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1.0 I NTRODUCTION

The purpose of this p roject is to analyze and interpret acoustica l and

electrica l data wh i ch have been p rovided by the U. S. Army Avionics Research and

Development A ctivity (AVRADA) , Ft. Monmouth , NJ . The acoustic a l data are in the form
of magnetic tape recordings of acoustl cal noise or speech , measured in 7 dIfferent

types of U. S. Army aircraft during typica l in-flight operations. Some of the

electrical data are in the form of magnetic tape recordings of electrica l noise

on voi ce communication lines in those same aircraft. The remainder of the elec-

trica l data are in written form and are data from standard electrica l tests of

individual items of communica tion gear in the same aircraft. The data were

analyzed to determine noise and speech l evels in the commun i cation channel ,

es pec i al l y at the p i lo t ’s or crewman ’s ear. Calculations were then performed to:
.~

- Estimate hearing damage risk

- Estimate the intelli g ibility of speech

— Estima te the effect on hearing damage risk or int e l l i g i b i l i t y

of chang i ng the noise in selected elements of the channel.

A further purpose of this p roject is to i dentify harmful nnise sources and

levels affecting the communication channel . The princi pal objective of the project

is to determine the contribution of the communication channel to aviator hear inq

loss and to recommend measures to reduce or eliminate this cont ribution . Another

important objective is to recommend measures to improve the I nt e 1 l I ç ~ b I i I t y  of speech .

A s tudy by the U. S. A rmy Med i ca l 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
militar y careers .1 In 1970, the Veterans Administration paid compensation of
approx i matel y 52 million dollars for hearing loss , presumably sustained in
militar y serv i ce.

The noise l evels in many, if not most , types of military aircraf t are
hazardous to the unprotected ear.24 Measures to signifi cantl y reduce the
sound a t the source , or to attenuate it before it reaches the cockp it 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 intellig ibility

and hearing conservation , as they do in the laboratory.

The tape record i ngs and electrica l measurements were made at Ft. Hood , TX
and Ft. Eustis , VA by personnel from AVRADA and from the American Electronics

Serv i ce Corporation (AEL). The record i ngs were made between September 1976 and

April 1977, inclusive .

2
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2.0 DESCRIPT ION OF THE COMMUN ICAT ION ENV IRONMENT

Measurements were made in 37 individua l aircraf t , including 7 different
models.

No. of Wing No. of
Aircraft Model 

____ 
Engines

10 LJH-1H I roquois (Huey) Rotor

6 OH-58A Kiowa Rotor 1

6 OV- l D Mohawk F i xed 2

3 AH-IS Hueycobra Rotor 1

3 AH- lQ Hueycobra Rotor

3 CH-47C Chinook 2 Rotors 2
6 CH-54B Tarhe Rotor 2

All aircraft are powered by turboprop or turboshaft eng ines. The manufacture

dates range from 1 966 to 1 973, inclusive. More detailed descri ptions are found

in Appendix A.

The aircraft radios and intercommunication sets (Ale) are a mix of SLAE

(Standa rd Li ghtweight Av i onics Equ i pment) and PRE—SLAE . The SLAE AIC is the

C-6533 wh ich was used in 15 aircraft. The PRE-SLAE C—1 6110 was used in 22 air-

craft. Additional information about the avionics comp l ement is found in Appendix

C.

Figure 1 is a block diagram of the communication system , applicable to either

the C—1 61l0 or C—6533. The circled items identif y possible sources of noise which
• w ill ultimatel y appea r as masking or damag i ng audio frequency no i se at a crewman ’s

ears. The C-l 6ll D headset amplifier is capable of delivering about 100 mW of l ow-

distortion speech to each earphone , providing about 97 dB SPL at the ear. At

hig her levels , the distortion increases rap idly. At the point where limiting

occu rs , a sound pressure of about 100 dB SPL is produced at the ear. The C-6533

can deliver somewhat highe r low-distortion si gna l to each earphone p roducing about

100 dB SPL at the ear. It is estimated from a few measurements made during the

project that at least 101+ dB SPL can be produced at the ear before limiting occurs.

Higher l evels are possible in frequency bands where the earphone has response peaks.

The C—6533 has a softer limiting characteristic than th’e C— l 6 11 .

The air crewman ’s helme t worn during the flight tests was the Model SPH-14.

The helmet contains plastic earcups which have circumaura l ear cushions filled

3
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with soft foamed p lastic. Each earcup contains a Model H-l43/AIC earphone. 5 The

earp hones are e lec t r i ca l l y connected in paralle l . The specified impedance of

each earp hone at 1000 Hz is 19 ± 2 Ohms . A l l  in-the-earcup acoustica l data

• were taken in the same SPF4- L+ helmet in the ri ght-hand earcup. The response of

the 11-143 earphone was measured by AVRA D A and is shown in Fi gure 2. The re-

sponse is considered to be typ i cal .

Those data segments which include speech were made with a boom-mounted ,

noise-cancelling microp ho ne , Model M-87/AIC.
6 

The microphone i mpedance is

5 ± 2 Ohms . Variou s individua l M-87’s were used . They were observed to operate

normall y, but were otherwise not calibrated . Fi gure 2 also shows the close-

talk response of a nominal M—87 microp hone , as specified by MIL-M-26542A at

• a test distance of 1/4 i nch.

Figure 3 shows the amp lification characteristics of the C-l 611 , which is

• very similar to the amp lification characteristic of the C—6533. Also shown is

an overall response of the communications system , in c luding microp hone , A I C ,

and ear phon e .7

During the planning of the data acquisition phase , lists of relevant fli ght

modes and communication system test points were developed .

Flight Modes (Standard Maneuvers) Commun i cation System Test Points

1 Take-Off 1 Cabin Amb i ent (acoustic)

2 Climb 2 Earcup , interp hone not keyed

3 Descent Right (acoustic) (NO KEY)~
1+ Climb left 3 Earcup , interp hone keyed , no processed

5 Descent left speech (acoustic) (KEY NO TALK)

6 Climb Ri ght 4 Earcup, interp hone 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 , interp hone keyed , dummy

11 Land headset (electrical)

12 Na p of Ear th F l i gh t 7 Earcu p, interp hone keyed , dummy

microp hone dummy headset (electrical)

See Appendix C , page C- i for definitions of Key and No Key conditions.

5 
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The cabin amb i ent noise was tape-recorded on one channel of a magnetic tape

recorder using a microphone in the aircraft cabin. The earcup acoustica l re-

cordings were s i m u l t a n e o u s l y  made on the other channel using a microp hone inside

the earcup, at  the crewman ’ s ear .  The earcup elec t r ica l recordings were made

across a dummy (8~2) headset load. Details of the data acquisition and format

are g i ven  in Appendix B .

The above cond i t ions permit 72 comb inations of earcup recordings per ai r -

c ra f t , for  a total of 2664 for 37 aircraft. About 22 percent of the possible

tota l were actuall y made and found su it a b l e  for anal ys is .

Eac h of the tape record ings for each f l i ght condit ion and test point was

one minute long . During the making of the “ta l k” record ing s , the speaker (crew
or p ilot) was asked to read a prepared text , referred to as the “ra inbow

passage , ” in a “norma l voice” suitable for the communication environment. The

vo l ume s e t t i n g s  on the A I C  s e t s  were adjusted for “comfortab le listening level”

sui table for the communications environment. In most or all cases a mid-range

setting (12 o ’clock to 1 o ’clock) of the vol ume contro l was selected .

The earcup, earphone and microphone package in the SPH-4 helmet is designated
the MK-1564 C )IAIC. The app l icable specification is MIL-H-5535l(EL) .

8
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3.0 DESCRIPTORS OF THE ENV IRONMENT

3.1 A-WEIGHTED NOISE

The elec trica l output of microp hones and associa ted aud i o amp lif i ers of ten
is passed through an elec trica l filter which is designed to approx i mate the

frequency—dependent response of human ears to sound . Such a filter is called an

A-wei ghted filter. Figure 1* shows the frequency-dependence of the response of

such a fil ter.8

The overall leve l of A—we i ghted sound has been found to be useful for ca l-

cula ti ng the i mpac t of nois e on human beings , where that impact may be inter-

fere nce wi th act iv i t ies , annoyance , physiolog i ca l effects , or risk of hearing

loss.9 The use of a si ngle number for overall A—weig hted sound as a descriptor

of risk of hearing loss is based on the assumption that sound that cannot be

hea rd cannot damage an ear. 9 A re lated assumpt ion is  that A-we ighting accounts
for the frequency dependence of an ear ’s suscep t ib i l i ty to damage , so tha t a
given A-we ighted level for a discrete frequency sound produces the same hearing
loss regard less of the f requency of that sound .

The A-weighted sound l evels which are tabuiated in this report were pro-

duced by playin g back magnetic tape record i ngs of helicopter noise throug h an

ana log A—wei ghting filter (Bruel ~ Kjaer Type 2111 Spectrometer) and supp l y ing

the elec tri cal output of tha t f i l t e r  to a B&K Type 2305 graphic level recorder.

Va lues of A-we ighted sound levels were read f rom the result ing str i p charts of

sound l evel versus time . The resulting l evels were calibrated by means of a

250 Hertz tone co r respond i ng to a known sound p ressure level which wa s reco rded
on the magnetic tapes during the initial measurements. Listings of the out-

put of the Articulation Index computer prog ram (See Appendix D) wh i ch appea r

i n  several pla.. es in this report include calculated A-weighted sound l evels.

Those leve ls generall y agree to w i thin about 2 dB w i th  the levels that were
determined w ith a B&K f i l t e r  and a leve l recorder. Calculat ions of A r t i cu la t ion
Ind ex like those described in Section 3.4 do not i ncor po rate A-weighted sound ,

but weighting factors si milar to A-weighting are built into the calculations.

9 
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3.2 POWER SPECTRUM LEVEL VS FREQUENCY
a.

The p lots of power spectrum leve l versus frequency which are presented in
this report were produced by a Hewlett Packard Model 545lA Fast Fourier Trans-
form (FF1) system. The Model 5451A utiliz es an electronic digital computer to
calculate Fourier transforms of time-varying signal s. Those Fourier transforms

are used to calculate power spectrum levels for narrow bands of frequencies

throughout a frequency range of interest.

The method of anal ysis is as follows . A section of taped data for a given

test and flight condition is processed using Fourier analysis to determ i ne a

power spectrum. The tape sections are 1-minute long; however , the effective

averaging time for the analysis is about 110 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 fo r a
f u l l  m inu te. The ef fec t ive  f i l ter band wi d th for  the ana l ysis is 10 Hz. The

results are stored as a list of numbers representing the mean-square voltage in

each of the 1 0-Hz bandwidths required to cover the frequency range of interest ,

which is 20 Hz to 10000 Hz. Div is ion of the numbers by 10 y ie lds a pseudo powe r
spectrum , corresponding to a 1 Hz bandwidth. A 250 Hz calibration tone on the

tape is also analyzed to derive a calibration scale factor. Its dimensions are

(volts) 2 / (ps i) 2 where the ( rms) psi is der ived from the known sound pressure
produced by the p istonphone used to make the ca l ibrat ion . If necessary , an add i-
t ional scal ing 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  sh i f ts

wh ich are c i ted are in addit ion to those sh i f t s  which normall y occur due to the
human ageing process.

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

prises a threa t of significant hearing loss ,
10 there is general agreement that
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measurab le hearing loss results from frequent exposure to sound leve ls  above

75 cIBA for ten years or more. 9 For examp le , expos u re to sound levels of 85
dBA fo r 8 hours per day , f ive days a week , for ten years w ill produce a noise-
induced permanent thres hold shi f t  (N IPTS) of 19 decibels or more at 4000 Hertz
in ten percent of peop le who are so exposed .~ ° Exposure to 88 dBA for 4 hours
a day or 91 dBA for 2 hours a day will produce that same loss of heari ng ,
assum ing that the noise is continuous without interruption . Even at levels as
low as 75 dBA , 10 percent of the population w i l l  experience an NIPTS of 6 dcc i-
bels or more at 4000 Hertz after 40 years of dai l y exposure .1°

Jud gements of the significance of the hearing loss jus t des cr i bed are ai ded
by noting that the average of NIPTS at 500, 1000, and 2000 Hertz resulting from

da i ly exposure to 85, 90, and 95 dBA for 8 , 4 and 2 hours per day,  res pec ti vel y ,
w i l l  be 3 decibels or greater , after 1+0 yea rs , for 10~ of the population )0 It

has become common pract ice to refer to such frequencies as “speec h frequencies ”,
impl y ing that avoidance of hearing losses in tha t frequency range w i l l  prevent
any serious speech communication handicap. 9 Tha t p remise is exp l ic it in mos t

occupationa l hearing damage—risk criteria , which treat hearing losses at fre-

quencies above 2000 Hertz as insignificant for speech comprehension .11 However ,
hear ing at frequencies up to at least 3000 Hertz p lays a major role in under-

s tand i ng of speech ,’2 and speech sounds rang ing from 200 to 6100 Hertz contain

usefu l information .11

Diff erences in judgements of the I mportance of hearing at high frequencies

are largel y responsib le for differences in proposed maximum allowed sound levels
to protect hearing . For example , the Occupationa l Safety and Health Adminis-
tration (OSHA) requires ’3 tha t an employee ’s ei ght-hour time-weig hted average

exposure be no more than 90 dBA , wh ile the Environmenta l Protection Agency (EPA)

has recomended that OSHA reduce that l im i t  at least to 85 dBA ,13 and the U. S.
Army has adopted that reduced lim it . 14 In another context , EPA has stated~~
that a l imit  of 73 dBA appears to be the rational choice if s t r ic t  conservation

of heari ng is to be the criterion without consideration of cost. Much of the 17

cIBA difference between OSHA ’s requirement and EPA ’s goal of 73 dBA i s due to
differences of op in ions conce rn ing the importance of hearing losses at 4000 Hertz. 10

The rema i nder 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 desi gned

to protect 90 percent of the population from NIPTS exceeding 5 dec i bels at

“speech frequencies”,10 wh ile EPA lim its are designed to protect 100 percent of

the population from NIPTS exceeding 5 dec i bels at 4000 Hertz.

EPA has taken the position that any measurable NIPTS at any f r e quency is
unacceptable i f the goa l of regula t ions i s to protec t the hea lth and welfa re
of peop le wi th an adequate margin of safe ty. However , EPA cons iders noise-

induced permanent threshold shifts of less than 5 dec i bels to be unrneasurable

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
frequenc ie s” for 10 percent of the population is acceptable , from which it may
be inferred from NIPTS curves that NIPTS of 28 or more dec i bels at 4000 Hertz

for 10 percent of the population is acceptable .1° EPA ’s compromise of their

idea l of 73 dBA for 100 percent protection to a recommendation for 8s dBA and

the U. S. Army ’s accep tance of that l i mi t l4 corres ponds to acceptance of NIPTS
of 3 or more dec i bels at “speech frequencies ” and 19 or more decibels at 4000

Hz for 10 percent of the population , after 40 years of exposure. Actual ly,

most of the loss suffered after 40 years of exposure is susta i ned during the

first 1 0 years of exposure.

The Comm ittee on Conse rva t ion of Hear ing of the Amer i can Aca demy of Optha l-

mol ogy and Otolaryngology defined a hearin g handicap to be that condition which

they judged to i n terfere  wi th unders tand ing eve ryday speech .15 The threshold

of hand i cap was defined by them to occur when the avera ge of the hea r i ng l eve l s

at 500, 1000, and 2000 Hz is 25 dec i bels above what they defined as normal
hearing (Internationa l Standards Organization Standard , 1963). Although that

Is a popular criter ion ,
16 it may lead to significant unde restimates of the

severity of noise-induced hearing loss and overestimations of tolerable limits

to exposure to noise. 15

The Veteran ’s Adminis tration (VA) allows no compensation unless a noise-

induced permanent threshold shift (NIPTS ) at “speech frequencies ” exce eds 37 dB
in a person ’s better ear , or exceeds 57 dB in their poorer ear.

17 Figure 5
shows that the VA criterion for the better ear corresponds to requi ring a limit

of 113 dBA to noise levels to wh i ch workers are exposed for 8 hours per day if

13
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it is desired to protect 90 percent of emp loyees. Fi gure 5 a lso  shows EPA
and OSHA cr i ter ia for comparison. The data shown in Fi gure 5 were taken
from a report on NIPTS wh ich was published by EPA. 18 Those data also were
p lotted and interpreted by von Gierke .9

Fi gure 5 does not prov i de any information about noise limi ts required to

protect the ten percent of people who are most susceptible to hearin g loss.

Figure 6 provides tha t information. Part of the info rmation in Figure 6 is

from the EPA NIPTS repor t ,18 and part is from extrapolations and from Fi gure 5.

The ext rapola t ions wh ich are dis p layed in F i gures 5 and 6 are risk y, 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 hel i copter p ilots in perspective . No additiona l published data

a re ava i lab le , so extra pola t ions a re 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 ,

af ter some exam inat ion of the mean ing of the curves in Fi gure 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 lin e in Figure 6 labelled “distribution of hearing l eve l of non-exposed

population of 60 year-olds ” shows tha t it is not relevant to consider NIPTS

for 40—yea r exposures to noise at less than 108 dBA if 37 dBA NIPTS is the pro-

tection criterion; norma l ageing causes the small fraction of the population

which is to be protected at that l eve l to suffer a 37 dB loss of hearing , even

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

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

curv e for 37 dB NIPIS shows tha t essen t ial l y 100 percent of the population w ill

lose the ab i l i ty to ca rry on conversa ti on ef fec ti vel y it people are exposed for

a working lifetime to no i se at a l evel equalling the threshold of pain. It seems

l ikely that evolu t iona ry p rocesses have s upp lied the human organism with a pain-

avoidance mechanism which encourages people to avoid sound which can destroy their

ab i l ity to converse wi th other peop le.

Figures 5 and 6 do not prov i de information about the effects of exposure

for less than 8 hours per day and/or for less than LiO years. An “eq ua l  ene rgy

15
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• rule”9 allows an increase of no ise  l evels by 3 dBA for each halving of exposure

time . (Some i nvestigators 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 ex pos ure and after 40 years exposure are small. 11 However ,

there is little information about rates of hearing loss near the threshold of

pa in .  S ince it is like l y that hearing loss is disproportionatel y rapid for

sound l evels in the neig hborhood of the threshold of pain , a cautious approach

requires assum i ng that the curve for 37 dB NIPTS in Fi gure 6 app lies to expo-

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

There are no extrapolations invo l ved in app l y ing Figure 6 to the U. S.

Army ’s criterion for hearing protection .14 That portion of the 5 dB NIPTS

curve that is below 95 dBA is based on measurements. That curve shows that

2 percent of peop le routinel y exposed for 8 hours per day to sound l evels equa l

to the maximum allowed by the U. S. Army (85 dBA) wil l  suffer a 5 dB NIPTS

af t er 110 years of expos ure . Helicopter p ilots normall y wi l l  not be exposed to

he licopter no ise for 40 years , but there is l ittle difference between hearing

losses a f te r  10 years of exposure and hearing losses after 40 years of exposure .
11

As f a r  as hearing loss at “speech frequencies ” is concerned , it does no good to

lower the maximum allowed sound leve l below 85 dBA , because the 1/2 percent of

the population that is to be protected by going to a l ower level cannot hear sounds

at tha t l eve l 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

l eve l for each halving of dail y exposure , up to a maximum sound level of 11 5 dBA

for OSHA and 110 dBA for the Army .

3 .4 ARTICULATION INDEX

Articulation I ndex (Al) is a weighted fraction representing , for a g iven

speech channel and noise condition , the effective proportion of the norma l speech

signa l that is available to a listener for convey ing speech inte l l i g i b i l i t y .  Al

is computed from acoustica , estimates or measurements of the speech spectrum and

of the effective masking spectrum of any no ise  which may be present along with

the speech at the ear of a listener.

17



Art icu lat ion Index va l ues were calculate d for the test conditions described

in this report by means of a FORTRAN IV computer program wh i ch was executed

either on a CDC 6600 electronic computer or in modified form on a peri phera l

computer associated with a Hewlett-Packard 5Le51A Fourier Analyz er. The logic

of the computer program is based on an American National Standards Institute

Standard (ANS I S3.5).
19 The program is described and listed in Appendix D.

The sound levels generated by electronic commun i cations of speech in

helicopters are sufficientl y high that ANSI S3.5 rules out the use of octave—

band sound pressure l evels in the calculation of Al. For hig h sound leve ls ,

the ANS I standard requires the use of a 20-band method which i nvolves the use

of spectrum l evels of sound . The 20-band method is based upon measurements or

estimates of the spectrum l eve l 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 backg round the speech components within each band contribute equall y to

speech int e l l i g i b i l i t y  when the spectrum l evel of the speech peak at the mid-

frequency of each band exceeds the thres hold of a u d i b i l i t y  at that frequency

by 30 dec ibe ls or more .

3.5 INTELLIGIB IL ITY

The in t e l l i g i b i l i t y  of speech depends on the extent  to wh i ch extraneous sounds

distract a listener ’ s attention from the speech of Interest. Figure 7 shows a

curve which is useful for determining the i n t e l l i g i b i l i t y  of speech in the presence •

of noise. That curve disp lays i n t e l l i g i b i l i t y  as a function of Articulation I ndex.

The relationship between in t e l l i g i b i l i t y  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

vo i ce levels gener a lly lead to distortions of speech which cause decreased intelli-

g i b i l i t y , whether the high vo i ce levels are gene rated by an increased vocal effort

by a person or by increas i ng the gain of an electronic amp lifier. Frequency dis-

tortion (transmission of a si gnal with unequal gain as a function of frequency)

usuall y affects in t e l l i g i b i l i t y  of speech.19 Clipping to limi t  the dynamic range

of speech signals introduces distortio n and harmonics which degrad e the intel l i-

b i l i t y  of speech signals. 20’2’ Figure 7 is not precisel y applicable to cases of

amp litude and frequency distortion. Even if no such distortion occurs , the precise

relationshi p between in t e l l i g i b i l i t y  and Al depends upon the nature of the trans-

mitted message and upon the skill of talkers and listeners.

18 
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Gasaway 22 listed nume rous references which show that articulation index

probab l y is the best method for predicting approximate speech in t e l l i g i b i l i t y

for electrica l commun i cation systems . He specificall y mentioned a reference23

which shows tha t the 20 band method for calculating values for the articulation

index is the most accurate method for predicting speech in t e l l i g i b i l i t y  in

high-leve l no i se. Gasaway24 also noted an influence on inte l l i g i b i l i t y  wh i ch is

not described by calculations of articulation i ndex -- there are acoustic

features of vo i ce communications in aircraft that may enhance the intellig ibility

of speech, such as the emp hasis of plos i ves by a li p-position microp hone.

3.6 DECIBEL AVERAGING

The compos i te no i s e  l evels and earcup attenuations in this re por t were

obta ined by averag ing the dB , dB SPL , or dBA values of severa l individua l measure-
ments. If sound pressures or sound powers were averaged instead , the averages

would be different. For example , if the va l ues of 94 dB SPL and 100 dB SPL were

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

Decibel 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 COMMU N ICAT ION SYSTEMS

• In Appendix C , there are tabulations of A-weighted no ise in the communica-

tions sys tems  for each of the 37 aircraft studied during the project. Appendix

C also has untouched computer-generated p l o ts  of noise spectra for some

of the aircraft types studied during the p roject. Noise profiles have

been deve l oped from the spectra aid the A-weighted summaries . These pro-

files w i l l  be presented i n  this section .

Among the various flig ht conditions the plots of spectrum l evel vs.

frequency for each aircraft type showed no significant differences between

• spectra , except for d ifferences in dBA l e I e l S .  Level flight is the most

common flight mode and also produces an intermediate noise level ; therefore ,

mos t of the remaining discussion will dea l with l evel flight. Figures 8

through 27 represent a noise profile of 5 aircraft types. At various

f requencies , most of the or ig inal  spectra (See the last few pages of A ppendix C)

have very narrow lines which extend above the general spectrum l evel about

10 dB. These l i nes  may be due to discrete frequency vibrations of transmission

or eng i ne components; however , there is not a consistent pattern of frequencies

from aircraft to aircraft. These lines do not contribute signi ficantly to

t he overall sound pressure leve l and have not been copied in the f igures in

this section. The fundamental rotor blade passage frequency of the helicop-

ters is near 10 Hz. The 10 Hz effective bandwidth of the FF1 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  p lotted us i ng 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 prov i de a proper visual perspec-

t ive  for  associating the appearance of the curves with the contributions of

var ious par ts  of the spectra toward the noise problem .

• ~ .l UH-IH IROQUOIS (HUEY)

The rank order of average ambient no i se l evels in the cabins of

• 10 UH—I H aircra ft for 11 flight modes i s  as follows (to the nearest decibel).

21



Average (dBA )

Descent 96
Descent left , r ight 96

Nap of earth flight 95
Climb right 94

Leve l flight 94

Cl imb 94

Cl imb left 93

Hover in ground effect 92

Hover at Altitude 91

Land 90 (One data samp l e only)

The re ar e no da ta 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 l evels for 3 representative

f l ig ht modes i s  shown i n Tabl e 1.

