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PRINCIPLES, PRACTICE, AND PROGRESS OF
NOISE REDUCTION II AIRPLALES

By Albert London

I. INTRODUCTICH

4 decafde ago, the air traveler's only protection a,ainz®

the deafening din of noise was the cotton vlug wiich he
could insert in ais ear. Fothing sveass more eloauently for
the prosross which has been achieved in ouleting the air-
plane than the fact that in night travel on certaln air
lines, passengers muct be enutioncd to sreak guiotly in
order that those msleen bc not disturded.

Tals tronsition Fron "eotton =lu;" to *Quict, »leane,"
has only Leen yponsidle of nttainment dr a full adplication
of the wrlinciples of acousties. The investisntors in t7is
field have ha? to coneider nuay and divers tonies. To
name & few: What are the nrincinal sources of nnise in
the airnlanc, and how unay ther me reduwecd or climinated”
Hor may we measure neolre? TWant ig the relationship Yotreen
tho purely phyvedenl attridutes of noiso riid the »aysinlog-
ical reaction of the oar to this atimalus? Zow ay tho
filtration of noilso intc tiho nairplane endbin be reducod
by proper nttention to construetional detnils, -=ad how ecan
tals e accomnlisbiod with a minimnn of welght? That srsto-
matic procadure sould be used i1 carrring out tihie guiocte-
ing -—rocena?

It is the purpose af tiies »naer *v review th» bodr of
knowledge which hnn been nccumulated in this field. Sne-
cinl nttention will %e nrid Lo elTective snundsoroofing
schones, nnd all the dntn avnilablo in tl30 nublis:ied liter=~
ature oa thils subjeet will be given.

II. THZ FATURE OF SOUND AND 3Z4ARIIG

doat of us are familiar with the faet tant rvhonover
e 2ear n sound, we usuallr find thnt the souree iz o vie
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brating body of some kind. When the body is set in motlon,
thae layer of air noxt to it takes on an exactly similar
motion. This disturbance is then handed on from one lavor
of air particles to the next, until it ultimately rcacheas
the ear. :

An exactlyr similar process occurs when a stone is
thrown into wnter. BEere, there is visuel evidence of a
wave traveliug outward from the center of the anlash.
However, to malke our analogy agree more closely with whnt
1s actually hanvening in a sound wave, wc should have to
contrive, in some way, to have a number of crests cmitted
from the center of the disturbance vcriodically. Ferhars
we miisht have a large number of stones nnd drop them in
the water at the rate of, say, one a second. Then, evary
gsecond.a new creat would travel outward and the wave could
be said to havo a "freguency" of one crest ver seccnd.
The distance betwren two adjacent crests is known as the
wave lenyth and, evidently, ir tihip case it is erual to
the distance thr wave travels in one gecond. In 3encral,
for any wave rnotion, the following relntion ir true:

Velocity of wave motion = frequency X wnve len3th

[
.

In thc simvle sound sourco, the tuninz fork, an anala-
4ous vhenomcnon takces vplace, Zero the vihration of the
prongs of the fork causes a wave motion in the air which
1a perccived as a sound by the era», The frequency of the
sound wave is cgual to txc number of vicrations which the R
prongs of tue fork make ner second, snd ig said to bdc so
many cyclea per second. If the fork vibrates a large num-
ber of timce per second, we say its pitch is high; if only
a few, its nitch is low. Thus, tho hizhcst noto a stand-
ard niasano produces is about 4,570 evelces ver sccond, whore-
as, the lowest is about 30 cycles ner second.

The tuning forlt is a simnle source of sound, only one
froguecncy corrcsronding to its motion. There exist more
complex sources, in which several frecauencies are present.
Thus, if two 'tevs on a rtiauo bYe struck, the air particles
must wivrate ns a result of toth frequencics. Imagine how
complex must be the dance of the air <articles under the
Influencoe of n symrhony orckestra vherc nunerous frequen- .
cles from 7?9 to 17,070 eyel. s wer second are nrescnt. In
the nore com:lex sound sources three tynes of freguency
distrivutions are cvident: 1) The freguecney spectrum has 4
only A discreto number of freauencirs nresent; ) a con-
tinuous distridution of freousncies in rresont; 2) a com-
bination of 1) nnd ) conaistiny of “oth 2 continuous and
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A diserete fregquoney spoctrun. Noise usually contalns o
larg£o number of frequencies, hnving a spcctrum which may
fall under ary ono of these thrce clansos.

There are many ways ir viich the investigator may an-
alyge different sounds to find ths constituent fregquencies,
Host of the methods in goneral use opornte on a selective
tuning vorinciple, in which the inztrument resrnonse is n
maximum at one definite froquency. To covor n wide reonge
of notes, the froquency of raximum respecnse is made vari-
able in n nrescribed fashion ¢o that the frequeneies nreos-
ent in the analyzod sournd mary be readlly determined from
the setting of the instrumont, For example, one comnmer-
clal form of this type of dovico, the wave analyzer, has
ad its cssential ecloment a crystal which will reswond to
one frequency only, say £0,9007 eyeles nor socond. If a
sound wavo of 10,000 cycles acr cecond 1s ..ieckod up by o
microphono, and the eclectricrl current so ;enerated is cm=
plified, and then ressed through the nnelyzer, it 1s wos-
slble to get a recvonse only by sonexow stepuing up the
12,000-cyele note to 57,770, Tn da thils, the instrument
is provided with an osclillator vhich ean enerate a wave
of any frequency desired. 3y the well-xrown heterodyne
efroet, 1f a fregueney of 47,779 eyclea per second bhe conm=
bined »ith n freaquency of 10,790 cycles ner second in the
prover way, va et at ¢ rosult, the sum sand difTcrence of
the two fregquencles, i.ec., 57,209 and £7,3% eycles ner
second. The 30,900 uote =zn. be supvressed and the 57,200
note parsod through the eryetal filter. Thv dial, whieh
controls the frequency cof the local oscillator, may %o,
calibrated to rcad 10,007 crcles per second directly.

There iR another ty»e of sanlyzer eomrmonly in wuse, in
which nu electricel ecircuit i~ wused which %11l pans a
glven band of frequencles only. TFor examplec, it may vass
all the freaueneles in the actave hetween #1°” and 1,704
cyelee per noeond and rojoct nll others., This tyre of deo-
vico 1s known as a band-sare Tilter. 3y having a numbder
of theso band-pass filters, a frequeney annlysis to cover
any desired ranZe mar dbe ocbtnined.

Anv sound, in addition to having come definite fre-
quency spectrun assoelated with 1t, nonsesens one nther
important physical attribute, narely, intenaity. To ra-
turn to our tuning “ork, if the rrongs be tapoved harder,
moro eneryy will be imparted to the vidrationel motion,
end the oxcursions of the prong from ity rest wosition
will Be larger, It enn be readily shown that the enersgy

TG
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assooliated with the motion of the fork is pronertional to
the square of its amplitude (the nmaximum disvlacement from
the equilibrium position). A larger amplitude is imdarted
to the air particles, which, gince they have a motlon aim~
1lar to that of the fork, therefore have an enerdy alrso
proportional to the square of their amplitude. The maxi-~
munm velocity of the air particles and the maximum pren~sure
built up in the sound wave may both be shown to be nropor-~
tional to the amplitude, so that the energy in a sound
wave dorends on the squaro of the martiecle velocity or of
the prersure of the wave. 3y the term "intensity," we
mean the total amount of sound cnergy vwhich flowe throuih
unit area normal to the diroction of propagation of the
wavo in one socond. The units of intenalty ore, there-
fore, watts mer sauarce centiwmetor. However, to oxprees
sound intonsitics or energies, nlmost exclusivo use is
made of tho decibel =onloa,

The decibel scale first came into use in televhony
and electrical communicntions wark, where it wans desired

U S —

‘ to have a convenient way to express the ratio of two dir-
H ferent wvalues of such eleotricnl guantities as curroat, ¢
} voltage, or vower. The deocibel differcnce tetween two
7Py i
powers, P and F,, 1r defined as 10 1°glckﬁlj' Since * E
the power develored in a rosistance Ry, by a current I,,
. 7.2 .
is P, =I,7 R, or by a voiinge V, is P, = zi~. we
a4y
have:
Decibvel difference betwren P, nud B, =
= 10 log .éi) = 19 log (ELi,EL = 10 log (zli-ii\ (1)
10 \PB 10 qu . 10 \vn;_s, 31/
If Ry havpens to bBe equal to R,, wo hnve:
Decibel difference = 10 lo E-’t\a =11 10s,, (Y
= mee = %10 1./ = %570 kva
. 1y e vy
= 29 10,1° E;) = D 10.:,1° (v:) (2) .

