noise
generated by structure-born vibrations, but he judged that such noise is less
important than air-borne noise (including noise transmitted directly through

structures).

A few years after von Gierke's summary, Franken and Beranek62 provided
some more details of methods for predicting and controlling noise within aircraft.
They noted that the main problem with predicting noise levels within aircraft
is proper evaluation of all of the various paths by which noise can enter a
cabin (for example, sidewalls, windows, partitions, seats, ventilators). They
presented methods for predicting noise levels and for predicting noise reductions
provided by cockpit structures, configurations, and materials. They reported
measured transmission losses for a typical aircraft fuselage, and they discussed
some details of designing such structural components as window frames and baggage

racks for noise control.

Schultz6] summarized the principles of designing aircraft enclosures to
attenuate sound as those principles were known a decade after Franken's and
62

Beranek's publication. Very little had changed during that decade.

Six years after Schultz's publication, the practice of designing aircraft
enclosures is still about the same as it was when he published, and it is
about the same as it was when von Gierke published two decades ago. The main
advances in predicting responses of structures to sound have been: (1) finite
element methods,63 (2) statistical energy analysis,eh and (3) wave propagation
and periodic structure theory.65 Those three developments were made possible
largely by the increasing availability of electronic computers. Regardless
of new predictive techniques, the practice of designing aircraft structures

for noise control has changed little during the past 20 years.

Many measurements of noise levels within cockpits have been accumulated
(for example, reference 3), but most of those measurements remain in private

company files, or must be ordered from government publication offices. Available
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measurements and calculations of noise in the interiors of aircraft have served
to confirm principles and trends that were established 20 years ago. For

66

example, Catherines and Mayes reported measurements of noise within two
propeller-driven light aircraft; those measurements showed that windows pro-
vided only 3 decibels noise reduction, and that leaks around door seals were

a major cause of high interior noise levels. Such conclusions can be drawn

from the simplest predictive techniques of 20 years ago. Measuremernts and
calculations performed by Vought Corporation personnel also show that windows

are the weakest link in the acoustical path to the interior of one commercial
helicopter. Figure 45 shows measured and calculated noise reductions provided

by the windows of one commercial helicopter. The agreement between the measured
and calculated values is very good, indicating that there is nothing unusual about
the helicopter fuselage, windows, or interior. It is unfortunate that the heli-
copter windows interact with the interior in such a way as to decrease the noise
reduction provided by the windows at the frequencies at which transmission gear
noise occurs. (For that particular helicopter, gear noise is transmitted through
windows, rather than through overhead structures which separate gears from the

interior.)

Just as the principles and techniques for predicting external noise levels
and the reduction of those levels by aircraft structures have been known for
20 years, the principles of predicting the relationship between sound levels and

: ; h 6
vibrations of structures have been known for many years. The U. S. Air Force 7

reported many experts' contributions of responses of structures to sound.

68 69

Cremer, Heckl, and Ungar and Ver and Holmer summarized methods

for predicting vibrations of structures resulting from impinging sound, and

they described methods for predicting sound levels resulting from vibrations

of structures. The most important concept underlying those methods is that,

for frequencies of practical interest in controlling helicopter noise, vibrating
fuselage sidewall panels (that are not forced by alr-borne sound) radiate sound to
the interior of helicopters only because of reflections from the edges of the
panels. It does no good to add rubbery damping materials to fuselage panels
except for panels which are excited by air-borne sound and which resonate at a
frequency of concern. Absorptive material must be added at the edges of panels
that are excited by structure-born vibrations to achieve reductions of internal

70

noise levels. Such intricacies led Jones in his review article on

damping treatments, and Arctander’! in his review article on absorptive
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materials to emphasize the need for precise tailoring of noise control methods
to specific vehicles throughout design cycles. It is not enough to try to
control noise and vibration by adding a few pounds of damping and absorptive

material after an aircraft has been built.

A good example of the need for considerations of noise control early
in the design of a helicopter was given by Sen Gupta.72 He reported
that overall cylindrical modes of entire fuselages dominate the acoustical
behavior of aircraft structures at low frequencies which are the major problem
with helicopters. That means that noise control should be considered when the
size and shape of major frames for a helicopter fuselage are chosen. For
intermediate frequencies, Sen Gupta72 reported that fuselage panels and
their stiffeners interact; that interaction should be optimized by proper trade-

offs between panel design and stiffener design early in a design program. At

higher frequencies, such as those where gear noise is predominant, the more
usual quick-fixes, such as fiberglass, lead vinyl, and damping tape, can be
helpful. However, at those high frequencies, the noise reductions provided

by fuselage sidewalls and windows are strongly affected by interior geometry
andnmteﬂals,6zso those factors also should be considered early in
the design of a helicopter.

73

Efforts to quiet an HA-43B helicopter are typical of current

efforts. Engine noise, transmission noise, and rotor noise all are being
considered in current efforts to quiet helicopters. When lowering of noise
levels at the sources of noise is not considered adequate, attempts are made

to modify structural responses and interior treatments to further lower internal
noise levels. However, most efforts to quiet helicopters are directed at
existing vehicles. There is not much hope of achieving much more than 10 decibels
of quieting in that way. Noise control in helicopters must be approached as part
of the systems optimization study at the outset of a design effort. Even with
early involvement in design, the operational burdens of sound control may

be too great. For example, a TREC25 study showed that sound control
amounting to one or two percent of the gross weight of an Army helicopter

results in a decrease of about 10 percent in range. However, there were

elements of retrofit philosophy in that study,and early involvement of acous-

ticians in design might decrease the weight penalties for sound control.
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A computerized search of all unclassified government reports that are re-
lated to aircraft noise and that were published during the last 10 years was
completed for the authors of this report by the Defense Documentation Center.
There are only a few reports which deal with control of noise within helicopters
among the hundreds of titles and abstracts that were recovered by the comput-
erized search. Only one discusses cost factors in any detail, and that dis-
cussion is focused on a computer model for unified noise, cost, and performance
calculations, rather than on typical costs of noise control. The results of
that literature survey agree with results of surveys of government and non-
government literature which were conducted by the authors of this report. The
results of these literature surveys indicate a low level of activity which is
directed at controlling helicopter noise, especially if costs of noise controls
are of interest. That low level of activity may be due to heavy operational
and cost burdens that are indicated by cursory estimates (for example, Bowes7“).
A concerted research effort will be necessary to define those burdens in terms
of overall systems development and in terms of realistic anticipated improve-

ments in noise control techniques.




8.2 EARCUPS

Figures 46 through 50 show selected results of some previous investigations
into earcup performance. |n each case, Camp's real-ear measurement of the SPH-4
is plotted for comparison. Unless stated otherwise, the plotted attenuation

will be assumed to have been measured using the real ear threshold method.

Figure 46 compares the real ear measurement, the specification75 for the

MK-1564( ) /AIC earcup which is in the SPH-4, and a typical attenuation copied from
Figure 30.
Figure 47 shows the bone conduction limits for attenuation.

Figure 48 shows the additional attenuation obtained when a V51-R earplug
is worn underneath a ''good" noisemuff. This muff is somewhat better than the
SPH-4 earcup, perhaps due, for example, to a larger muff volume. Because of
the effect of bone condition and other alternate paths, the muff and earplug
attenuations are not simply added. Edwards, et al76found that industrial
workers received about 15 dB less attenuation from earplugs at the workplace
than was obtainable by careful fitting in the laboratory. This was attributed

to using the wrong size earplugs and/or improper insertion.

Figure 49 shows that if high frequency sound enters the earcup, for
example through a less than perfectly rigid shell, sound absorbing material
in the cup is beneficial.

36

Zwislocki assembled an experimental earcup in an attempt to reach what
he considered the practical limit for attenuation. Figure 50 shows the attenua-
tion obtained. The cup was very rigid. The cushion was filled with a malleable

wax so that it conformed to the head, and also provided a large mechanical

impedance at audio frequencies. The cup volume was rather small, apparently about
15 cm3.
A comparison of Figures 47 and 50 shows that Zwislocki's practical limit

is determined by bone conduction above about 700 Hz, and by earcup pumping below
700 Hz. Zwislocki felt that, within practical limits, the effect of pumping is
not greatly affected by earcup size. This would especially be the case where the
earcup must fit under a helmet, where increased volume is obtained by increasing
the cross-sectional area of the earcup rather than the depth. [If the cross-
sectional area increases, the pumping force and the earcup volume increase at

the same rate (see Appendix F). Other parameters being equal, the attenuation

is not changed.
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The SPH-4 earcup was found to hold about 93 cm3 of water with the cushion

not depressed. Over the ear, the volume would be somewhat less.

Several ‘investigators have attempted to modify the cup structure to obtain
38,39

more attenuation. Shaw and Thiessen made theoretical studies, followed by ex-

periments on earcups in which the inside volume is partitioned. The two cavities
thus formed are connected by an acoustic impedance, typically an acoustic resis-
tance. At low frequencies, where the pumping mode is dominant, the cavities are
acoustically connected providing a large volume for good attenuation. At speech
frequencies, the cavities are acoustically isolated so that the earphone which

is placed in the inner cavity can produce the required sound pressure without

excessive power demands.

The two cavity experimental work was continued by other experimenters such

77,84

as Rosenheck et al who built and tested earcups of this type, some of

which were designed to fit into flight helmets. Bauer and DiMattia78 studied an

earcup in which the two cavities were connected by paralleled resistance and in-

ertance, in an attempt to control the troublesome acoustic resonances which
appear at the transistion between the low frequency mode of operation (connected
cavities) and speech frequency operation (isolated cavities). To summarize this
work: the frequency response and attenuation characteristics of experimental
models of two-cavity earcups have verified the theoretical models from which they
were developed. There is a problem in interpreting the attenuation data because
of the different test methods used by different investigators, who sometimes

use flat plate couplers, sometimes manikin heads, and sometimes real-ear threshold
1 methods. There is no clear evidence that two-cavity earcups, when designed to

be compatible with U. S. Army systems, provide better attenuation than well
maintained modern earcups already in the U. S. Army inventory, such

as the SPH-4. Of course, if the system is not limited by the power handling
capability of the earphone, two cavities of the type described here provide no

advantage over a large single cavity.

The reports by Rosenheck, et al, also describe some experiments with ear-
cups which are rigidly yoked together across the head, or by means of a specially

designed, rigid helmet. The purpose is to block the earcup pumping. Experi-

\ ' ments show that when a sufficiently rigid connection can be accomplished, a major

improvement in attenuation of up to 20 dB is obtained at low frequencies.
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Until the development of modern foam-filled ear cushions, earcups with
liquid-filled cushions provided superior attenuation. Today, the better foam-
filled iushions appear to be nearly as good. Forstallu‘ shows an attenuation . !
curve in which a modified APH-6A helmet with liquid seal is about 4 dB better
than th: helmet with a foam seal. The SPH-4 provides about the same performance

as the modified APH-6A with liquid seal. However, the discussion in Section 7.3

suggests that further experiments with liquid seals may be fruitful, particularly
if the viscosity of the liquid is optimized.

There have been several investigations of active ear defenders which cancel
noise in the earcup. A non-feedback technique was investigated by Meeker.’? In
this system, noise is picked up by a microphone outside the earcup. The microphone

signal is then adjusted for phase and amplitude and delivered to the earphone.

; : 80 . :
DiMattia and Love investigated a non-feedback technique in which the sensing
transducer was an accelerometer mounted on the earcup. Several dB of extra

attenuation was achieved in a limited frequency band.

Meeker79 and Malme, et al.81 investigated a negative feedback method in which
the microphone is placed in the earcup. Malme, et al also investigated a modified
negative feedback system in which the feedback signal is delivered to an inertial

force generator located on the outside of the earcup.

The feedback schemes which used the internal microphone were capable of 5 to
7 dB of extra attenuation at frequencies up to 250 Hz.

Leaks past the ear cushions pose a problem for all types of active systems

for the following reasons:

o The power handling requirements for the amplifier and earphones are
much greater when a leak is possible.

o A leak changes the phase response of the earphone - earcup system
potentially causing oscillation in the feedback system, and loss of

cancellation in the non-feedback system.

Feedback systems which use an internal microphone must be designed so as not

to cancel speech transmissions.
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Various attempts have been made to change the shape of the ear cushion |

for better performance. Malme, et al ! tried a cushion which contacts the head %
[ above the ear but below the hairline, to obtain a better seal. In another USAECOM- :
g 5 funded project, a cushion was designed in which the volume change due to earcup

- pumping was compensated by an opposite volume change due to radially-outward

flexure of the cushion.

The best earcup real-ear-threshold attenuation values reported by various

investigators for ''practical'' earcups and helmets tend to fall along the same

SRy Y R S T

j curve on an attenuation vs. frequency plot. By ''practical' is meant modern ear-
cups already in the U. S. Army inventory, or earcups which have reached a stage

‘ of development where they have been essentially shown to be dimensionally
compatible with Army systems. The helmets include the SPH-4, various helmets
measured by Forstall, : and others. When properly manufactured, fitted, worn,

and maintained, the SPH-4 and similar helmets provide about as much attenuation

SO e

as can be obtained from any available helmet. The SPH-4 system includes not

only the earcup and cushion, but the webbing restraints and under-the-chin strap
which are essential to its performance. The SPH-4 earcup is stiff enough so that
local flexure is not a significant problem. Flexure may contribute to residual

sound leakage at high frequencies; however, the main problem is below 1,000 Hz.