Figure 8 shows spectra of noise which was measured in the cabins of the

UH-lH’ 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-lA were identified as follows .

o Ma in rotor 20-220 Hz

o Ta il rotor 50-500 Hz

o Engine 1 00-900 Hz

o Main transmission 600-6,000 Hz

At frequencies nea r and above 1 000 Hz , some of the ind i cated l evels of earcup

noise are probab ly hig her than the true levels , due to noise introduced by the data

collection , record ing , and analysis process. The extent and significance of this is

disc ussed in Appendix B. However, the overall  dBA levels ci ted i n the repor t are
not greatl y affected by earcup noise at the higher frequencies.

Fig ure 9 suggests a noise model for the UH— 1H which will be seen to be

app l icable to al l  the aircraft in this study. The model has the follow i ng

components.

o A noise spectrL in the e a r c up  which slopes downward as frequency
increases (due to earcup leakage), desi gnated NO KEY In Figure 9.

22
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o A separate noise spectrum in the earcup due to noise wh i ch is p i cked

up at the microphone when it is keyed . This spectrum slopes upward

as frequency increases , up to the upper cut-off frequency of the

interp hone. The peak at 3 kHz is due mostly to the earphone response .
7

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

wh i ch the noise Is due to microp hone p i c k u p .

In Figure 9, the cross-over frequency is seen to be about 1 500 Hz. This

is the frequency where the KEY NO TALK l evel exceeds the NO KEY l evel 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 l evels 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

determ i ned f rom the KEY NO TALK curve by integrating the pressure above and be l ow

tbc cro~s—oyer frequency, a~ fQllow~.

Earcup leakage 82 dBA 72~ of noise power

Microphone pickup 78 dBA 28~ of noise power

Over a ll 83.5 cIBA

The overall level is about 2 dB less than that obta i ned for KEY NO TALK

in Table I . The Table I va l ues 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 microp hone

circuit is also improved.

Ea rcup improvements will be most bene ficial in the three octaves at 100 ,

200, and 400 Hz. In the microphone circuit , if it is considered des i rable

to retain the peak at 3 kHz for consonant i ntelligibility , then the no i se-

cancelling performance needs to be improved in the two octaves at 2 and 4 kHz.

4.2 OH-58A KIOWA

The ambient dBA leve l for 12 fl Ight modes , averaged over 6 0H-58A

aircraft , Is 90.4 ± 0.6 dBA . Therefore, al l  fl~~iht modes are equally notsy.
A detailed breakdown for 3 flight conditions Is shown in Table I. The

L - ~~~~ 
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CLIMB fli ght condition , wh i ch Is representat ive of all fli ght condi~~1ons , was
selected for display In Figures 13-15 because the computer-generated spectra

were  more complete.

Fi gure 13 shows spectra of noise wh i ch was measured In the cockpits of

OH_58A U 5 , and in the earcup of an SPH-4 helmet. A Bell Helicopter report

identifies the noise sources for turbine-powered li gh t helicopters as follows .
26

o Rotors 20-600 Hz

o Main transmission 300-2400 Hz

o Accessories 600-4800 Hz

o Engine Gearbox ,

Comp ressors , and

Turbines 2400-10 ,000 Hz

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

is also about 1 500 Hz. The relative contributions to noise due to earcup leakage

and microphone pickup are

Earc up leakage 83 dBA 86~ of noise power

Microp hone pickup 75 dBA l4?~ of noise powe r

Overall 83.6 dBA

4.3 OV- 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 .

FI gure 16 shows spectra of noise which were measured in the cockpits of OV—lD’ s

and in the earcup of an SPH-4 hel met. The predom i nant noise is from the propeller

blad e passage.

F igures 17 and 18 show that the noise cross-over frequency for the OV-lD 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

M icrophone Pickup 78 dBA 14% of Noise Power

Overall 86.6 dBA

30
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4.4 AH- 1S AND AH—1Q HUEYCOBRA

The data d id  not show any s ign i f icant  di f ferences in noise levels between

AH-1S anci 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).

Average (dBA)
Level f l i gh t 95
Descent 95
Cli mb 94

hover in ground effect 93
Hover at altitude 92

A more detailed rank ordering of average noise l evels for 3 representative

fli ght modes is shown in Table 1. Figures 19-21 show the spectra of no i se in

the cockp it of the AR-i and in the earcup of the SPH—4 helmet.

The noise cross—over frequency for the AH-1 is about 2200 Hz. During

l evel f l i gh t , the relative contributions to noise due to earcup leakage and

microphone p i ckup are

Earcup l eakage 83 dBA 83% of noise power

Microphone pickup 76 dBA 17% of noise power

Overa l l 83.8 dBA

Le.5  C I-I-47C 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 no i se levels for 3
representative flight modes is shown in Table 1. Figure s 22-24 show the spectra

of noise in the cabin of the CH-47C and in the earcup of the SPH-Li helmet ,

during the CLIMB flight mode.

The noise cross-over frequency for the CH-47C is about 1 800 Hz. The

re lat i ve con t r ib ut ions to noise due to earcu p leaka ge and mi crop hone picku p are

Earcup leakage 89 dBA 89% of noise power
M i c r o phone p ick up 80 dBA 11% of noise power

Overall 89 .5 dBA
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4.6 CH-54B TARHE

The cabin noise l evels (average of 6 aircraft) ranged f rom 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. Fi çures 25-27 show the

spectra of noise in the cabin of the CH-5413 and in the earcup of the SPH-4

helme t , during l eve l fli ght.

The noise cross-over frequency for the CiI-54B is about 1 800 Hz. The

relative contributions to noise due to carcup leakage and microphone p ickup

are

Earcup leakage 85 dBA 45~ of noise power

licrop hone p i ckup 86 JBA 55~ of no i se power

Overall 88.6 d~3A

The relative l y high p ickup by the microp hone is due to narrowband peaks

of noise at 3200 Hz and 5000 Hz.

4.7 SPEECH LEVELS AND EARCUP ATTENUAT I ON

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 attenuat ion , derived as a function of

frequency by subtracting the NO KEY spectra from the AMBIENT spectra . The

l owest 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 USAS I Standard

Z24.22—l957 (Method for the Measurement of the Rea l Ear Attenuation of Ear

Protectors at Threshold). Weinreb and Touger27 report that rea l -ear-threshold

measurements of ear protectors usuall y show better attenuat ion values than are

obtained by the method of comparing sound pressur es inside and outside the ear—

cup. They attribute this to physiolo gical factors. The heavy dashed lines in

Figures 30 and 31 show a m çd ified version of Camp ’s attenuation curve , show in g
the attenuatio n that mi ght 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

onl y from aircraft-to-aircraft , but even in successive tests in the same

aircraft with the same user. Fi gure 32 shows earcup attenuation for 5 flig ht

1414
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modes in one Hueycobra a i rc ra f t .  The range of the curves shows the variability

obtained on successive trails , even for the same human subject. Figure 33 is a

simp le overlay of the attenuations measured i n  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 improperl y sea l ed ear cushion. The qua lity of the sea l 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 , especiall y 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-1+ helmet was necessarily not located at the

same point in space as the ambient-measuring microphone , wh i ch p roba b l y 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 p ickup wh i ch are listed in

Sections 4.1-4.6 show tha t the earcup performance is the limiting factor with re-

gard to providing a noise env i ronment free of damaging noise and speech interfe-

rence. However , if the earcups performed as wel l in the aircraft as they do in

the labora tory, the microphone noise-cance lling performance would be the limiting

factor in all aircraft studied in this project.

4.8 STAT I STICAL ANALYSIS

The ambient no ise levels and spectra measured during this proj ect are

similar to those measured during other studies .
2 1 4

~
7
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There were large leve l differences (5-6 dB) among average sound leve ls  for
var ious fl i ght condit ions for some types of airc raft (UH—lH) 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 examp le , the

OV—l D wIth propellers not synchron i zed produces fully 10 dB more A-we i ghted noise

than the typica l aircraft.

Maximum performance maneuvers for the hel icopters did not produce si gnifi-

cantl y more no ise than standard maneuvers. Nor did the l im i ted  amount of rele-
vant data show that open doors and window s cause more noise.

The measurements of overall sound levels within helicopters that are

described in this report y ielded as few as two va l ues for a given f l i ght

condition for one type of aircraft (AH-lQ) , and a maximum of 10 va l ues for

any par t icu lar  a i r c ra f t  (UH — lH) .  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 meteoro l ogy, microp hone

position , p ilots ’ con trol techni ques , age of vehicles , structural variat ions ,

manufacturing tolerances , and measurement errors?

A first approx i mation of the variability of sound levels within he li copters

can be obtained from the relative l y few measured va l ues by assuming that those

sound levels are normall y distributed (see any monograph on statistics).

Other di stributions may t e more appropriate , but more data would be required

even to determine the type of distribution .

When an average is calculated from a sma ll number of va l ues out of a

large number of possible va l ues , a “samp le mean ” is obtained . That sarn~ le

mean is only an estimate of the average that would be calculated if al l of the

large number of possible va l ues were available-—the “un i verse mean”. The

smaller the number of available va l ues , the cruder the samp le estimate of the

un i verse mean. Similarl y ,  when a standard deviation (see any monograp h on

statistics) is calculated from a small number of values out of a large number

of pos s ib le val ues , a “samp le standard deviation ” is obtained. That standard

deviation is an estimate of the “un i verse standard deviation ” that would be

calculated if all of the large number of va l ues were avai lable , even when a

routine calculation techni que wh i ch is said to y ield a standard deviation

“unbiased by sample size” is used . The expected distribution of values for

55

-



r 
- - - - _-_ - . ----—

~~~~~~~~~~

-_- - _ _

sample standard devia tions from a norma ll y-distr ibuted un i verse of va l ues 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 norma l distribution to

define the degree of confidence in a sample estima te of a un i verse mean.28

A sample mean and a sample standard deviation can be used to calculate an

upper limit to a un i verse mean. The va l ue of that lim i t  w i l l  depend on the

leve l of confidence that is required of that li m i t :  in other words . the

mathematica l function of a samp le mean and a samp le standard deviation that

is used to calculate the upper lim i t  to a un i verse mean depends on how confi-

dent of the calculation one wishes to be.

Table 2 shows calcula ted va l ues of sample means and sample standard

devia tions for the measurements of overall sound levels within helicopters

that are described in this report . The samp le average , X , was ca l culated

in the usual way:

= ~;- i~~l 
~

where N is the number of va l ues , and X~. is the ith va l ue . Th e “unbiased”
sample standard deviation , a, was calculated from:

= /‘.L~ i=l 
(x .-~)

2

where “unbiased” refers to division by (N—1) inside the rad ical . A “biased”

standard deviation refers to division by N inside the rad ical. The leve l

be l ow which one is 95 percent confident that the un i verse mean f a l l s  was
calculated from Duncan ,26:

— ~~~ 1.6145 a

95~
t

which assume s a Gauss ian d i s t r i bu t i on .  In add it ion , as a f i r s t  approximat ion ,
the sample standard deviation was assumed to be equa l to the un i verse standard

deviation ; as indicated on the table , more precise confidence interval s could

be calculated from the “student—t ” distribution of sample standard deviations
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for a norma l l y — d is t r i b u t e d  un iverse of va lues. 28 The 95 percent conf idence
leve l wh i ch 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 leve l for the un iverse mean .

A footnote In Tab le 2 compa res the 95/99.7 level w i t h  maximum leve ls

allowed by two military regulations (MIL-A-8806A 29; TB Med 251
14 and one

c i v i lian regu la t ion (OSHA 13 ). Notice that we are 95 percent confident that

no ise levels in some of two models of helicopter w i l l  exceed MIL-A-8806 l i m i t s

and OSHA limits , while some of four models of helicopter wi l l  exceed TB Med 251

l imi ts  (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 var ia t ions of levels of measured noise within Army helicopters.
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TABLE 2

STAT ISTICAL ANALYSIS OF HELICOPTER COCKPIT NOISE DATA
(assuming a Gaussian di stribution of cabin noise levels)~

MEASURED SOUND LEVELS (dBA) FOR LEVEL FLIGHT

(“UNBIAsED” ) 95~ CONFIDEN CE 95~ CONFIDEN CE
MEASURED SAMPLE LEVEL OF UPPER LEVE L WH I CH

SOUND LEVELS SAMPLE STANDARD LIMIT OF LJN I- INCLUDES 99.Th
AIRCRAFT WITH IN COCKPITS AVERAGE DEVIAT ION VERSE MEAN~* OF SOUND LEVELS
MODEL (dBA) (dBA) (dB) (dBA )

UH-1H 95 93 96
93 94 89
94 93 95
96 94 2 95 101

OH— 58 92 89 87 -

93 92 99 92 4 95 107

OV- 1D 98 100 102
1014 100 100 101 2 102 108

AN-IS 97 95 92
& AH—I Q 96 95 95 95 2 96 102

CH—47C 1 08 11 1  112 11 0 
-

~~~ 2 112 11 8

CH-54B 95 93 96
99 103 95 97 14 100 112

ALL
AIRCRAFT 97 6 99 117

See d i scuss ion  in Sect ion 14.6.

‘~~ assuming that the un i verse standard devia tion = samp le standard deviation ;
the “student-t ” distribution for sample standard deviations could be used
for more precise ca l culations of 95/99.7 percent sound levels.

1~ 1~11 MIL-A— 8806 maximum = 111  dBA ;
OSHA maximum = 109 dBA for 4 hours for typ ica l SPH-4 a t tenuat ion ;
TB Med 251 maximum = 104 dBA for 4 hours for typ ical SPH-4 he l me t attenuation .
(See Sec ti ons 3.3, 14.7 and 10.2)
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5.0 PSYCHOACOIJSTIC PROFILES OF AIRCRAF T COMMUN I CATIONS SYSTEMS

Methods for asses sing r isks of hearing loss are reported in Section 3.3.
Glorig ’6 pointed out a difficu lty wh i ch was not discussed in Section 3.3 --
accounting for innume rable combinations of leve l and duration in real environ -
ments. Sound levels and accompanying durations within a given helicopter de-
pend upon maneuvers , meteorolog i cal 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 durin g maneuvers , with a
few exceptions. By using the maximum sound levels wh i ch were measured during
maneuvers of a given helicopter , sl i ght ly high numbers for predi cted hearing
loss will result. That conservatism is particularl y justified since occasional
sound levels much highe r than time-averaged sound levels were observed , and
since peak speech level s are 12 dec i bels higher than average speech levels . ’9

Peaks of speech sound pressure levels are so intermittent as to border on

bei ng transient or impulsive . Background speech levels , to wh i ch speech peaks

add , borde r on being continuous . Very little is known about risks of hearin g

losses wh i ch are associated wi th comb i nations of impulsive sounds and continuous

sound ,30 ’31 especia l l y  when peak sound levels begin to move towards the threshold
of pain ,31 as they will if pilots turn up volume controls on communications equip-

ment to maximum pos i t ions.

The fraction of flight time during wh i ch pilots and crews are exposed to

electronic communication of speech is not known . The estimates of hearing

loss wh i ch 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 al 32pub lishe d curves which show that aircraft communications systems

are used about 40 percent of flying time , that assumption may l ead to s l i ghtly

high estimates of no i se induced heari ng loss. Howeve r , since sound levels

at a p ilot ’ s ears w i th  and without speech general ly do not d i f fer  greatl y,  the

assumption introduces l i t t l e  error. An additional conservative factor is intro-

duced by app l y ing hearing loss curves for 140 years exposure to helicopter p ilots

and crew who serve less than 140 years.  Howeve r , differences between hearing

loss af te r 10 years exposure and after 40 years exposure are sma l l . h l
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Table 3 summarizes the results of predictions of hea ring los s. Those

results are discussed below. All assessments of hearing loss which are discussed

here app l y onl y to personnel who wear helmets which provide at least as much

protection as SPH-4 helmets.

Methods for computing articu lation index are reported in Section 3.14 . Methods

for converting ca l culated va l ues of articulation index to estimates of the intelli-

g i b i l i t y  of sentences were reported in Section 3.5. The factors wh i ch li m i t  the

accuracy of estimates of in t e l l i g i b i l i t y  also were reported in that section .

5.1 UH-1H

The inte l l i g i b i l i t y  of electronicall y commun i cated speech within these air-

craft was calculated to be 97 to 99 percent. In t e l l i g i b i l i t y  was as low as 56

percent during one maneuve r of an aircraft (68-16612) from wh i ch sound absorptive

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

these aircraft range from no risk of measurable hearing loss at “speech frequen-

cies ,” to a 5 to 10 dB NIPTS at speech frequencies among 35 percent of frequent

occupants , coup led with an NIPTS of more than 10 dB at “speech frequencies ” for

1.5 percent of frequent occupants.

5.2 OV - l D

The int e l l i g i b i l i t y  of electronicall y communicated speech within these air-

craft was calculated to be 93 to 99 percent. Intelli g i b i l i t y  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 in t e l l i g i b i l i t y  of electron i call y 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 ” a mong

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

percent of those occupants.
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5.4 AH-1S AND AH -lQ

The in telli g ib i l i t y  of electron i call y communicated speech within these

a i r c r a f t  was ca l culated to be 96 to 99 percent. Predict ions 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 4

percent of frequent occupants.

5.5 CH- Ze7C

The in t e l l i g i b i l i t y  of electroni cally communicated speech within these

aircraft was calculated to be 49 to 83 percent. Predictions of hearing loss by

protected occupants of these aircraf t range from a 5 to 10 dB NIPTS at “speech

frequencies ” among 7 percent of frequent occupants to art identica l loss among

17 percent of frequent occupants.

5.6 CH-54B

The in tellig i b i l i t y  of electronic ally communicated speech within these

aircraft was ca l culated to be 88 to 98 percent. Predictions of hearin g 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 art NIPTS of more than 10 dR at “speech freauencies ”

among 8 percent of frequent occupants .

5.7 SENSITIVITY OF HEARIN G LOSS EST I MATES TO SOUND LEVEL

The estimates of hearing loss which are presented in Section 5.1 throug h

5.6 were based on the highest sound levels that were measured during many ma-

neuve rs . Some justifications for that procedure were previousl y presented in

Section ~.O. The degree of conservatism introduced by that procedure is illus-

trated by re—estimating hearing damage risks for a coup le of other cho i ces at

sound levels for the aircraft wh i ch generated the widest range (7 dB) of measured

sound levels--the OV- 1D number 68-16996.

Using the highest measured sound leve l measured for the numbe r 68-16996

OV—1 D results in an estimate of a 5 to 10 dB NIPTS for 90 percen t 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 l owest values results in an estimate

of a 5 to 10 dB NIPTS for 19 percent of frequent occupants. This sensitivity

to cho ice of va lues among measured sound l eve l s  is the greatest  one for the l i s t

of damage risks shown in Table 3. since the range of measured sound leve l is the

grea tes t  for  this case .

5~~ 
COMPAR I SON OF RESULTS W I T H  THOSE OF P R E V I O U S  S T U D I E S

The levels of intrusive noise which are tabulated in Table 3 are close to

levels defined by Gasaway 22 as threshold levels for which the intrusion of am-

blent noise begins to create noticab le interference with aural communications.

The int e l l i g i b i l i t y  levels which are tabulated in Table 3 ag ree with Gasaway ’s

conclusion that the backg round noise levels are marginall y adequate , since the

tabulated values for intellig i b i l i t y  vary with the levels of backg round noise.

If the re were any l eeway in noise levels , then intellig i b i l i t y  scores would re-

main high for vary ing levels of background no i se.

An extensive literature search revealed no publications wh i ch relate spe-

cific amounts of hearing loss to exposure to helicopter noise , nor have the re

been published attempts to predict how many peop le will suffer given l evels of

hearing loss as a result of exposure to helicopter noise. There is a p ro-

nounced need to stud y 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 typ ica l helicopter occupants by perfor ming audiometric tests of their hear-

ing on f requent , randomly-selected occasions at the beg inning of their daily

duty.

5.9 HEA RING LOSSES AMOHG ARMY PERSONNEL BEFORE THEY BEC OME HELICOPTER PILOTS

Wa l den , et al 33 published measurements which show that , while the va’ .~

L 

majority of individuals entering the Army have hearing w ithin normal limits , in

the first four to six months that an in dividual is on active duty, his chances of

sustaining a hearing impa i rment increase substantiall y as his time on active duty

continues. For examp le , 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 wh i ch 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 si gnificant hearing losses at the time that they enter helicopter

• serv i ce, and one-quarter to one-half of them have suffered seve re hearing

losses which make them unsuitable for duty in hig h-noise environments at the

t ime 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 othe r investigators. Currentl y accepted

criteria for predicting hearing losses wh i ch result from noise exposure lead

one to conclude that those noise levels wi l l  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 he l mets at least as good as SPH-4

hel mets. However , the measurements wh i ch are described in this report were

pe rforme d with vo l ume con t rols set at mid -range . If p ilots routinel y turn up

vo l ume controls on their communication aids because of real or imag ined problems

with intell i gibility , then large percentages of them will suffe r handicapp ing

losses of hearing.

Tab les 5 and 6 show the calculated e f f e c t s  of t u r n i n g  up electron i call y-

generated signals and noise by 10 decibels. When that is done , low frequency

noise wh i ch is transmitted mechan i call y throug h earcups is not changed. The

result is that a p ilot does achieve a considerable improvement in intel l ig i-

bility by turning up volume con trols. Those Tables also show that p ilots 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 con t rols on comrnunicatio rt s aids

in attempts to raise speech levels above the leve l of intruding low frequency

noise that is transmitted through he l mets and earcups (see Sections 4.7 and 8.2).

If that low frequency noise could be eliminated , then p ilots would be more in-

clined to set speech levels at less than harmful levels , and they would fee l

more comfortable and be less subject to fatigue and error and risks of hearing

loss would be even less than those small risks wh i ch are described in this

sect ion .
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TABLE 5. EFFECTS OF INCREASED VOLUME CONTROL SETTINGS (UH—IH )

OH-tM 68-16612, LEVEL FLIGHT
GAIN SlUO Y . 3~~LG INAL LEVEL S.

