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NATIONAL ADVISORY COMIIITTRE FOR AEROWAUTICS

PRINCIPLZS, PRACTICE, AND PROGRESS OF
JCISE REDUCTION I AIRPLAYZE

By Albert London

I. INTRODUCTIOW

4 decnade ago, the air traveler's ounly protection against

the deafening din of noise was the cotton plusg which he
could insert in ais ear. FWothing sneaks more elocuently for
the nrogress which has been achieved in guleting the air-
nlare than the fact that in nizght travel on cortain air
lines, passengers nust be cautioned to sneak guiotly in
ordcr that tqo se aslecn be not disturbed.

Phis transition from "cotton »luz" to "Quic nlease,
has only Ueen possible of attainment bdr a full application
of the orincinles of acoustics. The investigntors in this

ield have had to consider many and divers tonics. To
nane a few: Warat are the nrincinal sources of noise in
the airplane, and how may ther be reduced or eliminated”?
How may we measurec noine? What ig the relations thip betweeon
the nmurely phyveical attridvutes of noise nnd the navsiolog-

ical reaction of the ear to thisg atvmuluq Zow ay the
Tiltration of noise into the nirplane cadbin be reduced
by proper anttention to constructional detnils, ~nd how can

tiils he accomplished with a mininmum of welght? What svste-
matie vprocedure should be used in carrying out thils guict-
ing ~rocensg?

It is the vpurpose of this waver to review the body of
knowledse walch hns been accumulated in this Ficld. Sno=—
cinl nttention will he pald to efrective soundoroofing
schenes, and all the data available in the published liter—
~ture on thais subiecct will be given.

II. THEZ TATURE OF SCUID AND 5I4RITG

d"

nof us are Fonilinr with
hl

fact that vhenever
ve henr a sound, we usuallv find that the source is n

vi-
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brating body of sonme kind. When the bYody is set in motion,
the laver of air next to it takes on an exactly similar

my

motion. This disturdbance is then handed on from one layer
of 2ir rarticles to the next, until it ultimately reaches
the ear.

An exactly similar nrocess occurs when a stone is
tharown into water. Here, there is visual evidence of a
wvave traveling outward from the center of the snlash.
However, to make our analogy agree more closely with what
is actually havvening in a sound wave, we should have to
contrive, in some way, to have a number of crests emitted
from tae ceater of the disturbance neriodically. Ferharcs
we night have a large numdber of stones and dror them in
the water at the rate of, say, one a second. hen, every
secouad » new crest would travel outward and the wave could
Pe snid to have a "freguency" of one crest ver second.
fhe distence between two adjacent crests is known as the
veve length and, evidently, in thls case it is erual to
the distance the wave travels in one second. Ian zeneral,
for any wave nmotion, the following relation is true:

[n

Velocity of wave motion = frequency X wave length

In the simple sound source, the tuning fork, an analo-
gous vaenomenon takes wlace. Here the vibration of the
nrongs of the fork causes o wave moticn in the air which
is verceived as a sound by the ear, The frequency of the
sound wave 1s cqual to the numbder of vibraticns which the
nrongs of the forir make ver second, and is seld to be so
many cycles nmer second. If the fork vibrates a large nun-
ber of times per second, we say its pitch is high; if only
a Tew, its »itch is low. Thus, the hizhest note a stand-
ard »iano produces is about 4,600 cyeles ver sccond, where-
as, the lowest igs about 30 cycles per second.

The tuning fork is a simwle source of sound, only one
freguency corresvonding to its motion. There exist more
complex sources, in which several freguencieg are nresent.
Thus, if two Tevs on a niano be struck, the air particles
must viorate as a result of toth freguencies. Imagine how
complex must be the dance of the air marticles under the
influence of 2 symrhony orchestra where numerous freguen-—
cies “rom %0 to 10,070 cycles ner second are nresent, In
the nore comnlex sound sources threec tyres of freauency -
distrivutions are evident: 1) The frequency spectrum has
only ~ discrete number of freaquenciecs wresent; 2) a con-
tinuous distridbution of frecuencies is rresent; 7)) o com-
biration of 1) and 2) consistinz of bYoth 2 continuous and
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n <iscreto frequency svectrun. Noise usually contains =n
ge aumber of frocquencies, having a spectrunm which may
fall under any one of these three:- claouo

There are many ways in which the investigator may an-
alvze di7ferent sounds to find the constituent frequencies,
fost of the methods in gencral use operate on a selective
tuning orincivple, in which the instrument resvonse is a
inximum at one definite freaquency. To cover a wide ranse
of notes, the frequency of rmaximum respense is made vari-
able in a prescribed fashion so that the frequencies pros-—
ont in the 2nalyzed sound may be readily determined from
the getting of the instrument, For example, one commer-—
cial form of this type of device, the wave analyzer, aas
as its essential element a crystal which will resn»ond to
one freguency only, say 50,000 cyeles ner second. If a
sound wave of 10,000 cycles per second is wicked up by a
microohone, and the electrical current sc gSenerated ie am-
nlified, and then vassed through the analyzer, it is wvos-
sible to get a resvonse only by somekow stepping up the
10,000-cyecle note to 50,000, Tn e this, the instrument
is provided with an oscillator which can generate a wave

7 any frequency desired. By the well-known heterodyn
efrect, if a2 freguency of 47,020 cycles per second be com-
bined with a frequency of 10,000 cycles per second in the
Drooner way, we Set as a M‘1’13 the sum and difference of
the two freauencies, i.e., A0, 000 and 50,000 cycles »per
second. The 30,000 nocte may be supvressed and the 52,000
note wmacssed through the crystal filter. The dial, which
controls the frequency of the local oscillator, may dbe.
calibrated to read 10,000 cycles per second directly.

There is nnother tyve of analyzer commonly in use, in
whichh an electrical circuit i used which will pass a
given vand of frequencies only.. For example, 1t may »Dass
all the freguencies in the octave between £12 and 1,024
cvcles per second and reject all others. Thisg type of de-
vice is¢ known as a band-pass Tilter, Bv having a numbver
of these band-pass filters, a frequency analysis to cover
any desired range may be obtained.

Any sound, in addition to having =
guency spectrum associated with it, possesses one other
important physical attridbute, namely, intensity. To re-
turn to our tuning Tork, if the orongs be tapned harder,
moere enersy will be imparted to the vibrational motion,
and the cxcursions of the prong from its rest nosition.
will be largzer. It can be readily shown that the energy

ome definite fre-
sesq
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associated with the motion of the fork is provortional to
the sguare of its amplitude (the naximum displacement from
the equilibrium »osition), A larger amplitude is imwarted
to the air narticles, which, since they have a motion sim-
ilar to that of the fork, tlherefore have an enerzZy als
provortional to the sguare of their amplitude. The maxi-
mum velocity of the air varticles and the maximum presgure
puilt up in the sound wave may both be chown to be provor-
tional to the amplitude, so that the enersy in a sound
wave devends on the square of the narticle velocity or of
the prersurce of the wave. 3v the term "intensity," we
mean the total amount of sound encrgy which flows through
unit area normal to the direction of vropagation of the
weve in one sccond. The units of intensity are, there-
Tore, watts ver scuare ceantimeter. However, to express
sound intensitics or enersgies, almost exclusive use is
made of thoe decibdel scale,.

The decibel scale first came into use in telenhony
and electrical communications work, where it was desired
to have a convenient way to exvress the ratio of two dif-
ferent wvalues of such electrienl quantities as current,
voltage, or vower. The decibel difference between two

Py
rowers, P and P,. is defined as 10 10210K§£/' Since
the nower developed in a resistance R,, by a current I,
v 2
is P, = I,® R r by a tage V, is P, = =*-. we
: 1 19 Ry, or by a voitage 1 s 1 TR we
nave:
Decibel difference between P, and B, =
AR L, R AL E BN
= 10 log,, =21 = 10 log, . /;5;——~> = 10 log,, (—3;——1\ (1)
\Ps / \IBD R, \V, @ R1/
If R; hnovens to be equal to R,, we have:
‘ 1.2 RN
Decibel difference = 10 log (~£) = 17 log (“A
10O .\ID/ 10 \Va
2! v
1 1
= 20 loyg., [ =% = 20 log == 2
%10 \I. ‘ %24y \V. (2)

erence between

(%N
i)
by

Thus, in sound meansurements, the decibel 4
v

-

two sounds 1s siven by 10 log,, == where E; and E;

La
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are the energles of the resvpcctive waves., Since the ener-
¥ in 2 scund wave iw proport*onal to the square of the
sound wmresgure or warticle velocity, we have:

10 log =2 = 20 log. . i = 20 1oz -t (3)

wiere ©p and v reprezent sound pressure ard varticle
velocity.

The decibel scale has several advantages which, how-
ever, we can nmore intelligently discuss ater we have con-
qidorrn some of the »henomena associated with hearing,

The ear ig a remarkadbly sensitive mechanism. At the
sower limit of audibdility (for the frequency of maximun
sensitivity) it is nonsible for the car to detect a motion
of air particles which have an amvlitude of only one=-
billionth of a centimeter (110792 am}. If onc remembers
that molecular dimensions zrc of the order of magnitude of
12 times ss nuck, i.e., 107°% cantimeter, it becomes evi-
dent how extraordinarily sensitive %he ecar igs. On the
other hand, at the upner limit (for this same fre equency of
maximunm sensitivity) grunds anmout one m;lllon million
times as intense can bde heard. The ear has 2 range trhere-—
fore o? about 1018 in enersy. In decibels this range can

be exvro«qca 28 10 log,5 1022, which is 127 decibels.

Thet is, the sound level at the upper limit of aundivility

i s l?w decibels above the sound level at the threshold of

audibility, The decibel scale iga, tierefore, a compressed
scale telescoring a ratio of 1 to 102 in ener:y into O to
12D -decibels.

[}

Since a cound level in decibvels really states hovw
wuch rore inteénse one sound is ss compared with anocther,
it ic always necessary to know what the intens ity of the
reference sgund isg. The standard reference level has dHeen
defined by the Arerican Stw“ inrds Assoclation as the inton-
sity of 1071% watts mer square centimeteor. Thie corre-
sponds to a root-mean-square nressure of J.0002 dyneq per
qquave cen tlmetor in a hlqne groerenulvo scund wave.¥

Q hor referonce lerl have beren in use vrior to tnc Adon=—=
tion of this stendard. One common level in use, ecsnecial-
1y in airplane noise mea suresents, has heen the intensity

0T a wave having a root-mean—-sguare pressure of 0.701 dvae
mer ecuare centimeter (L millibar). Readings in decibhels
with this latter reference level are 1%3.8 dd lower than
those referred to the standard reference level. In tais
raver all levels, unless otherwise stated, are referred to
19" *® wvatts oper sq. em.



6 ¥ A.C.A, Technical ¥ote No. .748

With this as a reference level, figure 1 gives some idea
of the relation between the decibel scale and the sensa-
tion perceived by the ear.

O0f more immedizte interest for our purpose, is_ the
range of levels found in moving vehlicles. Tavle I, which
has been adapted from Zand (reference 32), zives the lev-
els to Ye found in different tyves of transportation plus
the ascsocliated sudbjective measure of the degree of com-
fort exwerienced.

The decibel scale is strictly a physical scale for
intensity measurements. EHowever, of nrimary interest is
the sensation which is perceived by the ear as a result of
the physical stimulus. The nsychological reaction of the
individual wvaries from verson to person, so that in order
to formulate the relationship existing between the physi-
cal stimulus and psycholozical gsensation, it 1s necessary
to investigate a large number of ears before any conclu-
sions may be ascertained about the average ear,

It is found in this way that the sensation is a rath-
er complex function of the intensity and frequency. For
example, it was desired to ascertain when two different
notes sounded equally loud to an observer. To do this,
sounds of two frequencies were compnared. One had a fre-
auency of 1,000 cycles mer second, and the cbserver was
allowved to change the intensity of the other freguency un-
til Toth notes were equally loud. Proceeding in this man-
ner, a large number ¢f difrerent tones could be matched in
loudness to the standard reference tone of 1,000 cycles.
Pijure 2, which is the result of the work of Fletcher and
Munson (reference ), gives the result of such measure-
menta,

These curveg nave the following meaning: If we se-
lect one of the contours, say that numered 50, then all
voints on it represent notes which are equally loud.

Thus, a 100-cycle unote of 387-decibel intensity level,
sounds 2gs loud as a 1,000-cycle note of &0-~decibel inten-
sity, or a 7,000~cycle note of about 60-decibel intensity.
The lowest curve is the threshold of hearing. It gives
the intensity level at which the average normal ear can
Jjust hear, at all the frequencies from about 25 to 15,000
cvcles per second. The uppermost curve ig the upper lim-
it to hearing, the go-called "threshold of feeling.' Phe-
nomenologically, it is found that with sounds of this in-~
tensity, the sound is not only heard but there is also an

x
At end of rewort,
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additional senwation of "feeling." The actual sensation
varies with frequency. At the lower freguencies a feeling
of vidbration is experienced, while st the hizher frequen-—
cies, the Tfeeling is one of pain. - Thus, the nrea includ-
ed between the two extreme contours gives the region over
whnich audition is possible.

The intensity level of zero decibels is set to coin-
cide approximately with the tiareshold of hearine nt 1,000
cveles, It will ve noticed, however, that the ear is moat
sensitive at about *,500 cycles., The numbers on the con-
toure are nurerically ecqual to the intensity level of the
1,20C0~cycle note to which all notes on this contour are
eguated in loudness, and are known as loudness levels.
Since a loudness level is not a strictly phaysical guantity,
but rather a measure of the sensation recorded by the ear,
1t becomes inavprovriate to use the decibel as the unit of
loudness level, TFor this usage, the ternm "shon" has been
accented. However, it will be found in the literature
that decibels are still sometimes used interchangeably with
phons. TFor examnle, if a sound has a loudness level of 70
phons, it is equal in loudners to a 1,000~cycle note of
7J-decibel intensity. Hence the louduess level is said to
be 70 decidbels.