The results described in Section 4, Figures 30 and 31, and in Section 7 show
that too much of the performance of the SPH-4 is lost in the aircraft, due mostly to

leaks around the cushion.

The following list summarizes various ways in which helmet performance could
be improved at frequencies below 1,000 Hz. 1

1. Increase the volume of the earcup by increasing its depth without
sacrificing rigidity. This is a proven method, but requires that the !
helmet shell be substantially widened. This improvement would be '

effective against both earcup pumping and leakage.

2. Significantly increase the mass of the earcup shell to move the system

resonance from around 200 Hz to well below 100 Hz. This is a proven
method but the increase in helmet mass is a drawback. |t would not be

effective against leakage.
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3. Rigidly connect the earcups together. The effectiveness against earcup
pumping is proven but the feasibility of a practical mechanical design

is not proven. |t would not be effective against leakage.

4. Further develop ear cushions with optimized stiffness and/or damping,
including those which compensate the volume change due to pumping,
without compromising the ear cushion seal. They must provide acceptable

comfort, and be manufacturable. They would not be effective against

leakage.

5. Further develop active noise-cancellation systems including adaptive
systems which could respond to changing phase conditions in the
earcup. This is a hypothetical development requiring considerable

signal processing power.
8.3 MICROPHONES

Figure 51 shows the frequency resbonse of an M-87 microphone for both close
and distant sources. The distant-source curves are shown for various orienta-
tions of the microphone with respect to the speaker axis. The speaker to
microphone distance is 6 feet. The close-source curve is made at a distance
of 1/b-inch. These measurements are made according to the method described
in MIL-M-265142A6 using a sound source constructed according to U. S. Air
Force Drawing 58812627 (30 June 1958). The difference between the close-source
response and the 0°, 180° average response is the noise immunity. The noise
immunity is plotted at the bottom of Figure 51. The noise immunity which is
about 9 dB at 1000 Hz, is probably typical of M-87's in good condition.

Measurements of several M-87 microphones made at various times at ATC
suggest that, due to hard use and aging of components, the noise-immunity may

vary considerably among units that have been in service.

A number of alternative noise-cancelling microphones have been developed
over the past 15 years, and some novel approaches have been explored for making

microphones which are immune to noise. A major difficulty in developing improved

11




|

SENSITIVITY, dBV/ubar

-100 |
"\
-110 B=s —
Nk -~
s A
CLOSE / / .ﬁ\
o TALK 2 \
'120 ’r o =
o | e dr—’ .. .
/v’ «* » k
-130 _ AVERAGE / [* IREE
0°, 180° | 7| | }9AVERAGE AN
DISTANT s .d° 90°”, 270° AR
SOURCE ,/,9°° DISTANT rat
-1ho " SOURCE
[ 30
20
\
\\
10
MMUN L [TY e
S N~ 0
10 100 1000 10000

FIGURE 51.

FREQUENCY IN Hz

RESPONSE OF M-87 MICROPHONE, 5 Q@ LOAD RESISTOR

112

NOISE IMMUNITY, dB




dynamic and magnetic microphones is the requirement for good noise-immunity--
which demands accurate, stable, acoustic components--along with a simultaneous
requirement for operation over a range of altitudes, and operation after

immersion in water. 1

The U. S. Army has in past years sponsored the development of several micro-
phones which have noise immunities greater than 10 dB at 1000 Hz.83 The M-93/AlC,
developed in the early 1960's under U. S. Air Force Contract 30(635)18989, is a
small magnetic microphone which has good noise immunity. It was not adopted for
military or commercial use. There was no provision made for protection against
immersion in water and other environmental hazards such as dropping. The assembly

is precisely tuned, so there may be a problem of manufacturability.

More recently, piezoelectric and electret microphones have been developed.
Figure 52 shows the response and noise immunity of a piezoceramic microphone.ss
The directivity pattern is a near-perfect cosine. The degree of noise-immunity
is not susceptible to manufacturing tolerances or aging of components. The
noise-immunity is about 14 dB at 1000 Hz. The response is virtually flat in
the speech range; tailoring of the response is easily done to obtain other

response characteristics.

Noise-cancelling electret microphones have also been developed which have
performance similar to that shown in Figure 52. The primary constraint on
use of piezoelectric and electret microphones in U. S. Army aircraft is one

of compatibility, since these microphones have an integral preamplifier to

which power must be supplied.

Recently developed microphones, which provide at least several dB of
improvement in noise-immunity over the M-87, are probably close to the maximum
noise-cancelling performance which can be obtained from noise-cancelling
(gradient) microphones. It may be that future improvements will develop from

current work in digital signal processing of speech.
8.4 PERFORMANCE TRADEOFFS

The durations of exposure of helicopter occupants are set by mission re-
quirements. Since that parameter is fixed, overall dBA level is the only other

parameter which can be controlled to reduce risks of hearing damage. |f no
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i other changes in a communications system are made, reduction of gain settings

often will result in unacceptable intelligibility of radio voice messages. |If

intelligibility can be significantly improved for a given dBA noise level, then

gain settings can be reduced without any decrease in the original acceptable :

value of intelligibility.

The intelligibility of radio voice messages can be improved in at least
three ways: (1) reducing the transmission of cabin noise through earcup walls,
(2) reducing noise that originates at a microphone or in an electrical/electronic
transmission path, and (3) increasing the level of speech sounds. The first
! two actions will result in lower dBA levels. Although the third action will
increase overall dBA levels slightly, the resulting increases in intelligibility
more than offset the increases in overall sound level. The computer program
for calculating articulation index (Appendix D) was used to illustrate the
effect of such changes on sound levels measured within OV-1D number 69-17005

during descent. Table 8 is a summary of the results of that study.

TABLE 8
CALCULATED INFLUENCE OF CHANGES IN THE OV-1D NO. 69-17005 COMMUNICATION
SYSTEM ON ARTICULATION INDEX AND ON SOUND LEVEL

ACTION ARTICULATION [INDEX OVERALL SOUND LEVEL (dBA)
*Microphone noise down 3dB b 75 j
*Microohone noise down 6 dB .‘47 714
Voice level up 3 dB b6 77
Voice level up 6 dB .51 78
Earcup noise down 3 dB L6 76
Earcup noise down 6 dB .51 76
None ) 76

* Noise picked up at the microphone

Table 8 shows that the most efficient means for reducing risk of hearing
damage is to increase earcup attenuation of cabin noise. The resulting in-
crease in articulation index, with no accompanying increase in overall sound
level, would allow a considerable reduction of gain settings and overall sound
level before the value of articulation index would fall below the original

value for the unmodified equipment.

Figure 53 shows the average earcup attenuation obtained in UH-1H #71-20254

/ for the

compared to a laboratory measurement of attenuation obtained by Camp
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SPH-4 helmet. Tables 9 and 10 show the effect on articulation index of obtaining
a result as good as the laboratory measurement. The result in #71-20254 was
actually somewhat better than typically obtained in the UH-1H in this study,

so the predicted improvement is conservative,

SENTENCE WORD
Al INTELLIGIBILITY INTELLIGIBILITY
SPH-4 (in UH-1H #71-20254) <717 98% 93%
SPH-4 (Camp's measurement)7 .86 99 96

The change in the intelligibility of sentences which corresponds to the
change in articulation index is small, but pilots would be less inclined to
increase the level of speech if an articulation index of .86 could be established

at lower levels.
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9.0 HEARING CONSERVATION PROGRAMS IN THE MILITARY SERVICES

9.1 ORGANIZATION

Activities related to hearing conservation in the services are generally

under three classifications: environmental health, medical Re&D, and clinical

services. This organization of effort is common to each of the services, al-

though the responsibilities for specific components of the program are not

allocated the same in every case.

vices are listed below:

ENVIRONMENTAL HEALTH

Army Environmental
ARMY : Hygiene Agency
Edgewood Arsenal, Md.

Navy Environmental
NAVY : Health Center
Cincinnati, Ohio

Bioacoustics Division
AIR Wright-Patterson AFB
FORCE: Ohio

The cognizant offices for each of the ser-

MEDICAL R&D

Army Aeromedical Re-
search
Ft. Rucker, Al.

Navy Environmental

Supply
Pt. Hueneme, Ca.

Hq. USAF/SGTA
Forrestall Bldg.
Washington, D. C.

CLINICAL SERVICES

Army Clinical Division
Walter Reed Hospital
Washington, D. C.

Naval Aerospace Medicine
for Industry
Pensacola, Florida

USAFSAM/NG
Clinical Sciences
Division

Brooks AFB, Tx.

The authority for administration of the hearing conservation program begins

with the Clinical Services in both the Army and Navy, but in the Air Force,

Medical R&D is responsible for the program.

The Air Force has the oldest of the

three programs. The Air Force program is covered and supported by very specific

regulations. In 1978, a similar U. S. Army program was approved by the Depart-

ment of Defense. |Implementation of the Army program is expected by October 1978.

Despite the differences in program authority mentioned above, the three

agencies in which the hearing conservation program resides have similar functions.

The Clinical Services provide medical services at the various bases where per-

sonnel are working in noise-hazardous environments.

Environmental Health agencies

are in general concerned with the setting of standards and with the functional
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design of the program. Medical RED is a somewhat misleading title, in that ve-
search and development activities are also carried out by the other two agencies,
especially the Clinical Services. Medical RED is more concerned with the develop-
ment of protective equipment and devices, whereas the Clinical Services engage

in evaluations of equipment and conservation practices in the field. Research is
involved in both of these functions, but in the Clinical Services the research

is conducted primarily by military personnel.

An idea of the magnitude of the overall effort devoted to airborne acoustics
by all the armed services can be obtained from the ''Directory of DoD Contacts on
Airborne Acoustics. At the time this directory was published there were

409 personnel in 80 offices involved in this activity. The breakdown was as

follows:
Offices Personnel
Army 8 116
Navy 37 112
Air Force 34 160
Marine Corps 1 1

Fewer than 10 percent of the personnel had tities which indicated that their
primary duties were concerned with hearing problems associated with aircraft
noise. It is likely that the activities in this area have increased signifi-

cantly since the directory was published, however.

9.2 ADMINISTRATION

The new Army program is covered by Army Regulation 40-5. ARLO-5 is being
updated as it addresses hearing conservation as well as other health areas. Up-
dates of TB-Med 25|'M|L-STD-IQ74A]0] and MlL-A-880629 have been made or are ex-
pected. The Army program includes such measures as noise-damage orientation for

new recruits, the establishment of noise hazard assessment codes, and annual or

semi-annual audiograms for personnel working in areas where levels exceed

85 dBA.
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The administration of medicai control procedures according to TB-Med 251 can
be viewed by means of the flow chart of Figure 54. This chart shows parallel
avenues of handling, depending on whether the audiological examination is the
entrance examination, designed to establish a baseline hearing threshold against
which subsequent tests will be compared, or whether the examination is the
routine annual checkup. Usually the personnel have been working in the high
noise environment for at least a short time prior to the baseline tests, which
is unfortunate. The procedural differences occur in the event that personnel
fail both the first test and the subsequent test 24 hours later. |In the case
of routine annual check, the personnel are given more opportunities to finally
pass a test and return to duty. The reasons are obvious: both the Army and
the personnel have a considerable career investment (especially for flight per-
sonnel) at this point. This loss is considerably larger than the disability
compensation. As long as no serious threshold shift (TS) is observed, the pro-
cedure will continue to examine the personnel once a year. Furthermore, any
passing of an audiological test will return the person to high noise duty, re-
gardless of his performance on a previous test.

It is interesting to compare Figure 54 with Figure 55, which is a flow chart
for the Air Force case disposition procedure (from Gasaway and Sullivan35).
Here we see that each stage of the procedure is covered by a corresponding sec-
tion of AFR 161-35.87Note that personnel who never show evidence of a TS are re-
checked only once a year, as in TB-Med 251. The reference (or baseline) audio
is followed up in 90 days with an audio, regardless of baseline performance.
But the major difference in the USAF procedure is the handling of cases which
have shown TS in either the 90-day or annual audio. Aside from differences in
testing intervals, the personnel who fail the next two tests are then entered
into a rigorous testing routine which (depending on outcome of the detailed
follow-up examination) has a duration of five months and six examinations, even
in the case that the subject passes all six tests during this ''clinical" period.
This procedure is designed to make sure that a patient has completely recovered
from the TS before he is returned to duty in the high noise environment. TB-

Med 251, on the other hand, has no comparable precautionary procedure.
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FIGURE 54, CASE DISPOSITIONS RECOMMENDED BY U.S. ARMY TB-MED
251 (HIGH NOISE ENVIROMMENT)
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The patient may immediately exit the clinical stage only by failing another
audio. At this point he will be either referred to Division Health Center (DHC)
or recommended for re-assignment, depending on whether the nature of the TS is
in low tones or high tones. Very rigorous audio tests must be passed before the

subject can be returned to a high noise environment.

The USAF disposition procedures are actually more complex than shown in
Figure 55. For example, if a person demonstrated significant TS which persisted
on the 15-hour recheck, the procedure is not as shown in Figure 55(See Gasaway
and Sullivan35). Before the 40-hour audio is given, the person is examined
by the attending physician to determine the apparent cause of the TS, and the
4LO-hour recheck is then entered only after (a) no cause was found, or (b) the
cause was found and corrected. The procedure between the 15-hour and LO-hour

rechecks is then actually as shown in Figure 56.