C ENTE~ SP#CT~ UM SPECTR UM
F-~E~ UEN~ Y LEVEL OF LEVEL OF 

~~ eflC~~~OF 8ANl.~ SPEEC-4 NOISE ØIS ?AG~ IS~~~~~~~~(HERTZ) (09) (98) 
~~~~~~ ~~

‘y F B ~~ 1)3)0 .— —

• 270.0 ‘.7.4 61.?
3o0.0 1.5.9 53.4
490.3 53.9 ‘.7.
6 3 0 . 0  51 .5  ‘ . 4 .4
770.0 ‘.2.3 39.9

20.0  39. 2 3~..2
1370.0 37.8 33.9
1230 .0  39 .3  3 7 . 3
11.00.0 ‘.2.0 36.5
1,70.3 42.9 36.2
17’ .0 .0  4 0 .2  36. t
1920.3 3 7 . 2  37. o
2 130.0  36.4  3 8 . 7
2370.0 34.8 36.d
2660.0 33.1 ‘.5.3
3000.0 42.3 50.9
3 4 0 0 . 3  29 .6  4 5 . 0
3~s5O.0 33.6 36.1.
‘.560.0 24.0 34.3
5600 .0  18.0 30 .6

OA SL ( 08A) = 77.8 81.9

Oi~ERA LL SOul Ith LFJEL (SPEECH .- NOISE, 200 TO 6 100 HZ )  = 83 .3  UBA

C E N T ~~ C3R RE IEO SPRE AD — MASKI NG
F~ E0UEr. Y NOISE OF— MASKING LEVEL OF
OF bAND LEVEL OF NOISE NO ISE
(HEi~TZ1 (03 )  (08 )  (L) B)
270.0 61.2 26.7 61.’
3~~0.0 53.’. 21.8 53~ L

47.1 18.1 47.1
630.0 ‘.4.4 1’..t 4’..’.
7 7 0 . 0  39 .9 11.6 39 .9
920.3 34.2 9.1. 3 4 , 2

1010.0 33.9 6.,
~ 33.9

1230.0 37.3 4.9 37.3
1400.0 36.5 3.0 36.5
1570.0 .56.2 1.3 36.2
1740.0 36.1 0.; 36.1
1920.0 37.6 0. C 37.6

• 2130.0 38.7 0. 0 38.7
2370.0 36.8 O . ’~ 3 .8
2660.0 ‘.5.3 0. 0 45.3
3000.0 51.1 0.l~ 51.1

• 5400.0 45.3 0.0 45.0
3950.0 35.4 0.0 36.1,
4560.0 34.3 34.3 34.3
5600.0 -30.6 0.0 30.6
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TABLE 5. EFFECTS OF I NCREASED VOLUM E CONTROL SETTINGS (UH-1H) (Continued)

OH—t M 68—16612, LEVEL FLIGHT
GAIN SIUJY . RAISE NOISE 3PL A V OVF 1030 iIZ AND ALL SPEECH SPL 3 V  1.0 09.

CENTER sPECTRuM SPEC TRUM
F~ EQUENCY LEVEL OF LEVEL OF
OF BAND SPEEC F-4 NOISE
(HERTZ) (UB) (08)
270.0 57.’. 61.2
380.0 55.9 53.’.
4 9 0 . 0  63.5 47.1
630.3 61.5 64.-.
770.0 52.3 39.9

~20.0 ‘.9.2 34.2
1070.0 47.8 ‘.3.’~
1230.0 49.3 ‘.7.3
11.00.0 52.0 46.5
1570.0 52.9 ‘+6.2
1740.0 50.2 ‘.b,1
1-~2O .3 47.2 47•
2130.0 ‘.6.4 48.7
2370.0 *4.8 46.8
2660.0 43.1 55.3
3 0 0 0 . 0  52.3 60.9
3400.3 39~ 5 5~~•Q
3950.0 43.6
4560.0 34.0 44.3
5600 .0  28 .0 4 0 .6

O~ SL (08A) 87.8 90.6

OVERA LL SOUND LEVEL (SPEECH ~ NOISE, 200 tO 6100 HZ) = 92.4 OBA

CE NTER C3RRE~ TE 0 SPREAD- MASKING
FREQUEN~ Y NOISE 3F~-MASKTl ’1G LEJEL OF
OF bAND LEVEL OF NOISE NOISE
(HERTZ) (1)8) 11)8) (013 )
270.0 61.2 38.6 61.2
3o0.C 53.’. 33.7 51.1.
490.0 47.1 30.0 47.1
630.0 ‘.4.4 26.4 .4.4
770.0 39.9 23.5 39.9
920.0 34.2 26.9 36.2

1070.0 43.9 18. - 43.9
1230.0 47.3 16.7 47.3
1400.0 46.5 1~..’) 46.5
1570.0 46.2 13.2 46.2
1740.0 46.1 11.7 46.1
1920.0 ‘.7.6 10.3 47.6
2130.0 ‘+8.7 8.b ‘+8.7
2370.0 46.8 7.3 46.8
2660.0 56.? 5.6 56.2
3000.0 63.1 3.9 63.1
3400.0 56.0 57.3 57.3
3950.0 46.1, 0.0 46.4
‘.550.0 44.3 44.3
5630.0 60.6 0.0 40.6
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TAB LE 6. EFFECTS OF INCREASED VOLUME CONTROL SETT I NGS (ov-1D)

Ov— 1 0 ~68—16997, LEVEL FLIGHT
GA IN STUDY. ORI GI NAL LEVEL S.

CENTER SPECTR UM SPECTRUM
FRE~ (JE~I~~Y LEVEL OF LEVEL . CF
OF tSAN O SPEECI-4 NOISE
(HERTZ ) 4DB) (DB)

27U.0 72.6 70.3
380.3 54.3 56.7 C ~~~~~~

_

‘ .90.0 52.6 49 .;
630.3 51.’. ‘.7.5
770.0 48.5 41.3
920.0 ‘.5.0 38. 2

1070.0 45.3 37.6
1230.0 46.4 38.2
1’.0O.O 47.2 39.2
157 0.0 ‘.7.5 36.
1740.0 ‘.6.2 36.5
1920.0 ‘.4.0 3’+ .b
2130.0 ‘.‘..2 36.0
2370.0 46.5 37.0
2660.~ 55.8 49.5
3000.0 54.9 55.5
3400.0 51.0 52.5
3950.0 21.3 1~.••’.
45b0.0 — 19.0 43.1
56 00 .0  — 2 0 . 2  36. 5

OASL (UBA ) 89.6 83.1

OVERALL SOUND LEVEL (SPEECH + NOISE, 200 TO 6100 HZ) = 91.9 DBA

C E N T E R  C 3 R R E ~ 1E0 SPREA D- NAS K ING
FR E QUEN C Y NOI SE OF—MAS K ING LEV ~ L OF
OF BAND LEVEL OF N~~1SE NOISE
(HERTZ) (08) (I)B) (98)

270.0 70.3 32.9 70 .3
380.0 56.7 27.~ 56.7

‘.9.8 2 4 . 3  ‘.9.8
630.0 ‘.7.5 20.6 47,5
770.0 1.1.3 17.7 ‘.1.3
920.0 38.2 15.2 36.2

1070.0 37.6 13.J 37.6
12 30.0  38.2 11.u 38 .2
1430.0 39.2 9.1 39.2
1570.0 38.7 7.5 38.7
1740.3 36.5 6.0 36.5
1920.0 34.6 4.6 34.6
2130.0 36.0 3. 36.0
2370.0 37.0 1.5 37.0
2660.0 ‘.9.5 0. C 49.5
3000.0 56.6 0.0 56.6
3400.0 53.0 51. 4 53.0 H
3950.0 ‘.4.1. 0.~
4560.0 43.1 O.C 43.1
5600.0 38.5 0.3 38.5
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TABLE 6 . EFFECTS OF I NCREASED VOLUME CONTROL SETTINGS (OV-JD ) (Continued)

OV- 1D b8—1699?, LEVEL FLIGHT

~A I~ SIUJ Y. RAISE NOISE SPL ABOVE 18O~ HZ AND A LL SPEECH SPI. BY 10 09.

CE NTER SPECTRUM SPECTRUM
FREQ UENCY LEVEL OF LEVEL OF
OF BAND S~~EEC M NO ISE
(Hc.RTZI (DB) (09)
270.0 82.6 70.3 

~~ /380.0 64.3 56.7
*90.0 62.6 49.o
630.0 61.4 ‘+7.5
770.0 ,8.5 ‘+1.3
-,20.0 55.6 38.2

1370.3 55,3 37•~ 4?4~~
1230.0 56.6 38.2
1’.00.3 57.2 39.? ~~
1570.3 57.5 38. 7
1740.0 56.2 36.5
1920.0 54.0 (+4.6 %Y
2130.0 54.2 46.0
2370.0 56.5 47.0
2660.0 65.~ 59.~
3000.0 64.9 65.~
3400,0 61.0 62.~
3950.0 31.3 54.4
‘+560 .0 —19.0 53.1
5€,00.0 —20.2

O4SL (OBA ) = 99.6 96.0

OVERAL L SOUN D LEVEL (SPEECH + NOISE, 2~ 0 TO 6100 HZ) = 101.2 OBA

C ENT ER ~ ORRECTE !~ SPREAD— M A S K I N G
F (EQUFN Y NOISE O F — M A S K I N G  LEVEL OF
CF 13AN I) LEVEL OF NOIS E NOISE
(HERTZ ) (09) (013) (08)

270.0 70.3 44.9 70.3
330.0 56.7 39.9 56.7
4~ 0.U ‘.9.8 36.3 ‘.9.8
6 3 0 . 0  ‘+7.5 32 .6  ‘.7.5
770.0 41.3 29 .7 41.3
920 .0  38.2  27 .2  38.2

1070.0 37.6 25.0 37.6
1230.0 38.2 23. ] 38 .2
1400.0 39.2 21.1 39.2
1570 .0 38.7 19.5 38.7
171.0.0 36.5 18.0 36.5
1920.0 1.4.6 16.b
2130.0 ‘.6.0 15.1 46.0
2370.0 47.0 13.5 ‘.7.0
2660.0 61.2 11.9 61.2
3000.0 68.6 10 .1
3400.0 65.0 62.’. 65.0
3950.0 55.1 63.’. 63.’.
4560.0 5h1 6’..5 64.5
5603.0 ‘+8.5 36.2 48.5
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There is little chance of mod i fy ing existing helic opters to reduce the

levels of low frequency sound to non- int rus ive levels (See Sec t ion  8.1). Mod i-

fication s of helmets and earcups or more effective use of earcups by personnel

are the most likely means for reducing the noise si gnificantly (See Section 8.2).
Earp lugs provide a less appealing , but effective , means for controlling the

intrusion of low freq uency noise. Some people have expressed concern that

earp lugs might prevent equalization of pressure within ears during rap id

altitude changes. Howeve r , Stork and Gasaway3” conducted studies which pro-

vided evidence that most peop le can wear earp l ugs i n f l i ght without discomfort

and wIthout difficulty in ventilating their middle ears.

Whateve r the methods for controlling the l evels of noise at peop le ’ s ear s,
routine p e r i o d i c  a u d i o m e t r i c  tests should be performed on peop le who are ex-

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

hearing loss data ,15 and enough individual variation from trends for large

populations , that limits on noise exposure do not insure that given individuals

wil l  not suffer significant hearing losses when they are exposed to noise which

is controlled to meet popular damage risk criteria.

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

intensity sound has been recognized by the military services since l949.~~ Since

1956, the Air Force has perfo rmed an annual aud iometric test of each noise-exposed

person w ithin the Air Force . Earl y 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 emp l oyed by the Air Force hear better than the genera l

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

standards. The U. S. Army has adopted a similar program . A descr ipt ion of

~Tlit ary programs Ts found In Section 9.2.
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6. 0 ANALYSI S OF A V I O N I C S EQ UIP M ENT

Part of the data supp lied by AEL is in the form of electrical measurements

made on radios and aircraft intercommunication (AIC) sets. The performance of

A I C ’ s wi l l  be discussed In this section .

Data were provided on the gain and harmonic distortion of the microphone

and headset amp l i f i e r s .  These are summarized in Table 7. The microp hone tests

at small and large input voltages show that the AGC circuits are operating

satisfactoril y and that the distortion is low . After a l l o w a n c e  for an attenua-

tion of 66 dB in the input test circuit , and allowance for the sensitivity

of a typ ical M-87 microphone (-1 11 dBV/~bar) ,
6 

the test voltage of 0.6 Volts

simulates a sound pressure of about 1 1 5 dB SPL; 4.0 Volts simulates a sound

pressure of about 131 dB SPL.

The headset amplifier output of 1.25 Volts produces approx i matel y 100 dB SPL

in the  earcup . For both A I C ’ s , the distortio n exceeds 5% at some frequencies .

This distortion , althoug h exceeding specifications , probabl y has no adverse

effect ort i nte lli g i b ili ty .

When the signal to the earp hone is raised from 1.25 Vol ts to 1.5 Volts , the

C- l 6 l lD d istorts seve rely, whereas the distortion of the C—6533 does not increase.

AEL personne l performed a few distortion tests on an AN/ARC -l15 VHF-AM

r a d i o , serial no. 25959 , w h i c h  permit assessing the rel at ive dis tortion in the

C-6533 and the rece i ver. The following result is typ ical. A standard 80%

modulated RF signal was app li ed at 131 .150 MHz.

— 
A I C OUTPUT (mW) RECEIVER VOLUME DISTORTION (%)

200 Max i mum 24.5

253 (Max) Mid-range 19

200 Mid-ra nge 4.8

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

leve l , the A IC and rece i ve r audio circuit contribute about equally to distortion.

Another set of electrical measurements was available in the form of tape

recordings of the electrica l noise at the output of the headset amp lif i e r . Th e

headset  was simulated by an 8 ohm resisto r. Measurements were made w ith the
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TABLE 7 AIC  AVERAGE PERFOR MA NCE

A IC TYPE C— l 6l lD C—6533 C -l 6 ll D c—6533

COMPONENT Microp hone Microp hone Headset Headset
Amp lifier Amplifier Amp lifier Amp lifier

NUMBER TESTED 12 11 13 11

TEST I NPUT (VOLTS) 0.6 0.6 2.75 2.75

FREQ. RESPONSE (Hz) 130-7000 250-4600 145-7000 125-9000
(3db PO I NTS)

OUTPUT (VOLTS) 2.6 2.9 1.25 1.25
(Volume (Volume
adjustment) adjustment)

HARMONIC DISTORTION (%) 2.2 1 .3 4.5 3.7
1000 Hz

DISTORTION RANGE (%) 1.6-4.0 0.6-2.6 2.9-8.0 3.4-4.3
1000 Hz

HARMONIC DISTORTION (%) Same as Same as 7.0/5.4 3.8/5.2
300 Hz/6000 Hz 1000 Hz 1000 Hz (2 unIts) (3 units)

LARGE SIGNAL 4.0 4.0 2.75 2.75
TEST INPUT (VOLTS) (Volume max .) (Volume

max.)

LARGE SIGNAL OUTPUT 3.9 3. 1 1.55 1. 5 1
(VOLTS) (4 units) (2 units)

LARGE SIGNAL 2.6 1.3 24.5 3.6
DISTORTION (%) (4 units) (2 un its)
1000 Hz
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AIC both keyed and not keyed , and with both a real and simulated P1-87 microp hone .

The contribution to acousti c noise at the ear due to electrica l self-noise in

the amp l i f i e r s  was found to be neg li g ible. The va l ues of the sound pressure

wh i ch would be produced at the ear by these electrica l sources could not be

precisel y calculated because of uncertainty about the exact calibration of the

earphone in situ and because of the p roblem 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 no L,e , 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 acoustica l sources.

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

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

A few measurements were made to test the action of AGC in the microphone

amplifier upon the initiation of the speech test-p hrase. The method is described

in Appendix B. Due to various p rob l ems in inserting the test si gnal and interpreting

the results , the confidence leve l of the accuracy of the va l ues is only moderate.

AIRCRAFT TYPE AMPLIFIER GAIN CHANGE (dB)

UH- IH -3 .1 (one samp le)

OV -l D -3.6 (one sarnp~e)

AH -lS — 5 .1 (three samples)

These va l ues were not used to adj ust the KEY NO TALK noise (above the crossove r

frequency) downward befo re ca l culation of the art iculat i on indices wh i ch are listed

in this report. Had they been used , the listed indices would have been slight l y

better. For example , in the case of the OV—l D #69-17005, the index increases

from .40 to .44 when AGC action is taken into account.
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7.0 EXPERIMENTAL STUDIES OF EARCUPS

In Section 4 , it is shown that earcups are the weak link i n  the a i r c r a f t
communication system with regard to reducing noise at the ear. A series of

experiments werL made to deter m ine why the SPH—1+ has deficient p~ rformance in

the aircraft. Before beg inning the experiments , the literature was reviewed.

The theo ry of circumaura l earcups has been described by ~~~~~~~~~~~~~ Shaw

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

mission throug h 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 externa l sound pressure , the vibration modulates the interna l

earcup pressure , thus producing sound at the ear. This phenomenon

has been referred to as “earcup pump ing ” or the “pump i ng mode.”

o Loca l flexure of the earcup wall or earcup cushion.

o Sound transmission into the earcup volume throug h the flesh

i mmediately under the earcup cushion.

o Sound transmission through the chest and head (bone conduction) to

the middle ear. This is known to lim i t  the attenuation of all types

of ear defenders to about 45 dB throug hout the spectrum. 4O

7. 1 EXPERIMENTS WITH THE SPH-4 ON A FLAT PLATE COUPLER

Fi gures 34 throug h 37 show the results of an investi gation of various

factors which contribute to reduced attenuation in the SPH-4. The tests were

made at ATC on the same he l met which was used by USAECOM for the in-fli g ht

measurements. A few tests were made on a di fferent but s i m i l a r  set of SPH-14

ea rcups. The earcups and cushions were in good condition . A test sound pressure

of 94 dB SPL was appl ied. The helme t straps were used to app l y approximatel y

one kilogram-force to the earcup. The tests we re made by press ing the SPH-4

earcup against a flat plate wh i ch was built up slight l y with clay to provide a

contoured surface . The con toured surface facilitates making a good seal. The

refe rence pressure was measured just ou t ,id e the earcup; thus diffract ion effects

do not appear in the results. A single loudspeaker in an anechoic chambe r was

used as a sound source .
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A number of the individua l earcup attenuation measurements wh i ch went into

the averages p lotted in Fi gures 30 and 31 showed a negative attenuation somewhere

in the reg ion 20-200 Hz. This is evidence of a resonance condition , due either

to sound leakage , wh i ch can cause a Helmho ltz resonance , or due to the pump ing

mode.

Figure 34 illustrates two attempts to make a best sea l on the flat p late

(modified with clay). The other curves in Fi gure 31+ show the effects of leaks

caused by eyeg la sses. Th e “plastic frame” curve illustrates a Helmho ltz resonance .

There is su f f i c ien t ly low damping so that the attenuation is negative. The

p lastic frames cause a 10 dB loss in performance . The “best seal” curves show

the cha racteristic plateau below 200 Hz , and -12 dB/octave slope above 300 Hz ,

which is due to earcup pumping. The mechanica l resonance in the pump ing mode

appears to be at about 200 Hz. Camp ’s curve 7in Figure 30 shows a break point

at about the same frequency. I n the SPH-1+, the pump ing action limits the

attenuation to about 15 dB at low frequencies.

The “best seal” earcup attenuation was measured at 3 sound pressure leve ls :

84 , 91k , and 101+ dB SPL. There was no evidence of a non-linear response. This

is the same result found by Fors tal l  I 
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

was mounted to the earcup on the othe r side of the wall from the earphone. The

l ower solid curve shows the results of calculating the sound pressure in the ear-

cup and determining the attenuation , us i ng the measured acceleration and the ear-

cup dimensions as pa rameters. The dashed cu rve is the measured attenuation .

Figure 36 shows how hair styles may influence earcup leakage. The dotted

curve was made by position i ng a woman ’s wi g on the modified flat p late before

placing the earcup.

Figures 31+ throug h 36 should be compa red to Figures 30 and 31 wh i ch show the

attenuation obta i ned in the aircraft studied during this p roject. The com-

parisons show that a plausible explanation for the poor performance of the SPH-4

in the aircraft is either an improperly fitted he l met or interference from glasses ‘

or large amounts of hair. A dditiona l experiments with human subjects are reported

in the next section.
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Another possible source of no ise  in the earcup is a variation of the pumping

mechanism in which airframe vibrations are transmitted throug h 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. Fi gure 37 shows the results of a

measurement in which ATC ’s modified flat plate with earcup in p lace was attached

to a shaker and subjected to a vibration leve l 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 mechanica l model of the human body is described which

predicts latera l head vibratio ns of up to 0.003 g in the frequency range

near 90 Hz, assuming tha t the seat vibration reaches 1.5 g, the maximum level

permitted by MIL_A_ 8870.42Assum ing a linear relationship between vibration levels

and sound pressure levels , Fi gure 37 shows tha t those vibration l evels wi l l  re-

sult in sound pressure  l evels of about 90 dB inside an earcup. At frequencies

above 200 Hz, much smaller maximum va l ues of head vibration and sound pressure
would be expected .

7. 2 EXPERIMENTS WITH THE SPH-1+ ON A REAL HEAD

The experiments described in the preceding section we re continued by testing

the SPH-4 with human subjects. In each case , the subject wore a medium-size

SPH-k helmet. The earcup cushions were in good condition althoug h 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 earp hon e, to
monitor the sound pressure in the earcup. The cable was passed throug h a hole

drilled in the left earcup. The hole was then sealed with modeling clay . The

subject was seated four feet from a loudspeake r in an anechoic chamber. The subject

faced the speaker with his left ear on the speaker axis. The ambient sound pressure

was mon i tored at the “ear” of the helmet , one inch from the outside surface of the

helmet. I n  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 helme t to improve

the fit. The chin strap was pulled ti ght.

Figure 38 shows the attenuation obtained on a subject with fairly thick hair

(an average “styled” haircut), with approximately one inch lonn h air in sideburns.

About 11 dB of attenuation was obtained at 200 Hz when the subject did not wear

g l asses. However , when plastic frame g lasses were worn (earpiece diameter of

1/8 inch), si gnificant attenuation was obtained only above 300 Hz.
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Fi gure  39 shows that when a subject has very long , thick hair which covers

the ears , no attenuation is obtained be l ow 1+00 Hz. Nor is the attenuation im-

proved very much by ti ghtening the chin strap.

Althoug h two other subjects were tested , both with relatively short hair , no

attenuation curves were obtained that were better than the bottom curve in Fi gure

38. Various trials with the subjects indicated that those with shorter hair have

a better potential for obtaining good attenuation at low f requencies , but that a

considerable amount of adjustment of the cushions and chin strap, and placement of

padding inside the he l met , may be necessary to realize that potential.

A questionnaire was sent to the five observers who wore the SPH-1+ helmet during

the data-taking in the aircraft. The answers indicated that all of the observers

wore some kind of prescri ption glasses or sung lasses , a practice wh i ch 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. Ha ir styles

ranged from moderate length (1/2 inch average) up to fairly long , similar to

that of the subject of Figure 38. Sideburns we re not p rominent. An attempt was

made to correlate the earcup attenuation which was obtained in the aircraft with

the hair styles , dimensions of eyeg lass frames , and techni que of the observers .

No correlation was found.

All of the observers adjusted or “worried ’t the earcups to make a better sea l

after donning the helmet. The chin strap was adjusted to be snug in every case.

As a measure of the quality of the sea l , four out of five observers felt that a

significantly better sea l could have been obtained by moderately pressing the

ea rcups against the head with the hands .

The experiments of this and the preceding section indicate that the th~fici ent

performance of the SPH—4 in the aircraft (see Fi gu res 30 and 31) can be accounted

for in the reg ion 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 g lasses and

hair. The performance of the SPH-1+ in the aircraft at hi gher frequencies cannot

be fully accounted for , since Figures 38 and 39 show that at 1 000 Hz and hi gher

frequencies , attenuat ions of g reater than 25 dB are obtained even with substantial

leakage. Some possible reasons for the discrepancy are :

o The res u lts shown i n F i gures 38 and 39 are less app l icab le  at
hi gher f re quenc i es si n c e  the measurements were not made in a

spatially randorn noise field.
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o No i se due to the tape recording process may be s i gn i f i can t  above
1000 Hz , beca use the range of the spectrum leve l of noise exceeds the

dynamic range of the tape recorder (see A ppendix B). In this case ,

the actua l attenuations provided by the SPH-4 in the aircraft may well

be as good as it is in the laboratory, a t f r e q u e n c i e s  near  and above

1 000 Hz.

7.3 COMPUTER SIMULATIO N OF EARCUP PERFORMANCE

D e f i n i t i v e  pub l ications(e.g., Zwislocki , ‘ ; Shaw and Thiessen

which describe mathematica l analogs of earcups were published about 20 years

ago. The equations in those publications were derived from schematics of

electrica l ana l ogs of earcups. At the time of those publications , electronic

digita l computers were not available to aid analyses , so assumptions were made

to simplify extraction of numerica l va l ues from comp licated equations. For

example , Zwislocki~~
6 exam i ned 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 ri g id

s u rface , wh i ch leads to conclusions which do not appl y to an earcup on a real

head. Zwislocki 4~ combined flesh properties and cushion properties , and assumed

that an earcup system is critically damped ; tha t approach also does not provid e

an analysis of the sensitivity of earcup performance to cushion damp ing. Shaw

and Thiessen~~
8 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

di g ital computer to perform those exact calculations. The resul ts which are

described in this Section are for the “pump ing mode” only. It is assumed that

all leaks have been eliminated and that transmission throug h the body is negli-

g ible. Appendix F describes electric al analogs and corresponding equations

which were used in the stud i es which are reported here. Tha t appendix also

• includes a listing of the FORTRAN IV computer program that was used , and

typica l 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

85

~

-—----—-- --



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

2E~ PVC) = 3.3 x 10 dynes/cm
.02 CM . PVC

\
~~~~~~~~ (Isothermal) Bulk Modulus of

Air = 1.0 x 106 dynes/cm2

3 
Resistance of Air — F i l l e d  Cushion = 0.0

Resistance of Water-Filled Cushion =

j-ii~
__ 7 .11+ cm—..j 

4cm 
‘
~

‘

~ 

~ ~~~~~~~~~~~~~~~~ 
=

.8cm 4 RIGID SURFACE

30 
_ _

I I 1 1 I I  I l i i i !

20 — — — - - - - ______ — 
— 

_} MEASURED

10 
AIR-FILLED C U S H I O N — 

- 
It 

—— 
ZW I S L O C K I  MODEL
OR W ITH A L T E R N A T I V E

0 

— 
MODEL

_ J~.;
’

-10 —__ - ___ ___

-20 _ _ _  

~~~~~~~~~~~

— =- -

~~~~ 

_ _ _  _ _ _

-30 ~~~~~~~~~~~
— — - - - ____ _ _ _ _

I—.