There are several other important features zbout the
contours which should be pnointed out. From about 500 cy-
cles and up, the contours are anproxinately equally dis-
placed from one another, a 10-decibel increase in intensity
corresponding to a 10-vhon increase in loudness level.
This is not so for the lower frequenciecs, as the curves
crowd tosether at the lower end. Thus, a emall drop in
intensity means a much larger drop in loudness. For ex-—
ample, if we have a 1N0-cycle tone with a level of 170
decibels, and we drop the level by 62 decidels, the sound
Just Decomes inaudible, whereas a 82-decibel drov in a
1,000~cycle note would still be nlainly audivle, having a
loudness level of 38 vphons.

This phenomenon has fortunate consequences in the
sound insulation of airplane cabins., The largest contri-
bution to airplane noise is nade by the low freauencies;
furthermore, the low freguencies are the nost difficult to
reduce in intensity., Thus, the car comes to the rescue,
inasmuch as it willingly accepts a much lower ener3zy dim-
inution in the low frequencies than it will in the higher
frequencies. We shall refer azain to this volnt when we
tiscuss sound insulation.
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The loudness level contours may be plotted in a 8Qif-
ferent way with frequency as the parameter. Such a rep-
resentation is figure 3 (reference 2). These curves give
the loudness level versus the intensity level, each curve
being valid for the frequency given on the curve. It will
be noted that for a large range of frequencies, from about
300 to 4,000 cycles per second, the loudness level is ap-
proximately provortional to the intensity level, and fur-~
thermore, they are both very roughly equal to each other
to within ordinary engineering accuracy. At the lower
frequencies, the provorticonality between loudness level
and intensity level is true only for a limited range of
loudness levels,

The question which arises next, is that of measuring
thegse twin quantities, decibels and phons. Just what in-
strumental means are available for a quantitative specifi-
cation of the amount of noise pregsent? To answer this
puroose, there has avpeared in recent years the sound lev-
el meter.

This device consigsts esgentially of a microphone with
an associate electrical circuit containing an amplifier,
attenuator, and meter. The latter is calibrated to read
decibels directly and usually covers a range of about 156
decidbels. Intensities over a range from about 30 to 130
decivels may be measured by adjusting the attenuator dials.

In designing this type of instrument, particular at-
tention 1s naid to what is called the resnonse freguency
characteristic, i.e., the resvonse of the meter to differ-
ent frequencies., For measuring intensity levels, it is
esgential that sounds of different frecuencies dut of the
same intensity, should give the same reading, If the me-
ter hns this property, it has a "flat" frequency response.
In the case where the characteristic is not flat, a noise
measurement will emphasize certain frequencics at the ex-
vense of others,

However, this is exactly what is desired in measuring
loudness levels, Since the ear discriminantes against some
frequencies, the meter 'should do likewise in order to meas-
ure the ear's sensation., An attempt is trherefore made to
incorporate in sound-level reters a response-frequency
characteristic similar to that of the ear. Three differ-
ent characteristics are usually vprovided - a flat resnonse
and two which simulate the ear's at 70 and 40 vnhons. Fig-
ure 4 sives the design objective which has bren set for
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thene neters by the American Standards Association. The
curves as drawn here are directly comparadle to the con-
toureg of figure 2 for the loudness levels of 70 and 40
phons.* To be more sgpecific, the 70-decibel networi curve
gives the intensity level of tones of different frequen—
cies which would give the game reading on the meter as a
1,700-cycle tone, For examvle, a tone of 860 cycles is
discrininated 2zainst to the extent of 10 decidvels on tae
70-iecibel network, and 26 decidels on the 40-~decibel net-
works; i¢ it has an intenusity of 75 decibels, it will read
65 doecloels on the 70-decibel retwork and 49 decivpels on
tho 43—&001b01 network, To zet these three different
cnaracteristics, specially desisgncd electrical circuits
are nrovided. At the flip of a switch, any of taecgse
three networks may be introduced. It is recognized that
the 'rcor“oratlon of only three networks is a compromise
sitated by the difficulty and expensce of simulating
tJe uar's resvonse at all loudness levels., For this rea-
son toe meter performance is only an anproximation to
wani the ear hears, In addition, there are certain tol-
eraances nermitted in designing the networlis, so that very
often the frequency response o7 the instrumeant ig such
that errors are introduced in the measurements. The sound-—
level meter, before bheins »ut into use, should always be
calibrated so as to detcermine the extent of agreement with
the desisn objective., With reference to the use of the
various networks in the aound-level meter, the "A,I.E.E,.
Tost Code for Apvmaratus Tnisc Mcasurcment" recommends that
the 47~decibel network "be used for usual avparatus noise
cencureents," the flat networlk "for ver; high intenei-
ties where low freguency noise is predominant” and thaat
the 77-decibel network "be used only in svecial cases.”

0

It should be mentioned that Davis (reference 1) has
re .tl stated that the American Qound—level meter does
not #£ive the correct value for the ecauivalent louduness of
: ise consgisting of a series of 1mpulo?s or having con-
sideradble intermittoncy, the reosding being too low. In
accordance with his findings, Davis has constructed a me-
ter which gives results in azreement with atrnl observa-
tiens oun this tvv oT nnine.

There nre certain inhorent differences bvetwoen the ear
miecrophone as o gound-nensuring device. Hence, the
of figure 4 are necessarily slightly differen t from
T figure 2. These corrcctions are introduced %o
tako cere of the differcunce betweoen the conditions under.
wiich thoe car resvwongsce weos obtained as compared to the con—
¢iticns uniler vhich noigce measuremnents are usually talren.

')

o
. 13
2
b
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there frequently occurs
The reading obtained

there are

two sound sources - one emits a note of intensity 80 deci-
bels, the other 60 decidels.
. " £y - 8
Rl = 80 d.D = 14‘ 10%10 E_' or = = lo EO
2o
E
:{8 = 60 dh = 10 10‘9;10 ed or Eg = 10 EO
o

Corresponding to the reading of 80 decibels, the en-
er3y E; is 100 million times the energy at the reference
level of zero db, Ej; and corresponding tc 60 decibdels,
Ep is 1 million times as sreat as Ey. ‘hen the two notes
are sounded simultaneously, the reading will be R;, whers

Ey + Eg /B & o
Ryp = 10 logyg —2—=——= = 17 1og(l0 +127) = 30,04 db
Lo
which ie sensibly tie zame as 80 decibels.

Proceeding in this oy, we can formulate the follow-
ing tadle, in which the two individual levels are R; =and
R,, 2and when heard together, are Ryt

R;(dDv) R (dn) Ria(dd)
80.0 70.0 20.0
80.0 742 81.0
80.0 77.6 62.0
80.0 30,0 83,0
80,0 31.8 84.0
80,0 B3, 3 85.0

A convenient rule for calculations accurate to within
1l decibel ig the following: It

Ry -~ Rz ig greater then 9 db, then Rirp = Rj

A, = R, lies hetween 9 and 4 db, then Rip = Ry + 1

Ry -~ Rg i " 4 and 1 d4b, then Ri1o = Ry + 2

R, - Rp " " 1 2nd 0 db, then Riz = Ry + &
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From these calculations we see that a reduction in
noise level can be obtained only by first reducing the
noise dne to the loudest source. ZEliminating sources which
are of lecser intensity will cause only a slizht decrease
in level.

Of course, from the standnoint of noise reduction,
the imnortant question to consider is to what extent a
dimiunntion of 1 or 2 decibels is verceived by the ear. As
a matter of fact, a very rough statement of the ear's sen-
sitivity to slight differences in intensity is that it can
Just merceive a difference of about 1 decibel., Thig dif-
ferential sensitivity to intensity varies with both fre-
quency and ‘intensity., For example, at a level of about
80 decibels above the threshold of hearing, the ear can
Just detect chansges of about 1/2 decibel tiarough a fre-
guency range of about 2,200 to 8,000 cycles; at B decibels
above threshold, the level must be changed by asbout 4 deci-
vels before it can be detected. At the low frequencies the
differences must be much larger. Thus, at 52 cyclos, the
differential sensitivity is about 8 decibels when the orig-
inal level is only 5 decibels sbove threshold; from 40 to
80 decibels abdove threshold the ear is sensitive to changes
of 1 decibel or less.

The logical question to pose now is this: To vhat
extent 1s the loudness reduced when reductions of 1 or 2
decidels occur? The answer may be obtained from figure 5
which is a result of a determination of an absolute scale
¢f loudness by Fletcher and Munson (reference 2)., In thisg
-experiment observers were nsked to judge the relative loud-
ness of two sounds; for example, when one sound was twice
as loud as another, 'In this way, the relationship between
loudness arnd loudness level was derived. Thus, if there
is a reduction in loudness level of 2C phons from an orig-
inal loudness level of 40 phons, figure 5 shows that the
loudness changes from about 1,200 to 100 loudness units,
or a reduction in loudness of 20 percent has occurred.
Continuing in this way, the curves of figure 5 may be
plotted (reference 6), From this figure we see that a re-
duction of 2 phons corresponds to a loudness reduction of
about 15 percent. Small changes in loudness level produce
a much larger change in the sensation of loudness. Thus,
in any attempt at noise reduction, possible minor altern-
tions, which produce but small reductions in level, should
not be overlooked.



12 TAJCLA, Techinical Note No, 748

It is a matter of comnon exverience that it is difii-
cult to hear in 2 noisy environment. In table I, the rela-
tionship bYetween the ability to carry on conversation and
the noise level in various vehicles has been given., These
exverimental results are closely related to the auditory
rhenomenon of masking. If the threshold of hearing of an
observer be measured in the presence of an extraneous

noise having a2 uniform dlstridbution of energy among a fre-—
guency svectrum which includes all audible freguencies,

it will be found that hig threshold is raised. The test
tone must be made louder in order for him to hear 1t. Fig-
ure 7 summarizes the data for the masking effect of this
type of noise (Fletcher and Munson, reference 3)., It Zives
the maeking in decibels, i.e., the amount the threshold at
varicus freguencies is raised, when various masking noise
levels (the numbers on the curves ) are used. For exampnle,
if the noise level is 79 decibels, it raises the thresh-
old for freguencies from about 300 to 10,000 cycles, about

5

&2 decivels,

A vure tone may also produce a nmasking effect. It is
found that tones of lower frequencies mask those of higher
frequencies more readily than vice versa. HEowever, a low
frequency will not mask a much higher frequency in cactes
wvhere the intensity of *he masking tone is small. Further-
more, the masking tone ..ay mask a lower vitched note if it
is not too far removed in freouency. In the noise of air-
craft, the lower freguencies nredominate and are very loud.
Hence, sveech which contains frequencies from about 120 to
8,070 cycles is readily masked, especially those comnonents
which are most immortant for understanding, i.e,, those be-
tween 500 and 5,700 cycles ver second. The German aeronau-
tic research grouvn, the D.V.L., onceé measured the intelli-
$ibility of specch before and after treatment of a cabdin
(reference %0), The intelligibdility increased from 6.5 per-—
cent in the bare cadbin to 78 vpercent in the treated cabin.

In the early days of noive measurements, use wag nade
of the masking effect to messure noise levels. By means
of an instrument which measures auditory acuity, the auvdiom-
eter, the threshold of hearing of the observer was meashred
in a quiet vlace., These threshold measurements were then
repeated in the neisghborhood ¢f the noise source and the
amount by which the threshold shifted was taken as a meas—
ure of the noise level. '

Another method is one in which a known level vnroduced
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by the nudiometer in one ear is compared to the noise lev=
el* to which the other ear listens. The tone on the audi-
ometer is adjiusted until it sounds as loud as the noisec.
IT tzo note of controllable intensity is 1,000 cycles ner
second, this type of measurement will give directly the
loudnese level.

3efore closing the discussion on sound and hearing,
mention should be made of several other factors of impor-
tance, The reaction of the individual to noise ig¢ condi-
tioned ot only on its loudness, but also on its nature,.
Vhereas people are prepared to tolerate some noise as a
nececsary evil in the operation of mechanical eguipment,
noisesg which are thouzht to be unnecessary and waich
should not be present can vocome quite disturding. Rat-
tling, squealing, or squeaking of the device, a low-nitched
drumming, and intermittent or erratic scunds are often an-
novins. The reader can undoudtedly recall some sounds
which ne has found particularly objectionable., An attempt
hrs been made by Laird and Coye (reference 4) to evaluate
the desree of annoyance of different frequencies. They
found that the annoyance increases when intensity increases
and 2t one intensity level, the least annoying are the mid-
dle frequencies from 200 to 1,520 cycles per second.

Part of the disagrceable sensation associated with a
noisy anirnlane arises from insccurely fastened structural
memobers which are set into vibration. If “he vidbratory
amplitude be sufficiently loarge, nn audible sound will be
cmitted and, what is more, the masascager mary eoxnerience 2
sengory renction if the vidbration is transmiitad to where
e hopnens to be. Just how large an amplitude is percepti-—

ble i¢ ziven in the curves of figure 8 (reference 5). Herc

*We take this opportunity to summarize the various terms
in use 2g units for sound nensurements. As a ohrsical
measure of the intensity of the sound or noise the three
termg - sound level, intensity level, ard noise level -
are equivalent. The term "loudness level'" ig reserved for
intensity measurements which have been corrected for ear
resnonse and should be expressed in nhons but are often
expressed in decibels. Tnc "loudnessg" of a sound is an
absolute measure of the observer's reaction to its inten-
sity; 1t may be expressed in loudness units which are,
therefore, o quantitative means of exvressing the average
auditor's impression of how loud the sound is.
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the amnlitude of vibration in centimeters 1is
against the Trequency in cyclecs per sccond,
grnoh is divided into the six regions 0O, Ia,
IIb, with the followlng meaning: All motions
amplitude nnd frequcncy in the resion

0 are not noticeable

Ia, Jjust noticeable

Ib, well noticecabdle

Ic, vory strongly noticeadle

ITln, disagreocndble

IIb, wvery disagrecable

rlotted

The whole
Ib, Ic, IIn,
naving thae

It will be obuerved thnt the gZrenter the freoguency
the smaller the ampvlitude which can be detected. Tho vi-
bration amplitudes of an airplane may be quite large.
Znnd (reference 32) reports one naonel in an airplane which
hnd an amplitude of 1/& inch, =n extremely disagreeabdble

source of discomfort. As n guide to be used

in determin-

ing waat vibration ampnlituies are permissidle, Zand zives
the fijure of 0.712 inch as the maxinum amnlitude to be

curves of figure 5 would indicate.