The USAF procedures differ in other ways, also. For example, the critical
threshold shift for TS determinations is lower, 10-20 dB rather than 25 dB,
and they differ also from one classification or stage to another in the classi-

fication procedures.

The Navy program is also known to be in a transitional stage. Navy procedures
for the disposition of cases are covered by an 'instruction', which is similar to
a regulation (BUMEDINST88

sidered obsolete. Navy officials believe that there will be a move to standardize

). This instruction was issued in 1970 and is now con-

the procedures of the hearing conservation program, and alsc to consolidate it
within no more than three agencies, as opposed to the present nine. In the present
configuration, the Navy program (as applied to aviation) is administered by a dif-
ferent program manager for each type of aircraft. The critical TS for Navy per-
sonnel working in noise-hazardous environments is 25 dBA at any frequency through
3,000 Hz, so far as special handling is concerned. |f permanent TS of 40 dBA

is determined for the better ear, the person is reassigned to an environment with
noise level not exceeding 90 dBA.

The Air Force program has resulted in better hearing among Air Force flight

personnel than among the general public.35
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10.0 CONCLUSIONS AND RECOMMENDAT IONS

Before proce=ding to the conclusions, some of the assumptions on which those

conclusions depend will be stated. These assumptions are as follows:

o The 7 aircraft types in which data were taken are representative of
aircraft in the U. S. Army inventory. |If other aircraft, or future
aircraft, generate noise having a different level or spectrum shape,
the conclusions would be altered. For example, flat spectra of the
same overall noise power would lead us to emphasize the characteris-

tics of microphones rather than helmets and earcups.

o The comparison method of measuring earcup attenuation used in this
project provides a good measure of real-ear attenuation (However, ’

see Section 4.7).

o The SPH-L4 helmet and M-87 microphones used during the project are

typical.

o The observers who took the data are typical of U. S. Army aviators,

with regard to fit and technique when wearing the SPH-4 helmet.

10.1 THE NOISE ENVIRONMENT

The noise spectra which are found in the communications systems of the U. S.

Army aircraft can be described by the following model.

o A low-frequency spectrum in the earcup which slopes downward as frequency
increases, primarily due to noise leakage into the earcup. In terms of
its effect on speech intelligibility and hearing damage, this noise is

negligible above about 1000 Hz.

o A high-frequency spectrum in the earcup which slopes upward as frequency
increases, due to noise which is picked up at the microphone and trans-
mitted to the earphone. This noise is present only when a microphone is
keyed. In terms of its effect on speech intelligibility and hearing

damage, this noise is negligible below about 1000 Hz,
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There is additional sound in the earcup due to speech which is
transmitted on the communication channel. |In terms of its effect on hearing
damage, the speech level is significant from about 400 Hz up to the upper limit

of the microphone/earcup frequency response, which is about 6000 Hz.
The model described here is illustrated by Figures 9 and 12 in Section 4,

For the aircraft studied during this project, between 72% and 89% of the
noise power (calculated after A-weighting the noise spectra) is due to earcup

leakage.

10.2 INTELLIGIBILITY AND HEARING DAMAGE RISK

Table 3 in Section 5 shows that typical calculated values for the intellig-
ibility of electronically-communicated speech within helicopters are in excess of
95 percent (for sentences). However, operating conditions are marginal for good
intelligibility (see Section 5.8). Slight changes in speech levels, speech qua-
lity, or background noise sometimes cause large decreases in intelligibility.
Temporary lapses of intelligibility may cause pilots to form a habit of routinely
turning up volume controls to their maximum settingg. The unnatural quality of
received speech signals also may cause them to form that habit, although the pe-
culiar quality of the speech, such as the emphasis of plosives, may actually

increase its intelligibility for practiced listeners (see Section 3.5).

Currently accepted criteria for predicting hearing losses which result from
noise exposure lead one to conclude from Table 3 that those noise levels will
cause what is currently accepted to be a hearing handicap (see Section 3.3) in
only a small fraction of one percent of all exposed personnel who wear helmets
at least as good as SPH-4 helmets. Therefore, based on the analysis of data
collected during this project, a prediction of widespread hearing loss, due to

service in aircraft, cannot be justified.

Noise sources, sufficiently loud to be damaging to hearing are found in many
places, including the leisure-time environment e.g., loud music, motorcycle and motor-
boats, chain saws, and shotguns. Another possible source is found in non-flying
military service. In Section 5.9, evidence is cited that significant hearing loss

is sustained in military basic and advanced training.
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The observers in this project turned their volume controls to mid-range. |If

helicopter pilots turn up volume controls only until speech levels which corres-
pond to about 98 percent intelligibility of sentences are reached, then only a
few percent of Army helicopter pilots are in danger of suffering a noise-induced
permanent threshold shift of more than 10 decibels as a result of being exposed
to helicopter noise. However, if they routinely turn up volume controls to maxi-
mum settings in attempts to overcome real or imagined problems with intelligibi-
lity, then they are in danger of suffering handicapping hearing losses (see sec-
tion 5.10).

Most existing military aircraft have been developed under contracts which

require that internal noise levels comply with MIL-A-8806A.29 Gasawayq’89

pub-
lished measured values of noise levels within cockpits of helicopters. His mea-
surements and the measurements which are presented in this report show that most

helicopters are in compliance with MIL-A-8806A.

Table 11 shows the noise levels that are generated at the ears of a crew-
member who wears a SPH-4 helmet within a helicopter that generates noise levels
equal to the maximum noise levels that are allowed by MiIL-A-8806A. That table,
and typical in-flight measurements of SPH-4 attenuation, show that such a crew
member will be exposed to an overall noise level which is 2 dB higher than is
allowed by the Occupational Safety and Health Administration (OSHA) and is 7 dB
higher than is allowed by TB Med 251 (see Section 3.3).

10.3 EQUIPMENT PERFORMANCE

The contribution to acoustic noise at the ear due to electrical self-noise
in the communications equipment is negligible (Section 6). The distortion, dyna-
mic range, frequency response, and limiting characteristics of the aircraft inter-
communication (AIC) sets are generally within specifications (Table 5). Assuming
that volume settings are similar to those used during this project, the AIC is not
a factor in causing hearing damage or lack of intelligibility. Peaks in the ear-
phone response between 2 kHz and 6 kHz do allow the possibility of hearing damage
for high volume settings. To determine whether this actually does occur, more
information would be needed about the distribution of volume settings, the per-
centage of time that speech is received, and the amplitude distribution of speech

in this range.
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There was no difference in the in-flight performance of the C-1611D and
C-6533 AlC's.

The specification for the M-87 microphone (MIL-M-26542A) requires that the
noise-immunity be at least 7 1/2 dB at 1000 Hz. A few recently manufactured or
well-cared-for M-87's which have been measured at Advanced Technology Center do
meet the specification (see Figure 51). They also meet the response specifica-
tion. Recently developed microphones (Figure 52) provide several dB improvement
in noise-immunity, and are probably close to the maximum noise-cancelling perfor-

mance which is possible.

Noise-immunity and intelligibility have been measured during this project
by employing objective tests. There may be subjective factors which are impor-

tant to in-flight performance, e.g., reduction of fatigue, reduction of the ten-

dency to turn up volume controls, and intangible contributions to intelligiblity.
The performance of improved microphones Is ultimately best determined by compari-

son tests with real voices and real ears.

Earcups remain as the weak link for noise rejection in the communication
system. The problem observed in this project is principally one of noise leakage !
past the earcup seal due to poor fit, insufficient adjustment, the wearing of eye-

glasses, long hair, and possibly deterioration of the cushion material.

In cases where an adequate seal is obtained, earcup ''pumping'' remains as the i
major cause of noise at the ear. An SPH-L4 tested in the laboratory during this
project (not the unit used in the aircraft) did not provide as much attenuation
near 100 Hz as obtained by other observers (compare Figures 35 and 38 to Figure i
46), even when a best seal is made. This is possibly due to manufacturing tole-
rances or cushion deterioration. The SPH-4 earcup shell itself appears to be

; - adequately rigid.

It is largely low frequency noise (below about 600 Hz) that is responsible
for risk of hearing loss and for low intelligibility of speech within helicopters,
because that noise is not attenuated appreciably by ear protection devices. There
is little hope of reducing the low frequency noise by retrofitting existing air-
craft, and new helicopters can be quieted only by introducing considerations of

noise control early in the design sequence. Such considerations are expensive

and time-consuming, and they increase the cost and subtract from the performance
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of helicopters; therefore, it is likely that ear protectors will continue to pro-
vide the main means of controlling the impact of low frequency noise on helicopter
pilots and crew members. Along with the reduction of low frequency noise to
unobtrusive levels, changes in microphones, earphones, and associated electronics

can be introduced to improve intelligibility further.

If TB Med 251 is applied to protect occupants of helicopters from hearing
loss, then 1 1/2 percent of exposed helmeted personnel will suffer noise-induced
threshold shifts between 5 and 10 decibels (in addition to 1/2 percent who will
experience that hearing loss even if they are not exposed to loud noise). At the
level of protection provided by TB Med 251, no one is expected to suffer an handi-
capping loss of hearing (barring disease or the action of toxic chemicals). There-
fore, TB Med 251 is appropriate for regulation of the exposure of occupants of

helicopters to noise.

10.4 RECOMMENDAT IONS

Following are recommendations for modifications of U. S. Army practices and

equi nt, and for future studies.

o ‘;;;\main problem in evaluating the results of the development of new
types of microphones, earcups, helmets, and other hardware is that
test equipment and methods vary significantly among contractors. It
is literally impossible to evaluate the significance of many putative
advances because of this problem. When future contracts are let,
there should at least be a requirement that a standard test method be
used. The equipment should be examined and approved by the contractor's
technical representative. The test distance for noise-cancelling
microphones is 1/4-inch, so an error of only 1/32 of an inch can make a
significant change in the observed performance. A preferred require-
ment would be that the developed hardware be submitted to an indepen-
dent testing facility. The test report should then be published as an
integral part of the final report. |In recent years, the U. S. Army has
developed facilities which are capable of meeting this requirement, if

the tests are conducted so that objectivity is maintained.
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Although a number of ideas have been proposed for reducing earcup pump-
ing and interference by eyeglasses and hair (see Section 8.2), it is
not clear which, if any, of these are practical for operational use.

In the absence of entirely new concepts, further developments should

be conducted by manufacturer's of helmets and earcups. The manufac-
turer's are in the best position to make operating prototypes and to
evaluate manufacturability and cost. It may be possible to develop

helmets which provide adequate protection even when they are not fitted well.

There is considerable evidence that existing equipment is not used opti-
mally, and that less hearing loss would occur if equipment were used
optimally. For example, pilots and crewman probably unnecessarily and
routinely turn volume controls to high loudness positions. They should
be trained to reduce listening levels, so that hearing is preserved with
little or no loss in intelligibility of voice messages. Pilots and crew
members also probably do not position and seat earphone earcups optimally.
They should be instructed in the optimum use of earcups so that risks of
hearing damage will be reduced. |f they could be instructed in the use
of earplugs, and encouraged to wear them, considerable additional pro-

tection against hearing loss could be achieved.

The method of fitting helmets should be reviewed. Possibly, objective
methods of evaluating performance in the fitting room can be developed,
by using an instrumented helmet for the first phase of the fitting pro-

cedure.

Noise-immunity and response measurements should be made on a sample of
microphones which have been in extended service, to identify problems
of deterioration of performance. A similar program is applicable to

ear cushions.

Attempts to modify existing helicopters to reduce noise in the cabin

have been constrained by the type and location of structural members and
power-train components. A program should be funded to develop a purely
research helicopter in which a specified noise level is to be achieved. It
would then be required that noise-reducing features be incorporated into
the load-carrying and power-train components rather than added on. Such

a program could be a source of new concepts for noise reduction.
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o A study of the feasibility of limiting volume settings on electronic
communication equipment should be conducted. |f improved earcups and
electronics can be developed, then high speech ievels will be unnecessary
even under adverse circumstances, and lowered limits on volume settings

might be feasible.

o Some attempt should be made to define and document the origins of hear-
ing losses that have been measured among helicopter pilots. Only esti-
mates of those origins are obtainable for past environments. The number
of hours of exposure at various noise levels within helicopters must be
estimated, and lifetime exposures to loud noise outside the helicopters
must be estimated. It is likely that such studies will reveal that hear-
ing losses experienced by many helicopter pilots are due to exposures to
damaging noises (such as noise from small-arms fire) which are unrelated
to helicopter noise. Data which were presented in Section 5.10 give
some support for that thesis. Information which is related to
all hearing loss claims that are handled by the Veterans Adminis-
tration is stored on punched cards at VA headquarters. A com-
puterized analysis of the information which is on those cards could
yield numbers for the percentage of hearing loss claims that result in
compensation and for distributions of amounts of compensation that are
granted. Such numbers would be useful in defining factors other than
exposure to helicopter noise which contributed to hearing loss among
helicopter crewmen. |t would be particularly informative to list distri-
butions of amounts of compensation by VA office and region, since factors
that are not related to exposure to helicopter noise might correlate with

VA office and region.
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APPENDIX A

T

AIRCRAFT SPECIFICATIONS J

The specifications shown in Table A-1 are found in Jane's All The
World's Aircraft, 1970-1971 and 1976-1977.
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APPENDIX B. DATA ACQUISITION AND FORMAT

The acoustical data were collected at two points in the aircraft system,
A Bruel & Kjaer (B&K) Model 4133 capacitor microphdne, which has a flat res-
ponse within 1 dB from 10 Hz to 10 kHz, was used to record ambient noise in
the cabin or cockpit on one channel of a Nagra Model |V-SJ tape recorder. A
Thermo Electron Corporation Model 5333-C electret microphone was used to record

earcup noise on the other channel of the Nagra recorder.