- WATER-FILLED CUSHION
-40 —•-—

~~~~~~~~~~~
— - --  - ____ _ _ _ _

-50 — - - - -- . .  _ _ _  — — - -. .  _ _ _

10 100 1000 10000

FREQUENCY IN Hz

FIGURE 40. COIIPUTED AND MEASURED TRANSM ISSION RATIO FOR EXPERIMEN IAL
EARCUPS — EARCUP SHOWN I N  F I G U R E  8 OF SHAW & T H I E S S E N 3°

ON A R I G I D  SURFACE - ,

86 

- --~~~ _



ratios measured by Shaw and Thiessen~
8 

for two test earcups which are described

in their a r t i c le. The two models referred to as the “Zwi slocki model” and the

“alternative model” are based on two different modes of disp l acement of skin by

an earcup. Those modes and models are described in Appendix F . Matches between

calculations and experimental results we re obtained by us ing a va l ue for the

Young ’s modulus of pol yviny l chloride earcups equal to one-half of the value
. 38

reported by Shaw and Thiessen for stat ic 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 . In view of the hig h viscos i ty of skin , that may seem like a

hi gh value for the resistance of a water-filled cushion , but resistance depends

on geometry and veloc i ty fields as well as on viscosity. Much hig her 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 hi gher in a

confined low viscosity material than in an unconf ined hi gh viscos i ty material.

Fi gures 40 and 41 show good agreement between calculated and measured

va l ues of the transmission ratio of two particular earcups on a ri g id 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 40

merely indicates tha t air provides some cushion resistance ; zero cushion re-

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

The match between ca l culated and measured values of earcup transmission

ratio is much better for the “Zwislocki model” than for the “alternative model”

in Figure 42 - Tha t ind i cates that the mode of deformation of circumaural skin

by an earcup that was assumed for the Zw i sl oc ki model is more app licable than the

mode of deformation that was assumed for the alternative model (see Appendix F).

However , tha t conclusion is based on a single examp le; the mode of deformation

depends on the stiffness of the air vo l ume enclosed by an earcup, and it may

depend on the confi guration of an earcup and on contact pressure. Therefore ,

the question of which model is applicable to a g iven earcup at a g iven frequency

• and a given contact pressure should be recalled for each anal ysis.

Figure 42 shows measured values of transmission ratio wh ch are greater than

“Zwislocki” calculated values at hi gh frequencies , which reveals less than cx-

pected “mass-law ” performance . The hi gh measured values may be due to

bone conduction , air leaks , surface waves in skin , inner ear impedance , or trans-

miss ion of sound directl y throug h earcup walls. Those factors should be included
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r

in future computer models. However , the agreement between the values of trans-

m iss i on rat io which were calcula ted wi th the Zw i slock i mode l and measured val ues

was judged adequate to justify using that mode l to explore the sensitivity of

earcup performance to changes in cushion and skin resistance .

F igure 43 shows ca l culated and measured influences of skin flexibility

on the transmission ratio of two experimenta l 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 i n pu blished studies , there is

a question as to whether the designs of earcups with liquid-fil led earcups have

been optimized to take full advantage of damping tha t is prov i ded by liquid-

filled cushions.

Figure 44 shows the results of computer calculations of the sensitivity of

the transmission ratio of two experimental earcups with liqui d-filled cushions

to the mechanical resistance of the cushions. That figure shows that the bene-

fits to be gained by increasing the mechanica l 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 vol umes and cushi on st i ffn esses of the two earcups that were

ana l yzed were selec ted by ex per imenters to y ield the optimum sen sit ivity to ear-

cup resistance. Further mathematical and compute r studies similar to those

which are out l in ed i n Appendix G will be necessary to defi ne op t i mum confi gura ti ons

for earcups. The equations wh i ch are presented in Appendix G are very compli-

cated; they are presented mere l y to illustrate that the optimum conditions are

so complex tha t they defy definition by means of applicatio ns of intuition and

trial-and-erro r variations of design parameters.

Shaw and Thiess en~
8 repor ted no appreciable benefi t when they subs t i tuted

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 , wh i ch means that

it was actually a low-yield plastic solid , which does not meet the requirements

for earcup damp i ng . In addition , the v is cos i ty of the syr up was much hi gher

than typ ical opt imum val ues that are in dicated by cursory stud ies and the de-

s ig n of the test earcup sys tem was not opt imized to give the maxi mum advantage a

from filling of the earcup cushion with a viscous liquid.
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1

Zwislocki 14
~ reported some i mprovement i n the transm issio n ratio of a test

earcup when the earcup cushio n was fill ed wi th 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 mathematica l and experimental studies are required to define fully

the potential for improvements in earcup performance . The computer model should

be expanded to in clude the effects of bone conduc t ion , air leaks , surface waves

in skin , and i nner ear i mpedance .

• 7.14 FIELD EXPERIENCES WITH EARCUPS AND OTHER EQU I PMENT ITEMS

At various times during the project , contacts were made by letter , tele-

phone , and personal visits with med i ca l and administrative persons in the mili-

tary services , to learn more about equipment and operations. Additional con-

tacts were made with technica l 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

i nvestigation.

A complai nt from helicopter manufacturers and from military hearing con-

servation personnel alike is that air crewman defeat the noise contro l features

that are built into the aircraft. This is another way of say in g that the air-

craf t are not designed for the uses that are made of them.

Helicopters are severa l dB noiser , especially in the 1 00-300 Hz frequency

band, if operated with doors open. However, as a practical consideration they

are often operated thus to enable rap id egress.

Helicopters sent to combat reg i ons are routinely stripped of acoustic

padding because the padding not onl y bears a weight penalty , but also covers up

critica l hydraulic lines wh i ch must be inspected frequentl y for leaks. Manu-

facturers are allowed to meet MIL-A-88O6 29 by ret rofitting acoustic padding

and other materials wh i ch usually are not compatible with combat conditions.

a I n some cases , Dot) w il l  wa i ve MIL-A-8806 for cost , weight , or other considerations.

The rationale seems to be that aircra ft may be allowed to be sources of noise

that is well above human tolerance , if hearing protectors are capable of lowering

no i se 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 i s  pr I~~ r u i , due to

differences in sizing and fitting of cups to various personnel. ~~“~e pc~~~ ’ne l

have low tolerance to the pressures of ear cushions and tiqht chin str ap s. so.’.

70 percent of air crewmen inspected recently were not p roperl y fitted , and u t h c r s ,

although properly fitted , did not have the prope r adjustment of crossbands and

fasteners in the helmet. Different sty les of hair and eye glasses also add to

variances of noise exposures , and compound the prob l em of asce rtaining exposure

l evels.

Considerable non—un i formity exists in the SPH—4 units procured by the

se rvices , in part because four different compan i es are now making them. The

applicable specification does not regulate quality sufficiently to avoid large

and i mportant diffe rences 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 labora tories and are like l y to be even worse in operational conditions

where vibrations occur.

Some f l i ght personnel use customized he l mets and earcups. These may or may

not be as good as i ssue , but at best they tend to defeat the purpose of mon i toring

and control.

Earcup seals become ha rd and brittle with age. Personne l realize this

and try to get them rep laced for their own protection . This is not always

possible. In a recent case, a large group of flight personnel wa i ted Il months
• for new seals to be procured , and finally had to go overseas without them.

Persons who cannot tolerate earplugs suffe r from sharing the intercom with

those who do. Earp lug wearers require hig her vo l ume settings , and this causes

extra noise in the ears of the non-wearers .

There is con troversy as to what degree of blame for the hearing loss problem

must be placed on radio and intercom equi pment in military aircraft. Some

i nvestigators feel that the intelli g ibi l i t y  of the electronic communications is

too low , and that the vo l ume Is often turned up to harmful sound l evels in an
• attempt to understand transmissions. Others fee l that this condition is

ameliorated because flight personne l learn by experience to dec i pher the dis-

torted speech sounds , and have little difficulty with them. Speech comprehension

probabl y does improve with experience , but personnel may form bad habits wit h

1: 914
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their use of the volu me cont rol , or may even suffer some hearing damage , before

the necessary experience Is ga I ned . This suggests that a “low-vol ume ,” pre-

fl i ght training program to gain this experience for personnel would be a good
• investment for a hearing conservation program.

I

95



r~v - • • • • •