III. SOURCZS OF NOISE I AIHCCAFT

tolerated, a figure which is considerably higher than thae

In the bvattle azainst noise, the firet line of de-

fense 1 a good offense; attack the enemy at

its source.

I{f nocsible, eliminate the noise gsource; if not possidle,
reduce its intensity. 3By studying all the possible sources
of noise in the airplane, how they arise, the relation-
ship between the intensity level and the different varia-
bles, and the relative magnitude of tue various sources,
valuable information is obtained which may be used to se-

cure a sizable reduction in level.

Armed with a knowledge of the various physical fac-
tors involved, it is quite possible to vredesisn an air-
nlane which will not exceed a specified noise level. How-

ever, having duilt the airplane, any changes

in construc-

tion are relatively more costly. It is therefore the wis-
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est and most economicnl coursce to malre the initial desizn
consistent with acoustiecnl reguirements., It is, of course,
nossible to correct the finished airvlane, but usually

this involves an increase in weight, with 2 conceguent roe-
duction in wnay load.

iirmy investizatore have discussed the various phases
of noice reduction in aircraft, 4As a tyvical example of
what can be done by »paying attention to design features,
Zand (reference 22) has given the data in tadble II. It
should be emdhasized that the reduction in level obtained
is due to recducing the noise at the source, ecither by o
more effecctive cdesifgn or a vroper choice of overating con-
ditions, and not by the introduction of soundvroofing nma-
terials

TABLE II
The composition of noise in the cadin showing the im-
nrovement possible by an efficient desisn, 'excluding the
use of soundoroofing.

: .
I | R e _level in decibels
Source e toise levs __.%‘_u- il S
!Inefficiont design Lpf101ent de i4n
1) Proveller 120 100-104
2 Ixhaus 118 100-104
Z) Bngine clatter 104 89-29
45 Air-morne noices 108 7a=70
5) Acrodynamic noise 91 a4
6) Ventilating noise 114 2-76
Total noise 126 13ﬂ~1ﬁ”

In particular instances the reduction rossible may be
more or less; the figures given are only to be considered
as illustrative.

A. Promeller Yoise

Extensive observations (refercnces 1c, 11, 12, 13, 14,
15, 16, 17, 18, 19, 20) on vroveller noine have heaen mads,
the resalts of which will be briefly montioned here. The
noisc consists mainly of two commonents. One is the rotn-
tion note, which has 1o freguoney eccunl to the number of ro-
tations ver scecond multivnlied by the nunver of dlades in the
nropcllar, This is the fundementnl notc, the low-mnitched
roar, ana 1t is accommanied by n lnrﬁo numbcr of harmonice
(frequencies which are intesral mnl tiples of the fundamental)
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Usually there is more acoustical energy in the fundamental
than in all other fregquencies, co that it is the chief
cause of proveller nolse. However, in certaln cases (ref-—
erence 11) the harmonics may predominate.

The other component is the rotation or vortex noise.
As the vroveller rotates, it causes a turdulent air condi-
tion to be set up, in which vortices are shed off the
rlades. The vortex motion g£ives a very complex freguency
apectrum composell of a continuous distridbution of frequen-

ciles from about 1,000 cycles up,.

It is alzo found that the rotation ncte and vortex
noise are not egqually intense in all directions about the
vroveller., The maximum intensity level occurs in the
vlane of the vropeller blades and 1s due to the fundamen-
tal note. The vortex noise, on the other hand, has its
naximun along the axis of rotation of the propeller. How—
ever, the frequency discrimination of the car is such that
the propeller noise is equnlly loud in all directions
(Stowell =nd Deming, refercnce 20),

It is evident that vrovper nocitioning of the cabin
relative to the vproveller is of advantage., 3Both the sound
intensity and the vibration amplitude of structural ele-
ments decrease with distance from the cource of the dis-
turbance. Some data of Bruderlin (referecnce 22) (fig. 9),
give the variation of noise level, at the skin of the fuse-
lange, with distance from the proreller, showing that a 10-
decibel reduction may be odbtained by placing the cabin 16
feet nack from the plane of the propeller. If there is

toco little clearanee detwoen the fuselage and the tip of
the vroneller, the vibration amplitude of the fuselage will

be larzer and the noigse level will be higher. The noise
. 1 . . .
level varies as 4=, where r 1is this clearance dis-
r

tance {Z2ruderlin, referecnce ?1), wrovided r varies from
8 to 12 inches. In one snmecific case (Zand, refercnce 32),
n 2-inch clearance between the provoller and a certain vpan-
el caused the latter to vidrate with an amplitude of 1/4
inch, and 2s a result it wag the cause of most of the nolse
in the cndbin, To reduce the noise bheing emitted, a float-

venel was attached to it by means of ruavbver strips.
The amplitude of the floating vpanel measured 0,015 inch

¢ sound level droppved 10 decibels. This same reduc-

tion could have been obdbtained by having a clearance of 1&
inches, had that been possidle.

"
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Multiple-engine airvlanes with an even number of en—
gines are to be preferred, ag i% is possible in this case
to have the cabin situated farther away from the vronel-
lers than ig usual. The cabin, however, should not be
locnated in the plane of the rrovellers, since this is ex-
actly where the rotation note, which is hardest to insu-
late ajainst, is a maximun,

The single most important determinant of propeller
ncise, however, is the rroveller tin sneed. lMost authors
are asreed that a linear relationshiv exists betwreen noise
level in decibels and vropeller tiv spred. Zand {(refer-
ence 32 finds that the noise level in decibels for a two-

blade retal propeller ig
Noise level (db) = 24 + 0,11V (4)

where V is the tip speed in feet ver second. For a
three-slade metal proveller the equation is, avproxinmately,

Noise level (4b) = 19 + 0,11V (5)

The actual law is plotted in fizure 10. The relations
(equations (4) and (£)) seem to hold up to about V = 88
feet ver second, when the sound level starts to increase
faster than a linear law. Somewhere in the neilshborhood
of tiais sveed, which is an aporeciable fraction of the ve-
locity of sound, the flow of air rast an airfoill similar
in desizn to 2 rropveller section chanstes from smooth flow
te "burvling trve of flow which at low apsaeds occure only
at large angles of atiack (reference 32) .M Thig results
in a decided che2nze in thc character of the sound with an
avvarent increase in intensity. Hilton (reference 14) has
indicated that the lirear law extends well ocn past the ve-
locity of sound. He found that the noise level is direct-
ly proportional to tin speed in the range from O to 1.2
times the velocity of sound.

Obata and co-workers (reference 19) carried out »n
extensive series of observations on fhe intengity ot dif-
feront freguency components of the vroveller noise as a
function of tiy sveed and pitch angle of the blades. VTaile
the intensity does not vary in a simrle fashion with the
Piteh, it is possihle to mnke the rough ctatement that the
sound lewvel decreased 1 decibel for ench degree decrecse
in pitch over a range from about -10° to +10° niteh setting.

Davis (reference 25) has ziven the fellowing rules:
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"Noise reduction of
10 db per 109 ft./sec. reduction in tip speed
{(sorme nirscrews €ave hicher reductions up to
15 dbv).

1 db per degree decrcacse in pitch setting,

10 db for change t¢ thin conventional sectlon.

o]

db vner foot diameter increase of airscrew (for
given vower, forward speed, and similar oper-
ating point on the efficiency curve ).

10 db fcr change to 4-blader of same diameter (for
siven mower and avpnrovriate sveed). (The change
from a ?-bdlader would, ol course, involve a change
of sear ratio and calculations have shown that
there will be ro actual improvement 1f the gear
ratio is kept fixed.)"®

A formula giving the noise level as a function of tip
speed, distance of observation vnoint from proveller, the
number of blades, propeller radius, chord of blades, blade
shape, angle of incidence of air stream, and air viscosity
has bpeen given by Capon {reference 23 ). There is sone
doudbt =2s to its complete nccuracy, ns it has been assumed
in this derivation that the sound intensity diminishes
with the distance according to the familiar inverse square
law. Several observers (refercnces 19 arnd 20) have found
exnerimentally that the intensity decreases more rapidly
than this. The render is referred to the original paver
by Canon for the formula and its use.

The nost effective way to reduce the noise level of
an airplane is, then, to reduce the proveller tip sveed,
use larse-blade propellers and preferadly with more than
two blades. In most cases the reduction of tip sveced is
accomplished by gearing the proneller to the engine. COarc
should Te taken that the noilge level of the gears iz be-
low that of the propeller noise. 4s an example of the ad-
vantage in gearing, we gquote some figures of Dlavis (refer—~
ence 25), in which a Zeared and an ungeared ensine are
compared., The tip speed of the ungeared airvlane was 830
feet per second, while that of the geared airplane was ©oFf
feet ver second; the reduction was, on the average, about
13 decibels. In any event, the tip speed should not be
permitted to exceed 850 feet wer second, at which speed
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the curves of figure 10 show that thae sound level gets in-
ordinately large.

=4

B. Exhaust and Engine Koilse

=3}

Usually the vropecller noise is much louder than the
xhaust ncice. I7 the difference in intensity betwcen the

¢
{

O
(B

!
tw s more than 10 decibels, then we have scen that cven
1f we entirely eliminated the exhaust noise, the sound
level would be unchanged. Thus, there is no vpoint to re-
ducing the exhaust noise unless it is louder than the NIro-
veller noise. OFf course, some reduction (1 to % db) ma

be obtained in case the exhaust is no more than 9 deci-
bels below the ovroveller noise. Before any reduction in
level can be obtained, it is always necessary to first re-
duce the loudest oifender.

In certain aircraft, where the tivn speed is still
relatively larse, the exhaust needs no svecial muifflers or
silenecing device. The vsual procedure iec to use exhaust
collectors, with the exhaust-vpine outlet located well away
from the cabin sc that the screening effect of the nacelles
or wings is used to good advantaze. Increasing the digs-
tance from the cabin is also of advantaZe since the sound
intensity decreases as the inverse square of the distance,
annroximately.

In the event that in some way the contridution from
the vropeller has been reduccd below the level of the ex—
haust, some kind of gilencer will be necessary. The
National Bureau of Standards has conducted an investiga-—
tion to discover the nature of the action of a muffler
and to test the effectiveness of various commercial and
exnerirent nufflers (references %3 and 34).

Analysis of the action of the ordinary muffler ¢ho
that it acted by modifyving the flow of gas so as to gen—
erate less sound, but did not act to abdsord the sound a
ter 1t had once been created. The working vprincivle of
some of the mufflers was chiefly one orf reducing the tem—
perature of the exhaust gnsg dr an expansion chamber or by
2 larse metal radiating surface. In addition, in some of
these mufflers a turbulent gas flow, which caused convece—
tion currents, increased the rate of heat loss. When the
temperature dronved, the density of the gas increased, as
2 consequence of which for a given encrgy of flow, the ve-
locity of discharge of the sas was reduccd. In the re-
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sistance type of muffler, the flow of gases was retarded so
that a back pressure was excrted on the engine with a con-
sequent loss of power. Mufflers of this type arc too
heavy.

There are several tyves of mufflers which are duilt
for the purpose of attenuating the sound produced. In
one, use is made of sound-absorbent material which is able
to withstand the heat of the exhaust gases. Another tyne
has built into it an acoustic filter, a device which dis-
criminates against certain freauenciecs present in the ex-
haust noise, so that these frequencies arec attenuated.
Measurements on one tyve of engine (reference 24), an 80—
horsevnower, V-tyve, 8-cylinder, water-cooled, Hispano-Suiza
engine indicate that the exhnust sound energy is concon-
trated in the frequencies below 250 cycles and sreater
than 500 cycles. Hence, the acoustic filter should be de-
signed to dissipate these two frequency regiouns.

One important conclusion of this investigation was
that considerable reduction could be obdtained merely by
the use of 2 manifold system. Thus 7 decidels was gained
when a side manifold tube 3 inches in diameter and 31
inches long was connected to the exhaust nort. Four open
vorts, 2 inches in diameter, were provided on the side
manifold. A more complicnted device containing a Siamese
fitting between the exhaust port and the side manifold at-
tenuated the noise 13 decidbels. This indicates the order
of effectiveness of such a simple device as a collector
and & tail pinme. Of the 10 mufflers tested, half of them
had a reduction of about 5 decibels; the other five were
responsible for 10 decibhels loss. The loss in horsepower,
due to the addition of the mufflers, was less than 2 per-
cent, while the manifold system was responsible for a 1-
to 3-percent loss.

It should be pointed out that the data on mufflers
were obtained in the laboratory in a test set-up in which
the propeller was purposely excluded, so that only ex-
haust noise would be measured. In any practical attemnt
at airplane quieting it is desirable to know just which
component, mroveller or exhaust noise, is louder, and it
is of advantage to make such observations on the finished
airplane., A method of separating the components has been
indicated by Svpain, Loye, and Templin (reference 28).
Some of their results are gsiven in a later section of this
vaver (p. 49).
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Engine noise, in which we may include valve and tan-—
vet clatter, gear, cardburetor, and supercharger nolse, is
usunlly bolow the level of the exhrust. Some figurcs we
have =2lrendy guoted (U. 15) and some obtained at the
Tntional 3Bureau of Standards (reference 24), indicatc that
the difference is about 14 or 15 decibele. Naturally, the
engdine may cause a great deal of disturbance bLecause of
vidration transmitted to the cabin structure. Care should
be token therefore to secure o nroper elastic suspension
for the engine, Zand (reference %2) states that a reduc-—
tion of 2 or 3 Jdecibels was obtained in one particular in-
stallation in which a resilient mounting was used. He ad-
vocates the use of rudbber under shear for mounting pur-
proses, ag 1t gives a greater vidbratory attenuation than
the ordinary rubber under compression. A method of calcu-
lating the load on the rubber sunnorts is also given by
Zand. Cf course, it is of advantage to have the squen~
sion fittings as close as poosible to the center of grav-
ity of the engine. Additional refinements from the guiet-
ing viewpoint are flexible nives and tubing between the
sniie and the nacelle, the rigid wall of ordinary nine
lines bveing more ant to vibrate than tlhe discontinuous
structure of a flexibdle conduit.