The 5333-C was placed in the concha of the crewman's ear, near the opening
of the ear canal, and fixed with a non-toxic adhesive. The microphone leads were
brought out through a small hole in the SPH-4 earcup. The hole was then sealed.
The frequency response of the 5333-C is flat within 1 dB from 10 Hz to 6 kHz.91

It rises about 3 dB to 10 kHz.

At the beginning of each tape, 250 Hz calibration tones from each microphone
were recorded. The calibration source was a BgK Type L4220 pistonphone producing
124 dB SPL. Communication system noise signals were then recorded for various
flight and communication conditions. The attenuation settings in each channel

were changed as necessary to maximize signal-to-noise and noted in a test log.:

In most cases, noise was recorded in the following locations.

APPROX IMATE
DISTANCE FROM

EARCUP TO
AMBIENT (CAPACITOR MICROPHONE) EARCUP CAPACITOR MIC
UH-1H Center of cabin, 8 to 12~inches below Cabin k-6 ft.
overhead
OH-58A Hung from center-top of windshield Cabin 2-3 ft.
ov-1D Hung just under standby compass over Co-Pilot ] fte
instrument panel
I
AH-1S, Hung from overhead, between seats, Front 1 it
- -1Q left of center Crew
CH-47C Hung from overhead, in passage just Cabin 1okt
= aft of pedestal.
CH-548 Over crew chief's seat Crew 1 tts
Chief
Seat
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In a separate recording system, the output of a sound level meter was
analyzed in the aircraft during level flight operations. The analyzer was a
B&K Type 1621 tunable band pass filter. Both 1/3-octave and 3% bandwidth
chart recordings were made on a B&K Type 2306 level recorder and included in
the log. Level flight ambient noise was also measdred on the sound level

meter in dBA, and logged.

As the data-taking proceeded, the question arose whether the objective
calculations of articulation index would be valid because of the possibility
that the AGC action of the microphone preamplifier would cause a gain change
when moving from the '"'no talk'' to ''talk' condition. Consequently, for some
recordings a 1000 Hz tone was inserted in the microphone circuit. Any change
in level could then be detected at the earcup, indicating a change in amplifier

gain.

The tape recordings of aircraft noise were processed by first digitizing
the data, and then performing a Fast Fourier Transform (FFT) analysis as des-
cribed in Section 3.2. Some additional analysis was done to describe the
noise introduced by the tape recorder and the FFT analyzer. Figure B-1 shows
the spectrum level (top curve) of NO KEY noise for level flight for one of
the AH-1S aircraft. The NO KEY noise at 1000 Hz in the AH-1S is about as low
as that in any aircraft. Also shown in Figure B-1 are the equivalent sound
pressure of the spectrum noise on a blank section of the same tape, and the
noise with no tape passing over the tape head. Finally, the noise introduced

by the analog-to-digial (A/D) converter and FFT analyzer is shown.

The noise from the section of blank tape is calculated to have an equiva-
lent A-weighted level of about 68 dBA. The peaks in the spectrum, due to power
frequency harmonics, are narrowband and make little contribution to the dBA level.
The noise from the tape is thus 14 dB less than the lowest dBA level listed in
Table 1. Therefore the dBA levels listed in this report do not include a signifi-

cant error due to tape noise.

However, at the higher frequencies, the curves of earcup attenuation vs.
frequency probably include errors due to tape noise, because the !'signal-to-
noise' ratio reaches unity at about 5000 Hz. There are also likely to be variations

in the noise levels of individual tapes.
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APPENDIX C. COMMUNICATION SYSTEM NOISE IN 37 AIRCRAFT

The 37 Tables in this appendix show the A-weighted noise at several points

in the communication systems of 37 U.S. Army aircraft, for up to 12 flight

modes.

(o]

A key to the column headings is as follows:

COCKPIT SLM "'SLOW'": A reading of A-weighted ambient noise in the
cockpit or cabin, taken by USAECOM personnel on a sound-level-meter

set to ''SLOW' meter-damping.

COCKPIT AMBIENT CHAN 2: A-weighted ambient noise in the cockpit or
cabin; measured off track 2 of the magnetic tape record. The ambient
noise from the tape record and the sound level meter log should ideally

be the same. For comparisons, see Section 4.0.

EARCUP NO KEY: The noise at the ear due to leakage through or around
the earcup including possible effects of earcup or head vibration, plus
the noise output of the earphone due to electrical noise in the headset
amplifier., '"KEY" refers to actuation of the transmit switch which
closes a relay between the microphone circuit or radio receiver and

the headset amplifier. The noise from the headset amplifier was

actually found to be negligible.

EARCUP KEY NO TALK: The noise at the ear including the noise described
in the previous paragraph, plus noise picked up by the microphone,
electrical noise in the microphone amplifier or radio circuits, and
noise from electromagnetic interference (EMI). In this study it was
found that electrical and EMI noise are negligible and that the only
two significant noise paths are leakage through or around the headset
including the effects of earcup vibration, and noise picked up and

transmitted by the microphone.

EARCUP KEY TALK: The noise described in the previous paragraph, plus

a speech signal ("rainbow passage'', see Section 2.0) picked up by the
M-87 noise-cancelling microphone, amplified, and delivered to the
headset in the SPH-4 helmet. About one-half of the talk entries repre-

sent intra-aircraft speech between crew positions (no radio link).

Cc-1

W




o EARCUP KEY TALK: (CONTINUED)

The other half represent inter-aircraft radio transmissions. There
was no significant difference in noise or speech levels between

intra- and inter-aircraft communications.
o A.l.: Articulation Index. See Section 3.4.

o SENTENCE INTELL: Sentence intelligibility obtained by entering
Figure 7 with the A.l.

o EARCUP ATTEN: Earcup attenuation obtained by subtracting EARCUP
NO KEY entries from COCKPIT AMBIENT entries.

o NOISE CROSSOVER: A frequency (usually identifiable by examining
spectrum level plots of EARCUP NO KEY ard EARCUP KEY NO TALK) below
which the noise is predominantly due to earcup leakage and above

which the noise is predominantly due to pick-up at the microphone.

Following the tables in this appendix, there are representative computer
plots of spectrum level for several aircraft. The resolution of the FFT
analysis is 10 Hz. In some plots there is a rising spectrum level in the
region above 4 or 5 kHz. This is due to tape hiss or to noise introduced
during the analysis. The effective word length for the computer analysis

was 13 bits, permitting @ dynamic range of approximately 80 dB.

The computer-generated spectra agreed with those obtained in the aircraft

by USAECOM personnel, except for small differences due to filter resolution.

A1l of the OH-58A and OV-1D aircraft used Model C-6533 (SLAE) AlC's. The
UH-1H aircraft used C-6533 and C-1611D (PRE-SLAE) AIC's; Tables C-1 through
C-10 indicate which AIC in the NOTES. The AH-1S, AH-1Q, CH-47C, and CH-54B
aircraft used the C-1611/AlC.
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APPENDIX D

DESCRIPTION OF A FORTRAN |V COMPUTER PROGRAM
FOR CALCULATIONS OF ARTICULATION INDEX (Al)




APPENDIX D DESCRIPTION OF A FORTRAN IV COMPUTER PROGRAM
FOR CALCULATIONS OF ARTICULATION INDEX (Al)

Figure D-1 shows a flow chart which describes the logic of the computerized
Al calculations which were completed during the studies described In this report.
That logic is based on an American National Standards Institute standard
ANS | S3.5.]9 Figure D-2 shows the trigonometric and algebraic bases for
calculating the degree of masking of speech by noise. Table D-1 is a listing
of the FORTRAN IV computer program for calculating Al. Results of a typical
calculation, corresponding to an example presented in ANSI 53.5,19 are pre-

sented in Table D-2,

D-1




START

}

Al =0

'

READ SPECTRUM LEVEL OF SPEECH AT
CENTER FREQ. OF 20 BANDS - SL(1I)

|

READ SPECTRUM LEVEL OF NOISE AT

CENTER FREQ. OF 20 BANDS - NL(1)

L

-—->r SENSATION LEVEL = NL(1) - THRESHOLD (1) (TABLE)

L

CORRECT NL(1) FROM CORRECTION TABLE,
DEPENDING ON SENSATION LEVEL - CNL(1)

|

EFFECTIVE MASKING SPECTRUM

COMPLEX TRIGONOMETRIC CALCULATIONS BASED ON GRA-
PHICAL PROCEDURES (SEE FIGURE D-2) - MASKING (1)

DIFF(1) = SL(1) - MASKING (1)

DIFF 3 307

—Y'“%[ DIFF =

0

w

NO

Al = Al + DIFF (1)

Yes - A
DIFF = 0 €24 DIFF < 07
I = | + 1

N |
2 I > 20?

FIGURE D-1.

Yes

Al = Al/600

FLOW CHART FOR Al CALCULATIONS - 20 BAND METHOD.

D-2
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£ ) = If there are several

max max min maxima, all spread-of-
\ o masking curves are cal-
| N\ TR / STARTING POINT culated, and the maximum
t e, PENT 4 values comprise the final
E LENGTH FROM/’ DON'T USE Curve.
L TABLE  AS-Tyis PART  TEST = #R__ =3
Pt e,
: Bl , max
SLOPE FROM TABLE
CORRECTED NOISE
SPECTRUM HIGH FREQUENCY
| SPREAD-OF-MASKING
l | SPECTRUM
5 !
) ~ ‘ SM = CInf + D
N | : slope = SLOPE (dB/octave)
LOW FREQUENCY 2 | ' SM = CInf + D
SPECTRUM | f = TERMF
SLOPE = C (In2f-1nf)
' = Cln2f/f
SM = Ainf + B = Cln2 = .693C
Slope = A = -10 dB/octave | = STRT C = SLOPE/.693
SM + 10 = AInf + B
SM = Aln2f + B when f = TERM, SM = TEST
TEST = CIn(TERMF)+D
10 = A(Inf ~ 1n2f) D = TEST - Cln({(TERMF)
= Alnl/2 = ,693A
-10
= = 14.4
A =g :
SM = - 14,43 Inf + B
when f = STRT, SM = NRmax "'60 — TEST DELN
= TEST -57

TEST -57 = -14.43 1n(STRT) + B

ANL = i A = DELF DELN
f’
l Af = K-ANL
f = geometric center of interval
Af = fmean ANL DELf
f DELN

FIGURE D-2. SCHEME FOR COMPUTING SPREAD-OF-MASKING
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10

15

20

25

30

35

0

45

50

TABLE D-1

OOCOO0O0O0O00O0O0O0

OO0O0O0CLOOOOOOOO0O

FORTRAN |V COMPUTER PROGRAM FOR CALCULATING ARTICULATION INDEX

PROGRAM Al

202

Te/ T4 oPT=1

PROGRAM

AI(INPUT,0UTPUT,TARE S5 = INPUT, TAPc 6 = OUTPUT)

CALCULATE ARTICULATION INDEX FROM SPECTRUM LEVFELS OF
SFEECH ANU NOISE AT CENTYFP FREQUFNCIES OF 20 FREQUFNFrY

BANDS WHICH CONTRIBUTE EQUALLY TO

WITH MALE VOICES.

REFERENCE == AMERICAN NATIONAL STANDARDS INSTITUTF,

COMMON/

S3.5/71963,*MFETHODS FOR THF CALCULATION OF
FTHE ARTICULATION THNOEX®

/CNL (20) ¢ #SK(20) ,FREND(20D)

CIMENSION COMNY1(10),COMNT2(10),SFCH(20)
TYPE PEAL MSK

TPEQ(I)=

FREQ(1)
FREQ(2)
FREQ(3)
FREQ( &)
FREQ(5)
FREQ(6)
FREQ(7)
FFREQ(8)
FREQ(3)
FREQ(10)
FREQ(11)
FREQ(12)
FREQ(13)
FREQ(1b)
FREQ(15)
FREQ(16)
FREQ(L17)
FREQ(C18)
FREQ(19)
FREQ(20)

SNLI(T)

SPCH(I)

CENTER FREQUENCY OF TTH BAND
270.
3580,
490.
630.
770.
920.
1770.
1230,
1400,
1570,
1749,
1920.
2130.
2?2370
2660,
3000,
3400,
3350,
4561,
5600,

IS EAD AS THE SPECTRUM LFVEL OF NQISE AT THT
CENTER FREQUENCY OF THE ITH PAND. SUBROUTTIMF
CORCT INCREASES SOMF NOISE LEVELS TO TAKE INTO
ACCUUNT THE INCPEASED EFFECTIVENESS OF MASKING
AT HIGH SOUND LFVELS.