~~~

• .

~~~~~

• •

~~~

- •

~~~~~~~~~~~~~~

•

8.0 SUMMARY OF HARDWARE PERFORMANCE AND FEAS I BLE IMPROVEMENTS

8.1 CABIN NOISE

von Gierke
4
~ ’46 i dentified the dominant sources of helicopter noise to

be: (1) engines , (2) transmissions , (3) rotationa l noise generated by tail

rotors , and (4) vortex noise generated by main rotors , and he referred to

methods for predicting those no i se levels. Since then , the main advance in

the techno l ogy of predicting noise levels generated by p ropulsion systems

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

as they were 20 years ago (for example , Ramakrishnan , et al., l975).~~

In the early days of hel i copters , interna l combustion engines were used ,

and unmuffl ed exhausts we re a major sour ce of no i se.14
~ Modern helicopters

are powered by gas turbine eng ines , and inle ts , turbine blades , and exhausts

of those engin es are major sou rces of hel i copter no i se. Methods for ana lys is
and contro l of such noise are still be i ng developed ,48 52 but some practical

appl i cation s of those new methods have been successf u l.~~~’~
4 Me thods fo r

predicting rotor noise have been known for decades , but on ly recen t ly have
computer iterations on design variables made it practical to contro l rotor

noise by j ud i c i ous cho ices of blade shape , rotor solidity, and rotor tip

speed .~
14’~~ Fau l kner~

4 performed studies of the cost of noise reduction in

interc i ty commercial helicopters , and concluded : “. . .good economic perfor-
mance can be expected of relatively quiet future helicopters which have low

ti p speeds and h i gh solidity rotors.”

Althoug h the technology for predicting and controlling noise from engines

and rotors i s ava i lable , the technology for predicting and controlling trans-

mission noise (predominantly gear noise) is not so well deve l oped . Moeller 56

provided a good qualitative discussion of the problem , but quantitative pre-

di cti ons have been develo ped on ly i n the las t few years ,~ 7’~
8 largel y due to

the necessity for carrying out the required calculations on modern high-speed

elec tron ic computers. The mechan i sms of genera t ion of gear v i b ratio ns and

convers i on of those vibra ti ons to sound sti ll are poorly defi ned and poor l y

understood . Therefore , for the present , contro l of gear noise must be achieved

largely by means of v i bra ti on isola ti on59a 60 and by enclosing~ the offend i ng

gears.
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The principles of noise contro l in helicopters have been known for decades.

I n 1957 , von Gierke 45,46 prov i ded spectra of noise within and external to

helico pters , reported studies of noise reduction achievable with special

structures , and offer ed cri teria for se lec t ing materia l s for noise con trol.

He reported that there were no quantitative methods for predic ting noise

generated by structure-born vibrations , bu t he judged tha t such no ise is less
i mportant than air—borne noise (including noise transmitted directly through

structures)

A few years after von Gierke ’s summa ry , F ranken and Be ranek62 provided
some more details of methods for predict ing and controlling noise wi thin aircraft.

They noted that the main prob l em with predicting noise levels within aircraft

is proper evaluation of all of the various paths by which noise can enter a

cabi n (for examp le , sidewalls , win dows , 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 typica l aircraft fuselage , and they discussed

some details of designing such structural components as window frames and baggage

racks for noise control.

Schultz 6l summarized the principle s of des i gning aircraft enclosures to

attenuate sound as those p ri nc i ples were known a decade af ter Franke n ’s and

Beranek’s 62pu b l i cat ion . Very li tt le had changed d uring that decade.

Six years after Schultz ’s publication , the p ract i ce of desi gning a ir craf t

enclosures is sti ll about the same as i t was when he publ i shed , 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

elemen t methods ,6~ (2) statistical energy analy sis ,614 and (3) wave propagation

and periodic structure theory.
65 Those three deve l opments were made possible

lar gely by the incr eas i ng availab i l it y of elec troni c computers. Regardless

of new predict i ve techni ques , the pr act ice of designin g a i rcraf t stru ctu res

for no i se control has changed li tt le d ur i ng the past 20 years.

Many measurements of no i se levels w it h in cockp i ts have been accumula ted

(for example , refe rence 3), but most of those measurements remain in private

company files , or must be ordered from government pub lication offices. Ava ilable
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measurements and cal culations of noise in the interiors of aircraft have served

to confirm princi p l es and trends that were established 20 years ago. For

example , Catheri nes and Hayes66 reported measurements of noise wi thin two

propeller-driven light aircraft; those measurements showed that windows p ro-

v i ded only 3 decibe ls noise reduction , and tha t l eaks around door seals we re

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

from the simplest predic tive techniques of 20 years ago. Measureme~u ts and

calcula t io ns performed by Vought Co rporat io n personne l also show tha t w i ndows

are the weakest link In the acoustical path to the interior of one commercial

helicopter. Figure 145 shows measured and calculated noise reductions prov i ded

by the windows of one commercial helicopter. The agreement between the measured

and calculated va l ues 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 wi th the interior in such a way as to decrease the noise

reduction prov i ded by the windows at the frequencies at wh i ch transmission gear

noise occurs. (For that particular helicopter , gear noise is transmitted through

windows , rather than through overhead structures wh i ch 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 princi ples of predicting the relationshi p between sound levels and

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.

Cremer , Heck i , and Ungar 68 and Ver and Ho lmer 6~ summarized methods

for predicting vibrations of structures resulting from imp i nging sound , and

they described methods for predicting sound levels resulting from vibrations

of structures. The most i mportant concept underl ying those methods is that ,

for frequencies of practical interes t in cont rolling helicopter noise , vibrating

fuselage sidewall panels (that are not forced by air-borne sound) radiate sound to

the inter io r of hel icop te rs on ly becau se of reflec t ions f rom the edges of the
• panels. It does no good to add rubbery damp i ng materials to fuselage panels

except for panels wh i ch are excited by air-borne sound and wh i ch resonate at a

• frequency of concern. Absorptive material must be added at the edges of panel s

that are excited by structure-born vibrations to ach i eve reductions of internal

noise levels. Such intricacies led Jones 7° i n his review a r ti cl e on

damp i ng treatments , and Arc tander 71 in his review article on absorptive
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materials to emphas i ze the need for precise tailoring of noise con t ro l methods
• to specific vehicles throughou t design cycles. It is not enough to try to

contro l noise and vibration by adding a few pounds of damp i ng and absorptive

material after an aircraft has been built.

A good examp le of the need for considerations of noise control earl y

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 airc z.~’ft structures at low frequencies wh i ch are the major problem

with helicopters . That means that noise contro l should be considered when the

size and shape of major frames for a helicopter fuselage are chosen. For

intermediate frequencies , Sen Gupta
72 reported that fuselage panels and

their stiffeners interact; that interaction should be optimized by p roper t rade-

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 , s uch as f i ber g lass , lead vi nyl , and damping tape , can be

hel pful. However , at those high frequencies , the noise reduc ti on s p rov i ded
by fuselage sidewalls and window s are strongly affected by interior geometry

and materia ls ,
62 so those factors also should be considered early in

the desi gn of a helicopter.

Efforts to quiet an HA-43B helicopter 73 are typ ical of current

efforts. Engine noise , transmission noise , and rotor noise all are be i ng

cons i dered in current efforts to quiet helicopters . When l owering of noise

levels at the sources of noise is not cons i dered adequate , attempts are made

to modif y structural responses and interior treatment s to further l ower internal

noise levels. Howeve r , most efforts to quiet helicopters are directed at

existing vehic les. There is not much hope of ach i ev i ng much more than 10 decibels

of quieting in that way . Noise contro l in helicopters must be approached as part

of the systems optimization study at the outset of a design effort. Even with

earl y invo l vement in design , the operational burdens of sound contro l may

be too great. For example , a TREC 25 study showed that sound control

• amounting to one or two percent of the gross we i ght of an Army hel ico pte r

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

elements of retrofit phi losop hy in that study ,and early i nvo l vement of acous-

ticians in desi gn 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

comp leted for the authors of this report by the Defense Documentation Center. -
•

There are onl y a few reports which deal with contro l 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 perfo rmance

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 wh i ch is

directed at controlling helicopter noise , especiall y if costs of noise controls

are of interest. That low leve l of activity may be due to heavy operational

and cost burdens that are indicated by cursory estimates (for examp le , Bowes~
’
~) .

A concerted research effort wil l  be necessary to define those burdens in terms

of overall systems development and in terms of realistic anticipated improve-

ments in noise contro l techni ques.
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8.2 EARCUPS

Figures 46 throug h 50 show selected results of some prev i ous investi gations

into earcup performance. In each case , Camp ’s real-ear measurement of the SPH-1+
is plotted for comparison . Unless stated otherwise , the p lotted attenua tion

w i l l  be assumed to have been measured using the rea l ear threshold method .

Figure 46 compares the real ear measurement , the speci fication 75 for the
MK-l561+( )/AIC earcup which is in the SPH-4, and a typical attenuation copied from
Fi gure 30.

Fi gure 47 shows the bone conduction limits for attenuatio n.

Figure 1+8 shows the additiona l attenuation obtained when a V5 l-R earp lug

is worn underneath a “good” noisemuff. This muff is somewhat better than the

SPH-4 earcup, perhaps due , for example , to a larger muff vo l ume . Because of

the effect of bone condition and other alternate paths , the muff and earp lug

attenuations are not simply added . Edwards , et al~
6found that industrial

workers received about 15 dB less attenuat ion from earplugs at the workp lace

than was obtainable by careful fitting in the laboratory . This was attributed

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

Figure 149 shows that if high frequency sound enters the earcup, for

example through a less than perfectl y ri gid shell , sound absorbing material

in the cup is beneficial.

Zwislock i~
6 assemb l ed an experimental earcup in an attempt to reach what

he considered the practica l l imit for attenuation . Figure 50 shows the attenua-

tion obtained. The cup was very rig id. The cushion was filled with a malleable

wax so tha t it conformed to the head , and also provided a large mechanica l

i mpedance at audio frequencies . The cup volume was rather small , apparentl y abou t

15 cm3.

A comparison of Figures 47 and 50 shows that Zwislock i’ s practica l l i m i t

is determined by bone conduction above about 700 Hz , and by earcup pumpi ng be l ow

• , 700 Hz. Zwis lo cki felt that , within practical lim its , the effect of pump ing is

not greatly affected by earc ip size . This would especially be the case where the

earcup must fit under a helmet , where increased vo l ume is obtained by increasing

the cross-sectiona l area of the earcup rather than the depth. If the cross-

sectional area increases , the pump i ng 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 . Ove r the ear , the vol ume would be somewha t less.

Seve ral inves ti gators have at tempted to mod ify the cup s truc tu re to ob tai n
more attenuation. Shaw and Thiessen~

8’~~ made theoretical studies , followed by ex-
per iment s on ea rcups in wh ich the i ns ide vol ume i s part it ioned . The two cav i ti es
thus formed are connected by an acous ti c impedance , typically an acoustic resis-

tance . At low frequencies , where the pumping mode is dom i nant , the cavities are
• acoustically connected providing a large vo l ume for good attenuation . At speech

frequenc i es, the cavities are acoustically isolated so that the earphone which

is p laced in the i nner cavity can produce the required sound pressure without

excessive power demands .

The two cav it y exper i mental work was cont inued by other experime nters such
as Rose nheck et al~~ ’

84 
who buil t and tested earcups of this type , some of

wh i ch we re des ig ned to fi t into fl i ght helmets . Bauer and DiMa ttia~
8 studied an

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

ertance , in an a ttempt to cont rol the troublesome acous t ic reso nances wh i ch
appear at the transistion between the low frequency mode of operation (connect~d

cavi ties) and speech frequency operation (isolated cavities). To summarize this

work: the frequency response and attenuation characteristics of experimenta l

models of two-cavity earcups have verified the theoretica l models from which they

were developed . There is a problem in interpreting the attenuation data because

of the different test methods used by different i nvestigators , who sometimes

use flat p la te coup le rs , somet imes maniki n heads , and sometimes rea l -ear threshold

methods. The re i s no clear evidence that two-cav i ty 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 i nventory , such
as the SPH-1+. Of course , if the system is not limite d 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 Rosenhec k , et a l, a lso describe some experiments w i th  ear-

cups wh i ch are rig i dly yoked together across the head , or by means of a spec ia l l y

designed , ri gid helme t . The pur pose is to block the earc up pump ing. Experi-

ments show that when a sufficient ly rig i d connection can be accompl ished , a major
improvement in attenuation of up to 20 dB is obtained at low frequencies .
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Un til the development of modern foam-filled ear cushions , earcups with

liquid-filled cushions provided superior attenuation . Today , the better foam-
filled cushions appear to be nearl y as good . Fors ta l l 4~ s hows an attenua t io n

curve i~ which a modifi ed APH-6A helmet with li quid sea l 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 li quid seal. Howeve r , the discussion in Section 7.3
suggests tha t further experiments with l iquid seals may be fruitful , particularl y
if the viscosi ty of the liquid is optimized .

There have been severa l i nves ti gations of active ear defenders wh i ch cance l

noise in the earcup. A non-feedback technique was investigated by Meeker .79 In

this system , no i se is p i cked up by a microp hone outside the earcup. The microp hone

si gna l is then adjusted for phase and amp litude and delivered to the earohone.

80DiMat t ia  and Love investigated a non-feedback techn ique in which the sensinci

transducer was an accelerometer mounted on the earcup . Severa l dB of extra

attenuation was ach i eved in a lim ited frequency band.

Meeke r 79 and Mal me , et a l .  81 I nvestigated a negative feedback method in wh ich

the microp hone is placed in the earcup. Ma l me , et al also i nvestigated a modified

negative feedback system in wh i ch the feedback si gnal is delivered to an inertial

force generator located on the outside of the earcup.

The feedback schemes which used the interna l microp hone were capable of 5 to

7 dB of extra attenuation at frequencies up to 250 Hz.

Lea ks past the ear cushions pose a prob lem for a l l  types of ac t ive  systems

for the fol low ing reasons :

o The power handling requirements for the amplifier and earphones are

much greater when a leak is possible.

o A leak cha nges the phase response of the earphone - earcup system

potentially causing oscillation in the feedback system , and loss of

cancella tion in the non-feedback system.

Feedback sys tems wh ich use an interna l microp hone must be desi gned so as not

to ca ncel s peech t ra ns mi ss i ons .
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Various attempts have been made to change the shape of the ear cushion
81for better performance . Ma l me , et al tr ied a cush ion wh i ch contac ts the head

above the ea r bu t belo w the ha i r l ine , to obtain a bettef seal. In another USAECOM-
— funded project , a cushion was des i gned in wh i ch the vo l ume change due to earcup

pumping was compensated by an oppos i te vo l ume change due to radially-outward

f lexure of the cush i on .”

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

investigators for “practical” earc ups and he lme ts tend to fa l l  a lon g the sa me
curve on an attenuation vs. frequency plot . By “practical” is meant modern ear-

cups already in the U. S. Army i nventory , or earcups which have reached a stage

of deveiopment where they have been essentially shown to be dimens i onall y

compatible with Army systems . The helmets include the SPH-4, var i ous hel met s
meas u red by Fors ta l l ,  1 

and others. When properly manufactured , fitted , worn ,

and mainta i ned , the SPH-1+ and similar helmets provide about as much attenuation

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

only the earc up and cushion , but the webb i ng restraints and under-the-chin strap

wh ich are essential to its performance . The SPH—14 earcup is stiff enough so that

local f lex u re is not a sig ni f ican t p rob l em. Flex u re may con t r ib ute to resid ua l
sound leakage at high frequencies ; however, the mai n p roblem i s be low 1 ,000 Hz.

The results described in Section 1+ , 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 mostl y to

leaks around the cushion .

The following list sumarizes various ways in which helmet performance could

be imp roved at fre que ncies be low 1 ,000 Hz.

I . Increase the volume of the earcup by increasin g its depth without

sacrificing rigidity . This is a proven method , but requires that the

helme t shell be substantially widened . This improvement would be

effective against both earcup pump ing and leakage .

2. Significantly increase the mass of the earcup she ll to move the system

resonance from around 200 Hz to wel l below 100 Hz. This is a proven

method but the increase in helme t mass is a drawback. It would not be

effective against leakage .

- 
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3. Ri g idly connect the earcups together. The effectiveness agains t earcup

pump i ng is proven but the feasibility of a practica l mechanica l des i gn

is not proven. It would not be effective against leakage .

4. Further deve l op ear cushions with optimized stiffness and/or damping ,

inc lud i ng those wh i ch compensate the volume change due to pumping ,

withou t compromising the ear cushion seal. They must provide acceptable

comfor t , and be rnanufacturab le. They would not be effective against
leakage.

5. Further develop active noise-cancellation systems including adaptive

sys tems wh ich could res pond to changin g phase condi ti ons in the
earcup . This is a hypothetica l development requiring cons i derable

signa l processing power.

8.3 MICROPHONES

Figure 51 shows the frequency response 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 1/4-inch. These measurements are made according to the method described

i n MIL—M—26542A6 using a sound source constructed according to U. S. Ai r

Force Draw i ng 58B12627 (30 June 1958). The diffe rence between the close-source

response and the 0°, 1800 averaqe response is the noise i mmun ity. The noise

immunity is plotted at the bottom of Fi gure 51. The noise i mmun i ty wh i ch is

about 9 dB at 1000 Hz, is probably typical of M-87’s i n good cond it io n .
Measurements of severa l M-87 microp hones made at various times at ATC

suggest that , due to hard use and aging of components , the noise-immunity may

vary conside rably among un i ts that have been in service .

A number of alternative noise-cancelling microphones have been developed

over the past 15 years , and some nove l approaches have been explored for making

microphones wh i ch are i mmune to noise. A major difficulty in developing improved

:
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dynamic and magnetic microphones is the requirement for good noise- i mmunity--

wh i ch demands accurate , stable , acoustic components--along with a simultaneous

requirement for operation ove r a range of altitudes , and operation after

i mmers i on in water.

The U. S. A rmy has in past years sponsored the development of several micro-

phones which have noise imunities greater than 10 dB at 1 000 ~~~~ The M-93/AIC ,

developed in the early 1960 ’s under U. S. Air Force Contract 30(635)18989, is a

small magnetic microp hone which has good no i se i mmunity. 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 dropp ing . The assemb l y

is precisely tuned , so there may be a prob l em of manufacturability.

More recentl y, piezoelectric and electre t microp hones have been developed.

Figure 52 shows the response and noise i mmunity of a piezoceramic microp hone.OS

The directivity pattern is a near-perfect cosine. The degree of noise- i mmun i ty

is not susceptible to manufacturing tolerances or ag ing of components. The

noise— i mmunity is about 114 dB at 1 000 Hz. The response is virtually flat in

the speech range ; tailorino of the response is easil y done to obtain other

response characteristics.

Noise—cancelling electret microphones have also been deve l oped wh i ch have

performance similar to that shown in Figure 52. The primary constrai nt on

use of p iezoelectric and electret microphones in U. S. A rmy aircraft is one

of compatibility, since these microp hones have an integra l preamp lifier to

which power must he supp lied.

Recently developed microp hones , wh i ch provide at least several dB of

improvement in noise-immunity over the M-87, are probably close to the maximum

noise-cancelling performance wh i ch can be obtained from noise-cancelling

(gradient) microp hones. It may be that future imp rovements wil l  develop from

current work in d i gital signa l processing of speech.

8.14 PERFORMANCE TRADEOFFS

The durations of exposure of helicopter occupants are set by mission re-

quirements. Since that parameter is fixed , overall dBA leve l is the onl y other

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

often wi l l  result in unacceptable intellig i b i l i t y  of radio voice messages . If

i n t e l l i g i b i l i t y  can be significantl y improved for a g iven dBA noise leve l , the n

gain settings can be reduced without any decrease in the ori g ina l acceptable

value of intelli g i b i l i t y .

The intelli g i b i l i t y  of radio vo i ce messages can be improved in at least

three ways: (1) reducing the transmission of cabin noise throug h earcup walls ,

(2) reducing noise that ori ginates at a microp hone or in an electrical/electronic

transmission path , and (3) increasing the leve l of speech sounds. The firs t

two actions w i l l  result in l ower dBA levels. Although the third action w i l l

increase overall dBA levels sli ghtl y, the resulting increases in intelli g ib i l i t y

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 -lD number 69- 1 7005

during descent. Table 8 is a summa ry of the results of that stud y.

TABLE 8
CALCULATED INFLUENCE OF CHAUGES IN THE OV- lD UO. 69-17005 COMMUN I CAT I ON

SYSTEM ON ARTICULATION INDEX AN D ON SOUND LEVEL

ACTION ARTICULAT I ON INDEX OVERALL SOUND LEVEL (dBA)

*Micro phone noise down 3dB .44 75
*Microohone noise down 6 dB .147 74
Vo i ce leve l up 3 dB .46 77
Voice leve l up 6 dB .51 78
Earcup noise down 3 dB .46 76
Earcup noise down 6 dB .51 76
None .40 76

* No ise 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 accompany ing increase in overall sound

level , would allow a considerable reduction of gain settings and overall sound

leve l before the va l ue of articulation index would fall below the ori g inal

va l ue for the unmodified equipment.

Fi gure 53 shows the average earcup attenuat ion obtained in UH— lH #71—20254

compared to a laboratory measurement of attenuation obtained by Camp 7 for the

11 5
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SPH-4 he l met . Tables 9 and 10 show the effect on articulation i ndex of obtaining

a resu lt as good as the laboratory measurement. The re sult in #71—20254 was
actuall y somewhat better than t9p i ca ll y obtained in the UH- 1H in this study ,

• so the predicted improvement is conservative .

SENTENCE WORD
Al INT ELLIGIBILITY INTELLIGIBILITY

SPH-4 (in UH-1H #71-20254) .77 98~ 93~
SPH—4 (Camp ’s measurement) 7 .86 99 96

The change in the in telli g ibility of Sentences which corresponds to the

change in articula tion Index is small , but pilots would be less inclined to

increase the level of speech if an articulati on index of .86 could be established

at l ower levels.
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TABLE 9. REGULA R EARCUP

CENTER SPECTRUM SPECTRUP
FR EOUENCY LEVEL OF LEVEL OF
lw BA IiO SPEECH NOISE
(HERI7I (OB) (08)

270.0 59.7 60.0
380.0 54.2 52,9

• 490.0  55.8
57.6  42.1

T7u.0 53.1 42.~920.0 50.3 37.1
1070. 13  49. C ‘9.0
1230.] 51.4 38.3
I4OC.0 51.0 36.7
1570.0 51.5 35,9
1740.0 +8.7  34 .6
i92C.~ 47.7 32.6
213(.q 46.9 32.2
2370.0 48.1  32.2
2660.13 57.k
3000 .0  54 .8 39.7
3400.0 45.4 36.6
3950.0 3 7.0 32.9
4 560.0  34 .0 28.5
5600.0 27.8 22.5

• OA S L ( CB A )  = 38.5 77.~

• OV ERALL SOUND LEVEL (SPEECH 4 NOISE, 200 10 6100 1473 88.9 D~ A

CENTE R CORRECT ED SPR E~ O~- MASK ING
FREr~UENCV NOISE OF—MASKING LEVEL OF
OF BAN D L EVEL OF N O I S E  NOISE
(HERTZ) (08) ~Oi3 1 (081

270 .0  6 13 .0  ió .5 6 0.0
380.0  52 .9  11.6 52 .9
490 .0  44. -’ 7.9 4 4 . 3
6.50.0 47 .1 4.3 ‘+2.1
770 .0  42.3  1.4 42.3
920.0 37. 1 0.0 37.1

1070 .0  39.0 13 .0  39 .0
• • - 1230.0 38.8 0.13 38.8

1’ .00.0 36. 7 13 .0  36.7
1570.0 35.9 0.0 35.9
1740.0 34.6 0.13 34.6
1920.0  32 ,6 0,0 32.6
2130.0  32.2 0.0 32.2
2370.0 32,2 0. 13 32.2
2660.0 40.0 0.0 4 0 . 0_
~O 00 .0  19.7 3.0 39.7
340 0.0  36. 6 0. 13 36.6
39 50.0 32. 9 0. 13 32.9
9560.0  28,5 0.0 28.5
56 130 .0  22.5 0.0 22.5

*~ TTCULATTO N INDEY = .77
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r~ TABLE 1 0. IMPROVELJ EARCUP

UM—I M 71—20254
LEV EL FLIGHT, IMPROVE D EAR ,CU*

CENTER SPECTRUM SPECTRU~
FREQUENC Y LEVEL OF LEVEL OF
OF BAt~0 SPEECH NOISE

1H~RTZ) (RB) (08)
270.0 59.7 58.3
380.0 54.2 46.0

55.8 35.3
630.0 57.6 32.1
770.0 53.1 30.6
920.0 50.3 31.1

iu?0.O 49.pJ 31.1+
12!0.0 51.4 28.8
1400., 51.0 22.5
1570.0 51,5 22.5
1740.0 48.7 22.9
1920.0 47.7 23.3
2130.0 -46.9 32.2
2370.8 48.1 32.2
2660.0 51.4 40.0
3000.0 54.8 39.7
3400.0 45.4 36.6
39541.0 37.0 32.9
45613.0 34.0 28.5

• 560 0.0 27.8 22.5

OASL (084) = 88.5 75.1

OVERALL SOUND LEVEL (SPEECH 4 WUSE , 200 ~TO 6100 ~4Z) = 68.7 084

CENTER CORRECTE O SPRE~ O— MASKING
FRE QUE NCY NOISE OF—MASKIN G LEV EL OF
OF 8AND LEVEL OF NOI SE NOISE
(HERT 2) (08 ) fOB) ¶ 1DB)

• 270.0 53.3 16.5 58.3
380 .0 46 .0 11.6 46.0
490 .0  35 .3  7.9 35.3
630.0 32.1 4.3 32.1
170.0 30.6 1.1+ 30.6
920 .0 31,1 0.0 31.1

10713.0 31.4 0.0 31.4
1230.0 26.6 13.0 2a .8
1400.0 2 . .5  41.0 22.5

• 1570.0 22.5 0.0 22.5
1740 .0 22.9 0.0 22.9
1920.0 23 .3 0.0 23.3
2 130.0 32.2 0.0 32.2
23’O.O 32.2 0.0 32.2

• 2660.0 40 .0 0.0 4 0 .0
3000.0 39.7 0.0 39.7

• 3400.13 36.6 0.0 36.6
3950.0 32.9 0.0 32.9
4560.0 28.5 0.0 28.5
5600.0 22.5 0.0 22.5

ART !C LLA T ION INDEX = .66
11 9
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9.0 HEARING CONSERVAT ION PROGRAMS IN THE MILITARY SERVICES

9.1 ORGAN I ZAT I ON

A c t i v i t i e s  related to hearing conservation In the services are generally
under three classifications : environmental health , med i ca l R&D , and clinica l

serv ices.  This organizat ion of effort  is coi~vnon to each of the serv ices , al-
though the respons ibilities for specific components of the program are not

al located the same in every case. The cognizant of f ices for each of the ser-
v ices are l isted belcM:

ENVIRONMENTAL HEALTH MEDICAL R&D CLINICAL SERVICES

Army Env i ronmenta l Army Aeromed ica l Re- Army Cl in ica l D iv i s ion
ARMY : Hygiene Agency search Wal ter  Reed Hosp i tal

Edgewood Arsenal , Md. Ft. Rucker , Al. Washington , D. C.

Navy Env i ronmental Navy Env i ronmental Nava l Aerospace Me dicine
NAVY : Health Center Supp ly for Ind ustry

Cincinnati , Ohio Pt. Hueneme , Ca. Pensaco la , Florida

Bioacoustics Division Hq . USAF /SGTA USAFSAM /NG
A I R  W r i ght-Patterson AFB Forrestal l  Bldg. C l in Ica l Sciences
FORCE: Ohio Washington , D. C. Division

Brooks AFB , Tx.

The authority for adminis t rat ion of the hearing conservation program beg ins

w i t h  the C l i n i ca l  Serv ices in both the Army and Navy , but in the A i r  Force ,

Med i cal R&D is responsible for the program. The A ir Force has the oldest of the

three programs . The A i r  Force program is covered and supported by very spec i f i c
regulations . In 1978 , a sim ilar U. S. Army program was approved by the Depart-
ment of Defense. Imp lementation of the Army program is expected by October 1978.

Despite the dif ferences in program authority mentioned above , the three
agencies in wh ich the hearing conservation prog ram res ides have s im i la r  functions .
The Clinical Services prov i de medi ca l serv i ces at the various bases where per-

sonne l are working in noise-hazardous env i ronments . Environmental Health agencies

are in genera l concerned with the setting of standards and with the functional
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des i gn of the program . Med i ca l R&D is a somewhat misleading title , in that re-

search and development activities are also carried out by the other two agencies ,

especially the Clinica l Services . Med i ca l R&D is more concerned with the develop-

ment of protective equipment and dev i ces , whereas the Clinica l Services engage

in eva l uations of equi pment and conservation practices in the field. Research is

i nvo l ved in both of these functions , but in the Clinica l Services the research

is conducted primaril y 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

~O9 personne l in 80 offices i nvolved in this activity. The breakdown was as

follows :

Offices Personne l

Army 8 11 6

Navy 37 112
Air Force 3L4 160

Marine Corps 1

Fewer than 10 percent of the personne l had titles which ind i cated that their

primary duties were concerned with hearing prob l ems associated with aircraft

noise. It is like l y that the activities in this area have increased si gnifi-

cantly since the directory was published , however.

9.2 AD M I N ISTRAT I ON

The new Army program is covered by Army Regulation 1+0-5. AR4O-5 is being

updated as it addresses hearing conservation as well as other health areas. Up-

dates of TB—Med 251 ,M IL STD 1’474A
101 and MIL-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 no i se hazard assessment codes , and annual or

semi-annua l aud i ograms for personnel working in areas where levels exceed

85 dBA .
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The administrat ion of med ica i contro l procedures accord ing to TB-Med 251 can
be viewed by means of the f low chart of Figure 54. ThIs chart shows parallel

avenues of handling , depending on whether the audio log ica l examination is the
entrance exam ination , designed to estab l ish  a basel ine hearing threshold against
wh i ch subsequent tests will be compared , or whethe r the exam i nation is the

routine annua l checkup. Usuall y the personne l have been working in the high

noise environment for at least a short time prior to the baseline tests , wh i ch

is unfortunate. The procedura l differences occu r in the event that personne l
fa i l  both the f i r s t  test and the subsequent test 24 hours later. In the case
of routine annua l check , the personne l are g iven more opportunities to f i na l l y
pass a test and return to duty . The reasons are obv ious : both the Army and
the personne l have a considerable career i nvestment (especiall y for flig ht per-

sonnel) at this point. This loss is considerably larger than the disabi lity

compensation . As long as no serious threshold shift (TS) is observed , the pro-

cedure wil l  continue to exam i ne the personne l once a year. Furthermore , any

passing of an audiolog i cal test will  return the person to high no i se duty, re-

gardless of his performance on a previous test.

It is interesting to compare Figure 54 w i th  Figure 55, whIch is a flow chart
for the A i r  Force case d isposi t ion procedure (from Gasaway and Sul l ivan 35 ) .
Here we see that each stage of the procedure is covered by a correspond ing sec-
tion of AFR l6l-35 .8~Note that personne l who never show evidence of a IS 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 dif ference in the USAF procedure is the handling of cases wh i ch

have shown TS in either the 90-day or annual audio. Aside from differences in

testing intervals , the personne l who fail the next two tests are then entered

into a rigorous testing routine which (depend i ng on outcome of the detailed
• follow-up examination) has a duration of five months and six examinations , even

in the case that the subj ect passes a l l  s ix  tests dur ing this “c l in ica l”  period .

This procedure is designed to make sure that a pat ient has completel y recovered
• from the IS before he is returned to duty in the h i g h  noise env i ronment. TB-

Med 25 1 , on the other hand , has no comparable precautionary procedure .
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ANNUALENTRANCE AUDIOGRAMBASELINE
AUDIOG RAM

PASS PASSRETURNENTRANCE YES YES AN NUALTOBASELINE TEST DUTY AUD IO GRAM
(25 dB) 

— — (25 dB)
7 ?

NO NO

RELIEVE RELI EVE
TEMPORAR I LY TEMPORA R I LY

FROM NO I SE DUTY FROM NO I SE DUTY

PASS PASS
21+-HOUR YES YES 24-HOUR
RETEST RETEST

? ?

NO NO

PASS• PASS
OTOLOGICAL & YES YES SECOND

AUDIOLOGICAL 24-HR RETEST
TESTS 7
?

NO
010 LU GY

EXAMNO

EVALUATE YES CAUSE
OTHER THANFOR
HIGH NO I SERE-ASS! GNMENT

YES ?

PASS
FINAL NO WEEKLY TESTS NO

OTOLOG ICAL FOR ONE MONTH
EXAM 7

FIGURE 54. CASE DISPOSITIONS RECOMMENDED BY U.S. ARMY TB-MED
251 (HIGH NOISE ENVIRONMENT)
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• The patient may i mmediately exit the c l inica l stage only by failing another

audio. At this point he wi l l  be either referred to D ivision Health Center (DHC)

or recommended for re-assignment , depending on whether the nature of the IS is

in low tones or h i g h  tones. Very rigorous audio tests must be passed before the

subject can be returned to a hi gh no i se env i ronment.

The USAF disposition procedures are actual l y more comp lex than shown in

Figure 55. For example , if a person demonstrated si gnificant IS which persisted

on the 15-hour recheck , the procedure is not as shown in Fi gure 55(See Gasaway

and Su llivan 35 ). Before the 1+0-hour audio is given , the person is exam i ned

by the attend i ng physician to determ i ne the apparent cause of the TS , and the

1+0-hour recheck is then entered onl y after (a) no cause was found , or (b) the

cause was found and corrected . The procedure between the 15-hou r and 1+0-hour

rechecks is then actual l y as shown in Fi gure 56.

The USAF procedures differ in other ways , also. For examp le , the critica l

threshold shift for TS determ i nations is l ower , 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 (BUMEDINST 88) . This instruction was issued in 1970 and is now con-

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

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

confi guration , the Navy program (as applied to aviation) is administ ered by a dif-

ferent program manager for each type of aircraft. The critica l 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. If permanent IS of 1+0 dBA

is determ i ned for the better ear , the person is reassi gned to an environment with

noise leve l not exceeding 90 dBA .

The Air Force program has resulted in better hearin g among Air Force fli ght

personnel than among the general public. 35
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FIGURE 56. STEPS BETWEEN THE 15-HR. AND 40-HR.
AUDIO RECHECKS SHOWN ON FIGURE 55.
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1 0.0 CONCLUSIONS AND RECOMMENDAT I ONS

Before proceeding to the conc lusions , some of the assumpt Ions 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

a i rc ra f t  in the U. S. Army inventory. If other aircraft , or future

aircraft , generate noise having a dIfferent l eve l or spectrum shape,

the conclusions would be altered . For example , flat spectra of the

same overall noise power would lead us to emphasize the cha racteris-

tics of microphones rather than he l mets 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—4 hel met and M-87 microphones used during the project are

typical.

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

with regard to fit and techn i que when wearing the SPH—4 helmet.

1 0.1 THE NOISE ENV I RONMENT

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

Army aircraft can be described by the follow i ng model.

o A low—frequency spectrum in the earcup which slopes downward as frequency

incr eases, primarily due to noise leakage into the earcup. In terms of

its effect on speech inte l ligib i lity and hearing damage , this noise is

negligible above about 1 000 Hz.

o A high-frequency spectrum in the earcup which slopes upward as frequency

increases , due to no i se which is picked up at the microphone and trans-

mitted to the earphone. This noise is present only when a microphone is

keyed . I n terms of its effect on speech i ntelligibility 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 wh i ch is

transmitted on the communication channel. In terms of its effect on hearing

damage , the speech l eve l 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 Fi gures 9 and 12 In Section 14~

For the aircraft studied during this project , between 72~ and 89~ of the

noise power (calculated after A-weighting the no i se spectra) is due to earcup

leakage.

1 0.2 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

intel l i g i b i l i t y  (see Sect ion 5.8) .  S l igh t  changes in speech levels , speec h qua—

lity, or background noise sometimes cause large decreases in intelligibility.

Temporary lapses of intellig ibi l i t y  may cause p ilots to form a habit of routinely

turning up vo l ume controls to their maximum settings. The unnatura l qu ality 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

no i se exposure lead one to conclude from Table 3 that those noise l evels will

cause wha t is currentl y accepted to be a hearing handicap (see Section 3.3) in

only a small fraction of one percent of all exposed personnel who wear he l mets

at least as good as SPH-4 helmets. Therefore , based on the analysis of data

collected during this project , a prediction of widespread hearing los s, due to

service in aircraft , cannot be justified .

• Noise sources , sufficiently loud to be damaging to hearing are found in many

places , includ i ng the leisure-time environment e.g., lo ud mu s ic , motorcycle and motor-

boats , chain saws, and shotguns. Another possible source is found in non—fl y ing

military serv i ce. In Section 5.9, evidence is cited tha t signif icant hearing loss

is sustained in mi l i t a r y  basic and advanced t ra in ing.
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The observers in th is  project turned their vo l ume controls to mid-range. If

helicopter pilots turn up volume controls only until speech l evels which corres-

pond to about 98 percent intellig ib i l i t y  of sentences are reached , the n o n l y  a
few percent of Army helicop ter pilots are in danger of suffering a noise-induced

permanent threshold shift of more than 10 dec i bels as a result of be i ng exposed

to helicopter noise. However , if they routinel y turn up volume controls to maxi-

mum settings in attempts to overcome rea l or imagined problems with intel l igibi-

l ity, then they are in danger of suffering handicapping hearing losses (see sec-

t ion 5.10).

Most ex is t ing  mi l i ta ry  a i rc ra f t  have been develo ped under contracts wh i ch
29 4,89require that internal no i se levels comply with MIL-A—8806A. Gasaway 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 leve ls that are generated at the ears of a crew-
member who wears a SPH—4 he l met within a helicopter that generates noise levels

equal to the maximum no i se levels that are allowed by MIL-A-8806A. That table ,

and typ ica l in-flight measurements of SPH-4 attenuation , show that such a cr ew

member will  be exposed to an overall noise l eve l which is 2 dB higher than is

allowed by the Occupational Safety and Health Administration (OSHA) and is 7 dB

hi gher than is allowed by TB Med 251 (see Section 3.3).

1 0.3 EQUIPMENT PERFORMANCE

The contribution to acoustic no i se at the ear due to electrica l self-noise

in the communications equi pment is negli gible (Section 6). The distortion , dyna-
• m ic range , frequency response , and limiting characteristics of the aircraft irter-

communication (AIC) sets are generally within specifications (Table 5). Assuming

that volume settings are similar to those used during this project , the A IC is not

a factor in causing hearing damage or lack of intellig ibility. Peaks in the ear-

phone response between 2 kHz and 6 kHz do allow the possibility of hearing damage

for hi gh vo l ume settings. To determine whether this actually does occur , more

information would be needed about the dist ribution of vo l ume settings , the per-

centage of time that speech is received , and the amplitude distribution of speech

in this range.
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The re was no difference in the In-flight performance of the C—l6llD and

C—6 533 A I C ’ s.

The specification for the M—87 microphone (MI L—M—26542A) requires that the

noise—immunity be at least 7 1/2 dB at 1 000 Hz. A few recently manufactured or

well—cared-for M-87’ s wh i ch 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) prov i de several dB improvement

• in noise-immunity , and are probably close to the max i mum noise—cancelling perfor-

mance which is possible .

Noise—immun i ty and intelligibility have been measured during th is proj ect
by employing objective tests. There may be subjective factors which are impor-

tant to in—flight performance , e.g., reduct ion of fatigue , reduct ion of the ten-
dency to turn up vo l ume controls , and intangible contributions to inte ll igibl ity.

The performance of improved microphones is ultimately best determined by compari-

son tests with real voices and rea l ears.

Earcups rema in as the weak l ink for noise rej ection in the communication
system. The prob l em observed in this project is principally one of noise leakage

past the earcup sea l due to poor f i t , insuff icient adjustment , the wearing of eye-
g l ass es , long hair , and possibly deterioration of the cushion material.

In cases where an adequate sea l is obtained , earcup “pump ing” rema ins as the
major cause of noise at the ear. An SPH—4 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

46), even when a best sea l is made. This is possibly due to manufacturing tole-

rances or cushion deterioration . The SPI-i—1+ earcup shell itself appears to he

adequately rigid.

I t is largely low frequency noise (below about 600 Hz) that is respo~sib 1e

for ri sk of hearing loss and for low intelligibility of speech within helicopters ,

because that no i se Is not attenuated appreciably by ear protection dev i ces. There

is l i t t l e  hope of reduc ing the low frequency noise by retrofitting existing air-

craf t , and new helicopters can be quieted only by introduc i ng considerations of

noise contro l earl y 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 tha t ear protectors will continue to pro-

vide the main means of controlling the impact of low frequency noise on helicopter

p ilots and crew members . Along with the reduction of low frequency noise to

unobtrusive levels , changes in microphones , ear phones , and associated electronics

can be introduced to improve int e l l i g i b i l i t y  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- i nduced

threshold shifts between 5 and 10 dec i bels (in addition to 1/2 percent who wil l

experience that hearing loss even if they are not exposed to loud noise). At the -

leve l of protection provided by TB Med 251 , no one is expected to suffer an hand i-

capping loss of hearing (barring disease or the action of toxic chem i cals). There-

fore, TB Med 251 is approp riate for regulation of the exposure of occupants of

helicopters to noise.

1 0.4 RECOMMENDATIONS

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

equi~i~~nt , and for future studies.

o 
‘

~~~“main problem in eva l uating the results of the development of new

types of microphones , earcups , hel mets , and other hardwa re is that

test equipment and methods vary si gnificantl y among contractors. It

i s l it eral l y i mpossible to eva l uate the si gnificance of many putative

advances because of this problem . When future contracts are let ,

there should at least be a requ i rement that a standard test method be

used . The equ i pment should be exam i ned and approved by the contractor ’s

technica l representative. The test distance for no i se-cancelling

microphones is 1/4— i nch , 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 ha rdware be submitted to an indepen-

dent testing fac ility. The test report should then be published as an

• integra l part of the fina l 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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o Although a number of i deas have been proposed for reducing earcup pump-

ing and interference by eyeglasses and hair (see Section 8.2), it is

not clea r which , if any , of these are practica l for operationa l use.

In the absence of entirely new concepts , further develo pments should
be conducted by manufac tur er ’s of hel mets 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 deve l op

helmets wh i ch prov i de adequate protecti on even when they are not fitted well .

o There is considerable evidence that existing equipment is not used opti-

ma lly, and that less hearing loss would occur if equ i pment were used

optimally. For example , p i l o ts and crewman probabl y u nnec e s s a r i l y  a nd
routinel y turn volume controls to high loudness positions. They should

be trained to reduce listening levels , so that hearing i s p reserved w it h
little or no loss in inte l ligibi l ity of voice messages. P i lots and crew
members also probably do not pOsition and seat earphone earcups optimall y.