A varticularly disconcerting effect which may de ob-
tained in multiengine installstions is the vhenomenon of

beatc bDetween engincs These occur when two engines are
running at slichtly dl:fer-nt speeds; the net effect is a
fluctuation in inteansity which may Lo as zZreat as 10 deci-

bels., In the modern Douglas sirplanes (Bruderlin (refer-
ence 21))}, synchronization controls are provided wherebdy
beats are kent less than 1 in 4 seconds. 3eats may also
occur vetween different frecuencies vnresent in the complex
structure of zirplane noise. Then ther nccur and are suf-—
ficiently loud to be disturving, the apprronriate remedy is
to change the frequency of the mechanical motion resmonsi-
ble for the generation of this note.

Joilse

C. Aderodynanmic and Ventilating

=

he advent of streamlin«d aireraft, marking the rele-—
gation of the "stick and wire" structure and other aero-
dynamicelly faulty airplanes to obsolescence, has made thae
aerodynenic noise level an unlmportamt Tactor compared to
nroopeller and engine noise. If the lineg of the airplane
hull zre kept clean, and obstructione or vnrotrusions whica
would causec excessive air turbulence are eliminated, noises
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arising in this manner will not bte troudblesome. Precau-
tions to “e taken in this category are the avoidance of
leas or ovenings in windows or doors and their annropri-
ate installation to assure continuity of streamlining.

Under flight conditions, with variable stresse
ing on the fuselage and door, it is wnossible for sl
openings to avpear where a perfect closure existed
ground. Such openings introduce a new source of nolse
because of the turbulent state of the air at these small
cracks and because they transmit an inordinate amount of
sound into the cabin. An effective door catch should ex-
ert preassure on all four sides; there are several such de-
vices on the market. There is also a type which has a pneu-
matic gasket which is capable of expansion upon reacning a
given elevation (Zand, reference 3Z2).

In ventilating systems for aircraft, we have a ver-
vlexing oroblem in which, asvarently, the demands of =sood
ventilation are diametrically oprosed to those of keening
the cabin quiet. To get the required air flow, rather
large ducts must be nsed, and if these be employed, suffi-
cient sound may be transmitted into tke cadin from the
noisy exterior to make the interior egually loud. Similar
requirements arise in air conditioning, heating, and ven-
tilating units for ordinary building construction. The
designer in this case turas to the ise of sound-absording
materials which he employs as a duct lining. In the Curtis-
Wrieght "Condor" (Goldinzg, reference 27), such a ventilating
system igs uced,. Tne ducts consist of two concentric tubes;
the inner tude is pnerforated and the svacec between the two
is filled with ¢lass wool which has Zood sound-absorbding
nroperties. Ags the =2ir stream masses through the center
pive, the acsociated noisc is attenuated. In general, the
attenuation or diminution in sound level is directly pro-

nortional to the length of the duct. For example, 1if
there is o decrease of 10 decibels for 17 feet, there will
be o 20-decibel loss for 27 feet. It is therefore evident

that to kecp the noise 1evel low in the airolane, the in-
take opening should be as frnr as nossible from the point
where the air is dischargsed inte the cabin. Furthermore,
the intalle should be located in a relatively guiet s»ot,
say under a wing, away from the nroneller.

The attenuation mer unit length varies with freguency
for any siven lining and duct orening and is usually small-
er =2t both the low and the hizh Trequency ends. There mnmay
sometimes be some residunl sound, a tearing or swishing
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type of nolse. -To remedy, recourse should be had to o fre-
quency analyzer to determine the frequency or freguencie
present. An acoustic filter (n. 182, reference 36 ) may be
the prower solution if too wide a frequency ranle is not
present in the analvsis.

In certain instances, the difficulty may arise fron a

resonant effect, i,e.,, if the length of the ventilating
pipe i a multiple of one=half wave length (1/2, 2/2, =/,
?/?, +..) of the sound wave concerned; thea the nipe will
be in resonarce and the attenuation will be nuch less
Figure 11 (Schoch, reference %8) shows this effect. The
influence of an opening of 15 centimeters length and 1.7
centimeters diameter on the sound insulation of a brick
wall was ascertained. Curve a renresents the scund in-
sulation of the wall without hole, and curve o with the
hole., The hole is essentially a tube of 15 centimeters
length snd will resonate at certain select frequencics,
nﬁwelv thoue for which tne wave length of the sound is 2,

b
9/ /‘. 2 y «.. times the leangth of the »nipe. The
fjrst fre guency in the series is approximately 1,150 CJClGS/
) 74400
second (frequency = 3x 153 the veloclty of gsound is

34,400 cm/sec.). Succeeding frecuencies will therefore be
2ah00, 480, 4,600, .. The arrows on the curves of Tig-
ure 11 show the minima which occur anvroximntely at these
frequencies. It will %bYe seen that 10 to 15 decibels more
sound is transmitted a2t these “requencies than at others.

This. resonant effect may become ccorious in some in-
stallations if the tube lensth iz such as to resonate at
the low freguencies from which airvlane noise 3ets its
loudest contribution., Thus a 5-foot length resonates at
“4 cwveles, and a 12-foot lenzth at 47 cvecles, In modern
airplanes the fundamental of the wropeller note is low be-
ceuse of the reduced tin sweed, but usually not lower than
4% cycles vmer second, so that if ventilating pires be kent
longsr than 12 fect, this anomalous transmission ef ect
will not ocecur., Of course, if the nipe length is short,
the nigher frequenciecs will resonate and thev arc usually
less objectionable than the lower tones. A “reguency anal-
vsls of the offending residual sound will chow if 4%t has
the frequencies associated with the longth of the nive,
Thie length may be changed =o that maxinun atienuation is
obtained by raking the new lenzth 1/4, ?/L, “/4, see 0F 1

wave length, Thet {5, 1if 1 = lenzth of tude, ond L =
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the wave length, minimum attenuation occurs when

1
%f' g}: vee and maximum attenuation when 1 = %, %%,-% .
The lengths of maximum transmission occur halfway bvetween
those for minimum transmission.

= 2L
4
L

The size of the conduilt which should be used is deter-
mined by the rate at which air is to be supplied to the
cabin and the maximum speed of flow commensurate with pas-
senger comfort. Zand (reference 32) states that 15 to 20
kilometers per hour is "the maximum sveed of air which
will not create draughts" a2nd that 30 cubic feet of air per
person per minute will do in normal weather, while on very
hot days, up to 60 cubic feet is necessary.

D. Secondary Noise Sources

The term "secondary noise sources" refers to noise
arising from vibrating objects in the cabin, such as dbulk-
heads, floors, baggage racks, chairs, and other auxiliary
equipment. These give rise to air-borne sounds which may
be particularly odbjectionable, as they are, in general,
intermittent in nature. Furthermore, vibration of furni-
ture or floors may g€ive nassengers an unpleasant vibdbratory
sensation,

The fuselage of an airplane is subjected to sudden
changes in stress, to shocks, and to vibratory motion
arising from prime movers and intense sound waves. If any
cabin fixbtures be connected directly to the fuselage, they
will be set into vidration. To remedy this undesirable
condition, it is well not to mount cadin equipment on the
fuselage directly or, if this is necessary, to use shock-
absorbing mountings of rudbber, felt, or any other vidra-

tion damping material. Floors, for example, should bde
mounted on an isolation sygtem, say, of rubddber, felt, or
cork pads. Panels of the cabin trim should be fastened

rigidly, and any large unsuvported structural elements
should be avoided, as they will readily cause a low-pitched
drumming effect. The ideal cabin, from this viewpoint, is
one in which no part is compelled to take the stresses to
which the airplane is subjected. Intercabin dulkheads or
any other internal bracing can be readily avoided by the
use of monocoque constructions or "self-supvorting U- or
Z-shape rings (Zand, reference 32),"

Windows, if attached directly to the cabdin trim, will
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creante o high-pitched disturbance in the immediate vicinity
of the nassenger. Avvprovriate rudbber fittinzgs for mount-
ing the windows are available on the market. One natented
construction, figure 12 (Zand, reference 32), provides a
rubber channel into which the glass is inserted. Provi-
slion is made for the rubber to move in two directions,
both laterally and vertically, so that the vibration is
readily zttenuated. The energy dicsipation of such a ma-
terial arises from its ability to change its shape under a
loads Actually, if the rubdbber is not too soft, it will De
found that it is almost incompressible when confined., It
is, therefore, well for the designer to allow rubvber or
other resilient supporting material room for expansion or
contraction.

Other minor vieces of equipment, "such as ashtrays,
drinking glasses, mirrors, fire extinguishers, and seat
belts" should be securely fastened to the cabin to elimi-
nate the possidbility of their rattling or buzzing, Eter-
nal vigilance is the price of keeping these annoyances
from cronving up. Mountings and fittings should be neri-
odically inspected. s

Attention to details when installing cadin ecuipment
will pay. Secondary noises, then, may be kent to a mini-
mum. With the princivles detailed under the other sec-—
tions A, B, and C, the designer may choose his overating
conditions and pattern his design-so that a material re-
duction in noise level of about 20 decibels is obtained,
His untreated cabin, however, is otill much too noisy, the
level being about 100 to 105 decibels. For comfortable
surroundings and unimneded ability to conversze, thae sound
intensity should be reduced to that in the V-16 and V=12
bassenger cars of tadle I, i.e., hetween 79 and 84 deci-
bels. A further reduction of anrywhere from 15 to 25 dec—
ibels, and in some casesg 30 decibels, may be necessary.
For this, recourse must be had to the nrincinles of sound
insulation and sound absorption. We shall show that by
maxing use of these two wrincinles, it is wmossible to gain
uop to 30 decibels for a reasonsble amount of additional
weight, However, bvefore discussing this nhase of the nrob-
lem, we should like to round off our nresent discussion by
giving some additional means availabdle “o secure a reduc-
tion of noise level without soundnroofing.

One of these schemrs has been indicated by Bruderlin
(reference 21). He found that by curving the fuselage
section, less low-frequency socund would be transmitted
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into the airnlane than if the section were flat. Thus,

in the DC=?2, a deformation of the section to a 50-«inch
radius nroduced an improvement of 6% decibels at 50 cycles
ner second, while a 100~inch radius was 2% decibels better
than 2 flat section, The approvriate radius is, of neces-
sity, a compromise between decibel gain and necessary in-
terior space. Analyses of the distribution of noise in
the cabin have shown that the front of the airplane is,

in general, noisier than the rear. For example, current
practice amons airvlane manufacturers (reference 35). in-
dicates that sound levels rur from about 83 to 91 deci-
bels in the cabin and 85 to 102 decibels in the nilot's
quarters. It therefore follows tanat bvaggage rooms or mail
compartments should be nlaced in between cadin and cockpit,
so that the cadbin ig removed from the noisiest part of the
airpvlane. On the other hand, rest rooms shouwld »nrobably
be well in the rear, toward the quiet end since, for the
passenger who is sick or desires rest, a noisy enviroument
will accentuate his discomfort.

IV. SOUNDPRCOFING THE AIRPLANE

A. The Noise-Reduction Factor

The process of scundproofing is devendent upon two
different physical phenomena, sound adbsorntion, and sound
insulation.  Just where the distinction arises may be seen
from the following illustration. Imagine yourself the
owner of a boiler factory. The din is terrific; workmen
are subjected to the enervating effect of unceasing noise.
Furthermore, the peonle whq are unfortunate enougsh to live
in the neighborhood are complaining:”?our factory is un-
bearable.' You have two distinct problems to solve: one is
to reduce the somnd level within the building in order to
relieve your emnloyees, and the other is to prevent the
noise from leaving the building - for the relief of your
neighbors. '

If you think you would first like to set your neigh-
bors at ease, then what you must do is to change the con-
struction of your walls so that they become more effective
sound insulators., It is possible to achieve this in-
creased efficiency in several ways, one of which is to in-
crease the weilght of the walls considerabdbly. The heavier
wall transmits less 'sound, but to secure all of the addi-
tional insulation desired a more complicated solution may
be necessary.
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HEowever, having built this wall heas not given resnlite
to your workmen; the noise is still just as loud on thae
inside. ZRecourse must be had to sound-szbsording materials,
the application of which to the walls of the interior will
afford a material reduction in loudness. Furthermore, the
use of absorption in the interior also helps to reduce the
sound-level exterior to the dbuilding. If the sound level
is reduced 5 decibels on the inside, it will also be 5 dec-
idels less on the outside. In this sense, the utilization
of sound absorbvents may be said to have some sound-insulat-
ing value. However, since it is usually not possible to
secure a reduction of more than 7 declibels by this means,
it is necessary to make gpecial provision for sound insu-
lation.

Of course, in guieting an airplsne, the point of view
is reversed; the noise exists externally to the airplane
and what is desired is to prevent the transmission of sound
into the interiocr. EHowever, having once penetrated into
the cabin, acoustical materials may be anplied so as to
diminich the sound level. Soundpnroofing 2 cadbin thus re-
solves itgelf into an attack on two fronts, the objectives
of which are: "Keep the noise out and keed the noise down."
On which of the two battlegrounds the stronger efforts
should bYe exerted will be evident from consideration of the
noise~reduction formula which we now deduce.