Thus, in sound nensurements, the decibdel di““errence betwoen
©
kY

two sounds 1s siven by 10 los;, wherre E; nand E,
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i ¢ RN

Y
Y AN g3 AL b o+ e et £ 100 . 3 ek . oy bl




.. A

k2

. . K.A.C.A. Technical Note Ja. 748

are the energios of the respective waves, Since the ener-
€y-in a2 sound wave lc provortional to the square of .the .
sound praesgure or particle velocity, we have!

E n v
10 log,, 3 = 20 lok,, 3= = 20 log & (3)

wvhere p and v rsorerent sound pressure and particle
volocity. :

. The decibel scale has soveral alveintagers whieh, Low-
evsr, we canr morse intelligently discuss after wo have con~
sidored some of the phenomena ascoclated with acaring,

The enr is a remarkadbly senaitive mochonisa. At the
lower limit of audidility (for the fregquener of nax1m4m
sensitivity) 1t is poznidle for the cnr to detect a motion
of air partieles whiceh have r.. amvlitude of only onc-
billionth of a eentimoter (1779% er). I par~ remembers
that nolooular. dlwensions nre of the ordar ¢f najnitude of
10 timer 5s much, i,e., 177% centimeter, 1t tTecomes evi-
dent how extraordinarily seunsitive $h0 ear is. On tae
other hand, at the uvner linit (for tals same frequency of
maxinun sotnitivity). aruada ahout one million million \
times as inteannse ean dbe henrd. The ear has a range thero=-
fore of adout 102 4n enersgy. In decibela this reange ean

be exprosscd as 10 log,q 1022, which in 127 declbels.

That 1a, the sound level at the upper 1imit of audibhility
is 127 decinecls above the aound lavel nt the threshold of
audibility, The decidel scale ia, tlerrefore, a comprersecd
scale telescoeving a ratie of 1 to 10'Z in encr;y into O to
123 decibels. ’

—

P

Since a gound leval in deocilela really states novw
ruoh rore intense one sound irs r3 commared vith another,
it i~ alwnys necessary to know what tiie intennity of tkre
reference sound is. The standard refercance lovel has been
dofined by the Arerican Stardnrds Assoclsation as the inton-
ity of 107'% watts wer square contimeter. This correw
sponds to a root-nenn~square oHressure of ", dynss ner
gquare ce:: tiﬂotor in a nlnnn :\oercﬁ:ivn sr;nd wave.

*Uther rpferonue 1nv ‘lsa have bren in aga n'inr to tqo nﬂoo-
tion of this standard, One commnon level in uso, esrecianl-
ly in airplane nnisc measurements, has becn tlhe 1Intennity
of a wave having a root-mean~saurre nronsure of 2,571 dyue
nor souare centimrter (1 millidbar), Readings in decibels
with thin latter referonce lrvel nre 13,8 db lower than

. e ar

B those referrod to the standard refercnce levol, Irn thla
: papcg all levels, unlesa otherwise stated, aro referred to
N 19 watts per sq. em.
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With this as a reference level, figure 1 gives eome ldea
of the relation between the decidbel ecale and the sensa-
tion perceived.dby the ear,

Of more immediate interest for our purpose, ls_the
range of levels founid in moving vehicles. Tadle I, which
hae been adapted from Zand (reference %2), zives the lev-
els to be found in different types of transportatlion plus
the aeeociated eubjective measure of the degree of com-
fort sxverienced.

The decibel scale 1s striectly a rhysical secale for
intensity measuremente. However, of vrimary interest ia
the séensation which is perceived by the ear as a result of
the physical stimulus. The psychological reaction of the
individual varies from verson to person, so that in order
toe formulate the relationship exinoting detween the physi-
cal stimulus and psycholozical gengation, 1t 1gs necessary
to investigate a large numder of ears hefore any conclu-
eiona mey be ascertained about the average eoar,

It 1g found 1in this way that the soeneation 1g a rath-
er complex function of the intensity ard frequency. For
example, 1t was desired to ancertaln when two different
notes uounded egually loud to an obrmerver. To do thie,
sounds of two frequencles were compared. Ono had a fre-
guency of 1,009 cyeles ner cecond, and the observer was
allowed to change the intensity of the other frequency n=-
til both notes were equally loud. Proceeding in tkils man-
ner, a large number of difrer-ent tones could e matched in
loudness to the standard refnrence tone of 1,000 cyceles,
Figure 2, vwhich is the result of the work of Fletcher and
Munson (reference ¢), glves the result of euch mensure-
ments,

These curves have tae following mesning: If we se-
lect one of the contours, say that numered 50, then all
vointe on 1t reprosent notes which are rnually loud.

Thus, a 170-cycle note of 67-docibel intenrlty leovel,
spunds as loud as a 1,207-grele note of 50-declbel intenw-
slty, or a 7,000-cycle note of ahout 89-decibol irntenaity.
The lowect curve 1s the threshold of lhearing, It glves
the intenaity level ~t wuleh the average nornal ear can
Just hear, at all the frequencies from about #5 to 15,000
eycles per second. The uunerrmost curve ls the uprer lim-
it to hearing, the so-called "threshold of fcelinz," Phe-
nemenologically, 1t 1s found that with soundsg of thie in-
tensity, the sound is not only heard bnt there 18 also an

*At end of renort,
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additional sensation of "feelinz," The actual sensation
varies with frequency. At the lower frequencles a feeling
of vibration 1s experienced, while at the higher frequen-
efel. the feeling i1s one c¢f pain. Thus, the nrea includ-
ed between the two extreme contours 3Zives the region over
which audition is nossible.

The intensity level of zero decibels 1r¢ 28t to coine
olde approximately with the threshold of hearing ~t 1,000
eycles, It will e noticed, however, that tiae ear ia ost
gonnltive at adout 2,570 cycles, The numbers on the aon-
tours are numerically eocual to the intensity level of the
1,000-cyele note to which all notee on thls contour are
equated in loudness, and are knowz as loudners levels,
Since a loudness level 1s not a strictly parsieal auantity,
but rather a measure of the sensation recorded by the ear,
it. becomes iunappropriate tro use the decibel as the unit of
loudnesns level., For tuals usage, thue term "»kon" has dbeen
accevted. However, it will de found in tae ilterature
that decibels are ctill sometimes uned interchangeadly wilth
phons. For examnle, if a gound has a loudness lovel of 79
phons, 1t is equal in loudnens to a 1,7 0=eycle note of ]
70-decitel intensity. Hence the loudiens level ir said to }
be 70 declbels.

There avre several other important features n~dout the |
contours which should be nointed out. Fror adout &00 cy- i
cles nud up, the contours are srnraxinately equally disw- i
nlaced from one arother, = 1l =decibel innrense 1a intensity
corresvonding to a 1d-vhon increace in loudness level,

This 1s not so for the lowcr #reanenclea, as the curves
crowd tosether at the lower enf. Thus, 2 small drop in
intensity me2ns a much larger dvom in louduess., For ex-—
anple, 1f ve have a 1N0~cycle tone witii & level of 179
declbels, and we drop the level »y 8 declibels, the rnound
Juet Vvecomns inaudidle, wlerens 2 52-decidel dron in n
1,000-cycle note would stlll bve rlainly ~udible, having a
loudness level of %3 whonsg,

This rhenomenon hes fortunate consegquenens in the
sound insulation of alrplane cabins, The larsest contri-
bution to airplanc noise 1s rade by +the low frrauencies;
furthernore, the low frenuencies are the nost difficult to
reduce 1in irntensity, Thua, tle enr comas to the rescue,
inasnuch as it willingly accepts a much lower enorzy dim-
lnution in the low freguencles than 1t will in tae nijzher
frequenciea. We shall refer nizain to this wolnt when we
flscuss sound insulation.