They should be instructed in the optimum use of earcups so that risks of

hearing damage will be reduced. If they could be instructed in the use

of earplugs , and encouraged to wear them, considerable addi t iona l pro-
tection against hearing loss could be ach i eved.

o The method of fitting he l mets should be reviewed . Possibly, objec t ive

methods of eva lua ting perfor mance in the fi tt ing room can be developed,
by using an instrumented helme t for the first phase of the fitting pro-

cedure.

o Noise—immunity and response measurements should be made on a sample of

m icrophones which have been i n ex tended serv i ce , to i den t i f y  p rob le ms

of de ter iora t ion of performance. A similar program is applicable to

ear cushions.

o Attempts to modify existing helico pters to reduce no i se in the cabi n
have been constra i ned by the type and location of structura l members and

power-tra in components. A program should be funded to deve lop a pure ly
research helico pter in which a specified noise l eve l is to be achieved. It

would then be required that noise- reducing features be incorporated into

the l oad—carrying and power—train components rathe r than added on. Such

a prog ram 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 . If improved earcups and

electronics can be developed , then high speech levels will  be unnecessary 
-

even under adverse circumstances , and lowered l im i ts  on volume settings
might be feasible.

o Some attempt should be made to define and document the orig ins of hear-

ing losses that have been measured among helicopter pilots. Only esti-

mates of those orig ins are obtainable for past environments. The numbe r

of hours of exposure at various noise levels within helicopte rs must be

estimated , and li fetime exposures to loud noise outside the helicopters

must be estimated. It is like l y that such studies wil l reveal that hear-

ing losses experienced by many helicopter p ilots are due to exposures to

damag i ng no i ses (such as noise from small-arms fire) wh i ch are unrelated

to helicopter noise. Data which were presented in Section 5.10 g ive - -

some support for that thesis. Information wh i ch is related to

all hearing los s claims that are handled by the Veterans Adminis-

tration is stored on punched cards at VA headquarters . A com-

puterized anal ysis of the information wh i ch is on those cards could

yield numbers for the percentage of hearing loss claims tha t 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 wh i ch contributed to hearing loss among

helicopter crewmen. It would be particularly informative to list distr i-

butions of amounts of compensation by VA office and reg i on , since factors

that are not related to exposure to helicopter noise might correlate with

VA office and region.
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A P P E N D I X  A

AIRCRAFT SPECIFICAT IONS

The specifications shown in Table A-i are found in Jane ’s A l l  Th e
World’ s A ircraft , 1970-1971 and 1976—1977.
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APPENDIX B. DATA ACQUISITION AND FORMAT

The acoustica l data were collected at two points in the aircraft system.

A Bruel & Kjaer (B&K) Model 4133 capacitor microphone , wh ich has a flat res-

ponse within 1 dB from 10 Hz to 10 kHz , was used to record ambient noise In

the cabin or cockp it on one channel of a Nagra Model IV-SJ tape recorder. A

Thermo Electron Corporation Model 5333-C electret microphone was used to record

earcu p no i se on the other channel of the Nagra recorder.

The 5333—C was placed in the concha of the crewman ’s ear , near the open i ng

of the ear canal , and fixed with a non—toxic adhes i ve. The microphone leads were

brought out through a small hole in the SPH—4 earcup. The hole was then sea l ed .

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 B&K Type 4220 pistonphone produc i ng

1 24 dB SPL. Communication system noise signals were then recorded for various

fli ght and communication conditions. The attenuation settings in each channel

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

I n most cases , noise was recorded in the follow i ng l ocations.

APPROX I MATE
DISTANCE FROM
EARCUP TO

AMBIENT (CAPAC I TOR MICROPHONE) EARCUP CAPAC I TOR MIC

UH— 1H Center of cabin , 8 to 12—inches below Cabin 4—6 ft.
ove rhead

OH-58A Hung from center-top of windshield Cabin 2-3 ft.

OV— lD Hung just under standby compass over Co—Pilot 1 ft.
instrument panel

AH- IS , Hu ng from overhead , be tween seats , Fron t 1 ft.

• -lQ lef t of center Crew

CH—47C Hung from overhead , in passage Just Cabin 1 ft.
aft of pedestal.

CH—54B Over crew ch i ef ’s seat Crew 1 ft.
Ch i ef
Seat

B— I
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In a separate record i ng system , the output of a sound level meter was

analyzed in the aircraft during l evel flight operations. The analyzer was a

B&K Type 162 1 tunable band pass filter. Both 1/3-octave and 3~ bandw i d th

chart recordings were made on a B&K Type 2306 l eve l recorder and included in

the log . Leve l flight ambient noise was also measured on the sound leve l

meter in dBA , and l ogged.

As the data-taking p roceeded , the question arose whether the objective

calculations of articulation index would be valid because of the possibility

tha t the AGC action of the microphone preamplifier would cause a gain change

when mov i ng from the “no talk” to “talk” condition . Consequently, for some

recordings a 1 000 Hz tone was inserted in the microphone circuit. Any change

in l eve l could then be detected at the earcup, ind i cating a change in amplifier

gain.

The tape recording s of aircraft noise were processed by first digitizing

the data , and then perfo rm i ng a Fast Fourier Transfo rm (FFT) ana l ysis as des-

cribed in Section 3.2. Some additiona l anal ysis was done to describe the

noise introduced by the tape recorder and the FFT anal yzer. Figure B-i shows

the spectrum leve l (top curve) of NO KEY noise for level flight for one of

the AN-iS aircraft. The NO KEY no i se at 1 000 Hz in the AM-IS is about as low

as that in any aircraft. Also shown in Figure B-i are the equivalent sound

pressure of the spectrum noise on a blank section of the same tape , and the

noise with no taoe passing over the tape head. Finall y, the noise introduced

by the ana l og-to-di g ia l (AID)  converter and FF1 ana l yzer is shown .

The noise from the section of blank tape is calculated to have an equiva-

lent A-weighted l evel of about 68 dBA . The peaks in the spectrum , due to power

frequency harmonics , are narrowband and make little contribution to the dBA l evel.

The noise from the tape is thus 14 dB less than the l owest dBA leve l listed in

Table 1 . Therefore the dBA l evels listed in this report do not include a signifi-

cant error due to tape noise.

However , at the hi gher frequencies , the curves of earcup attenuation vs.

frequency probably include errors due to tape noise , because the “si gnal-to-

noise ” ratio reaches unity at about 5000 Hz. There are also like l y to be variations

in the noise levels of individua l tapes .

B— 2 

~ ._--~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ - - ~~



_ IHH ~~~~~~~ 1~~~
•
~~

100 — — — -. - 

PLAYBACK OF 
- - — — — — -

TAPE , AH- lS
#70—16038

90 - - — - - — LEVEL FLIGHT , — - - —— — — — - -

NO KEY

80 — • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~~ 

~~~-4~~I-- - . -  
~~~~~~~~~~

. .

70 
~~

-
~~

-
~~H ~~

-

6 0 -  “-  
_

50 — -  
F PLAYBACK OF SECTION

_______ 
/ ,,4~ 

OF BLANK TAPE

- .10 

~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _ _ _ _ _ _ _ _

- 
FIGURE B- l

B—3 



APPENDIX C

COMMUNICAT I ON SYSTEM NOISE IN 37 AIRCRAFT

_________________________ 
_ _ _ _



APPENDIX C. COMMUNICAT I ON SYSTEM NOISE IN 37 AIR CRAFT

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

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

modes. A key to the column head i ngs is as follows :

o COCKPIT SLM “SLOW”: A reading of A-weighted ambient noise in the

cockpit or cabin , taken by USAECOM personnel on a sound—leve l —meter

set to “SLOW” meter-damp i ng .

o COCKPIT AMBIENT CHAN 2: A—weighted ambient noise in the cockp it or

cabin; measured off track 2 of the magnetic tape record . The amb ient

nois e f rom the tape record and the sound level meter log should ideal l y
be the same. For comparisons , see Section 4.0.

o EARCUP NO KEY : The no i se at the ear due to leakage through or around

the earc up including poss i ble effec ts of earcup or head vibra ti on, p lus
the noise output of the earphone due to electrica l noise in the headset

amplifier. “KEY” refers to actuation of the transmit switch which

c loses a relay between the microphone circuit or radio rece i ver and

the headset amp li f ier .  The no i se from the headset amplifier was

actually found to be negligible.

o EARCUP KEY NO TALK: The no i se at the ear including the noise described

in the previous pa ragraph , p lus nois e pi cked up by the micro phone,
electrica l noise in the microphone amplifier or radio Circuits , and

noise from electromagnetic interference (EMI). In this study it was

found that electrica l and EMI noise are negligible and tha t the only

two significant noise paths are leakage through or around the headset

incl uding the effec ts of earcu p vibra ti on, and no i se p icked up and
transmitted by the microphone.

o 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 no ise—cancelling microphone , amplified , and d e l i v e r e d  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) .

C—I
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o EARCUP KEY TALK: (CONT I NUED)

The other half represent inter-aircraf t radio transmissions. There

was no significant difference in noise or speech levels between

intra- and inter-a i rcraft communications.

o A. I .: Articulation Index. See Section 3.4.

o SENTENCE INTELL : Sentence i ntel l i g i b ility obtained by entering

Figure 7 with the A.I.

o EARCUP ATTEN: Earcup attenuation obtained by subtracting EARCUP

NO KEY entries from COCKPIT AMBIENT entries.

o NO I SE CROSSOVER: A frequency (usually identifiable by examining

spectrum l evel p lo ts of EARCUP NO KEY ari EARCUP KEY NO TALK) below

which the no i se is predom i nantl y due to earcup leakage and above

which the noi se is predominantl y due to pick-up at the microphone.

Fol lowing the tables in this ap2endix , 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 l evel 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 a dynamic range of approximately 80 dB.

The computer-generated spectra agreed with those obtained in the aircra ft

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

All of the OH—58A and OV— lD aircraft used Model C-6533 (SLAE) A IC ’ s. The

UH— JH a ircraft used C—6533 and C— l 6 l lD (PRE—SLAE) A IC’ s; Tables C— I through

C- lO ind icate which AIC in the NOTES. The AH— lS , AH-1Q, CH—47C , and CH-54B

aircraft used the C— 1 6l1 /A IC.

C-2
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APPENDIX D DESCRIPT ION OF A FORTRA N IV CO MPUTER PROGRA M
FOR CALCULATIONS OF ART I CULAT I ON INDEX (Al)

Figure D— 1 shows a flow chart which describes the logic of the computerized

Al calculations wh i ch were comp leted during the studies descr !bed In this report.

That logic is based on an American Nat ion ’l Standards Institute standard

ANSI S3 5.19 Figure D-2 shows the trigonometric and algebraic bases for

calculating the degree of masking of speech by noise. Table D-l is a listing

of the FORTRAN IV computer p rogram for calculating A l .  Results of a typica l

calculation , correspond i ng to an example presented in ANSI S3.5 ,19 are pre-

sented in Table D-2.

S D-1

_ _ _  _ _ _  _ _  — _ - — - -— --~~



______________  I S~S 5 ~~~~ 

- I- .  ----

~~

-

~~

- 

=

I START

I A I~~~O I

READ SPECTRUM LEVEL OF SPEECH AT
CENTER FREQ. OF 20 BANDS + SL(l)

1..
READ SPECTRUM LEVEL OF N O I S E  AT

CENTER FREQ. OF 20 BANDS + NL(I)

‘if

L 1 = 1  1
_ _ _ _ _ _ _ _  

‘if
)j SENSAT ION LEVEL = NL ( l)  - THRESHOLD ( I)  (TABLE)

‘I,
CORRECT NL(I) FROM CORRECTION TABLE ,
DEPENDING ON SENSATION LEVEL 4- CNL(I)

1.
EFFECT IVE MASKING SPECTRUM

COMPLEX T R I G O N O M E T R I C  CA LC U L A T I O N S  BA SED ON GRA
PH ICAL PROCEDURES (SEE FIGURE 0— 2 ) ~~

- MASKING ( I )

‘II,DIF F ( I )  = SL ( I ) — M A S K I N G  ( I ) 

‘-If  
_ _ _ _

_ _ _ _ _ _ _ _ _ _

DIFF — 0 j ( Yes 

~ 
DIFF ~~. 0? ~~No )j_ D I F F  

~~. 30? J 
‘-
~
‘
~~~~~ DIFF = 30

4,
N O 

_ _ _ _ _Al  = A l  + D I F F  ( I )

‘Jr
1 = 1 + 1

No (
~~~

> 20? }
Yes 

4 A l  = AI/600 1 — ( END ]

FIGURE D-l .  FLOW CHART FOR Al CALCULAT IONS - 20 BAN D METHOD..

D— 2

~

5 5 5 S . - - - S - --_--— ~~~~~~~ --‘--5- 5 - —- -- --
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a’ ‘a r~
- If there are seve ra lf ~l) vr • f .max max mm max i ma , all spread-of-

masking curves are cal-
“\ MCNT ~ —STARTl NG POINT culated , and the maximum

I va l ues comprise the final

- I I + I 
LENGTH FROM/ DON’ T USE Curve . 

M R 
~~

CORRECTED NOISE i 
SLOPE FROM TABLE

‘
~ N

S
~

ECTR UM 
I I SPREAD-OF-MASK ING

/ ~~~~~~~~~~~ (dB /octave)
LOW FREQUENCY ~~~ 1. ( I SM = Clnf + DSPREAD-OF—MA SKING “ “ -‘5

’--,. I I - SM + SLOPE = Cln2f + 0SPECTRUM f = TERMF 
SLOPE = C (~n2f—1n f)

SM = A lnf + B = C1 n2 = ..693C
Slope = A = -10 dB/octave f = STRT C = SLOPE/.693

SM + 10 = A l n f + B
SM A i n2f 4 B when f = TERM , SM = TEST

TEST = Cl n (TERMF) +D
10 = A( lnf — ln2f) D = TEST - Cln(TERMF)