As an approximation to the actual »physical situation
encountered under flight conditions, the following set-up
is considered. We have 2 cabin which may be thought of
as a large box, this box being cuspended inside of a still
larger box. A source of sound is situated exterior to the
cabin, ns a result of which there will exist a certain
sound field in the space between the two boxes; it is as-—
sumed that at 2ll wpeints in this field there exist equal
amounts of sound energy. The total r~mouat of sound energy
present in the swace exterior to the cabin will be denoted
by Eg, and the anocunt of sound enersy which is incident
on unit area of the cabin surfnace on its exterior side in
uniit time, will be E's., Of these E'g units of sound
energy, only a certain fraction will be transmitted into
the interior of the cabin. The fraction of the incident
ener4y which is transmitted into the interior of the cabin
is known as the transmissivity, and will be designated by
the symbol 7T, Hence, ver unit time, the total energy ap-
pearing in the cadbin is TE'sS, S Ybeing the total sur-

-

face area: Within the cabin there cxist By units of
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energy. asa result of which E';y units of energy hit unit
area of the interior in wnit time. The cadin is lined
with a surface finish which has a sound-absorption coeffi-
cient «. This mcans that of the E'; energy units strik-
ing unit area of S, a certain fraction, o will be adb-
sorbed. Hence, aE'yS units of energy are absorbed in
unit time., In addition, there is also a certain transmis-
sion of energy from the interior of the cabin to the exte-
rior, i.e., of the E';S energy units incident on the in-
terior surface TE'y8 energy units anpear externally.
When eguilibrium is attained, there must be just as much
energy appearing ns is disappearing in the cadin, so that
we have:

TE'sS = aE'34S + TE';S (6)
whence
Bla ~S + TS
. = - 7
E'i TS (7)

The sound energy striking the cabin wall on its inte-
rior side is a function of the total sound energy present
in the interior of the cabin; in fact, it is possidble to
show that in the ideal case assumed here the two are pro-
vortionnl. ©Similarly, the sound enersy incident on the
exterior side 1s proportional to the energy exterior to the
cabin, so that

lo

(8)

| =

e
tdltXJ
e o

The difference in sound level in decibels betwcen the
outside and the inside ig known as the noise-reduction fac-

E
tor and is equal to 10 lo3; 4 =8, so that the
Noise reduction in decibels = 10 108, , 9§_$§TS (9)

A surnrising fact will at once be evident from equa-
tion (2). If there is no adsorption within the cabin,
‘1e.ee, o = 0, the sound level within will bde equal to
that without, no matter how effective the wall is in »re-
venting the transmission of sound. Physical considera-
tions show at once why this must be so. Any sound energy
which does et into the interior is not absorbed and hence
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will versist for a very long time.: (There will be some

loss at each incidence on the cabin wall due to transmis-
sion through the wall; hence it will not versist indefi-
nitely.) As more and more energy is transmitted from the
outside, the cound level will continue to increase until

the external and internal intensities are equal. ZEquilib-
rium will then set in and the two sound levels will De
egual. Thus, it is necessary to have some absorption in the
cabin, else an effective insulation ccheme will be of no
avail,

It will be noticed from equation (9) that to obtain
large sound reductions, we must have a low transmissivity
and 2 hizh absorption coefficient. Figure 1%, in which
the decibel reduction calculated from equation (9) is plot-
ted for different values of T and o, 3illustrates this
fact. (Cf. fig. 3, reference 3%.) It will be seen that
the maximum reduction occurs at the lowest transmissivi-
ties and the highest absorprtion coefficients Furthermore,
if there is very 1little absorvtion, the redhction is small.
Eowever, for leow transmissivities the reduction dncreases
much more rapidly for small values of «a than for the same
values of o at larzer values of T. Thus changing the
absorption coefficient from O to 0.2 results in a change

of 23 decibvels for T = 0.001, of 13,3 decibels for T =
0,01, of 4.7 decidvels for T = 2.1, and of 2.8 decibels
for T=1. On the other hand, if we chanse from « = 0.2
to o =1, we Zet lecss varied reductions for the variou
T’S, i.e. , 7.0 decibels for T = N.001, 6.7 decibels for
T .21, 5.3 decibels for T =0.,1, 2.2 decidels for

T = 1. For the same increase in o, the decrease in the
sound level within the cadin is greatest for low transmiz-

vities.

Another imvortant consideration which is evident from
these curves will be illustrated by the following examnle:
Sunpose o = 0,1 and T = 7.91:; the noise reduction is
10.4 decibvels. If we wish to Zain another 10-decibel re-
duction, we may do one of two things: change the interior
treatment so thst the absorvtion coefficient increases
from 0.1 to 1, or, keepinz o fixed at 2.1, change the

cabin wall structure so thaat T decreases to 0.001. Ei-
ther of these treatments will result in a furither decrease
in level of 9.6 decibels. The answer to the question as

to which of these two po>u1b111tles is most advantageous
depends on the relative weights of the provosed treatments
the best solution is that which regquires the least addi-
tional weight, other things bheinsg equal. In any varticular
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case in vhich it is contemolated making a choice between
decreasing T or increasinyz o and in which the welsghts
of the vrovosed treatments are known, the most avpropriate
answer can be readily obtained from the noise-reductiocn
factor.

The above theoretical development is to be considered
only as a very approximate one. It deals with a highly
idealized cabin, vwhich may be considered very simvly as an
envty room, devoid of ~ny accessorlies and having 211 ~ides
of uniform construction and surface Ffinish. TUnder these
circunctences, the transmitting and absorbing surfaces are
the same, and the transmissivity and absorption coeffi-
cient do not vary from wall te¢ wnll. In our real cabdin,
hovwever, the transmitting and absorbing surfaces are not
equal. The cabin floor may have little absorption value
but may DbPe a very erfective insulator.  Pecvle, urholstered
seats, various furniture vnieces within the cabin have some
absorving adbility. Furthermore, o and T vary in dif-
ferent parts of the cadin. Glass windows have absorvition
and transmission coefficicntse (v and T) which differ from
that of the other cabin units, such as walls, bulkheads,
floors, etc, ZEquation (2) may be modified to take these
variocus fnctors into account. The total absorvtion in the
room is not &S but a sum of the terms 2,5, + az5; +
@285 + ..o, where ~a, ‘is the absorvtion coefficient of a
surfece which has S, wunits of area, a, the absorption
coefficient for S; wunits of area, etc. Similarly, the
total transmission is given by Ty8y * Tasy * TSy + oeee,

rhere Ty, To

o ¥

Tz, »s. are the transmissivities for the

different surfaces having the area s;, sy, Sz, eee
If we let A = 75, + 38, + ... = absorvtion
T = Tys, + Tosy, + o0 = transmittance

we Zet for equation (G):

A 4 A\

¥oi £3 = 10 T =10 4
Noise reduction (db) = 10 log,, 5 10 ]o%lo<l+-T) (10)
For reductions greater than about 20 decibvels % is much

3

sreater than 1, so we zet

Foise reduction (db) = 10 log,, <%> (11)
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B. Sound Absorption

To calculate the noise reduction one may obtalin in auny
soundproofing scheme, it is necessary to know the absorp-
tion coe*rficient and trancmissivity of the materials used.
Methods are available to dqﬁermine both of these gquanti-
ties in the laboratory. The most reliable test vrocedure
for determining «, now in use, is the reverberation-roon
method, in which the time it takes for sound in a room to
decay through a smecified nurmber of decibels, is measured.
Sabine first showed that the total absorntion in a room,
A, is related to the time of decay for a range of 60 dec-
ibels (the so-called "reverberation time" T) and to the
volume of the room V, by the formula

T . 0.05V (12)

where T is in seconds and V in cubic feet. Thus, to
determine «, it is necessary to meagsure the reverbera-
tion time with a known amount of material in the reverbter-
ation chamber. Correction must Tte nade for the absorption
of the empty room.

There are several features of importance about sound-
absorbing materials which should be preinted out. Advscrp-
tion of sound enersgy may occur in either of two ways:
through porosity or diadhragm action, A raterial which is
effective because of its vorosity, consists of a great
nunber of intercommunicating pores, flissures, or cells.
The sound wave incident on the surface »enetrates into the
interior by means of the small openinsgs in the material
but, in traveling down these canillaries, the wave motion
is resisted by a viscous draz exerted by the capillary
walls. As a result, some of the energy in the wave ic
dissipated by this frictional force and is converted into
heat. It is at once evident what the effect of thickness
is. If the nmaterial is too thin, the wave will be reflect-
ed off the Dback surface after havinsg been only nartially
dissipated, so tanst consideradle energy will be reflected
vack into the room. If the meaterial is thick enough, the
wave may be absorbed to such an extent that what i1s final-
ly returned to the room is consideradly attenuated,

Some figures given by Xnudsen (»n. 191, reference 27,
show the effect of thickness on the absorption of DSalsam
Wocl at different frequencies. These are given 1n table
III. ‘
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Variation of absorption e
4
\

icient of Balsam Wool
with thickness and frequency es

oeff
cycles per se cond)

Avsorntion coefficient at frequencies of:

Taickness | 128 | 255 | 512 | 1024 | 2048
1/2 inch 0,06 .22 .41 0.58 0.57
1 .10 .25 .46 .62 .60
> A .26 .58 .89 .70
4 | L34 .48 .65 % .75 .76

It will be gzeen that the . reatest incrence with
thickness dcecurgs at the lowe? ffequon01es. While no gen-
ernl conclusions are valid for =21l materinls, o very gen-—
eral statement can be male whick covers the action of all
rorous naterials, viz, the 2adgorntion coefficient iIs rough-
ly provwortionazl to thiecknecs for o fregquency of 128 cy-
cles ver second for thickneanes as large as 3 or 4 inches.
Above this freguency, for thickncescs greater than 2 inchese,
the‘coefficient is aovproximately constant, but may increase
slightly; for smaller thicknesses the variation with thick-
ness is usuall; not nredictodle. ‘

'ﬂ ]

In the nhenomenon of dianhragm action, the acoustical
materinl vibrates in such o f~shion as to absord energy
from the sound wnve. Since it requires energy to maintain
this vidbrat tion, the reflected wave from the material is
consideradly auten@atod. Wnether a2 naterial is free to
vidrete or not denends on the manner in which it is mount-
ed on tho wall which it covers. If it 1s mounted rigidly,
it cennot show this dianhragm nction, provided the wall

T is rigid. However, if it is mounted on wood studg,
or Tastencd by any other similar menns, so that the indi-
vidual unit is held fast onlv nt its edzges, then it has
the poseibility of bechaviug like n diaphragm. An important
conslideration, therefore, in giving absorntion coefTicients
is to rtate just how the nmaterisls were mounted when test-
ed. The avwvlication of such data to other types of mount-
ings ig¢ usually unreliable and iancorrect. For example,
the following data were trlen =t the Wational Bureau of
Standards (p. 5, reference 2) on a certain acoustical tile
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(Acousti-Celotex, type C2, 11/16 in. tnick) which was
stuck on gypsum wallboard by means of an adhesive, The
wallboard was placed on the floor of the reverberation
room and tested. It was slso tested after it had been
nailed on to 13/16- by 2-inch furring strips 12 inches on
center. The results are as follows:

Younting F;zgi 256 512 | 1024 | 2048 | 4095
i
Cemented onto wallboard [0,11]0.31j0,71 | 0.80 | 0,67 | 0.57
I | —
Nailed to furring {.14 .65 .63 L7 .67 .0b

The diaphragm action is especially evident at 256 cycles
per second.

In this connection it is well to note onc other point.
If the material is tested in the laboratory in small indi-
vidual tile units and then, in the actual installation, 1is
applied in larger units, the use of labdoratory coefficients
may be inaccurate, especially at the lower frequencies.
At these frequencies the tile may Dbe in resonance (normal
vibrational modes), and since these resonant effects de-
pend on the size of the unit the coefficient will be dif-
ferent for the two tilez. In fact, laboratory data cb= .
tained at frequencies of 128 cycles or less may not be too
close to the actual coefficients which odtaln under the
condition of mounting in an airplane, since at these fre-
quencies there is considerable vibration of the airnlanc.
This is, of course, only true for those materials wnrich
are sound absorvers by virtue of their vibratory charac-
teristics.

Some commercial products are manufactured to give
this diavhragmatic absorpntion. In £eneral, they consist
of a flexible external sheet of some kind - paper, wood,
doped fabric, or metal foil backed un Dby en air space.

One of these is "vibrafram," which comes in 13- by 17-inch
units, and has a stiff sheet of felted naver shaped to
form 2 sort of hollow pan. The base is arranged with a
lip so that it can be pasted onto any surface desired.

It is the characteristic of this tywme of absorption
scheme that the coe’ficient 1s a maximum at one frequency
and tavers off at all others. The zravh of adsorption co-
efficient versus freguency i1s resenance-like in nature.
What is taking place is, that at a certain freguency res-
onance occurs, ag the combination of vidbrating diaphragm
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plus air-space forms, in effect, a mechanical system of =a

mass on a spring, in which the diaphragm may ©ve considerecd
as the mass and the volume of air enclosed by the vidbrat-

ing membrane as the spring. That is, the enclosed volunme

of air acts as if it possessed stiffness, and this latter

is the property of a spring,

ileyer (reference 8) has shown that if a2 wall is cov—
ered by a stiff memdbrane of this kind, of mass m per
unit area and distance | from the wall, the resonant
frequency 1s given by the follcwing formula:

188
fo= o (13)
’ m 1
where f is in cygles mer second, m in grams per sguare

centimeters, and 1 in centimeters. Figure 14 zives the
results of Meyer!'!s measurement on brown wraoping paper
vlaced at a distance of 5 centimeters from the wall.

Curve a 1is with the a2ir space, and curve b is with the
space partially filled with cotton waste. The cotton was
introduced in such a fashion that it did not touch the
vibrating diaphragm. Its only effect was to absord the
sound waves which were vroduced in the air svace, especial-
ly those waves traveling in a direction parallel to the
face of the vaver. By using several layers of material
separated by an air svpace, it is vossible to get good low-
frequency absorption over a fairly wide range. Figure 15
(Meyer, reference 8) shows the results obtained in an ar-
rangement using three layers of oilcloth, with an air

space of 5 centimeters between each layer. The theoretical
exnlanation of this action is based on the mechanical anal-
05y of this arrangement to an electrical filter vhich
vpasses high frequenciecs only.

While porous materials are generally inefficient at
the low end of the freguency range, but are much more ab=-
sorbent at the higher frequencies, those arrangements de-
vending on diaphragm action have a maximum absorption at
the low end. To obtain good absorption over the whole
range, the logival nrocedure would be to attempt to com—
bine these two effects. Thig may be done, as we have al-
ready pointed out, by using a mounting for the porous ma-
terial which will vermit vibration, if the material is
sufficiently rigid to be capable of vibration. Another
possibility is one in which the porous material is at-
tached to a stiff membrane so thnt a2bsorption occurs due
to both vorosity and vibdbration. For example, some figures
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obtained at the National RBureau of Standards on a commer-
cial product "Limpet," which is sprayed asbestos mixed
with a binder to make it cohere, are given below, The ag-

bestos was sprayed on metal lath, thus nmaking possible dia-
phragmatic motion,; and also on wallboard, in which case
the absorption would be due to porosity only.