IS READ AS THE LONG=-TERM PMS SPEZTRUM LFV-L OF
SPEECH AT THE CENTER FPEQUENCY OF THFE TITH RLNO,
THOSE LEVELS ARE (CONVTRTED TO SPECTPUM LEVFL

OF SPEECH PELAKS 3Y ADJING 12 NB.

PEAD ANOD WRITE COMMENTS

READ(S5,1)COMNTI
FCRMAT(L0AS8 )
REAN(S,1)COMNYZ
ARITE(642)
FORMAT(1HL)

WRITE (6,

1)COMNYTL

WRITE(691)COMNT2

D-4

FTH L.6¢u28

SPEECH INTELLIGIRILITY

. .



60

65

70

75

60

85

90

95

100

105

110

PROGRAM Wl Ta/T6  OPT=t FIN L,Be4?8

oo

OOOOOO

READ AND WRITE SPEECH AND NUISF LeVFLS

READ(S,100) (SPCH(I), T = 1,20)
READ(S5,100) (CNLCIV, T = 1,20)
100 FORMAT(10F8,.2)
WRITE(6,300)
300 FORMAT( /,10Xy* CeNTER SPECTRUM SPFECTRUM®,/,10X,
1*FREQUENLY LEVEL OF LEVFL OF*,/7,10x,*0F RANN L
2 ®*SPEECH NOISE®,/,410%,* (HERTZ) (NR) ¥
X A4 (nNB) *)
WRITE(64310) (FREQCT),SPCH(TI) CNL(I),I=1,20)
310 FORMAT(10XyFB84192F1041)

CALCULATE A-WEIGHTED SOUNUL LEVELS

USF MSK FOP TEMPORARY STQRAGT

FOLLOWING VALUES wRE A-WEIGHTING ¢ 10LOG(NELTA F )

MSK(L) = 13.4

MSK(2) = 15.0

MSK(3) = 17.6

MSK(4) = 19,5

MSK(5) = 20.0

MSK(6) = 21.3

MSK(7) = 21,9

MSK(3) = 22.5

MSK(9) = 23.1

MSK(10) = 23.3

MSK(11) = 23,4

MSK(12) = 24,0

MSK(13) = 24,7

MSK(14) = 25,5

MSK(15) = 26.4

MSK(16) = 27.0

MSK(17) = 27.56

MSK(1€) = 28.38

MSK(139) = 29.9

MSK(20) = 30.2

ASPCH = 0.0

ANOIS = U0

D0 50 I = 1,20

ASPCH = ASPCH ¢ 10,0%*((SPCH(I) ¢ mSK(IV)/10.)
50 ANOIS = ANOIS ¢ 10.,0%*((_NL(I)# MSKI{IN)I/L104)

£SPCH = 10.C*ALOG10(ASPCH)

ANOIS = 10.0%ALCGLO(ANQIS)

WRITE(H6y«00) ASFCH,ANUT"

400 FORMAT(/ 410Xy *0ASLINDA) = *4F7,14F1Uely/)
ASPCH = 10.0**(ASPCH/10.) ¢ 10,0%* (ANOTS/10.)
ASPCH = 10.0*ALOG10(ASPCH)

WRITE(6,4L01) ASFCH

401 FORMAY(10X,*OVERALL SOUNN LEVEL (SPEECH ¢ NOISE, 200 TN 610"

1.‘HZ’ = 'QFSolo' UBA"’)
INCREASE NOISE LEVELS TO TAKF INTO ACCOUNT THE INCREASEN
EFFECTIVENESS OF MASXING AT HIGH SOUND LEVFLS.

CALL CORCY
D-5




115

120

1<5

130

135

140

145

PROGRAM AI

OGO cCoOoOao

c
c

10
20

30
40

201

Ters?4

#e+82CALCULATE SPREAD-OF-MASKING OF NOISE SPECTRUM,AND
CALCULATE RESULTING EFFECTIVE MASKING SPECIRUM, ®ssxsss

CALL MASK

$*334CALCULATE ARTICULATION INDEX FROM SPECTRUM LEVELS OF
SPEFCH PEAKS AND FROM THT EFFECTIVE MASKING SPFCT2UM»eax

SUM = 0.0

00 40 I=1,20

IF(SPCH(I)GT.0,0)5,10
SPCH(L) = SPCHI(I) +12.0
DIFF = SPCH(I)
IF(DIFF«GT40.0)20,10

DIFF = 0.0
30 V0 40

IF(DIFF.LT.30.,)40,30

JQIFF =30,

SUM = SUM ¢+ DIFF

ART = SUM/600,

WRITE(6,200)ART

200 FORMAT( /7/910Xs*ARTICULATION TNOEX = *,F4,2)
CervsssvrsvsvrnsdsssONE CARD AFTER EACH DATA SETY,

READ(5,100) TESY
IF(TEST.€Q.599.) 201,202

CONT INUE
stopP
END

OFr=1 FIN L.Ah¢u2R

=MSK(I)

CARD READS S99, IN FIRST 10 COLUMNS
AFTER LASYT SET NF DATA** 45558338 uresss3sausznn>

D-€
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SUBROUTINE CORCT

OOO0OOOO

OO0OOOCOOOO

oo

QOO0

10
30

T/ T4 oPT=1 FIN L.H*0u28B

SUSRQUTINE CORCY
CORRECT NOISE LEVELS FOR NONLINEAR MASKING EFFECTIVENFSS

REFERENCE=--AMERICAN NATIONAL STANDAKDS INSTITUTE,
S3.57/1369, *METHODS FNR THE CALCULATION NF
THE ARTICULATION INDEX®

SOMMON CNL(20) yMSK(20),FREQ(20)
DIMENSION THRSH(20)

CNLI(K) IS READ IN AS THE SPFCTRUM LEVFL OF NOISF arv
THE CENTER FREQUENCY OF THE KTH BAND. THE COPRRECTED
VALUES ARE STORED IN THE SAME ARRAY -

THRSH (K) = THRESHOLD OF AUDIBILITY AT CENTER FREQUFNCY
0OF KTH BAND

THRSH(1) = =7,0
THRSH(2) = -11,0
VTHRSH(3) = =14,0
THRSH(L) = -16,0
THRSH(5) = =-156,0
THRSH(6)= =16.0
THRSHI(7) = -15h,0
THRSH(8) = -17.5
THRSH(9) = =-19,0
THRSH(10) = =20.0
THRSH(11) = =22.0
THRSH(12) = -23.5
THRSH(13) = -25.5
THRSH(14) = =27.5
THRSH(15) = -29.0
THRSH(16) = =-30.0
THRSH(L7) = -30.0
THRSH (18) = =29.0
THRSH({13) = =2u4.0
THRSH(20) = -21.9
DO 30 K=1,20

CALCULATE SENSATION LEVEL OF NOISE = SFNT

SENT =CNL(K) = THRSH(K)
IF(SENT.GT.,£60)10, 30

CORRECTIONS FOR NONLINEAR GKIATH QF MASKING

CNL(K) = CNL(K) & (SENT ~- 80.0)1/5,0
CONTINUE

RETURN

END
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SUBROUTINE MASK

OCOOOO0COCGOO0 ODOOOGOOO0

O0OO0O0OOO0C OO0

T4/74 OPT=1 FTN L,he4u?4

SUSRQUVTINE MASK

$300880 382 CALCUL ~TE SPREAN-QF-MASKING QOF NOISE SPECTRUM, AND

CALCULWTE RESULTING EFFECTIVE MASKING SPECTRUM NN

REFERENCE ==AMERICAN NATIONAL STANDARDS INSTITUTE,
$3.5-1969,*METHOOS FOR THE CALCULATION
UF THE ARTICULATION INDFEXe

SOMMON/ /CNL(20),MSK(20) ,FREQ(20)

CNLI(K) = SPECTRUM LEVEL OF CORRECTED NOISE AT
CENTER FREQUENCY OF KTH BAND

MSK(KY = EFFECLTIVE MASKING OF THF NOJISE SFECTRUM
AT CENTEK FREQUFKECY OF KTH BANO

FREWA(K) = CENTEK FREQUENLY QF KTH 3AND

SCHM(K) = SP~rAD=OF=-MASKING UF THE NOQISE SFECTRUM
AT CENTER FREQUENCY OF KTH BAND
MAX(K) = IOENTLFICATION OF FREQUFNCIFS AT WHICH MAXTMA4 OCCUR

DIMENSION MAX (20) 4SOM(20) 4EXT(5,47)4SLOPE(5,7)
TYPE PEAL MAX,MNERGF,MSK
TYPE INTEGER PCONT

EXT(JIoyK) = NUMBER OF HERTZ TO FXTEND LINE FPOM
STARTING POINT FOR JTH FREQUENCY RANGF
AND KTH aMPLITUBE RANGE
SLOPE (JeK) = SLOPE UF LINF (DS/QCTAVE) FROM ENN OF
EXTENDED LINECNCWNWARND AND FC THF LEFT)
FUR JTH FREQUENCY RANGE ANO KTH AMPLITUIE 2ANGFE

ExT(1,1)=250.
EXT(2,1)=500.
EXT(3,1)=1000.
EXT(Ly1)=1500.
IxXT(5,11=3000.
ExT(1,2)=200,
EXT(2,2) =500,
EXT(3,2)=1000.
EXT(442)=1500,
EXT(5,2)=3000.
EXT(1,3)=20C.
EXT(2,3)=4L00,
EXT(3,301=80C.
ExT(e,3)=1500.
EXT(5,3)=3000.
EXT(1y0) =157,
EXT(2,4)=250.
EXT(3+4)=500.
EXV(GLob)=1000.
EXT(5,4)=2000.
EXT(1,45)=75.
EXT(2,450=150.
EXT(3,5)=30",
EXT (445)=500.

D-8




65

70

75

60

&5

90

S5

100

165

110

Crersssvsserssr IND MAXIMA OF CORRECTIEN NUISE SPFCTRUM sss 2z 3882

c

SUBROUTINE MASK T/ 74 0PT=1

EXT (5,5)=800.
EXV(1,6)=50.
EXT(2,6)=100,
EXT(3,6)=200.
EXT(4,4,6)=200,
EXT(5,6)=201,
EXT(1,7)=0,0
EXV(2,7)=0.0
EXT(3,7)=0,0
EXT(447)=0,"
EXT(S,7)=0.0
SLOPE(1,1)=10.
SLOPC (2,1)= 8,
SLOPE(3,1)= 5,
SLOPE (49 1)= 3.
SLOPE(541)= 0,
SLOPE (1,2) =15,
SLOPE(2,2)=13.
SLOPE (3,2)=10,
SLOPE (4y2)= S.
SLOPE(5,2)= 0.
SLOPE (1,3)=20.
SLOPE (29 3)=18,
SLOPE(3,3)=15,
SLOPE(%93)=10.
SLOPE(543)= 0.
SLOPE(1,4) =25,
SLOPE (2y4)=23,
SLOPE (3y4) =20,
SLOPE (ko) =15,
SLOPE(Sy4)= 5.
SLOPE (145)=35.,
SLOPE(2+5)=30,
SLOPE (345)=25,
SLOPE (L4 5)=25,
SLOPE(545)=20.
SLOPE (196) =45,
SLOPE (296)=40.
SLOPE(3,6)=35,
SLOPE(LyH)=L0,
SLOPE(S96)=4LD,
SLOPE(1,7)=400,
SLOPE(2,7)=L00,
SLOPE(3,7)=400,
SLOPE(Ly7)=400,
SLOPE(S,7)=400,

D0 10 K=1,20

SOM(K) = 0.0
MSK(K) = 0.0
10 MAX(K) = 0.0
DO 25 K=2,419
MCNT = K
PCNT = K
IF(MAX(K) +EQ.0) 110,25
110 KMLi=K-1

D-9
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120

125

130

135

140

145

150

155

160

165

170
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SUBROUTINE MASK

11
13

15
113

17

12
117

OO0COO0

19
20
21
24
25

800
801
c

T4/ T OPT=1 FTIN L.heu28

KPL1=Kel

IFACNL(K) ¢ GT s CNL(KM1) s ANI «CNL(K)oGT CNL(KP1))11,13
MAX(K) = FREQ(K)

GO TO 25

MCNT = MCNT - 1

IF(MCNT.EQ.0) 17,15
IF(CNL(MCNT) «EQeCNL(K)) 113,17
MAX(K) = 1,0

50 Y0 13

PCNT = PCNF + 1
IF(PCNT.GT.20)24y12
IF(CNL(PCNT).EQ.CNLI(K)) 117419
MAX(K) = 1.0

30 1O 17

THE CORRECTED NOISF SPECTRUM LEVEL IS CONSTANTY FROM LAST
VALUE OF MCNT TO LAST VALUE OF PCNT

NOW FIND OUT IF SPECTPUM DROPS CN 30TH FNDOS OF FLAT SECTYTICN
IF(MCNT.LT.2)24,y20

IF(CNL(MUNT ) e LToCNLU(K) e ANDJCNL (PCNT) o LT CNL(K)) 21,204

MAX(K) = SQRT (FREQ(MCNT)*FREQ(PCNT))

CONTINUE

CONTINUE

IFC(CNL(20) 6T CNL (13))800,801

MAX(20) = FREQ(20)