P
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The loudness levol .contours may be plotted in a dif-
ferent way with frequency as tho parametor, Such a rep-
resentation 1a figure 3 (reference 2). These curves give
the loudness level versus the intensity level, each curve
being vaelld for the frequency zivan 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 ar-
-proximately proportional to the intensity level, and fur-
thermore, they are both very roughly equal to oach other
to within ordinary engineering accuracy. At the lower
frequenciesa, the propertionality between loudness level
and intensity level is true only for a limited range of
ioudness levels,

The guestion which arises next, is that of measuring
these twin quantities, decibels and phons. Just what in-
strumental means are available for a guantitative anecifi-
cation of the amount of noise present? To answer this
purpose, there has apreared in recent years the sound lev-
el meter.

This device consists ensentially of a microrhone with
an associate electrical circuit eontaining sn amplifier,
attenuator, and meter, The latter is calibrated to read
decibels directly and usually covers n ranie of about 15
decibela. Intensities over a range from zbouvt 2 ko 13N
decibels mry be measured by adjusting the attenuator dials,

In designing this type of instrument, rarticular at-
tention is naid to what ic cnlled the reswonse frenuency
characteristic, i,e., the reavonse of the meter to differ-
ent freguencies., For rmeasuring intensity levels, it is
esgsential that sounds of dirferent freouencies but of the
same intenaity, ckould give the came reading, If the nme-
ter has this oronerty, it has n "flat" frequency resnonse.
In the case where the characteristie is not flat, a noise
measurement will e:svhasize certain frequencies nt the ax-
pense of others,

However, thin in exactly vhat is desired in measuring
loudness levels., Since %the ear discriminntes ngainst some

frequencies, the :etor zhould do likewise in order to mens-

ure the enr's sensation. 4n attempt 1s therefore made to
incorporate in mound-level reters a resvonrce-frequency
characteristic cimilar to that of the ear, Thrce differ-
cnt charaecteriatics nre usually provided - ~ flat resronse
end two whieh simulnte the ear's at 70 and 47 thons. Fig-
ure 4 zives the deriegn ohjective which has becen set for
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!




H.A.0.A. Technicanl  Note Ho. 748 9

these meters by the American Standards Associntion. The
curves as drawn here are directly comvarnbdle to tle con-
tours of figure 2 for the. loudness levels of 77 and 40
phongc.* To bde more specific, the 77-decidel networls curve
glves the intensity level of tonesg of dlfrerent frequen-
cles which would glve the same reading on the meter ns a
1,700=-cycle tone. For examrple, n tone of 69 'cycler isa
dlseriminated sgainst to the extent o 10 docidola on tac
70~docibel network, sad 26 decelbvels on the 47-decibel net-
works if it hes an inten.ity of 75 decibols, it rill read
65 docibvelr orn the 7N=dcecidbol network and 49 dccibvels on
tho 4%-docidel notwork. To et tiaecmo three difforent
characteristics, svecilally dosigned clectrical circults
are nrovided. At tho flip of a switch, any of these

three networks may be introduced. It is rccosnizaed that
the incornoration of only three networks in 2 compromise
necenaitated dr the difficulty and exnenne of sinulating
the ear's resmonge at all loud:ness levrls, For this rea-
son tar mecter parformance is only an annroxination to

waat tie ear hears. In addition, there are certain tol-
erances nerirltted In denizning the retworts, ro that very
often the Treguoncr reaponse of tho instrument ia such
that errords arc initrodiced in the remsurements, The sonnd-
level meter, hefore Yeins rut into wure, should alwaye Do
callidrated so as tc deternmine the extent of a4ireement with
the desiin objcetive. With refercnce te the use of the
various notworite in the nound-level neter, the "A,I.E.EZ,
Tost CJode for Apmaratus Inisec Mcasarcoment" recommends that .
the 47-decibel networi "be uced Tor usnal anparatun noilse
meagure;tentg,” the flat networl: *for ver;s kRish intenci-

tics where low frequener noise is nredominant® and that

tae 7%-decibel retworx "he usced only in suecinl cnses,?

a——

_ 1t nhould be mertioned tiat Davis (réforence 1) has
recently stated that the Anerican socund-level meter Jdoen
not zive tle correct valur far the caoulvalent loudiess of
a nolre consisting of » aseries’ of invmulses or having cone
slderable intermittonecy, tre resding beln3 tco low. In
accordance with hisg findings, Duvis has constructed a nme-
ter which gives recults ir aireement with aural observa-
this tyne of nnino.

are certain inlhirrent differcaces betwreon tae oar

2 ~leroraono ng a sound-rensurin-g dovico. Eence, the
eurven of fijure 4 are nocessarily aslightly differcont from
those o7 filgure 2, Thesc correctiens =ro introduced to
tako emrc of the &i~forence Petreon the conditions under,
which the ecar roswonasc wns odbtainod as comnnrod to the con-
ditions unider rhich noire measuronentas are usually talron,

-
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In many nolse. monsuroments, there fregquerntly ocecurs
the case in whioh there aroc several component freguencies,
one of which is predominantly loud. The reading obtained
will be practically the same as if the quleter tones were
missing. Consider a simnle numericanl example; there are
two sound sources - one emits & note of intensiiy 80 deci-
bele, the other 60 declbels,

E

R, = 80 db = 1? log,, El or B, = 137 E,
. [+]

B, . oy

Rp = 60 db = 10 1lo0g,¢ 5. °or Ez = 107 Ep
o

Corresponding to the reading of 80 declbelrn, the e~
ergy E; is 10C million times the energy at the reference

level of zero db, E,; and corresvonding to 60 decidalr,
By is 1 million times ns sreat as Eo' “hen the two notes
are sounded simultoneously, the readinsg will e R,, where

+ Eg

E : '
Ryg = 10 log,, —1—53—— = 197 1og(10®+11%) = 37,04 db :

which 13 senaibly tiie zane pa 87 deeidels,

Proceeding in thlo vay, we can formulate the follow=
ing table, in which the two individual levels are R; and
Rs, and vhen heard together, are Rjat

i
R,(db) Ra(dv) ;  Rap(dd) .
89,0 70.0 T OGO
80,0 gLe 81,9
80,0 77.5 i 22,0
BC.0 a0,0 | 83,0
BO,J 81.8 l B4,0
80,0 BE.x | 85,0
]
A convenlent rule for cirlculations accurante to within M
1 decibel is the fo!lowingi If ' : {
Ry - Rp .is greater then 9 db, then Riz = R, g
Ry - Rz 1lies hetween 9 and 4 db, then Rin = R; + 1 .
31 - Rg " " 4 and 1 db, then Rig = R; + 2 3
R, - Ra n # 1 and O db, then Ry, = Ry + B g
1
\\.
AT v % s PR e R i e b b M, T A S S, & s < R s 8k Bk ALy it e g .
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From these calculations we see that a reduetion in
-noise level can be obtained only dy first reducing the
noise due to the loudest source. Eliminating sources which
are of lesser intensity will cause only a slight decrease
in level,

0f course, from the standvoint of noise reduction,
the important question to conelder is to what extent =a
diminution of 1 or 2 decibels ias perceived by the ear, As
a matter of fact, & very rough statement of the ear's sen-
sitivity to sli;ht differences in intenzity is that it ecan
Just verceive a difference of ahout 1 fecidel. This 4Aif-
ferential .sensitivity to intensity varies with dboth fre=-
quency and intensity, For example, at a level of abvout
80 decibels abovo the threshold cf hearing, tho ear can
Just detoct changes of adout 1/2 declbel tharoush a fre-
quency ranse of about 2,720 to 8,000 crvclea; at § declibdbels
abeve threshold, the level ruvst be chanioed by sbout 4 deci-
bels becfore it can be detected. At the low frecuencies the
difforences must dbe mueh larger, Thun, nt 57 cyeles, tho
difforential sensitivity ic adout 8 declbels when the oriy-
inal levol is only 5 declibels phove threshold; from 49 to
80 docidvelo above threshold the ear is sensitive to changes
of 1 decibel or lons.

ety o

The logical auestion to »ose now is this: To vhat
extent is the louwdnens reduced when roductions of 1 or 2
decidels oceur? The angswer may be obtained from figure 5
which i3 n result of » deterrmination of r~n absclute scale .
of loudnoso by Flctcher and Munson (reference X). In this
experiment ohservers wero nsiwed to Judge tie relative lound-
nesg of two sounds; for cxample, when one sound was twice
as loud as arother. 1In this way, the relationshlip detween
loudness ard loudness level was derived, Thus, 1f thers
is a reduction in loudness level of ?C phons from an orig-
inal loudness level of 40 phonz, figure 5 rhown that the
loudness changes from about 1,707 tn 100 loudnens units,
or a reduction in loudness of %0 vercent hag occurred,
Continuing in this way, the curves of figure 6 may be
plotted (reference 6), From this fijure we ser that a re-

b duction of # phons correaronds to a loudners reduction of

about 15 vercent. Smnll changes in loudness level wnroduce
a much larser chanye in the senzation of loudness. Thus,

in any attemrt at nolse reduction, possidle minor altern-

i tions, which vroduce but small reductions in level, should
not be overlooked.