Mounting Absorption coefficients of snrayed asdestos

_ 128 256 512 1024 7048 0 4096
Sprayed on . )

wallboard D.13 1 5,231 | 0.66 0,83 .74 0.68
Sprayed on

metal lath

and surface

valnted «57 .71 .80 .56 . bl D2

The thickness of the layer was %/4 inch. There was
apprdximately a 3-inch air space behind the metal lath.
The much higher absorption coefficient resulting from dia-
vhragm action is evident at the lower freguencies, The
Limpet sprayed on metal lath was vainted with several
coats of paint. This causes a reduction in the coeffi-
cients at the three higher freocuencies since the paint
film prevents entrance of the sound wave into the pores in
the interior of the material. On the other hand, it stiff-
ens the surface of the material, so that the memdrane ac-—
tion is enhanced at the lower frequencies., In another
sample, in which Limpet was svwrayed on metal lath and then
vainted, the absorvtion at the hizh frequencies was not
reduced bvecause of the existence in the painted surface of
a great number of holes which vpermitted penetration of the
wave directly into the air space. Once in the air space,
the sound exmveriences a dissipative effcct at the adsord-
ent undersurface of the spraved asbestos, and hence the
absorption throughout the whole freaucncy .range is in-
creased. The material, lrshkote, developed by Joans-—
Manville (reference 72) combinecd these two nrincinles,
porosity and diavhragm nction, to produce an absorbent
which was effective at all frequencies.

Some other arransements have been given by the German
investigators, Wehner ~and Willms (reforence 30). For ex-—
ample, they used a 3-millimecter nlywood shect, perforated
with 2-millimeter diameter holes, and backed up dby 6-milli-
meter Calmuc (German trade name of n porous material) ~nd
2 50-millimeter air snance. This arrangcerment shows a reso-
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nant effect depending on the distance from the wall. At
the wall a standing wave system is set up, and the par-
ticle velocity of this wave 1s a maximum at a distance of
1/4 wave length (of the frequency concerned) from the
wall, The amount of sound energy dissipated depends on
the viscous resistance of the pores, and this is a maxi-
mum wnen the varticle velocity is a maximum, so that at a
distance of 1/4 wave length the absorption coefficient
will be sreatest. At frequencies between 400 and 1,007
cyecles per second this set-up ives a coefficient of about
90 percent, while at 170 cycles the absorption is only 10
percent. Of importance is the acoustical resistance of
the backing layer. For best results it should match that
of the air, i.e., 42 acoustical ohns.

Wehner and Willms also report some measurements in
which coefficients close to 100 percent were obtained
over a narrow band of frecuencies, These were all reso-
nant arrangements similar to ieyer's, the only difference
being that on the back of the surface membrane (either
nerforated plywood or oilcloth) Felt was applied. How-
ever, the absorption coefficient at other fregquencies was
less than 10 percent. For example, the oilcloth~felt ar-
rangement with a 50-millimeter air space, Zave the follow-
ing coefficients at 100, 200, 32C, 400, 520, 620, 800
cycles per second, resvectively: o = 2,24, 0,07, 1,00,
D.86, D.45, 0,25, 0,03,

It is well to observe here that any surface covering
avplied over the face of a material is a»t to change its
coefficient., If the covering is very open, such as any
verforated metal, wood, or fadbric, or any open-weave cloth,
the coerficient mav chanse either way, i.e., increase or
decreese, dut usually not very nuch. In soundvnroofing
airplanes the nractice is to use pads or bdlankets of light-
weight fibrous materials which are nlaced between the outer
skin arnd the cabin trim. he trim may be a very open fab-—
ric, or perforated sheet of some Find, in which case the
lavoratory coefficients are nrobably unchanged; or the
trim may be a heavy mohair, leather, or fadric of some
kind. In the latter event, since the surface of the blan-
ket is effectively screencd by the external covering, the
laboratory coefficients are no longer valid, unless the
absorption has been measured with the particular covering
actually used in the cabin. In some cases the materials
may be covered with a svecial watervroofing finish or
sheet, so that the effectiveness of the material will de
practically all vitiated. The moral is: deware of extra-
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neous surfaced finishes which oprevent the nenetration of
sound into the absorbent; in any event, a test of the ma-
terial with the covering on it, will determine whether
the arrangement is satisfactory.

Bv using several lavers of different tyves of blan-
kets or sheets, it is mossible to 3zet 2 high adsorntion
over a considerable range of frequencies. Some measure-
ments made on l-inch Fiberglas and 1/4-inch Unisord Felt
by the Nationnl Bureau of Stardards, are siven below. All
tests were made by placing the material on the floor; on
top of the vlanket a perforated iron sheet was placed.

The Piberglas and Unisord Felt were first tested separate-
ly, and then together. with the felt on top.

. 128 258 512} 1024{2648'409§M
l=inch Fiberglas D.2010.66 0.92; O.9Zi0.83 0.88
_l/&~inch Unisorb Felt .oéﬂn.os .14 L2371 .66 .86

l-inch Fiberglas + 1/4- - - -
inch Unisord Felt .33 .86 .98 97| .89] .91

Wnile the felt is not very zood at 128 and 256, 1t
nevertheless produced a considerable increase in the coef-
ficient when it was combined with the Fiberglas. If the
coefficients of the individual layers are known, it will
be seen from this example that it is not wvossible to vre-
dict just what the combination of the two will give. Asg
stated before, in an accurate prediction of the noise re-
duction to be sxpected, the absorption coefficient of the
actual arrangement of materials to be used should be known,

Of course, in making any choice of absorbents for
aircraft, there are other nroverties which should be con-
sidered in addition to the absorption coefficient. The
most important of these is weizht. The material used
should have the minimum of weight conesistent with good ab-
sorption. Weight reduces the vay load, so that unneces-
rary weiszht is warticularly costly. 3Bruderlin (reference
21) has calculated that in the S-year 1ife of an airplane
of the DC-2 type, the net averaze cost per pound of ex-—
cess welight is 3325, ~ sigadle Tigure, esnecially if thae
excess 1s very much. For this reason the designer in choos-
ing his acoustical materinl must restrict his attention to
the very light materials. Fortunately, therec is a fair-
sized collection to choose from; in table IV we have com=
viled the known absorntion data on low density materials.
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While a material may have high absorption and low
density, it still may not be the bhest one to use, since
there are certain other imvortant proverties which it may
lack. 1In selecting the nrover one to use, considerations
should be 3iven to such quantities as heat conductivity,
moisture absorption, fire resistance, vermin resistance,
disintegration or racking under service conditions, chem-—
ical stability, etec.

Naturally, it is of considerable advantage if the
oroduct havvens to be a good thermal insulator also. In
this connection there is prevalent a widespread miscon-
ception to the effect that 2£ood sound absorbers always
have low thermal conductivities. While this may be true
in some cases, it is not necessarily so. All of the known
thermal conductivities of nroducts listed in table IV are
given in tadle V. The thermal conductiviiies are given in
terms of the X factor (B.t.u. per hour ner square foot
per desgree Fahrenheit vper 1 in. thickness).

Under the extremes of temperature and weather condi-
tions which airecraft exverience, the condensation of mois-
ture on the acoustical material is very avnt to occur, It
the absorption of moisture takes vlace, there will be a
considerable increase in the weight of the airplane and
the acoustical efficiency of the treatment may be reduced.
In addition, the thermal conductivity will be reduced.

For these reasons it is imnortant that the material be
waterproof. One hundred percent waterproofness may be obdb-
jectionadble in certain instances, however, as S. J. Zand
has vointed out to the author. If the naterial is placed
next to the metal skin of the fuselage, say, Zlued on,
then there will be formed slight air vpockets between the
skin and the back surface of the material. The water va-
bor originally present in these vockets will condense and
if the absorbent is impervious to moisture the water can-
not escave; whence the possibility of corrosion of the
skin arises. If there is a slight avenue of escave left
oven for the water vapor - say, if the material is not en-
tirely watervroof - the danger of corrosion will be elimi-
nated. To assist in the evaporation process, it is quite
feasible to byvass some of the air stream from the venti-
lating svstem through the space between interior trim and
fuselace,

An item which should not be overlooked is the question
of resistance to vpacking or settling. Vibration of air-
craft is severe, and changes in acceleration are large and
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occur rapidly, so that a material which nay be all right
for ordinary use may not be particularly suited for the
airnlane. There is the possibility that the fibers or
substance from which the acoustic blanket is made may broa“
up or suvdivide. As a consequence, vacking will result and
some ¢f the compartments in the blanket nay bde ovare of fil
in spots.

=y

|_.|

C. Sound Insulation

nt suffices to de-

While the sound-absorption coefficie
as a sonund absordar,

scribe the efficiency of the material
the sound-transmission losg is the vhysical guantity which
gspecifieg its sound-insulation value, ite adility to pre-
vent the transmission of sound. Since the transmissivity,
T, represents a transmission of energy, the resistance to
transmission, or ovacity to sound, would be represented by
l/T. The reciprocal of T, e: hro,ued in the decibel
scale is known as the transmission loss, i.e.,

Transmission loss (in decibels) = 12 logy, <%> (14)

To clarify tais concept, consider this situation.

There are two adjacent rooms, in one of which is located
a source of sound. As a result of this, a certain sound
level exists in the other room. To koep the level down,
the second room is treated with a sound-absorbing material.
It is desired to krow the intrinsic insulaticn value of the
wall between the two rooms. The difference in the sound
level existinZ on the two gides of. the wall, is due not
only to its insulating efficiency dbut also to the absorp-
tion in the receiving room, so that to %et the effect of
the wall itself, a correcction must be made for the absorn-
tion. ¥From equation (11), we have for difference in level,
greater than 22 decidbels

td

10 log

510 /~1A'~\) (11)
s,

b
0
fl
'_l
i
O
J
—
o

where E; and E; are the sound energies in the source

and receiving room, resvectively, A igc the total absorn=
tion in the receiving room, T 1s the transmissivity of
the wall and S is its surface area. Solving for

: 1 -
10 log,, F, we zet

- /1 /BN /4 _
10 log,, ! 10 log —1) - 10 10g,,4 (= (15)
10 1/ 10 \F, 10

\S /
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The expression 10 log,, (%_ is the transmission
loss of the wall, 10 log, 4 (%Q/ is the observed decibel
N
difference, so that 19 log,, (% is the correction term

which corrects for the effect of absorption. Furthermore,
the avpearance of the surface arca in the correction term
is equivalent to reducing the result to that which would

be gotten on a wall of unit area. Thus, if S were one
unit area, there would be no correction for area, since
log, o 1 = 0, It is avrarent, then, that the transmission

loss is the unigue paysical gquantity which is a pronerty
of the wall only. This makes it possible to compare the
insulation value of different conctructions by comparing
their transmission locsses.

The example outlined above is the basis of one method
of determining the transmission loss of different struc-
tures. The panels are placed in an opening tetween two
rooms, and the difference in level between the nolsy and
quiet side, the absorption on the quiet side, and the sur-~
face area of the panel are measurcd, these data sufficing
to 2ive the transmiscion loss. This method is in use at
the National Bureau of Standards and other laboratories.

Observations made on a large number of panels of homo-
gZeneous construction have shown that the single, most im-
portant determinant of the insulation efficiency of a pan-
el of this type is its mass. Figure 16 is a result of the
work of Chrisler and Snyder (reference 24) conducted at the
National Bureau of Standards (reference %3%) on ranels con-
sisting of single sheets of different materials. It is
to be seen that for the very light vancls the average
transmission loss* increases guite rapidly as the weight
increases up to about 0.5 vound ver square foot. From
this vpoint on, however, the curve begins to flatten and
the rate of increase in insulation efficiency is much
less. As a matter of fact, the curve of figure 16 can be
represented on a2 logarithmic scale by » straight line.

In figure 17, the transmission loss is plotted ngainst the
logarithm of the weight (1b./sq.ft.). This straight line
haos been ziven by Chrisler and Snyder (reference 24) and
is represented by the dotted line of figure 16,

*The tests reported here were conducted in a slightly dif-
ferent fashion from that now in wusec:; hence, while the fig-
ures obtained are not strictly transmission losses, they
are very avonroximately so.
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Iz toble VI the actual meacsurements on the different
materials are given, It is to be noticed that the trans-
mission loss varies with frequency and that the panels
are less cffective at the low-freguency eand. To specify
the avernge performance of the panel, the average of the
transmission losses at the three different frecquency
bands is given; in the future, in referring to the average
trancmission loss, we shall omit the word "average."

It has been found that the straight-line relationship
between transmission lose and logarithm of the welght is
valid for even very heavy panels. The designer 1s clear-
ly at a disadvantage herc. If he wishes to get socod insu-
lation he must resort to heavy structures. Fortunately,
however, it is possible to zget greater efficiency by re-—
sorting to the use of composite panels.

To illustrate the voint, consider the case of three
rooms arranged in a row in whiech room 2 is the center one,
and rooms 1 and 3 the two extreme ones. Let us say, the
separating partitions between the rooms are plywood, 0.12b
inch thick, If we have a source of sound in room 1, test
no. 14 tells us that there will be a reduction in level
of avpproximately 19 decibels between rooms 1 and 2 and,
furthermore, between rooms 2 =2nd 3, there will be another
approximate reduction of 19 decibels, so that room 3 is
about 28 decibels guieter than room 1. This is a very
considerable reduction, inasmuch as an increase of 19 dec—
ibels has been achieved merely by adding another plywood
wall. Hence, one might exvnect that by using a double wall
with an air space, the transmission loss would be much
larger than for the sinzle vanel and much sreater than tac
weizht relationship for homogeneous panels would require.

In table VII is presented results on tests of two
panels with an air snace boetween them.