= A l n l /2 = .693A
10A = =

SM = - 14 43 lnf + B

when f = STRT , SM = NR x -60 
v~~
”
~~

L 
~~ 

— TEST DE LN

TEST -57 = -lIsis3 ln(STRT) + B L~L

NL — A lnf  + B
L~NL =~ f..; A 

~~~~~~~~~~~~~~ 

DELN

f = geometric center of interva l
f ~INL DELf

= mean
DELNmean

FIGURE D-2. SCHEME FOR COMPUTING SPREAD-OF-MASK ING

0-3

_ _  _ _ _  -~~~~~~ - 
i__~~~~ _ _ _ _  ~~~~~-5ii_ J
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TABLE D-1 FORTRAN IV COMPUTER PROGRAM FOR CALCULATING ARTICULAT I ON INDEX

S PROGRAM Al 7~./71. OPT= i r IN L4 •~~ i m~~~

~k OGRMM A I( lN PU ! ,O UIPUT , rA ~~E 5 I~~i~a IJ 1, 1A P~. ~, = O (J1°IJT)
C
C C~ L~~ULA T E A P T I C U L A I T O W  T ’ -~UFX FPO,1 S Or CY RU M LEV E L S OF
C SPEEC H AN LJ NOISE AT C FN’ FP FPE’)U~ NC IES 3F 20 F~~EO~JFNrV

5 C BANDS WHICH CONfRIBUTE ~~ UAL LY 10 S~ EFC H TNrELLI~~I~~ILlTV
C WITH MALE VOICES .
C
C ~EFERENi~E— — .~MERI CA N NATIONAL STANDA ~~OS INST I I JT F ,
C S3.5/1963,.METI1 .mS FO~ T~-4F CALCU LAt ION OF

to C THE AR flCULAT ~ QN TN’WX’
C

0M’40N/ /CNL (20) ,P’SK (20 . ,FREO( 20)
C IMENSION C Q H N T t ( 1 0 l , C 3 r 4 N 1 2 ( 1 0 ) , S ’~( ’M (2~~

)
I~’PE PEAL PIS’(

15 C
C ~~~~~~~~~~~~~~~ FRE QUrNCY OF TI-s BANf )

fREQ (1) = 270.
FRE Q(2p = 3 d 0 .
FREQ(3) = 1.90.

20 FPEQ (~.) = 630.
FREQ (5) 770.

920.
FRE Q (7) i~ 7O.
FPEQ (8) = 1.~30.

25 FRE Q (’~) = 1’.00.
FREO (10) = ~570.
FREQ (tj) = 171.0.
FRE Q(12) = 1920.
FREf~(13) = 2130.

30 FREO (1l.I ?570.
FRE Q(15) = ~660.
FREQ (161 = 3000.
FRE (~(17) 31.00.
FPE Q(18) = 3950.

35 FREO (19) 656g.
FREQ (20~ = 5630.

C
C NL(I) IS ~E A D  A S  tw~ SPE~’~~~IJM L~~V~ L O~ NOISE A T ~~~~~~~

C CE NTER FREQUENCY OF 1U~ IIH ~ ANO. sue~~our r~~
S ~o C CORC I LNCRE .~SES SOMF NOISE LEVELS TO TAK ~ INTC

C A S.~,CuU Nf THE INC°EA SEM E F F E C T IV E N E S S  ~r M A c K I~J~
C AT HIGH SUUNn LFVtLS.
C
C SPCHII) IS ~EAO AS THE 10N6—IEP.M ~~S S+~E~~TPU~ LrV~ L OF

~5 C SPEECH 4T THE CENTER F~ €OUEMCY OF TH~ ITH ~~‘-4fl.
THOSE LEVELS A~ E COMV ~~PS T E U  TO SPECT0 (J ’-’ LEV rL

C OF SPEECH PEAKS 3Y AE) iJT PIG 1~ JR .
C
C DEAD ANQ WP S L I E  CO MME’ITS

50 C
202 ~E4 D ( 5 , 1 ) C O M N T t

I FC R M A T ( 10 A 8 )
~EA~I(5, 1) COsiNTZ
~RIT E (6 ,2 )

55 2 FOR~IA T (1 HL)
WRITE (6, 1)COMNTI
WP ITE(6 ,1 )COM NI2

Is

_ _ _  -5 ”---— - 5... - -
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PROf RAM MI 7’./71. OP I= t FIN ~.6~~4?8

C
C ~~AO AN 0 WRITE SPEECH A N ~ ~~Isr Lt:. V FLC

60 C 
S

REMU $,lU 0) (SPCH (II, 1 1,20)

~EAO (5,tOO ) (CMLII) , ~ 1,20 )
100 FORMAT (10F8.?)

WRITE 46, 300)
65 300 FORHAT ( 1,10*,’ CEMTEP~ SPECTRUM SPErT~ U’4’,/,1OY ,

1’FRE Q (JEN~~V LEVEL ~~ L E V E L  OF’,/ ,IOX , ’OF PAPID
2 ‘SPEEC H N O I S F ’ ,/ ,t OX , ’ (HERTZ) ( f ) R )  0~~

3’ ( Q B ) ’ )
WRI TE (6, 310) IFREO (T ) , SPCH ( I) ,CNI (LJ ,

70 410 FOR PlA T (iOX ,F8.1,2Ft~~.1)
C
C
C CAL CULATE A - WE IL , H I EJ  SOUNL L E V E L ~
C

75 C ‘aJSF M SK FO~ TFMP O~ A P.’V STO~ 4G~
C FOLLOWING VALUE S u~~E A-W [IGHTIN ’ ~

- IILOG (f)ELIA F
= 13.1.

M SK (2 ) 15.0
4SK (3) 17 .6

bO M SK (1.) = 19.5
1SK (5) 23.0
MS’((6) 21.3
MSK (7) 21.9
‘ISK (8) = 22.5
lISK(9) = 23.1
MSK (10) = 23.3

~SK (ti) 2 3.’.
MSK (12) = 24.0
P’S’((13) = 2-. .?
MSK (ti.)
W S I( ( 1 5)  = 2 b .~
~ISK (16) = 27.0M S K ( 1 7 )  2 27.6
‘ ISK( 18) 2 8 . 8
‘1SK (19) = ~~~~

S P~S K( ? 0 )  = 30.2
ASPCH = 0.0

=

90 50 I 1,20
100 ASPCH 4SPCH I 1O.0” ((SPCH (I) 4

5O ANOI S AMO IS~~~~t0.0 ’((NL (I)# MSK (I))/I0.)
S 

- 
A SPC H = 10.-t. ’ALOGIO (MSOC H)
AP1’31S 1O .O’ A L C G L O ( A N O T S I
WRITE (6,,00) A~ PCH ,ANUT

105 4 0 0  F3~ M A T ( / , 1 0X , ’ OA S L ( i ) ~ A )  = 4,F1 e1, F1U.t~~/ )
ASPCH = 10. ’J”(AS PCH/IO.) a- 1 o .a ’ ’ (A NOT S , I r h )
ASDCPI 10.O’ALOGIO (..SPC-s )
4PIIE(6,’.0t) ASFCH

401 FORMA T (IOX , OVE P.ALL SOiP~l!1 L LVE L (S0EECH • NOTcE , ~ or To
110 1,’HZI = •,F5.1,’ LBA’ ,/ )

C INCREASE NOISE LEVELS 10 TAKE INIO ~CCO’J’-~I THE IN .~~EA Srfl
C EFFECTIVE NESS OF MAS~ I~~G Al HIGH SOUND LEV~ LS.
C

CAL L CORd

0-5

- _•_ S5~~~~t

_ _  _ _ _ _  _ _ _ _ _ _ _  
____________
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PROGRAM A l 7.i’71. OPI:1 FIN 4.Fs+42$

115 C
C”4~ ’CALC UI.ATE SPREAD—OF—MASKING OF NOISE SPECTPUM ,ANO
C CALCULATE RESUL T ING EF FECTIV E MAS K IN G SPECTRUM. ‘“f”

C
CALL M ASK

120 C
C” •’4-CALCULA IE ARTICULA tI ON IND EX FR(,M SPECTRUM LEVELS OF
C SPEECH PEA KS AND FROM IH~ EF FECTIVE M A S<IN G SP~ CT~~U M’•~~’
C

SUM = 0.0

1~ 5 00 1.0 121,20
IF(SPCH (I).GT.0.O)5, 10

5 SPCH (1) SPC’4(I) ‘12.0
01FF = SPCH (I) — M SKII ) 

S

IF (D IFF.GT. 0.0)20,10
130 10 01FF 2 0.0

~O 10 40
20 IF (0IFF .LT.S0.)~.0,30 

S

30 ~)IFF :3Q •
1.0 SUM SUM 4- 01FF - -

135 ART = SUM/600.
WRITE (6,200)APT

200 FO~ tqAT ( //,IOX ,’ARTICULA IIO N INDE X =

C”4”~”~”a- ’UNE CARD A FTER EA CH DATA SE’.
C CARD READ S 999. IN FIRST 10 COL UMNS

11.0 C AFTER L A S T  SET OF ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
RE A D ( 5 , t 0 0 )  TE ST
IF (TEST .EQ.’~99.I 201 ,202

20t CONT INUE
STOP

145 END

D-6

- - 
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SUb~ OUT INE CORC T 74/ 7’. OPTZI. FIll ‘..E,4i.2~

SU9ROUIINE CORC I
C
C CQRRCCT NOISE LEVELS FOR NONL INEAR MAsKING EFF TIvrN~ S~
C

5 C RE FERFP4 CE—— MMERI CAN NATIONAL STANDA K O S INST ITUTE ,
S 

c S3.511~~69,a-ME 1HO0S FOR THE CALCULATION f’F

C THE ARTICULATION P4DEX’
C

OMMOP . CNL (20),tISK(201,FRFO (20)
II) DIMENSION THRSH (20)

C
C CNL (Kt IS REA D IN AS THE SPEC TRUM LEVEL OF NO!SF A T
C THE CENTER FREQUENCY OF THr KTH SAND. THE COPPECIED
C ULUES AR E STORED IN THE SAME ARRAY

15 C
C THRSH (K I = THRESHOL D OF A(JOIEI LITY At  CENTER FREDIjr ’a~Cv
C OF KIM SAND
C

TH RSH(t )  2 — 7 . 0
20 IHRSM (2) 2 —11.0

THRSH (3) =
IMRSH (4) = —16.0
THRSH (5) 2 -16.0
THRSH(6)2 —16.0

25 IHRSH (7) 2 -16.0
TH RS’ 1(8) = —17.5
IHRSH (9) = —19.0
THRSH (10) = —20.0
THRSH (11I = —22 .0

30 TP4RSH (12) = -23 .5
IHRSH (13) = —25.5
THRSH (I’.) —27.5
IHRS H (15) = —29.0
THRS’1 (t6) = —3 0 .0

35 THRSH (17) = -30.0
TH~ SM (t 8) = —29.0
TH RSMtt~~) 2 -21..0

THRSH (20) =
00 30 K 1,20

C
C CALCULAIF SENSATION LEVEL OF NOISE 2 SEN T
C

1 SENT CNL (K) - THRSH (KI
IF (SENT.G 1.60)10,30

C
C CORRECTIO NS FOR NONLINEAR GK3v4TH OF MASKING
C

10 CNL (KI 2 CNL (K$ a- (SENT — 80 .0) 15.0
30 CONTINUE

50 RETURN
S END -

0-7
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SUdROUTINE MASK 71.174 OPT I FIN ~.6*’.7!

SUBROUTINE MA SK
C
C’” ”a-’4-CALCUL -1E SPREA D—OF-MASKING OF NOISE SOECTOU~’, AND
C CALC UL~~TE RE SULTIN G E FFECTIVE MAS KING SPEC TRUM

5 C
C ~EFERENCE ——~ ME RICA N NATI~)NAL STA’I I)ARO S INSITTUTE ,
C S3.5-1969 ,a-METHOOS FOR THE CALCULATION
C ~F THE ARTICULATIflN INDEX .
C

lii 0M,4ON/ / C N L (2 0 ) , MS K (2 0 1 , F Q EO (2 0 )
C
C CNL (KP = SPECTRUM LEVEL OF CORi~ECT ~..1 NOISE A T
C CENTER FREQUENC y OF YTM BANO
C M SK (K) E FFE CT IVE M AS K IN G flF THE NO ISE SFE C IPUM

1~ C AT CENT ER FPE~ U F PC Y OF K IW  BANO
FRE~~(K) = CENTER FREQUENC Y QE KTH ~3AND

C
C SC’i (K ) = SP~~.~ 9— OF —M AS KING (jF THE NOISE SPE’ T~~UM
C AT CENTER FRE~ UFNC Y OF KIM PAN~)

20 C
C MAX(KI = L U E N T L F L L A T L O M  OF FQEOU~MCIES AT WHICH M~ X IMA 3CC (JP
C

DIMEN SION NAX( 2 0),SJM (20 ),EX I (5,7),SLOPE(5, 7)
f~ PE PEAL MA X ,ME R GF , M SK

25 TYDE INTEGER PCNT
‘S

C EXT (J,K) M)IIRER OF HEPT7 TO FXTENO LINE FPO M
Sl.o~f ING ~O !NT FOR JIM FREDUEN rY QANG ~

C .&N 3 KTH ~MPt.tTU3F RA N GE
30 C SLOPE (J ,Kb = ~LflPE ~F L IN E ( D c / O C T A V E )  ~PCM END OF

C EXTENDE D LINE (%WNWARO AND IC 1H~ LE FT
C FiR Jiil F’~EOUENC Y RANGE ANt) KT -I AMPLITU’Th DAM ~~
C

S EXI (t ,1) 250.
35 EXT (2,1)=5 00 .

EXT (3,1) =1000 .
E X T  (1.,t)  =1500.
~XT (5 ,11=3000.
E:XTU,2I=200. —

43 EX T (2 ,2 ) 500.
EX T (3 ,2)=1000.
EXI(.,2)= 1500.
EXT (5,2) 3003.
EXTi1,3) 200.

‘.5 EXT (2,3)=1.00.
E XI (3, 31.z80 0.
EXt(’.,3)= 1500.
EXI(5,3) =3000 .
EXT (t ,4) 15 ~.

50 FXT (2,4)z250.
EXT (3,’.) 2500,
EXT ( 4,4) = 1000.
EXT (5,1.) =2000.
EXT (1,5) =75.

55 EX I (2,5)=i50,
EXT 4 3 .5) =30
EXT (4 ,5) :50 0.

0-8
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SUBROUTINE MASK 74/74 OPT=1 FIN ‘..6.428

EXT (5,5)2600.
EXT (1,6)250

60 EXT (2 ,6)2100.
EXT 4 3, 61= 200.
EXT (4~ ,6) = 20 3.
EXT (5,6)  =20 3.
EXT (1, 7) =0 . 0

65 EXT(2,7)=J.0
EXT (3,7) :0.0
EXT (k,7):0.
EXI(5,T)20. 0
SLOPE (1,1)21 0.

70 SLOPE (2,1)2 8.
SLOPE (3 ,i) 5.
SLOPE (l.,1)= 3.
SLOPE (5,1)2 0.
SLOPE (1,2) j 5 •

75 SLOPE (2 ,2)=t3.
SLOPE (3,21= 10.
SLOPE (le,2)2 5.
SLOPE (5,2) 0.
SLOPE (1,3)220.

60 SLOPE (2,3)218.
SLOPE (3, .3 15
SLOPE (4,3)2 10.
SLOPE (5,3)= 0.
SLOPE (1,41=25.

65 SLOPE (2,4)223.
SLOPE (3,4)220.
SLOPE (1.,4) i5.
SLOPE (5,4)2 5.
SLOPE(i,5) 35.

90 SLOPE(2,5)230.
SLOPE (3,5) 25.
SLO PE (1.,5):25.
SLOPE (5, 51= 20
SLOPE (1,6) :45.

95 SLOPE(2,6)21.0. S

SLOPE (3,6)235 .
SLOPE (1.,6)21.0.
SLOPE (5, 6)240.
SLOPE (1,7) 400. 

S

100 SL.OPE (2,7):400.
SLOPE (3,7)2400.
SLOPE (1.,7)2’dJO. 

5

SLOPE (5, 7)2 1.0 0.
Ca-4-4- ”~~~’~~ FIi~D NMX IMA OF COPRECIEt1 NOISE SP !CTRUPA* ee*4 **a-*

1G5 C
00 10 ‘(=1,20
SOM (K) = 0.0
14SK (K) = 0.0

10 P4AX (K) = 0.0
110 DO 25 K 2 ,t9

MCNI = K
PC N T K
IF (MAX (K) .EQ.0) 110,25

110 K 141 K—1

0-9
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SUBROUTINE MASK 74/74 OPT=1 FIN ~.6a-’.28

115 KP1 K+1
IF (CNL (K) .Gt .CNL (KMI .AN).CNL (‘( 1.  GI .CNL (KF’ 1 ) 1l,1~

11 IA X (K ) = FREQ(’()
GO TO 25

13 Mc lii MC NI — 1
120 IF (MC NT.EQ .0)17,1c

15 IF(CNL (MCNT).EQ.CNL (K))111,17
113 M AX (K )  = 1.P

~O TO 13
17 PCNI = PCN T 4 1

125 IF (PC NT.GT.20)24,12
12 IF (CMLIPCNT).EQ.CNL (K))117,19

117 MAX (i() 1.0

~D TO 17
C

130 C THE COR~ ECTEO NOISE SP ECTRU P~ LEVEL IS CONc TANT ~~ OsI L A SI
C VALUE OF P4CNT TO LAST VALUE OF PONT
C
C ~4Q~l FINO OUT IF SPECIPUM DROPS CN 3 0 T H  ‘~NflS OF FLAT SE~~TTC P 1

1~ IF(PICNT.LT.2)24,20
135 20 IF (CNL (MCNT ).LT .CNL (’ ().SANO .CNL (FCNI) .LT.Ct~L (I())?1,?4

21 MAX (K ) = SQRT (FRE (~(MCNT) FREQ (PrN ’))
24. CONIINUE
25 CONTINUE

IF( CMLI ~?0 1. ,T .CNL ( 1-fl ) 800 , 801
14.0 800 MAX (20) = F’~EQ (2 0 )

801 CCMTINUE
C
C ’~~~~~’a- FREQUENCIES OF MA X I PA CE ~Cr~RE CIEu NOT S~ SP~~’T~ UM ~~QW
C ARE THE ONLY VA LUE S OF tl.4X4K ) THAI A~~F ~ OT 7F~~O ~~ 3P~~

11.5 C
00 100 (=1,20
IF(MAX (K).GT.1.0)27,lOO

C
C FIND POINT 10 THE RT HT OF HAX( K ) THA T IS ~ )ECIR~ Lc flOWN

150 C
27 TEST 2 CNL (’() — 3.0

PCNT ‘(+1
STRT= 0.0
00 40 I PCNT,20

155 IF (CN&.(I).EQ . IES I)2i3 ,29
28 STRT=FREO (I)

GO 10 14.1
29 IF(CNL (I).LT.TEST)3&~,40
30 1M1 1— 1

160 C ~RJPORTION FPE3UENCY INTERVA L F~ O?~ L O G A~~ITNt-i IC ~LOP~
C

~GDL I~l=CNL (Ii- i 1)—CNL (I) •

BG~JLF=FRE Q (I)-FREO (IM1)
DEL.F:3.0a-BGOLF/PGULM

165 STRT = FREQ ( IM1) a- ~JELF
GO TO 141 - -

‘.0 CONTINUE
IF (STQ 1 .EQ .0 .0) 11.0 ,14.1

11.0 STRI 2 FREQ (20) Ii
170 C

C IA3 LE LOOK UP OF EXTENSIO N uF F~~ QtI ENLY FF01- i STAi ~T IN ’ PflT~~T,

S 

D-IO

L~ 
S 

S
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SUBROUTINE MASK 74/71. OP1=1 FIN 4..6’-428

C TABLE LOOK—UP OF SLOPE Qc LINE FROM STAR TING POT’4T
C

S 11.1 I F ( T E S T . G r . ~~5 ) 4 1 ,4 2
175 1.1 L t

~3 10 53
1.2 IF(TEST.GT.b5)43,41.
1.3 L 2

GO TO 53
180 1.~. IF (TEST .GT .75)45 ,’eô

45 L=3
GO TO 53

1.6 I F ( T E S 1 . G T . 65 ) 4 7 , 1 .8
Li T  L~~.

1 5 GO TO 53
48 IF( IE S1 .G i . 5 5 )4 9 , 50
49 L 5

GO 10 53
50 IF (TES1.GI.1.5)51,52

190 51 L=6
GO tO 53

52 L 7
53 IF (STRT.Lr.800)51.,55
54 J t

195 GO TO 62
55 I F(S T P I, L 1 . 160 0 )5 6 ,5 7
56 J 2

G O TO 62
57 I F ( S T R T . L T . 2 4 . O t l ) 5 6 , 5 9

200 58 J=3
~O T O 62 

S

59 IF (STPT.L1.3201J)60,61
150 J L ~

GO TO 62
205 61 J=5

62 TERM F=S 1RT + EXT(J,L )
C
C ESTABLIS H SLOPE AND INTERCEPT OF LOW FPE .~U~ W~~V PAPI
C ~F SPREAD-OF -MASKING CU~ V F

210 C
A —14 .4.3
B= TE ST a- lli.4.3a -AL OG (STP! ) — 57.0

C
C ESTA 3LISH SLOPE AND EN TE~ CE P T OF H IGH FPED (JENCY P~~~T

2 15 C 3F SPREA D—OF— MASKING CURVE
C

C SLOPE (J,L) /.693
D=TEST — C.ALOG (TER !IF)
00 80 1=1,20

220 IF (FRE Q(I) .LT.STRI )6.3,6Le
C
C ES TA3L ISH SUM SLO P Ea - LN( F)  a- IN1E~’CEPT E D UA I IOt J S F0~
C SLOPEI_OF_IIA SKING LINES
C

22 5 63 SOM ( I )  =A ~ A L O G ( F R E Q ( t ) )  4 3
GO 10 65

64 IF(FR!O (I I .G T . T E RM F ) 8 0 ,  561.
564 SOM (I) =Ca-ALOG (FREQ (T)) # 0

0— 11
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SUBROUTINE MASK 74/74 OPT : I F IN Li.6+1.?~

65 tF (SUM (I).G1.MSK (I))66,~~0
240 66 MSK (t) SOt-~(I)80 OMTINUE

C
C MSK (’() ~OW CONTAINS THE IIAX IMIM OF (POSSIBLY) SEV ERAL
C SOM (t)

235 C
100 CONTINUE

00 500 <:1,20
500 SOM(I( ) = MSK (K)

C
240 C EFFE CTIVE MA SKI NG LEVEL EQUAL S LA R G E S T  OF C3R P ECT ~~D

C NOISE LEVELS AND (poss IcLv ,  SEVE RA L S D P EAD _ O~~_ MA S K I 1 - J~
C LEV ELS FROM S~~V FRA L ~‘A X I 1 A  IN THE C0RREc~ Er NOIS~ 1~~VEL
C SPECTOUM
C

21.5 00 180 1=1,20
IF( ISK ( I) .GI.uML ( I)) toO ,F 8

68 ~SK (I) = CNL (I)
loG CONTI NUE

WRI T E 16, 4 10)
250 310 ~DRMA T ( /,1OX,~ CE~~TER CORREC T~ {) S~~°EAO— ‘,

I’PlASt (ING~~,/,10X,a-FREQ LJEN Y NOISE 0F-t-~4SKI’~3 LFVcL 4 ,
2’ OF’ ,/ , lOX ,’OF BAW L) LEV ~ L OF NOISE NOI~~E’ ,/,
310X, a - (HERI Z) (03) (fl3) (OR)~~) S

WRITE (6,400) (F~ EQ (I) ,CNL (I),SOM (I) ,MSK(t ) ,1 1,20)
255 4. 00 F O R M A T ( I OX , F 7 . 1 , F10.1, 2FII.1) S

RETU RN
E N D

0-12
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TABLE 0-2 LIST I NG OF TYPICAL RESULTS OF COMPUTER CALCULATION OF Al

TEST CASE
DAT A TA1 ( EN FROM FIGURE 2 OF ANSI S3.5

CENTER SPEC1PU$ SPECTRUM
FREQUENCY LEVEL OF LEVEL OF
OF RAND SPEECH NOISE

- (HEPTfl (OH) ~0B$
270.~ 69.0 0.0
380.0 69.0 0.0
49C .0 68.0 0.0
630.0 65.0 0.0
77C.0 63.0 0.0
920.0 60.0 0.0
1071.T 58.0 0.0
1230.0 55.0 19.0
1400.0 5~ .0 28.0
1570.0 51.0 39.0

S 1740.0 49.0 48.0
5 1920.0 1.7.0 56.0

2130.0 46.0 65.0
2370 .0 1.’ ..O 75.0
2660 .0 43.0 00.0
3000 .0  1.1.0 80.0
3400.0 40 .0 80.0
3950.3 39.0 60.0
4560.0 38.0 76.0
560C.3 37.0 62.0

OASL~ O8A )  92.3 114. 5

OVERALL SOUND LE VEL (SPEECH + NOISE, 200 10 6100 Iq~~ = 114.5 DOA

CENTER CORREC1ED S~ REA~ — MASKING
FREQUENCY NOISE OF—MASKING LEVEL OF
OF RAND LEVEL OF NOI SE NO! SE
(HERT 1I (OR ) (08) (08)

270 .0 0.0 65.8 65.6
• 380.0  0 .0 60.9 60. 9

490.0 0.0 57.2 57.2
630. 0 0 .0  53.6 53.6
770.0 0.-fl 50.7 50.7
920 .0 0 .0  48.1 48.1

1070.0 6 .0 46.0 46 .0
1230.0 19. 0 1.3.9 43.9
1400.0 28 .0  42.1 42.1
1570.0 - ~9.0 40.1. 4 0.4
1740.0 48. 0 16.9
1920.0 56.0 37.5 56.0
2130.0 67.1 36.0 67.1
2370.0 79.5 3~ .5 79.5
2660.0 85.8 32.0 65.8
3000.0 86.0 31.1 66.0
3400.0  86.0 29.1 86. 0
3950.0 65.8  27.1 85.8
4560 .0 80.0 83.0 83.0
5600.0 62. 6 83.0 83.0

A R? TCU LAf to N !NOFX .40 D- 13
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TRANSMISSION OF VIBRAT ION FROM CREW SEATS TO CREW MEt-IBER’S HEAD

Figure E— 1 shows a l umped-parameter analog of a human body seated on a

I ve r t i ca l l y vibrated platform . The model is not app l i cab le  for hi gh f requencies

of vibration of a supporting p latform , for which a human body responds as a

distributed pa rameter system , with shear waves , compress ional waves , and

surface waves propagating throughout a body. The model is appli cable for

frequencies below about 100 Hz (cycles per second).

Figure E— 1 must be modified to include the effects of elastic supports

for p ilot ’s buttocks. MIL-S-5809593 specifies a maximum deflection (for the

heaviest pilots) of 1.5 inches for cushions . That corresponds exactl y to the

S 
mean of measured stiffness values for a seat net which is typica l of nets

that are be i ng substituted for cushions in helicopter seats (AVSCOM ~~ ) .
That stiffness , combined with the weig ht of the hi ps-p lus-buttocks of a 90th

pencentile pilot given by von Gierke , produces a resonance frequency of 5 Hz

for hips-p lus-buttocks on a seat cushion or on a seat net.

von Gierke95 reviewed a previousl y-published model wh i ch shows that

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

resonance frequency of a leg on a hi p is about 2 Hz. ASCC 96 reported that the

S 
resonance frequency of a head plus torso p lus arms on a sp inal co l umn is

B. L~ Hz. Without the mass of a head and arms , the resonance frequency of a

torso on a spine is about 7 Hz. von Gierke rev i ewed 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 cush ion elements ,

and recognizing tha t the stiffness of a sp ine controls ver ti :al transmissibility

(with little effect due to a thorax abdomen system below 100 Hz), results in

Fi gure E-2a .

Slater and Frank97 pointed out that it is impossible to obtain exact

analytica l solutions to the equations of motion for a system like the one

shown in Figure E—2a (Numerica l solutions can be obtained by computerized

finite-element and finite—difference calculation s). 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 uncoup led from the motions

of all of the other masses;

E— l

L ~~~~~~-•S~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~
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FIGURE E—l SIMPL IFIED MECHAN I CAL SYSTEM REPRESENT ING A HUMAN
BODY SEATED ON A PLATFORM VIB RATING VERT I CALLY
BELOW 100 Hz. 
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[ HEAD ~~~~~ _j  
AHEAD

~r 
= 30 Hz NECK

I TORSO 1
f = 5 H z  c[ II ~r 

~• 
I~i ~‘ SPINE

+ f = 7 H z
ARMS BUTTOCKS r

__________________ V_____
HIPS + BUTTOCKS

f = 2 Hz
r

_ _ _ _ _ _ _ _  
CUSHION 

f — H
LEGS j (OR NET) r 

— z

_____________________Y 
A SEAT

(a) NO LUMPING OF COMPONENTS

T HEAD 
AHEAD

= 30 Hz NECK SP INE +

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  BUTTOCKS +

CUSHION
TORSO + AR M S + H I P S  (OR NET)

SEAT

(b) WITH LUMPING OF COMPONENTS WITH COMPARABLE RESONANCE FREQUENCIES

FIGURE E-2 TANDEM SYSTEM FOR CALCULAT ION OF THE TRANSMISSIB IL ITY OF THE
BODY OF A CREW MEMBER SEATE D I N  A H E L I C O P T ER SEAT
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(2) the motions of all mass-spring subsystems wi th  comparable resonance
frequencies are coupled in the manner shown in Figure E-2b .

If we assume that driving frequencies nea r 100 Hz are sufficientl y removed

from any of the resonance frequencies shown in Figure E-2a , then the motions
of the masses are decoupled. In tha t case, the transmissibility from a seat S
to hi ps and buttocks can be ca lcu lated , then mu lt i p l ied by the t ransmiss ib i l i ty
from hips and buttocks to a torso , then multi p lied by the transmissibility from

a torso to a head to get the tota l transmissibility from a seat to a head.

Simi lar ly, in Figure E-2b , the transmiss ib i l i t y  from a seat to a torso/arms/
hi ps/buttocks/ legs mass can be mult ip l ied  by the transmissibility from that

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

If the equat ions of motion are wr i t ten for any of the decoupled spring-
S 

mass—dashpot subsystems shown in Figure E-2 , and if those equations are solved
for the t ransmiss ib i l i t y , T , from base exc i tat ion to mass response , the result
is:

= A mass / 1 + ~~2 f2/fr2 , (1)
- A base / f~/fr~ + ~~2 f2 - 1

where A is acce lerat ion , ~ is the fraction of critical damp ing at the resonant

frequency fr , and f is the frequency of the base osc i l l a t i ons .  The f ract ion
of critica l damp ing for the subsystems shown in Fi gure E-2 is about 0.2.95 ,96
that va l ue for ~ is substituted in equation (1), and a 90 Hz vibration of a

crew seat is considered , and individua l transmissib il ities are multi p lied in
the manner described above , then the two models shown in Fi gure E-2 y ield the

follow i ng results:

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

A head = 0.002 • A sea t , at 90 Hz (from Figure E-2b).

MI L_ A _ 887o
42 states that t he leve l of v ibrat ion of a crew seat shal l

not exceed ~ l.5g ’s at frequencies above 86 Hz. Using the t r a n s m is s i b i l i t i e s
defi ned by equation (2), that l evel of excitation of a seat translates to peak

E—~+
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S 
accelerat ions of either 0.00015 g or 0.003 g at a crew member ’ s head . Figure

1 37 (Section 7 of this report) shows that , i f the v ibra t ion frequencies are
concentrated at about 90 Hz , such acce lerations generate sound pressure levels
of about 6~i dBSPL and 90 dBSPL respec ti vel y, inside an earcup (assuming a

l i near correlation between vibration l evels and sound pressure l evels). Above

100 Hz the models of Figures 1 and 2 do not appl y. One would expect signifi-

cant decoup ling above 100 Hz, lead i ng to less conduction of vibration to the

head . The sound pressure levels shown in Figure 37 resulted from vibrat ions
wh ich correspond to latera l vibrat ions of a pi lot ’ s head , whi le the trans-
m is s i b i l i t ie s  which are discussed above are for vert ical  v ibrat ions.  However ,
there tends to be an “equi part i t ion” of v ibrational energy w i th in  comp lex
mechanica l systems , such as an a i rcraf t /p i lot/sea t system , so the above
ana ly s i s  probab ly is app l icable for lateral v ibrat ions.

More detai led mode ls and equations w i l l  have to be constructed to ref ine
the estimates of head v ibrations and associated sound pressure levels which
are presented above and to extend the ana lys is  to other frequency ranges .
However , the ca lculat ions which are summarized here serve to demonstrate that
seat vibrations may be an important part of the problem w i th  exposure of heli-
copter p ilots to noise (even after A-weighting of sound pressure levels i s
considered ).

_ _ _ _ _ _ __ _ _ _ _ __ _ _  I
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APPENDIX F

DERIVAT ION AND DESCRIPTION OF A FORTRAN IV COMPUTER
PROGRAM FOR CALCULATIN G NOISE REDU CTI ON BY EARCUP S

S 

Fi gure F—la is a simp lified drawing of an earcup which is designed to pro-

tect an aircraft p ilot from noise. If it is assumed that circumaura l skin is

depressed onl y under the area where a cushion contacts flesh , then changes in

the volume of a ir enclosed w i t h i n  an earcup can occur even for a rig id cushion ,

and Zwislocki ’s3° ana log circuit , shown in Figure F-lb , app l ies. (See Llndsay ~
8

for a discussion of electromechanical analog ies.) If it is assumed tha t cir-

cumaural skin is depressed uniforml y everywhere within the external boundary

of the cushion (which requires that the stiffness of the enclosed air is

comparable to the stiffnes s of skin , and that the cartilag inous external ear

is sufficiently rigid to drive the underl y ing flesh to follow air vo l ume

varia tions), then no changes in the vo l ume of air enclosed within an earcup

can occur if its earcup cushion is rigid; in that case , the “alternative ”

analog elec trica l c i rcui t shown in F i gure F-ic applies. In either case , the

disp lacement of air within an ear canal is considered negli gible.

Z in Figures F-lb and F-Ic denotes specific acoustic i mpedance ,

Z = J Re I/I ~ I, whe,rePe = excess acoustic pres~sure , and
= particle veloc i ty.

The impedances shown in F i gure F-lb are

Z mass E Zm = i tuM Xm ,
S 

‘
. 2

— - i  poc , So + Si~ — -Z v o lume = Zv = i 2 ) IXV ,

— Rc -iKs -Z skin = Zs = . . = rs-iXs , and(So—SiT w~So—S t )

. - Rc -Kc -Z cushion Zc = = rc - iXc , where
(So—Si) w (So—5j)

A — effective contact area of cushion38
8 

,~~fld i 2 -

c = veloc i ty of sound within the enclosed air (cmlsec)
S do — outer diameter of earcup (cm)

d. = inner diameter of earcup (cm) 
S
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d 1 — i/2(do + d l )

~~ Kc — cushion stiffness (dyne/cm)

Ks — skin stiffness (dyne/cm)

M — earcup mass (gm)

Rc — cushion resistance (dyne sec/cm)

Rs — skin resistance (dyne sec/cm) S

SI — cross-sectiona l area of air vol ume (cm )
So — outer cross-sectional area of earcup (cm

2)

~ (Si + So) = effective cross-sectiona l area of air voiume~
8

V vo lume of enclosed air (cm3)

p0 — density of undisturbed enclosed air (gm/cm3)

w — 21T f — 2ir times the frequency of I mposed sound (sec~~
) .

The im pedances shown in Figure F-i are the same as those shown in Figure F- lb ,

except that

Z skin Zs — ~~ -~- - iKs rs - iXs .

A pplIcation of Ohm ’s law an~ Ki rchoff ’s l aws for electr ica l circui ts to the

circuit shown in Figure F-lb y ields , after tedious al gebraic manipula t ions:

T p - /p . I — hE2 + IM2, where
inside outside

RE — AC - BD

c2 + o2

IM AD + BC , and

C
2 

+ D2

A — -Xv (Xc + Xs )
B — Xv( rc + rs )

C — rcrs - XcX S - XcXv -XvXs + XcXm + XmXs

0 — rcXm + rsXm - rcXs -rsXc - rcXv - r sXv

The equivalen t results for Figure F-ic are :

T Jr,. /p I — /RE2 
+ UI2, where S

ins ide outside

RE — AX s Xv - BrsXv
A2 

+ B2

F-3
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IM = ArsXv + BXsXv, and

A
2 + B 2

A = XcXs + XvXs - XsX m - XvXm - XcXm - rc rs
B = rsXm — rsXv - rsxc - rcxs + rcXm

The transm iss io n loss , TR , in deci bels , exhibited by an earcup like the

one shown in Fi gure F-la is given by

TR = 20 log10T.

Equations supplied by Shaw and Thiessen~
8 

for Kc were used in the c~ lc u-

lations described in this report. However , they recommended using the va l ue

for adiabatic compressibility for air within an air—filled cushion of an ear—

cup . That va l ue for air compressibili ty is not appropriate for small spaces.

The value for i sothermal comp ressibility should be used in the calculat ions ,

as evidenced by the fact that the match of experimental measurements and com-

putations of the transm ission r’tio of ~n ~arcun with an ?ir-f ill ed cushion

(See Section 7.3) was improved when isotherma l compressibility was substituted

for adiaba tic compressibility .

Franke 44 
sumarized some published measurements of the stiffness and re-

sistance of human mastoids , and Corliss and Koidaw 99 reported some additional
measurements. Shaw and Th i essen38 reported that the stiffness component of

the effective circumaura l impedance is five or six times smaller than va l ues

reported for mastoids. They also r~p~ rted that the resistance of circumaural

flesh is about 10 t ime s greater than va~~es reported for rnastoids. The va l ue S

they reported for circumaural stiffness is:

Ks — 8.0 x 10~ dyne/cm .

Tha t va l ue was used in the computer model. Fi gure F-2 shows the Frequency-

dependent values of circumaura l resistance wh i ch was used in the computer

model.

Table F-I is a listing of a FORTRAN IV computer prog ram for carry ing

out the calculations wh i ch are described above . Table F-2 shows typica l

tabular pr int-outs produced by that program , and Figure F-3 shows typ i ca l

graphica l print-outs produced by that program .

F—4
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Val ues from Franke (1952) tIme s J O. (Shaw & Thlessen , 1958) .

4 —

1~~~x —

R — -1.109 x lO~ ln(f) + 7.875 x 10
I4i
4 f l 3 _
‘Uz

U.,
0

LU
8~)

4,,
LU -

I 1 1 1 1 1 1 1  I I I 1 1 1 1 1 1 1  I I I 1 1 1 1 1 1 1
20 100 1000 10000

FREQUENCY (Hz)

FIGURE F—2 CIRCU MA URA L SKIN RESISTANCE VERSUS FREQUENCY

F—5
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TABLE F— l

Pi~uGRAM CUPTR 7’.17’, OP’T= I FIN 4.6+42~ 

S

PROGRAM CUPTR (INPUT,CUTPUT,TAPE 5=INPUT,IAPE 6~~OUTPUT~
C
C C AL CULAT E NOISE PEOUtTI ON F! PROT ECT IVE EA~ CU~ S.
C INCLUDE EFFECTS OF CONFINED AIR, STIFFNE SS A ND DAMPI NG

5 C OF FLUID—FILLED EARCUP WALLS, STIFFNESS AND DAMPING OF
C FL ESH. NEGL ECT ~ ONE CONDUCTION , AIR LEAK S ,  AND IMOEDA NCE
C OF THE EAR ITSELF. ALL DIMENSIONS ARE IN THE CGS SYSTE M.
C

DIMENSION Cr)INT1IIOI,COMNT2UC ,FR EQ (29,,4TT 28), TR.126~
10 DIPk NSION COMNTI (10) ,COMNT~~(10)

DIMENSION ITITLE (8,8I,ITLV (3),ITLH (~~),X (?9,2i
PIMENSION RCOP ( 27 ) ,  TN E W ( 2 ? t , K C O P ( 2 7 ~~,VOP( 2? )
TY~E REAL KS KI N,~~,L, K C , K COP ,IM

C
15 C ’ ’ E S T A R L I S H  TI TLES FOR CALCOM P PLOTS

C
ITLV (1) = IOHTRANSMISSI
TTL~7 (2 )  = IOHOM RATIO (
ITLV (3) IOHOECIRELSI

20 ITL H (1~ = 1.OH FREQ
ITLH (2) 1.OHUENC! (HER
I1LH (3) = i3HTZ~

C
C~~~~~~LA 8EL PRINTO U1——SUppL~ FOu R COMMENT CARDS, COLUMNS 11-62

25 30i~ READ 5,1)COMN’i
1 FORIIAT (10A 81

READ (5,1) CO’4NT2
READT5,1) COMNT3 

S

REA D(5 , t )  COMMT~+
30 WPITE (6,2)

2 FOR MA I( 1 H I )
WRITE (6,1) COMNII
wRITE (o,1)CoMNr2
WQTTE (6,ib COMNT~
WRITE (6,U CO MNT4

C