CCNTINUE

Creseveev3+rREQUENCIES OF MAXIMA CF LCRRECTED NOTSZ SPETTRUM NOW

o
v

C

QOO0

27

28

29

QG

40

140

O G

ARE THE ONLY VALUES OF MaX(K) THAT ARPF NOT 7720 NR JNF

DO 100 X=1,20
IF(MAXIK) GTe140)27,100

FIND POINT TO THE RISGHT OF MAX(K) THAT IS 3 DECIRTLS NOWN

TEST = CNL(K) = 3.0
PCNT = Kei
STRT=0.0

DO &0 I=PCNT,20

IF(CNLCI) «FQaTEST) 28,429

STRT=FREQ(I)

GO TO 141

IF(CNLA(I) LT TEST)3U,40

IMi=I-1

PROPORTIQON FREQUENCY INTFRVAL FRCOM LOGARITHMIC SLOPF

360LN=CNL(Inl1)=CNLI(I)
BGOLF=FREQ(I)-FREQ(IM1)
DELF=3,0*8GOLF/PGOLN
STRT=FREQ(IM1) ¢ CELF
GO 70 141

CONTINUE
IF(STRT.EQs0.0) 1404161
STRT = FREQ(2M

TA3LE LOOK=UP OF EXTENSION UF FRZQUENLY FFOM STARTING POINT,

D-10
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180
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190

195

200

205

210

215

220

225

SUBROUTINE MASK

OO0

OO0

QOOCO

1461
L1

W2
43

Lo
45

46
L7

48
43

50
51

52
53
56

55
56

57
58

59
60

61
62

63

6L
566

Tw/ T4 oPT=1 FTN L.B6#428

TABLE LOOK=UP OF SLOPE 0F LINE FROM STARTING POINT

IF(TEST.GT, :5)41y42
L=1

30 10 53
IF(TEST.GT.65)43yb404
L=2

GO TO 53
IF(TEST.GT.75)45y46
L=3

GO TO 53
IF(TEST.GT.65)47,48
L=b4

GO 10 53
IFCTEST,G6V7455) 49,50
L=5

GO 70 53
IF(TEST.GT.L5)51,452
L=6

GO YO 53

L=7
IF(STRT.LT.800154,55
J=1

GO 1O 62
IF(STRT.LT.1600)56457
J=2

GO Y0 62
IF(STRT.LT.2600)56459
J=3

G0 Y0 62
IF(STRT.LY.3200)60461
J=b

GO Y0 62

J=5

TERMF=STRT + EXT(J,yL)

ESTABLISH SLUPE AND INTERCEPT UF LOW FRZQUFNCY PART
JF SPREAD-OF =MASKING CURVE

S =14,463
B=TEST ¢ 14.43*ALOGISTRY) - 57.0

ESTASLISH SLOPE AND INTERCEPT OF HIGH FRENUENCY PACY
JF SPREAC-0F-MASKING CURVE

C=SLOPE(JyL)/.5693

D=TEST = C*ALOG(TERMF)

DO 80 I=1,20
IF(FREQ(I) LT STRT )63,60L

ESTABLISH SUM=SLOPE*LN(F) & INTERCEPT EQUATIONS FOR
SLOPE-OF=MASKING LINFS

SOM(I) =A*ALOG(FREQ(IV) + 8
GO 7O 65

IF(FREQ(I)«GT YERMF)B80,564
SOM(I) =C*ALOG(FREQ(T)) + D

D-11




2306

235

240

245

250
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SUBROQUTINE MASK 7QITQ. OPT=1 FTN L.644?b

e N NoN 9]

(sEeNoNoNvNe)

65 IF(SOM(I) GV,MSK(I))G6E6480
66 MSK(I) = SOM(I)
80 CONTINUE

MSK(K) NOW CONTAINS THE MAXIMIM OF (POSSIBLY) SEVERAL
SOM(T)

100 CONTINUE
B0 500 K=1,20
500 SOM(K) = MSK(K)

EFFECTIVE MASKING LEVEL EQUALS LARGEST OF CORPECTFD
NOISE LEVELS AND (POSSIBLY) SEVERAL SPREAND-0F -MASKINS
LEVELS FROM SEVFRAL MAXIMA IN THE CORRECTED NOISES LFVFL
SFECTOUM

00 180 I=1,20
IF(MSK(I) «GT.CNL(I)) 160,458
68 MSK(I) = CNL(I)
160 CONVINUE
NRITE(B,310)
310 FORMAT( /310Xy* CENTER CORRECTED SPREAD- *y
1*MASKING® ¢/, 10Xy *FREQUENTY NOISE OF =MASKING LFVFL*®,
2% OF*,4/,10X,*0F BANO LEVFL OF NOISE NOTSE®*y/,
310Xy * (HERTZ) (03) (n8) (NR)*)
WRITE(6,400) (FREQ(L)CNL(I)ySOM(I)4MSK(I)yI=1,20)
400 FORMAT{10XyF7.19F10.1,2F11.1)
RETURN
END




TABLE D-2 LISTING OF TYPICAL RESULTS OF COMPUTER CALCULATION OF Al

TEST CASE
DATA TAKEN FROM FIGURE 2 OF ANSI S3.5

CENTER SPECTRUN SPECTRUM
FREQUENCY LEVEL OF LEVEL OF
OF RAND SPEECH NOISE

"(HERT?) ({o]:1) 108Y
270.0 69.0 0.0
380.0 69.0 0.0
49C.0 68.0 0.0
630.0 6540 8.0
77 C.0 63,0 o0
920.0 68,0 0.0

1070.0 " 5Be0 0.0
1230.0 55.0 19.0
1400.0 53.0 2840
1570.0 S1.0 39,0
17240.0 49.0 6840
1920.0 47.0 56.0
2130.0 46.0 65.0
2370.0 4.0 75.0
266040 43,0 80,0
300G.0 1.0 80,0
3400.80 40.0 80.0
3950,0 39,0 80.0
4560.0 38.0 7640
S60€.0 37.0 6260
0ASLiOBA) = 92.3 114.5

OVERALL SOUND LEVEL (SPEECH ¢ NOISE, 200 7O 6100 “MZ¥ = 114.5 DBA

CENTER CORRECTED SPREAC- MASKING
FREQUENCY NOISE OF -MASKING LEVEL OF

OF B8AND LEVEL OF NOI SE NOI <E
(HERT ¥ (08) «08) (0B)
270 .0 3.0 65.8 65.8
380.0 N.0 6069 60.9
490.0 0.0 57.2 57.2
630.0 0.0 5346 53.6
770.0 0.8 507 507
920.0 0.0 LB8.1 LB.1
1070.0 0.0 46.8 6.0
1230.0 19.0 L3.9 43.9
1400.0 28.0 4201 2.1
1570.0 39,0 4004 Llol
1740.0 48,0 38.9 L8.0
1920.0 56.0 37.5 56.0
2130.0 67.1 36.0 67.1
2370.0 79.5 3465 79.5
2660.0 85.8 32.8 85.8
3000.0 86.0 31.1 86,0
36400.0 46.0 29.3 86.0
3950.0 85.8 271 85.8
4560 0 0.0 83.0 83,0
5600.0 6246 83.0 83.0

ARTICULATION INDEX = L&D D-13
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TRANSMISSION OF VIBRATLON FROM CREW SEATS TO
CREW MEMBER'S HEAD




TRANSMISSION OF VIBRATION FROM CREW SEATS TO CREW MEMBER'S HEAD

Figure E-1 shows a lumped-parameter analog of a human bLody seated on a
vertically vibrated platform. The model is not applicable for high frequencies
of vibration of a supporting platform, for which a human body responds as a
distributed parameter system, with shear waves, compressional waves, and
surface waves propagating throughout a body. The model is applicable for

frequencies below about 100 Hz (cycles per second).

Figure E-1 must be modified to include the effects of elastic supports
for pilot's buttocks. MlL'5'5809593 specifies a maximum deflection (for the
heaviest pilots) of 1.5 inches for cushions. That corresponds exactly to the
mean of measured stiffness values for a seat net which is typical of nets
that are being substituted for cushions in helicopter seats (AVSCOM9Q).

That stiffness, combined with the weight of the hips-plus-buttocks of a 90th
pencentile pilot given by von Gierke, produces a resonance frequency of 5 Hz

for hips-plus-buttocks on a seat cushion or on a seat net.

von Gierke95 reviewed a previously-published model which shows that

the resonance frequency of an arm on a shoulder is about 5 Hz, and the

resonance frequency of a leg on a hip is about 2 Hz. ASCC96 reported that the
resonance frequency of a head plus torso plus arms on a spinal column is

8.4 Hz. Without the mass of a head and arms, the resonance frequency of a

torso on a spine is about 7 Hz. von Gierke reviewed a reference which re-
ported that the resonance frequency of a head on a neck is about 30 Hz.

Entering those resonance frequencies in Figure E-1, adding cushion elements,

and recognizing that the stiffness of a spine controls verti:al transmissibility
(with little effect due to a thorax-abdomen system below 100 Hz), results in
Figure E-2a.

97

Slater and Frank™ pointed out that it is impossible to obtain exact
analytical solutions to the equations of motion for a system like the one
shown in Figure E-2a (Numerical solutions can be obtained by computerized
finite-element and finite-difference calculations). The transmissibility of
the system shown in Figure E-2a can be ''bracketed' by making two opposing
assumptions:

(1) the motion of each of the masses is uncoupled from the motions

of all of the other masses;
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FIGURE E-2 TANDEM SYSTEM FOR CALCULATION OF THE TRANSMISSIBILITY OF THE
BODY OF A CREW MEMBER SEATED IN A HELICOPTER SEAT
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(2) the motions of all mass-spring subsystems with comparable resonance

frequencies are coupled in the manner shown in Figure E-2b.

If we assume that driving frequencies near 100 Hz are sufficiently removed
from any of the resonance frequencies shown in Figure E-2a, then the motions
of the masses are decoupled. |In that case, the transmissibility from a seat
to hips and buttocks can be calculated, then multiplied by the transmissibility
from hips and buttocks to a torso, then multiplied by the transmissibility from
a torso to a head to get the total transmissibility from a seat to a head.
Similarly, in Figure E-2b, the transmissibility from a seat to a torso/arms/
hips/buttocks/legs mass can be multiplied by the transmissibility from that

mass to a head mass to get the total transmissibility from a seat to a head.

If the equations of motion are written for any of the decoupled spring-
mass-dashpot subsystems shown in Figure E-2, and if those equations are solved

for the transmissibility, T, from base excitation to mass response, the result

is:
7> Amass _ ///l + be? £2/¢c ) (1)
- A base fu)frh + b2 £2
fr2

where A is acceleration, ¢ is the fraction of critical damping at the resonant
frequency fr, and f is the frequency of the base oscillations. The fraction
of critical damping for the subsystems shown in Figure E-2 is about 0.2.95,96
that value for ¢ is substituted in equation (1), and a 90 Hz vibration of a
crew seat is considered, and individual transmissibilities are multiplied in
the manner described above, then the two models shown in Figure E-2 yield the

following results:

A head = 0.0001 ¢ A seat, at 90 Hz (from Figure E-2a), and

(2)
A head = 0.002 ¢ A seat, at 90 Hz (from Figure E-2b).

MIL-A-8870h2 states that the level of vibration of a crew seat shall
not exceed z 1.5g's at frequencies above 86 Hz. Using the transmissibilities

defined by equation (2), that level of excitation of a seat translates to peak

E-4




accelerations of either 0.00015 g or 0.003 g at a crew member's head. Figure
37 (Section 7 of this report) shows that, if the vibration frequencies are
concentrated at about 90 Hz, such accelerations generate sound pressure levels
of about 64 dBSPL and 90 dBSPL respectively, inside an earcup (assuming a
linear correlation between vibration levels and sound pressure levels). Above
100 Hz the models of Figures 1 and 2 do not apply. One would expect signifi-
cant decoupling above 100 Hz, leading to less conduction of vibration to the
head. The sound pressure levels shown in Figure 37 resulted from vibrations
which correspond to lateral vibrations of a pilot's head, while the trans-
missibilities which are discussed above are for vertical vibrations. However,
there tends to be an ''equipartition' of vibrational energy within complex
mechanical systems, such as an aircraft/pilot/seat system, so the above

analysis probably is applicable for lateral vibrations.

More detailed models and equations will have to be constructed to refine
the estimates of head vibrations and associated sound pressure levels which
are presented above and to extend the analysis to other frequency ranges.
However, the calculations which are summarized here serve to demonstrate that
seat vibrations may be an important part of the problem with exposure of heli-

copter pilots to noise (even after A-weighting of sound pressure levels is

considered).
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5 APPENDIX F

DERIVATION AND DESCRIPTION OF A FORTRAN IV COMPUTER
i PROGRAM FOR CALCULATING NOISE REDUCTION BY EARCUPS

Figure F-la is a simplified drawing of an earcup which is designed to pro-

tect an aircraft pilot from noise. |If it is assumed that circumaural skin is

depressed only under the area where a cushion contacts flesh, then changes in §
the volume of air enclosed within an earcup can occur even for a rigid cushion,
and Zwislocki's36 analog circuit, shown in Figure F-1b, applies. (See Llndsay98
for a discussion of electromechanical analogies.) |If it is assumed that cir-
cumaural skin is depressed uniformly everywhere within the external boundary -
of the cushion (which requires that the stiffness of the enclosed air is 3
comparable to the stiffness of skin, and that the cartilaginous external ear

is sufficiently rigid to drive the underlying flesh to follow air volume

variations), then no changes in the volume of air enclosed within an earcup
can occur if its earcup cushion is rigid; in that case, the ''alternative"
analog electrical circuit shown in Figure F-1c applies. In either case, the

displacement of air within an ear canal is considered negligible.
Z in Figures F-1b and F-1c denotes specific acoustic impedance,

Z=|Pe|/| &]|, where

Pe = excess acoustic pres'sure, and

£ = particle velocity.