#
=
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It 4e a matter of common experience that it is difi-
eult to hear in a noley environment. In tadle I, the rela-

‘%1onahip between the ability to carry on convereation and

the noiee level in various vehicles has been given, Thece
experimental results are closely related to the audltory
phenomenon of masking., If the threshold of hearing of an
observer te measured in the nresence of an extraneous

noiee having a uniform dietridbution of enersy among a rIre-
quency epectrum which includes all audihle frequenciesn,

it will bve found that hie threshold is raised. The test
tone must be made louder in order for him to hear it. Fig-
ure 7 summarizee the data for the maeking effeet of this
type of noise (Fletcher and MYunson, referemce 3), It zives
the masking in decibels, 1,e., the amount the threshold at
varioue frequenciles 1s raised, vhen various masking nolsc
levele (the numbers on the curves) are used. For exampleo,
if the noise level is 79 dcelbels, 1t ralses tho throah-
old for freguencies from about Z00 to 10,070 ecyecles, about
62 decibvels,

A pure tone may also pnroduce e nasking effcet. It 1is
found that tones of lower frequencies mask those of alsher
frequencles more readilly than vice versa. However, a low
frequency will not rmask a nuech higher fraquency in cartes
where thc intensity of %he nnrizing tone 15 small. Further-
more, the masking tone :.ay nask a lower nitched note 1€ 1t
1s not too far removed in Freauency. In the nolse of air-
craft, the lower frequencles nredominate and are vory loud.
Hence, speeceh which contalns frequencles from a2bout 19 to
8,000 cycles is rendily macked, espeelally thosc comronents
which arc ront imrortant for uwnderstanding, i.e., those YHr-
tween 570 and 6,70 cycles per second. The Forman aeronau-
tie rescarch groun, the D.V.L., once rmeasurrd tie intelli-
gibility of svecch defore and aTter treoatment of a cabin
(referencc %0), The intelligibllity increased from 6.5 per-
cont in the dare cabin to 78 vercent in the trecated eabdin,

In the early days of nolue measuenents, uce was nade
of the masking offect to mepsure nolse levels. 3y means
of an instrument whiech mecasures audltory aculty, tne nudiom-~
eter, the threshold of henring of thr observer was measured
in a quiet place. Thege threshold nvarurcments were then
ropeated in tiae neighborhood of the nolse souree and the
amount by which the threzhold shifted was taken A a mneas-
ure of the nolse level,

Another method is one in which a known level nroduced
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by the nudiometer in one ear is comparod to the nolse lev-
el* to which the other oar listens., -The tone on the nudi-
ometer is adjusted until 3t sounds as loud as the nolse.
If the note of controllablo intensity ig 1,000 ecyecles er
second, this type of measurement will give direcctly the
loudness leavol.

Before closing the digscuseion on sound nnd hearing,
mentlon shouldé be made of several other factors of impor-
tance, The reaction of the individual to noise ir condl-
tioned 1ot only on its locudnens, but alno on its nature.
Whoreas people arc nrepared to tolerzto sone noice ns &
necessary oevil in the onoration of mechanical rquipment,
noises which are thougzht to %“o unnecernary and waich
should not e vresent can become quite disturdin;. Rat-
tling, sguoaling, or saueaking of the device, & low- itched
drumming, and intermittent or erratic nounds are often an-
noyring, Tho reader can undpudtedly recnll some nomnis
which he hns found particularly objcctionnble, An attemnt
had been rade by ILaird and Coye (referince <) to evalunte
the desrer of annoyance o different frequrneles. They
found that the annoyanco increnscs when inteusity increrases
and at one intensity level, the least aunnoying are the rmid-
dlo frequeneies from 270 to 1,57 ecyclvea ner second.

Part of tho dinasgrccable sonantion nn=ociated with o
nolsy ::irpnlane ariges from {a-nmaurecly 'natencd struetural
menmoers whiech are set into vibration., If ~he vinrntory
amplitude bo sutfieciently lrrie, nn audfible sound will bde
omltted n:zd, whnt is more, tme -aracauer mar cxverieonce o
sensgory reaction if the vibrntion s trennamiited to where
he hopnena to be., Just how lnrge an amplitude ir pereenti-
ble 13 3iven in the eurven ot figurc 3 (referenne 5)., Hero

*To taka this onnortunity to summariza the wnrioue terms
In usme ~s units for sound mensurermonts. As o ahruical
measure of the intcasity of the sound or noise tlie three
termeg - nound level, inteonsity ievel, and noise level -
are oquivnlent. The term "loudnoss level" ias reserved for
Intensity mensureronte whieh have bernn corrected Tor ear
reaponse and shonld be expreasned iu nhons bvut are often
expressed in declbels., The "loudnesna" of « sound in an
nbsolute measure of the cbrserverla reaction to its inten~
alty; 1t may bo exnressed in loudnens unilts whieh are,
thereforo, n quantitative means of exnrecning the averase
auditor's impresaion of how loud tho sound in.
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the amplitude of vibdbration 1a centimetors is plotted

againgt the frequency in cycles per second. The wholo
&rnph 1g divided into the six rogions 02, Ia, Ib, Ic, Iln,
IIb, with the following mecnning: All motlons having tae
amplitudo and froguency in tae resion

0 are not roticeadlo
Ia, Just noticecable
Ib, well noticeadle
Ic, very strongly noticnahie
IIn, diangreondle
ITb, very dispgreeadle

It will Yo odbserved that the srenter the freauency
the smnller the amplitude which can be deteeted. The vi-
bration amplitudes of ~n alrplane mnyry be gulte lnrge.
Zand (refersnce 3%2) recorts oune nenel in aan nirolnne wihiich
had an amplitude of 1/& inech, an extremely disa-reeadle
source of discomfort. 4s n Juide tc be used in determine-
ing what vidbration ammlitules nre rernmiveible, Zond sives
the i ure of N.71. inelh na the naxivun umylitude to be
tolerated, a figure which is eonsideradbly anisher than the
curveg of figure 5 would indicate.

111, SOURACZES C¥ INOISE I AIRCTAXT

In the battle against noise, the first line of de-
fense 12 a good offense; attack the enemy at its source..
If nonsible, elininate the noise rource; if rot posaivle,
reduce its intencsity. 3Ry studying all the nosazible sourees
of noise in the znirplzne, how they arice, tic relation-
ship between the intensity level nnd the differont varia-
blea, ond the relative magnitude of the various sources,
voluable information in obtalned which mary te used to se-
eure a slizable reduction in level,

Armed with a %nowledye of the varloue paynical fac-
tors involved, it is quite rorrible te nradesisn an adr-
plane wilech will not exceed a snecified rolsa level. How-
ever, having duilt the airrlane, any changes in construc~

tion nve velatlvely nmore cestly. It is therefore the wis-
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o8t and most economical course to malke the initial decsisn
consistent with acousticenl requirements, It is, of rcourse,
possible to correct the finished airvlane, lLut unuwally
thils involves an incrense in weight, with 1 coanrequent re-
duection in nay load,

Krny investigntors hnve discussed the varioue phnnen
of noise reduction in aireraft. As & tynic=l oxample of
what can be dons by naying attention to design featurece,
Zand (referenecc 32) haa 2iven the data in table II, It
should be emphneized that the reduetion in level ohtained
1s due to rcducing the noire nt the rovres, rithecr hy
more effcctive desisn or a nroner choice of orerrting con-
ditions, nnd not by the introduction of sonundproofing ra-
terials.