The last column in the table is significant; it states
the gain in decibels of the double nqrt ition over the sin-
gle homosgencous partition which has the same welght. For
example, consider test no. 26, in which two aluminunm

sheets 0,025 inch thick were separatcd by an air space of
0.5 inch. The transmission losgs was 16.1 decibels, and
the weight of the wpanel was 0.70 pound vper square foot.
From fizure 16 we see that a homozeneous vnanel of this
weight would have a transmission loss of about 21 or 22
decibels, so that there has been an actual loss in incsula-
tion efficiency. 1In fact, not only is no. 25 less effec-

I
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tive than a homogeneous partition of the same weight, but
it is nlso poorer than no. 11, in which only one sheet of
aluminum was used.

Thus, it will be seen that in practically all instances
there is a loss instead of a gain. The effect of the air
space, when the panels are very close, is to actually in-
crease the transmission of sound. The difference between
these results and our idealized situation of the thrce
rooms 1s to be ascribed to the proximity of the two pan-
els. For one thing, a good share of the vibration of the
first panel is transmitted throuzh the frame or common
support on which the two are mounted; and secondly, tae
air space for these panels acts as a sort of elastic sheet
which couples the two faces together. As the weight in-
creases, nowever, the effect of the alr svace becomes less
important, so that a gain in transmission loss is experi-
enced as, for example, no. 32.

No. 230 is interesting as it suggests a clue as to
what is to be done to remedy the situation. Insulite is a
sound~absorbing material, hence, in no. 30 the sound level
existing between the two partitions has been decreasged with
a conscquent increagse in insulation. What is needed then,
is: 1) to absord the sound energy present in the air
space, and 2) to break the elastic tie which exists be-
twesn the two walls as a result of the air smace. For
these reasons, various absorbent layers were placed in the
air svace. First, fibrous boards such as Celotex and In-
sulite, were tried. Thile there was an imvrovement over
similar tests on the double wall with air anace, the trans-
mission loss was still 5 decibels less than that for a ho-
mogeneous panel of the same weizht (test nos. 33-38, ref-
erence 33%), For the low-density materials such as Balsam
Wool, hair felt, and cotton, the following results were
obtained (tadble VIII).

"The cotton, hair felt, and 1/Q~inch layer of balsam
wool are seen to give no improvement over a panel of equal
weight. The thicker layers of balsam wool are seen to
5ive an improvement of 5 decibvels on the average." This
reduction is what would be exvected from a n-nel of more
than twice the weight. Another series of vanels was meas-
ured using a dry zero blanket, which is a vproduct made of
kanok and is very light, having a density of 1.14 vounds
rer cubic foot. The results are given in table IX.

The largest gain was experienced in panel no. 50 but
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it mu®t be ruled out in this comparative series of measure-~
ments, since it was not of the same sizo as the other pan
els. The best panels from the point of wview of highest
tranomission loss for least weight are nos. 49 and &1, bdoth
2iving a transmiscion loss of about 30 decibels with a
.weight of 1 pound ver square fcot. UNo. 81, however, has
the disadvantage of having a highly reflecting interior
surface, so that very little sound absorption will occur
in the cabin., In general, the dry zero causcs a net in-
crease of & decibels, which ig¢ about the same as experi-
enced with balsam wool, the dry zeroc vanels, however, beling
sually lighter. Two other important points should be
noticed, If the dry zero is comwacted, as iA no.,6 53, the
reduction will be reduced as there is then a more solid
tie Detween the two surfaces, the packed-in material act-
ing to communicate the vibration from the front surface tc
the rear surface. In the two lightest pancls, nos. 44
and 45, the dry zero is not as effective as in the heavier
panclsg, However, if vanel 44 be comparecd with 22, there
is an increase of 9 decibels.

The regults wresented in todle IX are, in Zeneral, in
accord with a theory of Meyer (reference 7) on multivple
partitions. This theory is of interest fto us ag it points
out the limitations and nossibilities in the uce of this
tyme of construection. It will be bdriefly summarized here.

Each partition with ite accompanying air svace (or
absorbent-filled swace) is considered as one of the iter-
ated elements of an acousticsl-uechanical systen which may
be represented by an analogous electrical circuit for
which the mathematical solution is known. At low frequen-—
cies, such a combination has a small transmission loss
However, there exists n certain frequency (the "high-
frequency cut-ofs") given by

£ o= __lﬁ?o- (10)

¢ /1

where

f is cut-off Tregquency in cyclecs mer second.
. . 2
m, mass per unit area of one wall in q/cm .

varation between two successive
n

al sewna
titions.

for which the transmission loss rises rapidly.
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Fizure 18 (reference 7) shows some results obtained on
a) a lS-sheet cellophane wall with an air space of 1-
centimeter and b) a wall consisting of %, 5, and 10 sheets
of roofing paper with 1 = 2 centimeters. The cellophane
ig so lizut that the cut—-off frequency is 6,700 cycles; a
noticesble rise in the curve is evident at this freguency.
For the roofing vaper, fc is reduced to 800 cycles ver

second because of the increased weight and air space. It
+ill be noticed that 211 of the b curves start to rise
in the vicinity of 800 cycles ver second; furthermore, for
frequenciecs below this frequency the threefold, fivefold,
and tenfold wall £ive about the same results for the trans-
mission loss. It is only for frequencies adove f, that

the curves separate. Some other data of Meyer (fig. 6 of
reference 7) on partitions having one, two, three, four,
and five layers of plywood, show the same effect - no dif-
ference for frequencies less than f,, vith a consider-—
able spreading for fregquencies greater than f,.

Eence, to make an effective double wall, the mass
should bte as large as possible and the air space should be
large. This will make the cut-off freguency low and hence
the transmission loss versus fregquency curve will rise
sharply. In the light-weight partitions measured at the

u3s, f, was relatively high. Thus, as an example, for
vanel 27 consisting of two aluminum sheets with an air
svace of 1.7% inches, fc was 780 cycles. Since the

highest frequency at which the measurements were taken was
about 1,000 cycles, the value at 1,000 would not be much
different from the other two measurements. In panel 32,
fo = 680; +the transmission loss at 1,000 is considerabdly

greater than that at the other two freguenciles.

The effect of the sound-absorbing filler is to absord
sound waves waich travel to and fro in the enclosure par-
allel to the wall surface. If this is so, it should not
be necessary to fill the entire space with absorbent, but
nlacement around the boundary should be sufficient. This
was done on the multinle plywood wall with a result simi-

ar to that obtained with the air smace, except that the
curves arose much more steeply for frequencies greater

than the cut-off. Furthermore, comparison between the re-
sults obtained on a multiple wall with three plywood shects
when the whole enclosure was filled with cotton waste and
wvhen only the boundaries were lined, showed that they had
practically the same transmission loss. Figure 19 shows
the erfect of the introduction of the cotton on the bound-
ary as conmnpared to the empty air space.
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The fact that it is vossible to get such a sizadle
increase in insulation efficiency merely by vplacement of
materinl around the cdgfes should be of considerable ad—
vantage in reducing the weight requiremcat for soundproof-—
ing cabins. The author is not aware of the application
of this principle to airvlnane insulation.

Most of the insulation schemes how in use may differ
somewnat froem those particular constructions listed in
tables VI, VII, VIII, and IX; however, these tadbles are
useful in estimating the approximate value of any contem-
vlated vartition by comparison of the desired construction
with a similar panel listed in the tadles. This is a risky
procedure sometimes so that it is zlways advisable to get
the transmission loss by direct measurement of a samvle
vartition.

Several investigators make use of a method which will
Zive 'the relative values of different partitions. In gen-—
eral, this scheme consists in placing the partition be-
ween two smeall enclosures. The difference in level which
s observed is taken as the insulation efficiency of the
vartition. D. P. Love (reference £8) of the Electrical
Rpsearch Products, Inc., of Hollwwood, California, renorts
a number of sueh relative measurements. H. Bruderlin of
the Douglas Aircraft Comvany, of Santa Monica, California,
has a method in which the source room is a 2-foot cube.
Phonojraph records of airplane noise areused for a sound
source, so that the over-all noise reduction is obtained.
In 2 nrivate communication to the author, Bruderlin states
that over 300 variations of airplane partitions have been
compared in this way. For purnoses of cstandardization, =a
panel having a lnown transmission loss should be measured
so tant all data mny be referred to it. F. K. Teichmann
(reference 29) neg measured various felts in this way by
using 2 rectangular box of two equal compartments. The
opening used was about 21 square inches.

g

'

Arvitrary measurements of this nature are fraught
with difficulties in the interpretation of the results,
For one thing, the nbsorption of the panel face is not
sevarated from the transmission loss characteristic of the
rpanel. In addition, if the size of the wznel is small it
mey Dbe much stiffer than the fairly large-size unit typi-
cal of an actual construction., For o small-size manel,
the way in which the ediecs are clamped sometimes makes
quite a difference. Sound-pressure measurements made
close to the panel may be deceiving becnuse of the stand-
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ing wove system existing nt its face. If the two halves
of the box in which the measurements are made are not iso-
lated from each other, there may be morec sound transmitted
throuzh the box wells than through the vpanel, especially
if the former are not heavy. Toc establish whether the ar-
bitrary method places different panels in the same rela-
tive order as the absolute method, several nanels, say
three or four, whose absolute transmission-losses are
known, should be compared by the relative methad. This
will give an insizht into the reliability of the results
s6 obtained.

To give the reader some idea of current practice in
the soundvroofing of airecraft, table X is given., This ta-
ble has been tzken from a report (reference 35) on the
"physical properties (from the textile technologist's view-
voint) of the various insulating materials; the report was
prevared by the engineering section of the Air Corps at
Wright Field.

Data on the transmission loss and absorption coeffi-
cient of the various soundproofing arrangements listed in
tatle X have not been found in the literature.

D. Soundpreocofing Procedures

In predicting the noise reduction to be exvected from
any Ziven treatment, we must, then, have a knowledge of

the two guantities G and T. However, since these two
quantities vary with frequency, the gquestion arises as to
what frequency should ve considered typical - how should

the coefficients be averazcd? To answer this gquestion, it
is necessary to have a frequency analysis of the noise of
the airmlane. If the enerzy is fairly well distributed
among the different freaquencies, then the average transmis-
sion loss and the average abdsorntion coefficient will suf-
fice. If the noise vnredominates at certain freguencies,
then an average over the dominant frequencies will give
good results., Asan illustration, we quote Zand's figures
on the Douglas DC-1 (reference 21), in which the energy
betwren 64 and 512 ceycles is 10 decivels =2tove the energy
between 512 and 2,192, To #Zet the noise reduction, we use
ecquation (11):

cabsorntion
ransmittance

Noise reduction = 10 log,, T

The abdscrption coefficient was taken at the predominant
frequency. Table XI gives these data.
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Thig predicted reduction agrced with the actusl re-
duction to within 3 decibels. For purnoses of calculating

Py -

the contribution of passengers and chairs, a figure of
to ¢ units of absorption per sented wvassenger may be uced
(reference 9). This figure includes the absorption of
chair,

From the calculation above, we may illustrate the wvery
important effect of an onening or highly transmitting sur-
face, such as an onen window. A3 an example, supposc a
window is partially omen, so that 1 squarc foot is exnosed,.
The transmissivity of an onen window is unity, =so that the
total transmittance is increased Trom T = 0.875 to 1.875,

oige reduction = 10 log, = 25,1 decibels

That 1s, 1 square foot of open surface in 850 will cause 2
reduction in efficiency of a little more thmm 3 decibels,
I7 there are emall cpenings in the cabin, leaks, ventilat-
ing system verts, etc., their comdined area may be readily
equivalent to the effect of 1 sguare Toot.

The influence of a small copening is demendent on the
ratio or the eize of the omvening to the total transmitting
surface, 2nd on the transmissivity of the walls. It may
be shown (p. 52, reference 38) that if the ovening has an
area s, the panel an area S, and the transmissivity of
the manel is T, the noise reduction will bhe decreased Dy

-

o a 5 .- . o .
19 log,, <l + g % decibels. Thus, if S/b = T, the re-=
4

duction will be decreased by % decibels. Using 3 decibels
as the maximum diminution in level which is permissible,

we can say that for 2 cabin vhich has a 20-, 30-, 40-decibel
transmission loss, the ratio of the total area of openings

g

to the total cabin surface should not be greater than 0.01,
0.021, 0.0001, respectively,

Davis (reference 25) has calculated the noise levels
to be exnected within cabins of various asirplanes on the
basis of the theory outlined here. Usually his calculated
values agreed with the observed values to within 2 decibels,
although some results differed by as much as 5 decibels.

If the noise epectrum of the sirnlane is known, it is
possible then to wmredict the level within the airplanec.
However, in the event of lack of this information, a fre-
guency analyvsis chould be talken. Fizure 20 (reference 70)
shows n Trequency analysis of the German Focke-Wulf air-

™

1
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vlane F.W.-200, before nnd after treatment (curves 1 and 2)
and the treated Neubau Ju-52 airplane (curve 3). It will
be scen that the noise predominates a2t the lowest frequen-
cies ~2nd that the treatment (on the F.W.-200) is more ef-
fective at the high freguencies., It will be noticed that
the noise reduction varics from about 15 decidels ot the
low frequency end to nbout %0 decibels at the high end.
Furthermore, reference to the loudness contours of the

ear (fig. 2) shows that tae loudness. level which the ear
exvoriences for these various freguencies ie very close to
the noise-level curve siven here. This is because at thess
high levels of about 100 decibels, the ear resvonds about
equally to all frequencies. Thus the low-pitched notes
contribute heavily to the loudness.

Zand (reference %2) describes n method in which the
bare airvleone ig first flown; a series of vibration am-
vlitude measurements is tnken at various parts of the air-
plone. Upon landing, vparticularly bad panels having con-
siderable vibratory motion are reinforced with bracing.