The impedances shown in Figure F-1b are

Z mass = Zm = ioM = Xm,
A
: 2
Z volume = Zv = f&. Dsc (28 ; Sty = ix,
H - & RC "iKS = =
S Ay Sen s (So=51) “wiSo=siJ _'° iXs, and
Rc —iKc

Z cushion = Zc =
(So-Si) w(So-Si)

AI = effective contact area of cushion38
= 1dj2

¢ = velocity of sound within the enclosed air (cm/sec)

rc - iXc, where

do = outer diameter of earcup (cm)
di = inner diameter of earcup (cm)

F-1
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d, = 1/2(do + di)
i =Yy -1

Kc = cushion stiffness (dyne/cm)

S

s,

. Ks = skin stiffness (dyne/cm)

M = earcup mass (gm)

) Rc = cushion resistance (dyne sec/cm)
Rs = skin resistance (dyne sec/cm)
. . 2
Si = cross-sectional area of air volume (cm®)

So = outer cross-sectional area of earcup (cmz)

38

¥ (Si + So) = effective cross-sectional area of air volume

V = volume of enclosed air (cm3)
po = density of undisturbed enclosed air (gm/cm3)

w = 2m f = 2 times the frequency of imposed sound (sec-l).

The impedances shown in Figure F-Ic are the same as those shown in Figure F-1b,
except that

Z skin = 2s = %i - iKs =rs - iXs.
i T

wA
Application of Ohm's law andl Kirchoff's laws for electrical circuits to the
circuit shown in Figure F-1b yields, after tedious algebraic manipulations:

] = JQEZ + IMZ, where

T =
'pinside/p

RE = AC - BD

¢ + p?

outside

IM = AD + BC , and

c2 + DZ

= -Xv (Xc + Xs)
Xv(rc + rs)
= r¢rs - XcXs - XcXv =XvXs + XcXm + XmXs

= rcXm + rsXm - rcXs =rsXc =-rcXv = rsXv

o O @ >
"

The equivalent results for Figure F-1c are:

75 Iy /v | = REZ + IMZ, where

inside’ "outside

RE = AXsXv - BrsXv

Az + Bz




el

IM = ArsXv + BXsXv, and

a2 + g?

A = XcXs + XvXs = XsXm = XvXm - XcXm - rcrs

B = rsXm - rgXv - rsXc - rcXs + rcXm

The transmission loss, TR, in decibels, exhibited by an earcup like the

one shown in Figure F-l1a is given by

TR = 20 IOg]OT'

Equations supplied by Shaw and Thiessen38 for Kc were used in the calcu-
lations described in this report. However, they recommended using the value
for adiabatic compressibility for air within an air-filled cushion of an ear-
cup. That value for air compressibility is not appropriate for small spaces.
The value for isothermal compressibility should be used in the calculations,
as evidenced by the fact that the match of experimental measurements and com-
putations of the transmission ratio of an earcun with an air-filled cushion
(See Section 7.3) was improved when isothermal compressibility was substituted
for adiabatic compressibility.

Frankeb“ summarized some published measurements of the stiffness and re-

99

sistance of human mastoids, and Corliss and Koidaw

38

reported some additional
measurements. Shaw and Thiessen’ reported that the stiffness component of
the effective circumaural impedance is five or six times smaller than values
reported for mastoids. They also regcurted that the resistance of circumaural
flesh is about 10 times greater than va ues reported’for mastoids. The value

they reported for circumaural stiffness is:

Ks = 8.0 x 107 dyne/cm.

That value was used in the computer model. Figure F-2 shows the Frequency-
dependent values of circumaural resistance which was used in the computer

model .

Table F-1 is a listing of a FORTRAN |V computer program for carrying
out the calculations which are described above. Table F-2 shows typical
tabular print-outs produced by that program, and Figure F-3 shows typical
graphical print-outs produced by that program.
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SKIN RESISTANCE (l05 DYNE SEC/CM)

Values from Franke (1952) times 10. (Shaw & Thiessen, 1958).

R =-1.109 x 10° In(f) + 7.875 x 10°

¥ K

b dicbibiii] L | T B T [ et i i
20 100 1000 10000

FREQUENCY (Hz)

FIGUREF-2 CIRCUMAURAL SKIN RESISTANCE VERSUS FREQUENCY
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TABLE F-1
PxUOGRAM CUPTR 7774 oPT=1 FTN .6+628
1 PROGRAM CUPTR(INPUT,CUTPUT,TAPE 5=INPUT,TAPE 6=0UTPUTY
e
‘ c CALCULATE NOISE RPEDUCYION RPY PROTECTIVE EARCUPS,
' C INCLUDE EFFZCTS OF CONFINED AIR, STIFFNESS AND DAMPING
5 c OF FLUTD=-FILLED EARCUP WALLS, STIFFNESS AND DAMPING OF
c FLESHe NEGLSECT 9ONE CONDUCTION, AIR LEAXS, AND IMPEDANCE
c OF THE CAR ITSELFe ALL DIMENSIONS ARE IN THE CGS SYSTEM.
c
ODIMENSION CNOMNT1(10)V,COMNT291C) 4,FREQ(29),ATT(28), TR128)
10 OIMENSION COMNT 34100 o, COMNTL(1D)
DIMENSION ITITLE(8,8) ITLV(3),ITLH(3),X(29,2)Y
DIMENSION RCOP(27), TNEW(27),KCOP(27),VOP(27)
TYPE RZAL KSKIN ML KCeKCOP,IM
C
15 Ce*8+2ESTABLISH TITLES FOR CALCOMP PLOTS
Cc
ITLV(1) = 10HTRANSMISSI
TTLV(2) = 10KHON RATIO (
ITLV(3) = 10HDECIRELS)
20 ITLH(LY = 10H FREQ
ITLH(2) = {O0HUENCY (HER
ITLH(3) = 1IHT2Y
c
Ce**3#3| ABEL PRINTOUT==SUPPLY FOUP TCOMMENT CARDSe COLUWMNS 11-62
25 306 READI(5,1)COMNTY
1 FCRMAT(10A8)
READ(5,1)COMNT2
READTS5,1) COMNT3
READ(S,41) COMNT4L
30 WRITE(6,42)
2 FORMAT(1H1)
WRITE(6,1)COMNTL
WRITE(641)COMNT2
WRITE(5+1) COMNTR
35 WRITE(691) COMNT4
c
Cose®s¥RTAN INPUTIALL VARIARLES IN CGS TIMENSIONS)®eesnuss
L
READ(5,10YM, V4S0+SI,R*
40 10 FCRMAT(5E15.7)
READ(5,10)BsHyTH,E4RC
READ(5,10Y FLAG,SHUNT
(» M = EARCUP MASS (GRAMS)
c V = ZARCUP AIR V¥OLUME
&5 (# SO0 = OUTER CROSS=SECTIONAL AREA OF EARCUP
(7 SI = INNER CROSS-SECTIONAL AREA OF OPENING TO VYOLUME
C R = WIOTH OF CONTACT OF FLEXIBLE WALL WITH FLESH
{7 H = DEPTH OF FLUID=-FTILLED WALL BETYWEEN EARCUP AND FLESH
c T = THICKNESS OF WALL MATERIAL
Su c € = YOUNG*S MODULUS OF WALL MATERIAL
c RC = RESISTANCE COEFFICIENT OF FLUID WITHIN THE WALL
c M = AYLK MOOULUS OF THE FLUID WITHIN THE WALL. 1F
c BM = 7ER0, THE FLUID IS ASSUMED INCOMPRESSIRLE.
C FLAG = 0 FOR FLEXIBLE SKIN, NON=-ZERO FOR A RIGID SURFACE.
E 55 c SHUNT = 0 IF SKIN SHUNTS BOTH CUSHION AND VOLUME,
| g NON=7ERO IF SKIN SHUNTS ONLY¥ CUSHION

F-6
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TABLE F-1 (CONTINUED)

PROGRAM CUPTR 74774 oPT=1 FIN 4Lo64628

IF(FLAG.EQ.0.0) 2208,315
2200 IF(SHUNT.EQe0.0%1300,31D
60 1300 WRITE (56,3319
301 FCRMAT(/,10X,*SKIN SHUNTS BOTH CUSHION AND VOLUME®)
GO TO 315
310 WRITE(6,3021 ‘
332 FORMAT(/#,10X 4*SKIN SHUNYS CUSHION, BUY NOT YOLUME®*)

65 c
Cesess | IST INPUT
315 WRITE(6,20% ™
20 FORMATW1/,10X,*EARCUP MASS = ®*,F6.,1,* GRAMS*)

WRITE(6,25)V
70 25 FORMATU(/,10X*EARCUP ATR VOLUME = ®*,Fbel1,* CC*S*)
WRITE(6,30)S0
30 FORMAT(/,10X,*0UTER CROSS=-SECTIONAL AREA NF EARCUP = *, f

1F5.,1,* CMSQ*)
WRITE(6,359S1
75 35 FORMAT(/,10Y ,*INNER CROSS-SECTIONAL AREA OF OPENING TO*,
1# VOLUME = *,F5.,1,% CMSQ*®)
WRITE(6,40)B
L0 FORMAT(/,10X 4*WIDTH NF CONTACT OF FLEYIBLE WALL WITH#%,
1% FLESH = *,FL4,1,* CM*)
80 HRITE (644504
45 FORMAY(/,10X,*NZPTH OF FLUID-FILLED WALL BETWEEN EARCUP*
14® AND FLESH = ®,F4,1,% CM*)
50 FORMATT/ 410X *THICKNESS OF WALL MATERIAL = *,F5.3,% CM*Y
WRITE (6,507
85 WRITE(64550E
55 FORMAT(/,10X 4*¥YOUNG*S “ODULUS OF WALL MATERIAL = *,E9.2,
1¢ DYNES/CMSQ*)
WRITE(5,60IRC
60 FCRMAT(/,10X,*RESISTANCE COEFFICIENT OF FLUID WITHIN®,
9 1% THE WALL = *,E9+24* DYNE SEZC/CM*)
IF(BM.EQedel) B4 463
63 WRITE(64+65) #M
65 FCRMAT(7,10X,*BULK MNTULUS OF FLUID WITHIN THE WALL =%,
1E9+2,% DYNES/CMSQ*)
95 GO TO0 79
64 WRITE(6+62)
62 FORMAT(/,10X,*INCOMPRESSIBLE FLUID IN EARCUP WALLS®)
79 IF(FLAG.EQ.0.3) 166,162
162 WRITE(6,165)
100 165 FORMAT(/,10X,*EARCUP ON A RIGID SURFACE®Y
GO TO 170
166 WRITE(6,167Y
167 FORNAT(/ 410X ,*KSKIN=8,0E7 DYNES/CHM*,
1% (SHAW AND T.+JASA,1958YV*)
105 WRITE(6,+168)
168 FORMAT(/7,10%X ,*FREQUENCY~DEPENOENY RSKIN FROM ¢,
1*FRANKE{JASA 19521 %,
27 +10% 4y*TIMES 10(SHAW ANN T, ,4JASA,19589%Y

—-—

c
“110 C*8*38COMPUTE CONSTANTS
170 W™ = (SO - SI)
L =1.7725%(SQRT(SO)+SQPTI(SI))
AL = L*®L/12,5664
IF(BM.EQe040) 67,466
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115

129

125

130

135

140

145

150

155

16C

165

170

TABLE F-1 (CONTINUED)

PROGRAM CUPTR T4/74 0PT=1 FTIN 4o6+428

66 ¥C = (B*B*L®*AM) /(B*H + ,7854*H*H)
GO TO 78
67 KC= 1.27324%R¥ROL*E2T 7 (H**3,0)
C
C®*¥®22SUPPLY CONSTANTS
78 TWPI=6,2831853
RHO = 1.293<-03
C = 33968.,44
IF(FLAG.EQ.D.CY 218,220
210 KSKIN = 8,0c+07
C SHAW AND THIESSEN(JASA,1958)
GO TN 63
220 KSKIN = 6,7c¢17

c KIGID SURFACE
FSKIN= 1.JE+1ib

C RIGID SURFACE
C
fes s34 COMPUTZ CUSHION RESISTANCE
c

68 RC= RC/BTM
C
Ce*9*3¥COMPUTE REACTANCES AND TRNS. RATIO FOR EACH FREQUENCY
C

F= 16,0
NO 500 I=1,27
F = F*(2+%(1,073,0))
FREQ(I) = F
IF(FLAG.EQ.N"4UY2005,2100
2005 IF(F.GT,.600)2900,2010
C PSKIN FROM FRANKE(JASA,1952)
2000 RSKIN = L8E+0Q&
GO TO 21L0
2019 RSKIN = =11090,%?,302€*ALOGLO(F) +78750,
2100 RSKIN = 1J+*RSKIN
C SHAW ANC THIESSEN(JASA,1958)
AF= TWPI®F
XM = AF*M/AL
XV = (RHO*C*C/(AF*V))*(SI + SO0V/2.
XC= KC7 (AF*(S0-SI))
IF(SHUNT ¢cNe 0609 498,497
497 FS = RSKIN/Z(S0-SI)
XS= KSKIN/Z(AF*(SO0-SI))
A = =XV*(XC + XS)
B = XV®(RC + RS
CC= RC*RS =XC*XS =XC* XV =XV*XS ¢XC*YM +XM*XS
D = RC*XM 4RS*XM =RC*¥XS =KS*XC =-RC*YVY -RS*Xy
RE = (A®CC -B*DI/(CC*CC +C*D)
IM = (A®*0D +8%CC)H)/(CC*CC +D*D)
GO TO 499
498 RS = RSKINZ/AL
XS = KSKIN/(AL*AF)
A = XC*XS #XV#XS =XS*XM =XV#XM =XC*XM ~RC*RS
B = RS*XM « PS®XV = RS*XC =RN*XS &RC*XM
RE =(A®XS®XV - J®%RS*YVY)/(A®A + B*B)
IM =1TA®RS*XV ¢ B¥XS*XV)/Z(A®A + R#R)
499 T = SORT(RE®*R: +IM*IM)
500 TR(I) = 20,0 * ALOG10(T)