TABLE II

The composition of noise in the cadin ghowing the im-
provement possible by an efficient desiin, ‘excluding the
use of aoundproefing.

Sourecc _tevel in deeibcle
S | { Efficlent desisn
1) Proveller 122 100-104
2) Exhaust 118 190-104
3) Enzine clatter - 104 £2-0D
4) air-“orne noires 108 71=72
B) Anrodynamic noisc 94 i id
6) Ventilating noisa 114

Yotnl noine 126

In particular instances the reducetion ronsible may be
mora or leess; the Tigures 3iven are only tec be considered
as illuastrotive,

A. Proncller I'olre

Exteneive observations (refercnces 1%, 11, 12, 17, 14,
15, 16, 17, 18, 19, ?0) on nropeller ncine have heen rnde,
the reralts of which will be nricefly mentioned here. The
noinso consists rainly of twe comronentu. Cne is the rotn-
tion notc, whieh hur a Treguenecy caunl te tha number of ro-
tations rer nccond multirlined by the number of blandes in thr
propell-r, This is the fundmmental note, the low-mitehnad
roar, an® it isc accom=onailcd by = largc numher of hnrmoniles
(frequenries whieh are integral multinles of the fundnrnental),

'a*
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Usually there is more acoustical energy in the fundamentnl
than in all other frequenciles, so that it 1z the chief
canse of propeller noise., Hecwever, in certain ceses (re®-
efence 11) the harmonics may predominats.

The other component 1s the rotation or vortex nciae.
As the propeller rotates, it causes a turbdulent air condi-
tion to be set up, in which vortices ares shed off the
bladea. The vortex motion Zives a very cumplex freguency
spectrum composefl of a continuous distridbution of frequrn-
cles from about 1,000 ecycles un.

It is plso found that the rotation notes ond vortex
noise are not squally intense in all dlrectlons akeut the
rropreller., The maximum inteczslty level occurs in the
Plane of the propeller blades and is due to the funinnmen-
tal note. The vortex noilse, on the other hnnd, han its
maximun along the axis of rotation of the rroreller. How-
ever, the frequencecy discrinination of the ¢ar ig such that
the propeller noise 1s egunlly loud in »1l directions
(Stowell and Deming, reference 0),

It 1= evident that croxer ncgiticeniug of the anbin
relative to the rroneller is of advantase. Joth the nound
intensity nnd the vidration anmplitude of atractural cln-
ments Adecrense with dlstpaner frum the cource of the dAin-
turbance. Some dnta of Rruderlin {(referrnce o) (rig. 9),
glve the variation of noise level, =t thne vkin of the fuse-
lage, with distance from the rrorellnr, showing that a 17—
decibel recduction mey YTr o%tainecd hx wlncing the cabin 16
feet tnek from the plnrce of the rrornmller. IT there in
too little ele~ranee between the funelage nud the tip of
the proreller, tar vidratior annlitude o? the Tuselaso willl
be larser and the noiasc level will he hizher. The noize

level vorisc ns —gff, whnre r 13 this clearsnce dis-

tanco (Srudorlin, refcrence i'l), wrovided T varics from

8 to 12 inches. In oune srecific came (Znnd, referunsc 52),
a 2~inch clearanee batwee. the wroveller and a ccrtoin ran-
el enuscd the lattar to vibrate with =n amrlitude or 1/4
inch, ar1 ns8 A regult it veoa the enuse of rmost of the noise
in the enbin. To reduce the noice teing omittrd, a float-
ing prnel wng attnched to it by merne of radler strivs.

The anclitude of the floating manel measured NGNLF inch
and the sound level drovped 10 deelbecls. This same reduc—
tion could have t-cn obtained by anviang a elearnnce of 12
inchesg, hnd that heen possiltle.

D L T L Turpen
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Multiple-engine sirplanes with an even number of en-
£ines are to be rreferred, as it is rocsidle in this cnse
to have the cabin situated farther awvnay from the rronel-
lers then ip usual. The cabin, however, saould not he
loeated in the plane of the ctrorellers, sinee this is ox-
actly where the rotation note, whieh iz hardest to inau-
late asalnst, is a maximun,

The single most important determinant of proreller
noise, however, 13 the rropeller tip srceod. lost authers
are agreed that 2 lineer relationshin exlats hoatreen noice
level in decibels and rropeller tip zp:rd. Znnd (refrr-
ence R2) finds that the noise level in decidbrls for a two-
blade metal propcller is

Noise levol (db) = 04 + 75,11V (1)

where V 18 the tip sveerd in feot per aseccond. ¥For a
three-<blade metal proveller the ejuation 1s, asnroximntely,

Yoisge level (db) = 12 + 7,11V (n) i

The aetunl law is nletted in 7ijure 12. The relations i
(equaticns (4) and (¥)) serm to hold ur te about V = REND

feet per seceond, when tie scuni level starts to increnae ‘
faster than a linear 1law. OSomewhere in the nolihborhood )
of thia sveed, whien 1r an aprureciadle fraction of the ve-
loclity of sound, the flow oFf air =ast »n airfoll sinilar
in desisn to a nroreller neetlon enanicen from smooth flow
to "burdling type of flow whiea at low anerda oreurrs only
at large angles of nttaek (referener 77)." Thin results
in a deeided chanzge in thn character of tiae mowund with an
apparent inerease in intensity. Hilton (refecrence 14) has
indicaterd that the linear 1lanw extends vell on rast the ve=
loclty of soundi. He found th-t the unoise level 13 direcct-
ly prorortional to ti sncwed in the range from D to 1.7
times the veloeity of sound.

O»ata and eo-workeras {(reference 139) anrried out -~n
extonsive meries of obaervyntions on the intenzity of dif-
ferent fregueney eomronents of the rroneller nolse ns a
funetion of tip sperd and riteh angle of the hlndes. Walle
the intennity doen not vary in n nimrle fnzhlon with the
plteld, it ig rossitle to mnke the rough ntntement that than
sound leovel decreased 1 deelbel for rnch desree decrerso
in piteh over a ranse from avrcut -10% to +10° ~iteh setting,

Davis (referecncae #5) has given the followinsg rules:
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*Holse reduction of

10 4b per 100 ft./sec. reduction in tip speed
(some airscrews €ave higher reductlons up to
15 &b).

1l db ver degreec decrencze in vitch setting.
10 db for change tc¢ thin conventional gseection,

5 db per foot diameter inecrease of airaserew (for
given nower, forward sweed, nnd rimilar oper-
ating point on the effieiency curve).

10 db for change to 4~tlader of neme dinmeter (for
siven povwer and apnronriate svred). (The change
from a ¢-b%lader wouold, of courae, involwve a chanje
of zear ratio and caleulntions have shown taut
there will dbe no actuzl improvement if the gear
ratio ic kept fixed.)®

A formula ziving 'tiec noine level =z n funetion of tiv .
speed, distanee of observation roint from propeller, the
number of blades, proveller radius, chord of dlades, blnde
shape, angle of ineidence of alr atream, and alr viscosity ¢
has been giver by Capon (referrnee 2%). Thcre is sone
doudt =23 to its ecomnlete nccurncy, nn it hrs been nasumecd
in this derivation that the sound intenrity dimininhosn
with the distance nccording to the ramiliar inverse sguare
law. Several observera {(refercneecs 19 ard ©2) have found
experimontally thnt the intensity deerecnsea more ravidly .
than this, The reader is referred to the original naper
by Canon for tho formula r~nd its use.

The nmoat effective way to reduce the noise level of
an airplane is, then, to reduer the nronerller tip nnecd,
use large-otlace pronellers and preferahly with more than
two tlades. 1In most casen the redueiion of tirt soveed is
acconpliched by gearing the nraoneller to the engine. Care
sehould te taken that the nolse level of the gears is- he-
low that of the propeller noise. An an cxample of the ad-
vantzge in <earin3g, we gquote smome fijures of Tavis (refer~
ence 25), in whieh a weared and an ungeared enygine are ’
compared. The tip srecd of the unsearcd airnlrne wns 839
feet per ceeond, while that of the gearecd airplane was 685
fent ver second; the roduction was, on the average, about *
1% deeihela. 1In any event, the tip specd should net do
permitted to excoced 85D feet por second, at vhich speed
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-the ‘aurves of figure 10 show that the sound level gots in-
ordinately large.