~~~~~~~~~~~ INPIJ1 ALL VAR IA PLES IN CGS ~~~~~~~~~~~~~~~~~~~~~
C

REAO (5,j0 IM ,V,SO,SI,RV S

‘.0 10 FCRMAT (5Et5 .7 )
READ (5, 10) B, H,T,E,RC
P.EAO (5,t01 FLAG,SHUNT

C H EARCUP MASS ( GRAMS )
C V LARCUP AI R
C SO = OUTER CROSS—SECTIONAL AREA OF EARCUP
C SI = INNER C ROSS— SECTIONAL AREA OF OPENING TO VOLUME
C P = WIDTH OF CO NTACT OF FLEXIBL E WALL W ITH FLESH
C H = ‘~~PTl ’4 OF FLUID— FI LLED WA LL I3ET WEEN EARCUP A N D FLESH
C T = THICKNESS OF WA LL MATERIAL

5~ C = YOUNG+S MODULUS o~ WALL MATER IALC RC = RESISTA NCE COEFF ICIENT OF FLUID WITHIN THE WALl.
C °W.K IIOOUL IJS OF THE FLUIO WITHIN THE WALL. IF
C SM = ZERO, THE FLUID IS ASSUMED INCOMPRESSIMLE.
C FLAG = 0 FOR FLEXIBLE SKIN,  MON-ZERO FOR A ~ IGTD SURFACE.

55 C SHUNT = 0 IF SKIN SHUNTS BOTH CUSHION AND VOLUME,
C NON— 7ERO IF SKIN SHUNTS ONL~’ CUSHION
C

F-6
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TABLE F—i (CONTINUED)

PROGRAM CUPTR 74171 OPT= 1 FTN 4.64428

IF (FLAG.EQ.0.0) 22011,315
2200 IF(SHUNT.EQ.0.OI1300,~~1O

60 1300 WRII’E (6,3011
301 FCqMAT(/,1Qx,~ SKIN SHUNTS BOTH CUSIIIflN AND VOLUME )

GO TO 315
J 310 WRIrE 6 ,302  S S

S 362 FORM4T(l ,j UX ,~ 5KIN SHUNTS CUSI~ION, gUT NOT VOLUME )
65 C

C~’~~~ LIST INPUT315 WRIT E(6 ,201 M
20 FOR Pq AT (/,t0X,~ E4RCU’ MASS = •,F6,1,~ GRAM S~)

WRI’TE(6, 25)V
70 25 FORMA~ (~~,jflX,4~ ARC UP AIR VOLUME = •,F6,1,~ CC’S.,

WPITE(6,30)SO
30 FORMA T (~~,10X ,~ OUT ER CROSS—SECTIONA L. AREA OF LARCU P =

1F5.1, CMSO )
WRLTE (5,3515I

75 35 FOR MAT (F ,jQY ,~~IM NER C OSS—SECT IONAL AREA OR OPENING TOE ,
1~ VO LUME = • ,F5.1, CMSQ )

WRITE (6 ,40) B
40 FORMAT (~~,1OX ,~ W IDTH fl~ CO NT ACT OF FLEXIBLE WA LL W !TH~~, S

1~ FL ESH = •,Fk,j,~ CM~ )
80 WRIIE(6,45)~1

14 5  FORMAT (~~,10X,~~OEPTH OF FLUID—FILLED WALL BETWEE N EARCUP~t ,~ AND FL~.SH = ~~~~~~~~ CI4~
)

56 FORMATI/,IOX,’THICKNESS OF WALL MA TERIAL = ,F5 .3,’ C 1 1 1
WRITE (6,50 IT

85 WRITE (6,551E
55 FO R’4AT (/ ,1OX,~ WOUNG,S MODULUS OF WALL MATERIAL = * ,E9.2,

1 OYNES~ CMSQ~~)
WRITE (6,6O1RC

60 FCR MAT (/ , j OX, RESISTAW CE COEFFICIENT OF FLUID W ITHIN’ ,
90 j* THE WALL = ~,E9.2,4 D~ NE SEC/CM~ I

IF(PM.EO.J.3) 6~4,63
63 WRITE(6,65) DM
65 ~~~~~~~~~~~~~~~~~~~~ MODULU S OF FLUID WITHIN THE WALL =~ ,
1E9.2,-’ O~VNES/CMSO’~

L 

95 GO I’D 79
64 WRITE(6,62)
6! FORMATt/,jOX ,’INCOM PRESSIBLc. FLUID IN EARCUP WALLS )
79 IF(FLAG.EO.Q.QI 166,162

16’ WR ITE(6,165)
100 165 F O R M A T~ /,i0X ,~ E ARCUP ON A RIf,ID SURFACE I

GO TO 170
166 WP ITE(6,1671
167 FOR MAT (/,10X,~ KSKtN 8.0E7 DYNES/C~~ ,

L~~(SHAW AND T.,JASA,19~ 8I’1105 WRI rE s,168,
1.68 FO PMAT(~~,t0X ,*FREQUENCY-tl EPENOENT RSKIN FRO’I •,

1.’ FRA NKE~ JASA , 195 210,
2~~,iO Y,’TIMES 10(SI4AW AN’) T.,JASA,19581’I

C
110 C”COMPUTE CONSTANTS

170 gTM = (!O - SI)
L 1.7725’(S ORT (SO)4SOPT (SI))
AL = L’LF12. 566’.
IF(BH.EO.0.0) 57,66 -

F-7
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TABLE F-l (CONT I NUED)

PROGRAM CUPYR 7’./?1. OP1=1 FTN 4.6+428

115 66 = (B 8 L’PM)~~(BH +
GO TO 78

67 KC 1.27324’~~’R’L’E’T9(H”3.U)
C

I C’” SUP°LY CONSTANTS
78 TWPI=6.2831553

1 P140 = 1.293E_03
C = 3~ 968.4’+F IF (FLAG .EO.0.Gt 210,220

210 KSKIN = 8.0i+0T
125 C SHAW A N D  THIESSEN (JASA,1958)

GO TO
220 KSKIN =

C RIGID SURFAC E
RSKIN= 1.JE+ 1~

130 C RIGID SURFACE
C
C”COMPUTE CUSHION RESISTANCE
C

65 RC= RC/~~TM135 C
~“COMPUTE REACTANCES AND IRNS. RATIO FOR EACH FREQUENCY
C

F= 16.0
oo 500 1=1,27

1~~0 F = F’(2”(j,0i’3.Q))
FREO (I) = F

2005,2100
2605 IF (F.GT.6001 2006,2010

C PSKIP4 FROM FRANKEt JASA,19 52)
2000 RSKIN = •8E+0k

GO ¶0 2L~~0
2610 PSKIN —1t0 90.’?.302€’ALOGIO (F) #76750.
2100 RSKIN =

C SHAW ANC THIES SEN(JASA ,1958)
150 AF= TWPI’F

= AF ’MFAL
XV = (R’4 O’C ’C/ (A F’V ) )~~(S I • SO)l’2.
XC KC~~(A F ’ ( S O — S I))
IF(SHUNT .EO.0.0) 49~ ,..97

155 ‘.97 PS = RSKIN~~( S O — S I)
X S= KSKIN f (AF’(SO—St) I
A = —XV ’ (XC + XS)
8 XV ’ (RC + RS~
CC= RC’RS — X C ’ X S  -X C’~~V - xV ’X S  •X C ’YM +X M’XS

1.6C U = RC’YII +RS’XM — RC ’X S — RS’XC — O C ’ XV — RS’X V
RE = (A ’CC —B ’ DI/ (CC ’ CC +C’D)
IM = (A GO +B.CCI/ (CCOCC 4D’D)
GO TO 499

‘.9~ RS RSK IN~ A L
165 YS = KSKIN/(AL’AF)

A = XC’XS +XV’Xs — XS ’~ P4 — XV XM —YC’XM
P = RS’XM — PS’XV — P.S’XC —RC~~XS •RC’XM
RE (A’YS’XV — 3’RS’YV)~~(A A  • B’S)
IN 1A’R!’XV I S’X S ’X V )~~(A ~ A + P’R~

170 499 1 = SORI(RE’P .. 4 !M’IMI
500 T R( I)  = 20,0 ‘ A L O G I O ( T )

F-8

LL~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE F-i (CONT I NUED)

PROGRAM CUPTR 7’.’74 OPTZ I. FIN 4.6+428

C
C”0LABEL ANO LIST COM PUTED OUTPUT
C

175 wRITE S,7o*
70 FORMAT (I,1.0X ,’FREOUEN”~’ TRANSMISSION RATIO’,/,IIY,
1’(HERTT) ‘,ZX ,’(OECIBELS)’)

WR ITE(6 ,7 1) ( FREO(I) ,  TR(II,I=t ,271
71

150 C•”~ SPECIFY LENGTH OF TITLL BLOCK FOR CALCO~ P PLOT
5001 00 801 1=1,5
801 I!TITLE (I,1) = 35

C
C”•’REAO TITIc. C ARDS FOR CALCOMØ PLOT IPI

185 C FIRST 35 SPACES OF EACH OF 8 CARDS
C

DC 400 1=1,5
400 READ (5,810)(ITITLE (I,J),J=2,5)
810 FORMAT (’ .A 10~190 C

C”BU!LO PLOT MAT RIX
C

DO 62~1 J=2,28
X(J ,2) = FREO (J— 1l

195 820 Y (J,j) = T R (J—i )
X ( j , 2 )= 11.
X ( 29,21 9999,
X(1,1) = 29. 9
X ( 29,1I = 149.9

2D~ C
C”~ CALL CALCOMP PLOT ROUTINE
C

CALL PLTLOG (1,~~,Y ,?9, 29,1,2,ITLV,30,t,ITLH,30,ITI,NITI,
1 ITZ,NIT2, 113, NIT3 ,1T4,NIT4,ITS ,N115,6,

205 2 IIITLE,8,C)
C
C”ONE CAR!) AFTER EACH DATA SET. CARD READS 999, IN
C FIRST TEN COLUMNS AFTER LAST SET OF DATA.
C

210
100

IF(TcST. EQ.9 991 200,300
200 CCNTINUE

STOP
215 END

F-9
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TABLE P-2A

C~ M P U T E O  T R A N S M ISSI O N  RA T I O ~~~~. FREQUENCY FOR T HE EA RCUP
Sr4UWi~ IN FIGURE Ii OF SHA H uNO I. (JASA,19 58) .
INCOMP RESSIaLE W A T E R IN E AR CUP.
k...UStIION = 4’~~SK tN AT 500 HZ.

EuR..UP MA .~S 4~~Q~~Q GRAMS

EAi~ .UP AIR V 3LUME = 105.0 CC’S

OUTER L~ O SS— SECTIONAL AP (EA OF EARCUP = 87.3 CMSQ

INNER C~ OSS-S E~~T IONAL A~~~A OF O PENiNG TO V 3L UME = 18.9 CMS D
S 

W IUIH OF CON T AC T OF FLEXIBLE WALL WITH FLESH = 2.8 CM

D~.PT H OF FLU IO—Fj LLE~ WALL c~~TW€EN E~~R~~UP AND FLESH = 1.1 ~M

T H ICKNE~~ OF WALL MAT E RIAL = .C25 CM

Yi~)U~ G~ S M300LUS OF WA LL NAT~ RIAh.. = .33~ .ucj DYPIES/C’ISO

k~ SISTMNCE ~OE FFICIEN1 OF FLUID WITHIN THE WALL • 1+O E ’- C b DYNE EEC/CM

INCOM PRESSI3LE FLUID IN EMi~CUP W A LLS

E~ RL.UP ON A RIGID SUR FACE ~~~~

F’kLQUEN..Y TRAM SMISSICN RATIO
1.IIERT ZI (DFCI3FLS)

20. 2 — 3 0 . 1
25. ’.
32.0  — 3 0 . 0
‘+0 .3
5_ .a — 29.b
64.3 -29.6
80 .5

101.6
128.0 —27 .E
161.3 —25.6
20 5. 2 — 22.6

— 2 2 , 3
322.~ —29.4

~.O6. ’.
512.0 —41.2
645.1 — 4 6 . C
c12.7 — 5 0 . 4

— 5 4 . 7
—55.9

1825.i — 6 3 . 0
— 67.1

2 5 8 J . 3  —7 1 .2
32 51.u T5 . 2

5160.6 — 8 3 . 3
o502.J — 8 7 .3
o192.~ — 91.3

S VMI~~ .113 0 E4 0 2  V M A X  ,9999f•~~-4 F~ 1O

—~~~~~~~---- --~~~~~~~~~~~~~~~~~~~~~~
-
~~~~~~~~~~~~~~~~~~~~~
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TABLE F—28

COMPUTED TRA N SMISSION RATIO ~S. FRE~AUENCY FUR THE EARCUP
SHOWN IN FIGURE 11 OF SHAW AND T. (JASA,1958).

S INCOM PRESSIBLE WATER IN EARLUP.
R.~USHION = ‘.‘RSKIN AT 5u0 HZ.

S SK IN SMUNTS CUSHIO N, BUT NOT V O LJ M E ~~~~

EARCUP MASS = ‘.~ 0.0 GRAM~
S 

EAR..UP A IR ~IQLJ ME = 105.0 CC’S

0UT Ei~ C~ 3SS-S ECT IO NA L AREA OF EARCU P 87 .3 CMSQ

INNER C~ OSS-SECTI3NAL AREA OF OPENING 10 ~DLUME = 18.9 CMSQ

WLL)TH OF CONTACT OF FLEXIBLE WALL WITH FLESH = 2.8 CM

DEPTH OF FLUIU—FILLED WALL ~E1WEEN EAR CUP AND FLESH = 1.1 CM

TIICKNESS OF WALL MATERIAL = .025 CM

YOUNG ’S MODULUS 3F WA LL MA TERIAL = .33E+39 )YN!S/~~Msa

RESISTANC E ~OEFFIDIENT OF FLUID WI THIN THE WA~.L .‘eO EIO 6 DY N E SEC/CM

INCOMPRESSI8LE FLUID IN EA R~ UP WALLS

KSK IP4 o . O ET  OY N ES/CM ( S HMW AND T . , J A S A ,i95~~
)

F~ EQUENCY— OEPENDENT RSKIN FRO M FRANKE (JASA,t952)
TIMES 10 (SHA W AM ) 1.,JASA,1958)

FR~.UUE N~ Y TR ANSMISSION RATIO
(HERTZ) (DECI 9FLS)

20.2 —5.0
25.. —7.9
32.3 —7. 7

— 7 .5
5~..8 —7.2
64 .3 —7 .3

~C.6 —8.9
101.6 —12.5
128.0 —17.0
161.3
203.2  — 26 .1
256 .3
322.5 —34.7

S .06.’. —38.9
512.0 — 4 3 . 0
64 5.1 — ‘.7.1
o12.7 —51.1
1024.0 —55.1
1290.2 —59.2
1625.5 —63.2

—67.?
2560 .3  —71.2
3~~5t .0 — 7 5 . 3
‘.096 .0 — 7 9 . 3
5160.6 — 8 3 . 3
6 502.6  — 8 7 . 3
o192.0 —91. 3

F-li
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F” 
¶ FIGURE F-2C

COMPUTED TRANSMISSION RATIO VS. FREQUENCY FOR T HE EARCUP
~ H0WN IN FIGURE 11 OF SHA H AND 7. (JA SA ,1958~ ,INCoM~ RZSSIeLE WATER IN EARC UP.
RCUSH ION ‘.‘PSKIN A~! 500 P7.

S~(IN SHUNTS ROTH CUSHION ANI VOLUM E ~~

~~ EARCU P M ASS = 4 90 .0 GRA MS

S ~ A~ CUP AIR VOLUMC~ lOi.0 CC’S

OUT ER CROSS—SECTIONAL AREA OF EARCUP = 87,1 CMSO

INNER CR(~SS—SECTICNAL AREA OF OPFNTNr, TO VOLU PIc. = 18.9 CMSO

WIDTH OF CONTACT OF FLEXIBLE WALL WIT H FLESH = 2.5 CM

DEPTH OF FLUID—F ILLED WALL 9ETWEEN EA~ CIJP AND FLESH = 1.1 CM

THICI(N~ESS OF WALL MATERIAL .025 CM

YOUNG’S MODULUS OF WA LL MAT!RIAL = .33E+09 C’~NE5/C MSn

R~ SISTANC c. C OC.FFTCIENT OF FLUID WITHIN THE WA LL = .1.C E+06 DYN E SEC~ C~I

1’4COM~ P!SSt~ LE FLUID IN EARC.tJ F WALLS

KSKIN 3.0E7 OYNES/CM~~ HAW A NC T.,JASA ,19581

FREOUENCV—DE PEND FNT ~SK IN FROM FRANKE~ JA SA ,j 9 52I
TIMES 10(SHAW AND T.,JASA,t~ 5~ )

FREOU~ NCY TRAP4SM ISSICN PATI C
(DECI 9ELSI

20.2 —29.5
— 29.!
—29.0

I. I

~~ S )
50.8 —28.3

—28.2
8C.6 —73.9

IC 1.o —30.7
128.3 — 3 3 . 4
16 .3
2C Z.2 —40.4

32 2.5 — 4 8 s ~~
..C€.. —52.8

—57.6
61e !.1 —62,1

—65.5

~~~~~~ —69.0
129C.2 — 7 2 . 7
162!.5 — 76.5
20 4E .0 —80.4
?58 C.3 — 84 .3
3251.0 —88.3
4096.3 —92.3
5i6 t.6 — 96.2
E5Q~~.O —100.2 F—1 2
819 2.0 —104.2

——S-~ 5--—S-~ - - - -  --~--—5~~~~~-——
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COMPUTED TRANSMISSION RATIO VS .
FREQUENCY FOR THE EARCUP SHOWN IN
FIGURE 11 OF SHAH AND T .(JASR .1958)
EWALL DIVIDED BY 2.0.
INCOMPRESSIBLE WATER IN EARCUP .

4 RCUSHION = 4*RSKIN AT 500 HZ.
RIGID SURFACE . 
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ANALYTICAL O P T I M I Z A T I O N  OF THE D E S I G N  OF EAR PROTE CTORS

The function

1/2
T (Xc , rc , Xv) I If l S I e 

= (RE 2 + 1112)pouts ide

wh i ch is defined in Appendix F, attains a maximum or a minimum for those
va lues of Xc , rc , and Xv for which ~T/~ Xc , aT/ a rc , and aT/aXv go to zero
simultaneousl y (Sol kolnikoff and Redheffer~°°). Carry ing out the indicated

part ia l  d i f ferent ia t ions for the transmission ra t io  defined in Appendix F S

for the Zwisiocki mode l wh i ch is shown in Fi gure F-i , and set t ing the resulting

der iva t ives equa l to zero, y ields (after tedious algebraic man i pulations):

XvXs2-XmXs2+(1 .0 - .L.2.)Xv2Xs-2XvXsXm+Xm2Xs_ rs2Xm#rs2Xv
IXc 2 l~~~~ 2 (1)

(-Xs -2XsXv+(-’_~j. — i)Xv +2XsXm+2XvXm_Xm
L_rsz)

T

rs (X m2-2XvXm + {I.O - !. ~9.} Xv 2)
i2rc= 2 2 2 2 (2)

(rs +Xm -2XsXm-2XvXm+2XsXv+Xs +Xv )

Xv = 
rcrsXs-2XcXs2+2XcX mXs+2X mXs 2+rc2Xm+2rsrcXm- rc2xs—rcrsxc+ rs2 (Xm-Xc) 

~~
2XcXs +2Xs

2 
+ 2rs rc + rc2 + rs2 - 

(Xc+Xs ) + (rc+rs)

If equations (1), (2), and (3) are solved simu l taneously , val ues for Xc ,
rc , and Xv wh i ch cause T to take on extreme (locall y maximum or minimum )

values are obtained. The three simultaneous equations must be solved for

each f requency of interest , and additiona l calculation s must be performed to

ascertain whethe r an extreme va l ue is a locally maximized va l ue , a ~oca i ly
minimized va l ue , the highest of a ll l oca l maxima , or the lowest of all loca l

minima . Obviously, an electronic computer will be required for the optimiza-

tion calculations.
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