In the pnarticular airvlane cited in Zand's paper, this
trontment resulted in a 3-decibel decrease ian level for an
exvenditure of 4.4 pounds.

n
r

The nirnlone was divided into 36 stations, at each of
which noise-~level readings were taken, and at three of the
stations o frequency analycis of the noise was made. This
latter showed that the vpredominant noise existed at the
fundemental frcouency of tae exhnust —é—;—ga—— = 163 cy-
cles, la—cvlinder en<ine running at 2,100 r.p.m.) and of
the propeller (2-X_2100 , 2 _ »q

i 60 3
nroveller with 2earing). It was found both in the vidra-
tion nud sound measurerments that the vibration amplitude
and noise level were maximum in the front of the cabin,
minimum in the middle region of the cabin, and average at
the re~r, Thesc threc sections were treated differently;
section 4, the nocisiest section, was trecated with material
which was glued onto the sizin and is a very good vibra-
tion damper; section B, of minimum noise level, was treat-
ed with 2 similar but lighter vibration absorber which is
su’rTicient to damp light vibrations; and section G, of av-
erase vidbration level, was treated with a similar materi-~l
of intermediate properticecs. The materials used were kapok
with a large percentage of paper pulp in it. This treat-
ment oroduced a reduction of 6 decibels.

cycles, three-blade
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For the reduction of noise an intermediate layer of.
kanok wags installed. Thils layver was installed so as to
"float" in the air spvace between the first layer and the
cabin trim. For the position of maximum noise, throe
lavers of kapok were used, average nolse two layers, mini-
mum noise one laver. Adjusting the treatment to the 1n-
tensity level has several advantages: It makes the level
uniform taroughout the cadin, so that there are no favor-
ite sents; it involves a saving in wecight as the weight is
distripvputed where it will do most &ood.

After this treatment the noise level was afaln meas-
ured and o fregquency analysis made, showlng that the hizh-
frequency comvonent had been Tairly uwnifornmly attenuated.
In differcnt marts of the cabdbin, however, the low-frequency
comnonents were still troubdblescone. To secure low—~frequency
absorption, a stretched membrane of doped airplane fabric
was used for the cabin trim and was backed by a damping
laver of felt. The desroe of stretch may be controlled to
give a maximum absorption coefficient at different frequen-
cies. Thus, for section A, an abrsorption coefficient of
£5 percent was odbtained at 64 cycles, for section B 70 nper-—
cent at 256, and for section C 52 percent at 128. The
noise levels were then measured again; the average reduc—
tion with this completed treatment was 24 declbels and the
alrnlnane wag quite comfortsadle.

Fizure 21 is taken from Zand's pnaper and shows the
levels at different positions after the various treatments.
The sound levels given are with a reference level of 1
millibar roct-mean-square sound »ressure; to convert to
the standard reference level, anproximately 14 decibdels
should ©ve added. The actunl average noicge level in the
airnlane wans 83 decibels nbove a reference level of 10™¢
watts ner sguare centimeter. When loudness level measure-
ments were talken, the level wag 79 phons. In figure 22
the orozgress of the noise reduction at different frequen-—
cics and at different stews in the vrocedure, is indicated.

Svain, Loye, and Templin (reference 28) describe 2
method in which a continuous record of the cound level at
various frecuencies is obtained. In this method a high-
sveed sound-level recorder in conjunction with a continu-
ously variadle frequency analyzer is used. The freaguency
analyzer is arranged so that it passes 2ll the frequencices
within 2 200-cvele band, with the freguency marlked on the
scale as the center of the band. A rotor drive is arranged
on the analvzer so that this center point is continuously
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varied. The sound level at the various frequencies is re-
corded on waxed vpaper by the recorder. An adjustment is
nrovided to change the %»and width to 27 cyecles. TWhen the
record is taken with the 20-cycle-band width, the various
harmornic components of the engine explosion, crankshafit,
and propeller noise show up. This gives very valuable in-
formation as to the relative values of different comvonents
in different parts of the airplane. TFor example, in the
pilot's compartment of one airplane, the fundamental of the
prrovneller plus the second harmonic of the crankshaft are
dominant to the extent of being 30 decibels above any other
‘frequencies, while in the ecadbin the imnortance of these two
compenents is very much diminished. Figure 23 shows a trn-—
ical record taken in this way.

By ueing a vidbraticon nick-up in conjunction with this
apparatus, a continuous record of the relative amplitude
at different frequencies may be odtained. A ‘requency anal-
vsis of the fuselage vibration can then %e taken in both
the rilot's and passengers' compartments so that the effect
of proximity to propeller or engine noise may be studied.
Such a study of noise and vidbration will give an insight
into the relative amount of noise which arises from struc-
ture-borne vibdbration and that which arises from air-borne
sound.,

Dirferent sections of the fuselage may radiate sound
in different amounts so that certain surfaces radiate an
inordinate amcunt of sound. It ig desiradvle to be able to
measure the contribution from a given area irresvective of
the sound produced by an adjacent area. To accomplish
thls, Svain, Loye, and Temvlin (reference 28) provide the
microphone with a special attachment, as a result of which
the sound-rndiation characteristic of » limited area only
is measured. The results of such a ncise survey showed
that the ceiling radiated less on the average, the surfaces
below windows were 9 decibels above the avernge, etc.
Hence, the material could be distributed most effectively
in nccordance with these exverimental findings.

To carry the noise analysis to its lozical conclusion,
it is necessary to know which of the three major noise
sources - the proveller, engine, or aerodynamic disturdb-—
ances = contributes the nost energy. The adbove authors
indicate a vrocedure which suffices to separate the total
noise into these three components. With the aid of this
analysis fisure 24 was obtained for an airplane with a
three-blade geared provpeller. It shows that, in this case,
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the vroneller noise was bYelow both engine noise and aero-
dynamic noise. TFor a direct-driven propeller, the pronel-
ler noise nredominrnted., On another airprlane with a lower
tip sneecd and a stiffer engine mounting, the engine noise
was sreatest. The latter type of alirplane, when fitted
with a two-blade direct-driven proveller, showed that for
low TeDem., the engine nnise was loudest, dut for 1,800
r.o.r.., the propeller noise was dominant.

As the vrincivles and experimental knowledge enunci-
ated in the forezoing became bvetter known, it was natural
that increased riding comfort continued to be secured with
decreasing expenditure of weizht. Diminishing noise level
and weight allowance per nassenger went hand in hand.
Fizure 25 shows the result of Zand's (reference 32 ) sound-
proofing work on airplanes. In the Wibault 670 the ncise
level is avproximately 79 decibvels (above 1071% watts per
sq. cm), the expenditure of weight per passenger only about
12 nounds. The weight of snundproofing ranges from about
? percent for smaller airplanes to 1 percent for very larse
~rirolanes. In the Douglas DST (reference °2), an airylane
of 24,000 pounds, the weight of treatment was 204 pounds,
only 7.8%5 vercent of the total weight; the sound level was
79 decibels. All of the published literature indicates
that the figure of 79 decibels and weight treatment of
about 12 vounds per vassenger is very close to a figure
which would seem to be difficult te better. 3Bruderlin
(reference 22)predicted a noise level of 77 decibels for
the Douzlas DC-4 at 85-percent nower; the actual level ob-
tained is not known to the author. The German Focxe-Wulf
F.W.-200 airvlane (reference 30) used only 7.7 pounds of
scundproofing per passenger dut the sound level would scen
to be about 82 decibels. As we have stated before, the
current practice with most nanufacturers is for the sound
level in the cabin to range from 82 to 21 decibels (refer-
ence %5).

The nossibility of still further reducing the weight
allowance would seem to hinge on the potential application
of the theory of Meyer which we have already discusced

(ps 43). leyer's research indicates that, in the usual
soundproofing construction in which sound-absorbing materi-
2l is placed between fuselage and cabin trim, it should bve
necessary to distribute the material at intervals only. A
continuous distridbution of material would not seem to De
necescary. The applicadility of this scheme to aircraft
needs further investization.
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hile we have devoted our chief attention to discusa-—
ing t.e attalinment of gquiet in the cabin, it 1s evident
that the pilot's compartment should not bde neglected. The
air-line vnilot who is subjected to unending ncise daily,
is bound to suffer fatizuc and a loss of efficiency. In
commercinl transport airnlanes the noise level in the ni-
lot's quarters varies from 85 to 102 decibels, which is
indicative of the trend toward quiet cocknits,

The nuthor is indebdted to V. L. Chrisler and P. R.
Hevl rTor manr valuadble suszestions and criticisms of thais
varer, nand to S. J. Zand, who nrovided consideradble useful
informrtion,

exr

National 3ureau of Stendards,

Wrshington, D. C., December 9, 1239,
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[e}]

Thormal Cenductivity of Lizht-Weight Acoustical Materiale

T DI S
| ¥ean
Neme Density k terper- Authority
ature
(1b./cu.ft.) °F.
Balsam Wool el O.e? 10] RER)
3.4 o5 c0 .
Caoot's Quilt {94 ity : RER
otts qui a6 E6 <0
Cellufoam 1,73 <9 109 NBS
Dry Zero Blenket 1.9 ] 2l - J. C. Peebtles
Firtex la,4 | 0v2& to 0,31 - V. 0. Knudsen
Glass Wool 1.78 3 H £1 N3S
Glass Wool 1.50 <7 75 J. C., Peecbles
Insulite 1.0 .30 - V. O, Knudsen
K" felt 543 W21 - J. C. Peebles
¥apokx cetween
curleap 1.0 24 - RIEN
¥wilko 1.0 Vo4 - J« C. Peebles
Seapek 5.1 W6 - J. C. FPeebles
Stonefelt <,7-3,0 1) &0 Johns-NManville
Troval 2.0 23 - Naticnal Physicsl
| Lapbcratory
f
| ; I
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TARLE VI
Single Panels of Homogceneous Materials
Thick-|meight Transmission loss in decicels
Material ness | (1o./ at frequency oands of -
- Average

(in.) |eq. ft.)| 150-220 | 400-470 | 1000-1120
1 TWrapping paper 0,006 | 0,017 1.6 l,¢ <.3 1.9
< Aluminunm 006 075 5.5 e b E.3 S
2 Airplene faorict .10 5.3 B.7 11.2 2.7
4 Balsa wood g .25 .16 10.9 10.5 12.6 11.3
S Balsam gool .50 .20 7.4 9.5 9.5 .8
6 Micarta” 047 &3 12.4 12.€ 15.7 13.,¢
7 Alclad . 20 9.6 1.8 16,9 14,1
£ Balsa wood «20 «20 11.5 14.5 14,2 12.4
9 Duraluminum 020 i 16.6 1c.4 16,1 16.4
10 Balsam wool" 1.00 RIS g.8 11,2 16.4 12,5
11 Aluminum 025 #3235 1641 17.3 20,3 17.9
12 Insulite 25 W36 20,9 16.3 20.3 19.2
12 Insulite W31 W43 14,F 16.7 22,0 17.8
14 Plywood 125 52 17.5 18,7 21,6 19.3
15 Celotex 44 o 83 17,1 2043 24,0 20,5
18 Plywood 25 o 73 18.6 20.8 24,5 <l.3
17 Insulite .50 .75 21.4 22,3 25.C 3.2
18 Galvanized iron .02 1.2 24.0 25,7 2846 25,5

12 Double strength

glass - W13 1.6 24,7 27,0 32,0 27.9
20 Duplate glassd 054 1.8 25,3 28,5 30.8 2846
21 Plate glass 25 ISP 15! <87 32,9 34,2 31.6

1Doped five times, varnished twice.

2For these materials the frequency bands were 150-180, 400-440, and
1000-1092 cycles per second.

3Paper each side.
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TABLE XI

Areas and Coefficient of Absorption of the Douglas DC-1

Combonant surface | fTrea o at vredominant|Absorntion =
o (sq.ft.) frequency * o X area

Ceiling 240 0,82 197.0
Front bulkhead 45 .87 39.n

Side wnlls 260 .79 205.0
Rear walls 65 .87 56.5
Rug 20 .28 8,4
12 passengers at

% sabineg* 75,0

12 chairs at 2.8

sablines 33.6
Parcels - trim,

curtains 15.0

Tota. abasorption = A = 590. sabinen

T T e s e

The product a X area &ives the number of units of abd-

sornti

on or the

aumboer of

S

abines.

Areas and Transmigsivities of the Douglas DC-1

-

] o Arean T Transmittance =
CompoEEnt surface (sq.ft.) . T x area
Cabin, including

floor 805,10 0.000673 0,b454
12 windows and

2.25 sq. ft. e7.5 . 00875 L2400
Doors - very good

closure 24,0 L.0N024 .0496

Total transmittance = T = 0.8350
590
NHoise reduction in decibels = 10 log,, % = 10 10€u>~§%§ =
28.5 decibels.

(e
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L 130 <Threshold of painful sounds; limit of
ear's endurance,

——- 120 Threshold of feeling (varies with frequency).
Airplane motor (1500 rpm ) 18 feet from propeller.
- 110

Express train passing at high speed.

-- - 100 Loud automobile horn 23! away,

-—— 80 New York subway,
Motor trucks 15' to 50°,
~~~~~~ 70 Stenographic room,

Lo |
§ § § —— 60 Average busy street.
it Noigy office ur department store.
w S, 0
w Bl — 950 Moderate restaurant clatter.
o q t
® % g Average oifice

d Q
gmg—-~ 40
o @A) Soft radio music in apartment.

Average residence,
. 30

—— 20 Average whisper 4! away,

-—— 10 Rustle of leaves in gentle breeze.

Thresiiold of audibility.

Figure l.- Decibel scale of sound intensities.,
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Cercent loudness reduction
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— — ——1 Fisure o.- Loudness sensation
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Figs. 8,11,12

A
0db
\ v
v ")
haf Vv
I I 1t
100 2 3 4 & 6 7 & oo 2 3 y 5

Frequency, c p 8

Figure 1l.- Diminution in the sound insulation of a thick wall caused
by a small tubular opening; a, insulation efficiency of
the wall without opening; b, with an opening of 1.7 cm diameter and

15 cm length.

Safety Glass
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S 100 T  Structure
% AVIAWE
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5 107 (HEAVIEN ’
- Wi\ Ic X 2
g AN ’
3 Nay N\ B\ 3
= 0\ 7
2107 ANAUAN :
Z ' \NEA
S ' N \ Pigure 12.- Showing the construction
E T RN of a proper window mount-
$ 1073 NAN M ing (U.S. Patent $19991832); vibra-
a tion damping is obtained by allowing
g AN space for the rubber channel to de-
N form under the action of stresses.
10 %]
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