3. Exhauat and Engine Noise

Usually the prapellor noise 1s muca louder than the
exhaust noise. I¥ the differonce in intensity between the
two 1s moro than 10 decibels, then we have scen thaot cvon
1f we entirely climinaotod the exhaust nolse, the sound
level would be unchanged. Thus, there is no point to re-~
duecing the exhzust noise unless it i1s louder than the »roe=
neller noise. 07 course, some reduction (1 to % db) may
be obtained in enso the exhaust is no nmore than 7 dsci~
bels below the nropellor noise., Before any reduction in
level can bhe obtnined, it is mlwnys necezsary to first re-
duce the loudest offender.

In certain anireract, where the tin spoed is =t1ll
relatively largo, the exhaust neels no snecial muiflers or
sllencing deviee. The usual proecdiure ic to use exhaust
colleetors, with the exhaust-nine outlet located well away
from the cadin s¢ that the serceninsg arffect of the nacelles
or wings 1is uned to good advantase. Inereasing the dis-
tance from the ca®in is algo of advartase sinco the sound

intensity decreaszes as tlhe inverse square of the distanes,
aporoximately.

In the cvent that in some vway the contribution from
the propsller has been raducod belew he levol of the ex—~
haust, som: kind of silencor will be necegsary. The
Netional Bureau of Standards has condueted an investiga-
tion to discover the nature of the action of a muffler
and to test the eoffectivenoss of various eomvercial and
experirent rufflers (referenees %7 nnd %4).

Annlysin of the netion of the ordinary muffler rhowed
that it a2eted by nodifying the flow of 3grs so as to 4en-~
erate less sound, but did not aet to aB%sord the souad af~
ter it hed once been created. The workinzg nrincivle of
somne of the mufflers was chiefly one or reducing the tem~
porature of the exhnust yas by an expansion chanber or by
# large metal radiating surfaee. In adiltion, in some of
these mufflers a turbulent gas flow, which caused eonvece
tion currents, increasod the rate of heat loss, Then the
tempernture dronpred, the density of the gas increascd, as
n consequcneo of whieh for a ziven energy of flow, the ve-
locity of discharge of the gas was redueed. In the re-

e
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, Sistance type of muffler, the flow of gases was retarded so
. that"a back pressure wns exerted on the engine with a con-
sequent loes of power, MNufflers of this type are too
h‘.v .

There are eevoral types of mufflers which are bullt
for the purpose of attenuating the sound produced. In
one, use is made of eound-abeorbvent matorial which is able
to withstand the heat of the exhauet gases. Another iymnc
has built into it an acouwetic filter, a dovice which din-
eriminates against certain freauencico prescnt in the ex—-
"haust nolee, eo that thoee froquencies arc attonuated.
Mensurements on one tyno of onglnec {rofercnce 24), an B9-
horsepower, V-type, 8-cylinder, water-cooled, Hispano-Sulza
engine indicate that the exhrust sound onergy 1s concen~
trated in thc freguenclcs below 253 cycles nnd :,reatcer
than 500 cycles. Hence, the acoustic filter should be de-
signed to dissipatc these two froquencey regions.

One important conclusion of tals investisgation was
that considerable reduction could hec obtained nmerely by
the uee of a manifold system. Thus 7 decidels was gained
when a side manifold tube 3 inchos in diameter end 31
inches long was counected to the cxhnust nort. Four open
ports, 2 inches in diomcter, were nrovided on the side .
: manifold. A nore complicnted device contalning a Siamese
! fitting between thre exhaust vort and the side manifold at-
i tenueted the noiso 13 decibels., This indicates the order !
of effectivenoss o0 suech a simnle device as a2 collcetor !
and a tall pipe. Of the 10 mufflers tested, half of them
had a2 reduction of about 5 dccibels; the other five werec
regponsible for 10 decibels lons. The loss in horsenower, '
! due to the addition of the mufflers, was leas than 2 per-
cent, while the manifold system was recsvonsible for a 1=
to 3-percent loss.

It should be vointed out that the data on rufflers
were obtained in the laboratory in a test cet-up in which
the propcller was purposely oxcluded, so that only ex-
hauet noise would be mcasurcd. In any practical attempt
at alrplane quicting it 1s decirable to know just which
component, nroreller or exhaust noise, is louder, ard it
le of advantage to make such observations on the finished
alrplane. A method of mcpareting the components has becn
indicated by Svain, Loye, and Templin (reference 28).
Some of their reeults are sivon in a later ecction of thile .
vaper (p. 49).
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Enginc noise, in which wec may include vnlve and tan-
pet clatter, gear, carburector, and suvercharger noine, in
usually below the level of tihe exnrust. Some figures wea
havo alrocdy quoted (v. 15) and somc obtained at the
¥ationsl Buronu of Standards (refercne~ %4), indicate thnt
the difference is about 14 or 15 deecibele. Ilinturally, th-
cngine may cause a great deal of disturbvance tecanse of
vibration transmittcd to the eabin structure. Care should
be taken therefore to sceure o rroper elactic cuspension
for the engine. 2Zand (rcferocnce 32) states that a reduc-
tion of 2 or ® decibels was obtained in ene marticular in-
stallation in which a resilicnt mounting wns uscd. He ad-
vocates the use of rubber unéder shear for momnting nur-
poecs, as it gives a sSreater vidhratory atteauwntion than
the ordinary rubber under compression. A metzod of calcu~
lating the load on the rubbcr su-omorts is aluo given by
Zand. Of course, it is of advantnje to Lave the ausven-
sion fittings as close ns sonsidle tc the center of grav-~
1%y of the cngine. Additional refinemecnts from the aquict-
ing viewnoint arc flexible wives and tubing bdbetwecen the
enilie and the nacclle, the rizid wall of ordinary »ive
lines being morc ~nt %o vibtrato than the discontinnous
structure of 2 flexible conduit.

A prrtieularly disconcerrting effect whirch may te ob-
tained in multioniine installrtions in the vhenomenon of
bents beatween engincs. Thesc oceur when two cn3ines arc
running at elightly different speedr; the rnet effect in o
fluctuation in intensity which may %e ns great ng 10 decei=-
boels. In the modern Douglas sirnlnnes (Truderlin (relor-
ence 21)}, syncarouilzation controls nre rrovided whereby
beats are kent lecs than 1 in 4 secoads. Rents mey alco
occur netwren different freguencies nresent in the comalex
atructure of elrplanc noise, Vien the” nccur and arc suf-
ficiently loud to he disturbing, the appronriztc remedy is
to chanfe the frequency of the mrehaalcal motion resmonsi-
ble for the gennration of this note.

Cs Acrodynamic and Ventilating Teisec

The advent of atreamlincd aireraft, narking tho rele=
Zation of tkhe "stick and wire" structurc and other aero-—
dynamically rauliy airnlanes to nhnolesceree, has made the
aerodrneric noinse lovel an unimnortant factor compared to
vropeller aind caginm noise. If the linen of the airplane
hull sare ont clean, and obstructions or vrotrusions which
would causo exccssive air turbulence are eliminated, noisos
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arising in this manner will not be troublesome. Precnu-
sions to be taken in this category are the avoidance of
leaks or openings in windows or doors and their anuvropri-
ate 1nstallatlon to assure continuity of streamlinling.