F-8
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180

185
| 190
195
200
205
210

215

175

TABLE F-1 (CONTINUED)

PROGRAM CUPTR Tad T4 OPT=1 FIN 4.64428
c
Cese®ss_ABEL AND LIST COMPUTED OUTPUT
C
WRITE(6,70Y

70 FORMAT(/ 410X ,*FREQUEN"Y TRANSMISSION RATIO®,/,11X,
1® (HERT2) ¥, 7Y, *(DECIBELS)*)
WRITE(6,71) (FREQ(ID, TR(IDo1=1,27)
74 FORMAT(10XyFB8elyFllel)
Ce**3eSPECIFY LENGTH OF TITLE BLOCK FOR CALCOWP PLOT
5001 DO 801 I=1,8
801 IVITLE(I,L1) = 35

C

Ce«*%+READ TITLc CARDS FOR CALCOMP PLOT IN

c FIRST 35 SPACES OF EACH OF 8 CARDS
c

DO 400 I=1,8
400 READ15,810)(ITITLEI,J) 4J=2,5)
810 FORMAT (4A10Y
c
Ca*%844BUILD PLOT MATRIX
c
00 823 J=2,28
X(Jy2) = FREQ(J-1)
820 X(441) = TR J-1)
X(1,2)= 11,
X(29,2)= 9999,
X(1,1) = 299
X€(29419 = ~149,9
c
Ce»ss¥CALL CALCOMP PLOT ROUTINE
o
CALL PLTLOG(1,3¢9%9299299142sITLV30,1,ITLH,30,IT1.NITY,

1 IT2oNIT2y TT3¢NITIoITGeNITLoITSyNIT5,8,
2 ITITLE«8,0)
c
CesssvesssONc CARD AFTER EACH DATA SET. CARD READS 999, IN
c FIRST TEN COLUMNS AFTER LAST SET OF DATA,
C
READ(5,100) TESY

100 FORMAT(10F8. 2)
IF(TEST.EQe9990 200,300
200 CCNTINUE
SToP
END

F-9
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T—— . TABLE F-2A

CIMPUTED TRANSMISSION RATIO V3. FREQUENCY FOR THE EARCUP
SHUWN IN FIGURE 11 OF SHAW ANO T. (JASA,1958),
INCOMPRESSIBLE WATER IN EARCUP,

ROUSHION =  4*RSKIN AT 500 HZ.
EARLUP MASS = «30.0 GRAMS 2
EARLUP AIR VOLUMZ = 105.0 CC*S

z; QUTER CROSS-SECTIONAL AREA UF EARCUP = 57.3 CMSQ
INNER CR0OSS-SECTIONAL AREA OF OPENING TO VOLUME = 18.9 CMSQ

WIUDTH OF CONTACT OF FLEXIBLE WALL WIVH FLESH = 2.8 CM |

DZFTH OF FLUID=FILLED WALL cETWEEN EARCUP AND FLESH = 1.1 CM )
THICKNESS OF WALL MATERIAL = 4025 CM

YOUNG *S MOOULUS OF HWALL MATCRIAL = «335+40S DYNES/OMSQ

RECSISTANCE COEFFICIENY QF FLUID WITHIN THE WALL = «40E*(C6 DYNE ZEC/CM

INCOMPRESSIBLE FLUID IN EARCUP WALLS
EARLUP ON A RIGID SURFACE

FREQUENCY TRANSHISSICN RATIO

(HERTZ) (JECI3FLS)
20,2 -30.1
25.4 -33.1
32.0 -30.0
‘00.3 "29.3
5:.5 'Zgnb
6440 -29.6
863.6 ’2902 3
. 101.6 =28.6
128,90 -27.¢ |
161.3 -25.6 |
20 3.2 =22,8
256eu -22.3
32205 ‘29."0
40604 -35,.8
512.0 -41.2 &
645.1 “06.3
c12.7 =50, 4
1024,.3 5447
1&900& ’5809
16255 =63.0C
2048,0 -67.1
2564J43 7142 '
3251.4 =752
439€.0 «79.2
5160.6 -83.3 .
0502.3 -87.3
6192.. 31,3
%
' VMIN= +1190E¢02 VMAX= o «9999F¢ 04
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TABLE F-2B
COMPUTED TRANSMISSION RATIO VvS. FREWUENCY FUR THE EARCUP
SHOWN IN FIGURE 11 OF SHAW AND T. (JASA,1958),
INCOMPRZISSIBLE WATER IN EARLUP,.
RJUSHION = 4*RSKIN AT 5u0 HZ.
SKIN SHUNTS CUSHION, BUT NOT VOLUME &=

EARCUP MASS = 430.0 GRAMS

EARLUP AIR VOLJME = 105.C CC*S
OUTER CRJISS-SECTIONAL AREA OF EARCUP = 47,3 CMSQ
INNER CRR0OSS-SECTIONAL AREA OF OPENING TO vnNLUME = 16.9 CMSQ

WIDTH OF CONTACT OF FLEXIBLE WALL WITH FLESH = 2.8 CM

DEPTH OF FLUIU-FILLED WALL 3ETWEEN EARCUP AND FLESH = 1,1 CM

THAIUKNESS OF WALL MATERIAL = ,025 CM

YOUNG*S MJIOULUS OF WALL MATERIAL = «33E432 DYNIS/IMSQ

RESISVTANCE COEFFICIENT OF FLUIO WITHIN THE WALL = +4LOE*06 DYNE SEC/CHM

INCOMPRZSSIBLE FLUID IN EARCUP WALLS
KSKIN=6.0E7 DBYNES/CM(SHAW AND VT.,JASA,195%)

FREQUENCY-DEPENDENT RSKIN FROM FRANKE(JASA,1352)
TIMES 10(SHLW AND T.,JASA,1858)

FREQUENCY TRANSMISSION RATIO

(HERTZ) (JECIBFLS)
20.2 =3.0
25.40 '709
32.0 =77
‘OC'S -7'5
5Le8 -7.2
6Led =73
8Ceb -8.9

101.0 =1245
128.10 -17.0
16103 ‘21.“
203.2 -26.1
255,90 =30, 4
322.5 ‘3‘0.7
“G06es =38.9
51200 -43.0
645.1 -47.1
012.7 =-51.1
102‘0.0 '5501
1290.2 53,2
1625.5 -63.2
2-‘06.3 67?2
258C.3 =71.2
325140 =75.3
4056.0 «79.3
5160.6 -83.3
650240 -87.3
0192.0 =91.3

F=11
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"' ! FIGURE F-2C s

| COMPUTED TRANSMISSION RATIO VS. FREQUENCY FOR THE EZARCUP
i SHOWN IN FIGURE 11 OF SHAW AND T. (JASA,1958),
INCOMPRESSIBLE WATER IN EARCUP,

RCUSHION = L¥PSKIN AT 500 K7,

{
|
|
t SKIN SHINTS 30TH CUSHION ANM VOLUME w—
i EARCUP MASS = 490e0 GRAMS

TAPCUP ATR VOLUME = 135.3 CC*S

OUTER CROSS-SECTIONAL AREA OF EARCUP = 87.7 CMSQ

INNER CROSS-SECTIONAL AREA OF OPENTNG TO VOLUME = 18,9 CMSQ

WIDTH OF CONTACT OF FLEXIBLE WALL WITH FLESH = 2,8 CM

OEPTH OF FLUID=-FTLLED WALL BETWEEN EAPCUP AND FLESH = 1.1 CM

THICKNSSS OF WALL MATERIAL = 4025 CM
YOUNG*S MODULUS OF WALL MATZIRIAL = 33409 CYNES/CMSO
RESISTANCc COcFFICIENT OF FLUID WITHIN THE WALL = +LCE#+J6 DYNE SEC/CM

TNCOMFRISSIRLE FLUID IN EARCUFP WALLS
KSKIN=3,0E7 DYNES/CMTISHAW AND T,99ASA,1958)

FREQUENCY=DSPENDFNT RSKIN FROM FRANKE (JASA,1952)
TIMES 10(SHAW AND T.,JASA,1353)

FREQUSNCY TRANSMISSICN RATIC

(HERT7) (DECIBCLS)
20e2 °29¢5
?Ce% =29,3
3.0 =29, 0
G {e3 -28.6
508 ‘28.3
6".0 ‘25.2
8(eb -?23.,9

1C1.6 '3017
128.9 '33.‘0
16 :03 '3608
20 3.2 =404+
25€41 “449e3
32 2e5 “LBek
“0€ev =52.8
51 I.U '5706
6L fo1 -62+1
31 &7 =655

1024, -69.0

129(.2 '72.7

162¢%.5 =76¢5

20"(.0 "500‘0

258¢C.3 =84,3 .

3251.0 -38,3

L09¢€43 =92.3

516 (5 =86,.2

6502.0 '10002 F-]z

81970 -104.2
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COMPUTED TRANSMISSION RATIO VS.
FREQUENCY FOR THE ERARCUP SHOWN IN
FIGURE 11 OF SHAW AND T.(JASA,1958)
EWALL DIVIDED BY 2.0.
INCOMPRESSIBLE WATER IN ERARCUP.
RCUSHION = 4xRSKIN AT 500 HZ.
RIGID SURFACE.
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COMPUTED TRANSMISSION RATIO VS.
FREQUENCY FOR THE ERARCUP SHOWN IN
FIGURE 11 OF SHAW AND T.(JRSA.1958)
EWALL DIVIDED BY 2.0.
INCOMPRESSIBLE WATER IN EARCUP.
RCUSHION = 4=RSKIN AT 500 HZ.
ZSKIN SHUNTS CUSHION. NOT VOLUME.
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COMPUTED TRANSMISSION RATIO VS.

| FREQUENCY FOR THE ERRCUP SHOWN IN

4 FIGURE 11 OF SHAW AND T.(JRSA,1958)
EWALL DIVIDED BY 2.0.
INCOMPRESSIBLE WATER IN EARCUP.
RCUSHION = 4%RSKIN AT 500 HZ.
ZSKIN SHUNTS CUSHION AND VOLUME.
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APPENDIX G

ANALYTICAL OPTIMIZATION OF THE DESIGN OF EAR PROTECTORS




ANALYTICAL OPTIMIZATION OF THE DESIGN OF EAR PROTECTORS

The function

Pl oo 1/2
Tixe, re, Xv) = |-i08198 | o (ne? + 1w?)
outside

which is defined in Appendix F, attains a maximum or a minimum for those
values of Xc, rc, and Xv for which 3T/3Xc, 3T/3rc, and 3T/3Xv go to zero

simultaneously (Solkolnikoff and Redheffer]oo).

Carrying out. the indicated
partial differentiations for the transmission ratio defined in Appendix F
for the Zwislocki model which is shown in Figure F-1, and setting the resulting

derivatives equal to zero, yields (after tedious algebraic manipulations):

Tels® = XmXs 2+ (1.0 - l:%) Yy 2Xs=2XvXsXmXmeXs= rs o X rs 2Xy

Xe » ) 7.0 T2 7 2 (1)
(-xs -2XsXv+(—L7 =1)Xv +2XsXm+2XvXm=Xm - rs<)
T

rs (Xm2-2Xva + {1.0 - lég& sz)

T
bl T 7 (2)
(rs“+Xm“=2XsXm-2XvXm+2XsXv+Xs “+Xv)

rcrsXs-ZXch2+2XcXme+2Xmez+rc2Xm+2rsrcXm-cmXs-rcrsXc+rsz(Xm-Xc)

2 2
2Xch+2Xs2 + 2rsrc + rc? + rs? - (Xc+Xs) ; fasdi

T

If equations (1), (2), and (3) are solved simultaneously, values for Xc,

rc, and Xv which cause T to take on extreme (locally maximum or minimum)
values are obtained. The three simultaneous equations must be solved for
each frequency of interest, and additional calculations must be performed to
ascertain whether an extreme value is a locally maximized value, a locally
minimized value, the highest of all local maxima, or the lowest of all local
minima. Obviousiy, an electronic computer will be required for the optimiza-

tion calculations.
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