Under flight conditions, with variable stresses act-
ing on the fuselage and door, it is rorsidble for alisgnt
openings to appear where a vmerfcct closuro existed on the
ground. Such ovenings introduce a new asurce of noise
because of the turbulent stzte of the alr at these anmall
cracks and bdecause they tranarit an inordinate amount of
gound into the cabin. An effective door catch sho:ld ex-
ert preassure on all four zidec; there save newveral such de-
vices on the market., There 13 also n tym: which has a raeu-
matle gaslet which is capadble of expansion unon reaching a
given elevation (2and, reference 32,

In ventllating syatema for sireraft, we hnve a Teor-—
Plexing vroblem in which, asvarently, the demands of =onoil
ventilation are diamctrically opnosed to those of kxeening
the cabin quiet. To Zet the regulred air flow, ratier
large ducts must be used, and if these be endloyed, suffi-
cicnt sound may be tranrmitted into the cavin from the
noisy exterior to make tlhe interior cqually lomd. Similor
requirements arise in air conditioning, heating, and ven-
tilating units for ordirary bdbuilding construction. Tie
designer in this ecnse ‘urns to the ure of round-ahsorbding
materials which Qe enrloys ns n Auet lining, In the Curtis-
Wright "Condor" (Golding, reference %), such a ventilating
system ia used. The ducts consist of two concentric tubes;
the inner tudbe is nerforated ané the svace betwern the two
is filled with <lass wool which has gocd sound-edsorbding
rroperties. As the =ir stream messes throush the center
pine, the associated noise iz attenuntad. In Feneral, the
attenusztion or diminution in sound level is5 directly pro-
rortionnl to the lenzth of the duect. For exanmmle, if
there is o decrense of 19 decibels for 10 feert, there will
be n 25-lecibel loan for " faet. It ia thereforc evident
that to keep the noise Level low in tae airolane, the in-
take ovening should he an ¥-r ad mossible rrom the moint
where the air is discharsed into the eadin, Furthernmore,
the intalie akould he lonsnted in a relatively guict s»pot,
say unier a wing, =mway from the nropeller.

The attenuation ner unit length varies with fregueney
for any given lining and duct orening asd is usually smalle
er at both the low and the hish 'requency ends. There nay
sometimes he some residunl sound, a tearinsg or swishing
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type of noise. To remedy, recourse should ve hnd to a fre-
quency analyzer to determine the fregucncy or frecguencies
present, An acoustic filter (p. 182, referrnce R28) may dbe
the proner golution 1f too wide a froquency ranse ian not
present in the analysis,

In certain ingtances, the dlfficulty mar arire from n
resonent effect, 1.,e., if the length of the ventilating
Pipe 13 a muitiple of one=half wave length (2/P, °/u, 7/~
4/2, ...) of the sound wave concerned; thec: the wipre will
be in resonarce and the attenunation =ill b rueh leans.
Figure 11 {Schoech, reference %8) ehows thin cffecet, T
influence of an onenin; of 15 centimeterrs longth and 1,7
centimeters dlameter on the sound ingulation of n dbrick
wall was ascertained. Curve a rerresents the
sulation of the wall without nole, and curve o with the
hole, The hole ir cssentinlly n tube of 1F centimetoers
length Aand will resonate at enrtain selcet frequencles,
namely, those for vhich the vave length of the wound 1s 2,
?/2. /3, 2/4, ... timen tae lenstk of the rive., Thc
firat frequecncy in the serler is anproxinmately 1,157 cyeles/
a0

second (fregquoncy = TIn the veloelty ~f agund is
. € W

34,490 em/ree.). Succreding Tro.ucnclen will tiereforr be
2,700, 7,450, 4,67, .., The arrowas on thn curven of Uvige
ure 11 show the mininn which ocenr aviroxinntely at these
frequencies, It will %p secn that 10 to 15 decidelsn nore
zound ic transmitteod at these Trecuencles than at others. i

This rcaonant affmet may dbrcome reorions in some in-
stnllations 1f the tute lensth 17 sceh an to resonate at
the low frcquencies from vhich alrnlane noire cta its
loudest contridbution. Thus A S5~Fcot lensth resonater nt
24 crclen, and a 12-foot lensth at 47 cyeles. In zodern
sirplanes the fundamental of the nraneller note in low te-
cause of the reduced tin anercd, Put nnually nat lewer than
48 cycles per second, se thnt If ventilating nicre he kent
long-r than 12 £, ~t, thig nnonmalous trans.isslon ef ect
vill not occur. Of cource, if the nive l.nzth i rhort,
the hljher freauencies will resenate and tacry ure usually
less objectionable than the lower tounras. A frequency annl-
yolg of the offending residual nound uwilll riaow if it hnn
the frequencies associated with the lon3th of the nrine.
Thirs length nay Yo changed ro thnt maxirum attenuation is
obtained Ty raking the necw lensgth 1/%, 3/4, +/4, ,,. of a
wave lenzth, That ig, if 1 = lentth of tude, nnd L =
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2L .
the wave length, minimum attenuation ocecurs when 1V = .
%%- %}- +es nnd maximum Attenuation vhen 1 = %, %%. %%. cee

The lengths of maximum tranemission occur halfway dbetweon
those for minimum transmission,

Tho size of tho conduit which should bo used is doter-
mined by the rato at which air is to be supolicd to the
cabin and the maximum spced of flow commensurate with pas-—
senger comfort. Zand (roforenco 32) states that 1& to 20
kilometers per hour is "the maxinmunm snced of air which
will not croate drauvghts" and thnt 30 eudbic frrt of alr per
person per minuto will do in normal wenther, while on very
hot days, up to 67 cubic fect is nceceasary.

D. Secondary Noisc Sources

The term "secondary noisc sources" rofers to noise
arising from vibrating ovrjects in the catin, guch as dbulk-
heads, floors, bag3zago racks, chairs, and other auxiliary
equipment. These sive rise to zir-horne sounds which max
be particularly objectionable, as they nre, in scneral,
intermittent in nature. Furthermore, vidbration of furni-
ture or floors may give varsengers an unrleasant vitratory
sensation,

The fuselaZe of azn airplane i~ subjected to sudden
changes in strens, to shocks, and to vibratory motion
arising from prime movers and intense sound waves. If any
cabin fixturos he connectod dircetly to the fuselnge, they
will be set into vibration. To remedy this undesirable
condition, it is wecll not to mount cabin equipment on tho
fuselnge direetly or, if this is nocessary, to use srhock-
absorbing mountings of rutbter, felt, or any other vibra-
tion damping material. Floora, for examvnle, should be
. mounted on an isolntion systom, say, of rubder, felt, or
' cork pads. Pancls of the cabin trir should be fastened
. rigidly, ard any larae nsuwnported struetural eleronts

should be avoided, as they will readily cousc a low-nitched
drumming erfeet. The idenl cabin, from this viewpoint, ia
. one in which no part in compellod to take the strcrases to
s which the airplane is subjected. Interendin dulkheads ar
: any other internal bracing can de readily aveoided by the
uss of monocoque constructions or "celf-sunvorting U- or
Z~shapo rings (Zand, reference 32),"

Vindows, if nttached direectly to the cabin trim, widll
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create 2 high-pitched disturbance in the immediate vielnity
of the passengLer. Appropriate rubber fittings for mount-
ing the windows ars avallable on the market. One natonted
songtruction, fizuro 12 (Zand, referencec 32), rrovidies a
rubber charnel into which ths Zlass 1s inserted. Provi-
sion 18 made for the rubber to move in two directions,
both latcrally and vortically, so that the vibration is
readlly attenuated. The energy dissivation of auch a na-
terial arises from its abllity to change its nhape under a
load., Actually, if the rubber is not too noft, it will Doe
found that it is almost incomprossible when confined. It
is, therefore, well for the deslgner to asllow rudber or
other rssilient supmorting matcerial room for cxpansion or
contraction,

Other minor vieces of eguirment, "such as ashtrays,
drinking glasses, mirrors, fire extinguishers, and seat
belts" should be sccurely festened to the cabin to eliml-
nats the possibllity of thoir rattling or duzzing. Etrr-
nal vigilance 1a the nrice of keepinzg these anroyancen
from crorping up. Nountings and fittings should be neri-
odically inespected.

Attention to detnils vhen inctalling eatin eculpment
will pay. Secondary noincs, then, may be Fent to a mini-
mum. With the princivnles detallcd under the other =sce-
tions A, B, and €, the denidgner may choose hils operating
conditions and pattern hic deslgn so that a material re—
duetion in noise lovel of sbout 27 decclbels 1s odtained.
His untreated cabin, however, is atill =—uch too noilsy, the
levsl boelnzg about 170 to 175 decidrls. For comfort:dle
surroundings and unimweded a%ility tc¢ converse, tho sound
intensity should be reduced to that in the V-16 and V-12
ransenger carns of table I, 1.e., hetween 79 and S4 deci-
bels. A further reduction of anrwhere “rom 15 to ©5 dece-—
1vels, and in somc cases 70 declbels, rmny be necesnary.
For this, recourse runst %r had to the nrincivnles of mound
insulation and sound abhseorption. We shull show that by
making usc of thesc two urincinlen, it is moaerible to gnin
up to ™0 declboln for a remsonrble anount of udiitional
welght. However, becfore discuscsing thi=s nhase of the nrob-
len, wo should like to round off our present discusrion by
giving some ndditionmal meanm avalladle ‘o recure a reduc-—
tlon of nolso level without soundnroofing,

One of theso schemecs hns bern indicatod dy Brudorlin
(rsfsronce 21}, Ho Tound that by curving tho fuselaZje
gection, less low-frequency scund wounld be transmitted
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. 4mto the airplane than if the section were flat. Thus,

4n the DC-2, a deformation of the section to a 59-inch
radius produced an improvement of 6& Aecibels at 590 eycles
per second, while a 100-inch radius was 24 decidels better
than a flat section, The aporooriate radius is, of necen-
eity, a compromise between decidel gzin and necensary in-
terior apace. Analyses of the digstridution of noise in
the cabin have shown that the front of the alrplanc is,

in general, noisier than the rear, TFor example, current
practice amonz airplane manufacturers (reference 35) in-
dicates that sound levels run from about B3 to 01 deci-
bels in the cadin and 85 to 172 decibels in-.the rilot's
quarters. It therefore follows that baggage rcoms or mail
oompartments should be nlaced in letween cadin and cocknit,
8o that the cabin is removed from the noisiost part of the
airplane, On the other hand, rest rooms should nrobatly
be well in the rear, toward tho quiet end since, for the
passenger who 1s sick or desires rest, a noisy environment
will accentuate his discomfort.

1V. SOUNDPRCOFIN% THE AIRPLANE

A, The Yoise-Reduction Fnctor

The vrocess of soundprocofing is derendent upon two
different physical rhenomena, sound ahsorption, 2nd sound
insulation. Just whero the distinction arires may de seen
from the following illustration. Imagine yourself the
owner of a boller factory, Ther din in terrific; workmen
are subjected to the enervating effect of unceasinz noinae.
Furthermore, the peonle who are unfortunate enough to live
in the neighdorhood are comnlaining: "our faetory is un-
bearadle.," You hnve two distinct problems to solve: one iz
to reduce the somnd lovel within the btuilding in order to
relievo your employees, and the other is to nrevent tha
noise from leaving the building - for the reliof of your ’
neighbors., !

If you think you would firast like to sot wour neizh-
bors at eaose, then what you must do 1s to change the con-
structlion of your walls so that they benore more effective .
sound insulators, It is mosaidle to achieve this in-
creased efficlency in several ways, one of which is to in-
creagse the welght of the walls considerat®ly. The heavicer ’
wall transmits less sound, but to secure all of tho addi-~
tional insulation deoired a more complicated solution may
be necessary.

il v

e

ki

o et

M el L e - .y




N.A.0.,A. Technical Kote No. 748 27

. However, having built this wall has not given resnite
to your workmen; the noise is still just as loud on thre
inside. Recourse must be had to sound-sbsorbing materials,
the application of which to the walls of the interior will
afford a material reduction in loudness. Furthernore, the
use of absorption im the interior also helns to reduce the
sound-level exterior to the building. If the sound lnvel
is reduced 5 dccibels on the inside, it will also Tre 6 dec-
idels less on the outside, In thisz senrte, the utilization
of sound absorvents may be gaid to have some scund-insulat-
ing value. EHowever, since 1t 15 usually not nosaidble to
secure a reduction of more than 7 dccli®els by this mcans,
1t ic necrasary to make snecial vrovision for sound insu-
lation.

Of course, in quieting an girvlnne, the moint of view
is reversed; the noise exists externanlly to the airplane
and what 15 dosired is to vrevent the transmincsion ¢ sound
Into the intericr. Hovwever, havinz once nanetrated into
the cabin, acousticnl materials nay ve ap-lied nfo an to
diminich the asound level. Soundnroofing » ca>in tiaus ra-
s0lves itself into mn attack on two “ronts, the objectives
of which are: "Keep the noise out and keecn the noise down."
On which of the two battlegrounds the ntronger efforts
should be exerted will bn evident “rom consideration cf the
nolse~reduction formula which we nor deduce,

As an approximation to the actusl v»hyeical nituation
encountered under flight cornditions, tar fcllowing set-un
ls considered. We have n cabin whiash ray Le thoushat of
a8 a large bhox, this box beinyg runcended inside of n rtill
larger box. A nource of raund is rituoted exterior to the
eadin, ns 2 regult of which there will exict a cert-in
sound fleld in the nrace hetween the two doxen; it iz an-
sumed that a2t all aoints in this field there exist rgual
amounts of sound eunergy. The total rrount o7 cound cneriy
present ir the arnce axterior to tae enbin will be denoted
by Eg, and tue anmcunt of sonnd enexrsy which is in-ident
on unit area of the cadbin surfrnee or its exterior =ide in
unit time, will be Etna. Cf thrre E', =nits of round
energy, oanly a certain frnetion will ne tranmaltted into
the interior of the cnbin. The *roetion of the incident
enersy which is transmitted into tae interior of tk¢ cadlin
is known as the transminsivity, nrd will be desiznnted by
the symbol T. BEence, per unit time, the totnl eucrqy an-
pearing in the ca®in is TZ'4S5, § %becing tho total cur-~
face arca. Within tho c¢abin there oxist E; units of




28 ¥.A.C.A. Technical Fote No, 748

énergy, asa regult of which E';y units of energy hit unit
aresa of the interior in unit time. The cabin is lined
with a surface finish which has a sound-absorotion coeffi-
clent «. This means that of the E'y energy unlts strli-
4ing unit area of 'S, a certain fraction, « will be at-
eorbed. Hence, aE'{S wunits of encrgy are absorbed in
unit time. In addition, there is also a cnrtaln transmis-
eion of energy from the interior of the cadin to the cxte-
rior, i.e., of the E'y5 cnergy units incident on the 1n-
terior surface TE!'3yS ocnergy units anpear cxternally.
When equilibrium is attained, there must be just as much
energy snpenring ns 1s disapvearing in the cabln, =o that
we have:

TE'gS = aE'3S + TE'4S (6)
whence
Ele aS + TS
£ T R (7)

The sound energy striking the cabin wnll on its inte-
rior side is a function of the total sound energy vregcent
in the interior of ther cabin; in fact, it is mossible to
show that in the i1deal case arsumed here the two nre npro-
portionnl. Similarly, the sound cnergy incident on the
oxterior side is proportioral to the enecrgy exterlor to the
cablin, so that

o

(8)

a4t
I
MIL’J
o

(™

The differcnce in sound level in Accibels betw:en the
outslde and the inside 1s known ns the noise-reduction fan-

tor and is cqual to 10 log,, %5. so taat the

Noise reduction in decibels = 10 log,, 35-1T5 (9)

A gurnrising fact will at once be evident from equa-
tion (7)., If there is no absorotion within the eabdin,
l.esy a =0, the sound level within will he equal %o
that without, no matter how effective the wall is in pre-
venting the transmission of sound. Physical considera-
tions show at once why this must be so. Any sound enersgy
which doen set into the interior is not ahrorbed and hence
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will persiast for a very long time. - (There wiil be =some

loss at eaoch inoldence on the cabin wall due to transmis-~
slon through the wall; hence it will not persist indefi-
nitaly.) As more and more energy is transmitted from the
outside, the sound level will eontinue to inercase until

the externzl and internal intencities are equnl. Equilid-
rium will then set in and the two sound levels will Te
equal. Thus, it ias necessary to have some absorpiion in the
cabin, else an effeetive insulation schemec will te of no
avail,

It will be noticcd from equation (3) that to obdbtain
large sound roductions, we must have a iow transmirnivity
and = hizh absorption coeffielent. Figure 13, in whieh
the decibel reduction calculated from cquation (2) is plot-
ted for different wvalues of T and «, illustrates this
fact, (Cf. fig. %, reference 37,) It will be seen that
the maximum reduction oceurs at the lorvest transmissivi-
ties and the highest absorption coefriclents. Furthermore,
1f there is very little abdsorrtion, the rcduction is small.
However, for low trarsmissivities the reduetion increasecs
much more rapidly for small values of ~ than for the same
values of a at larger values of T. Thug changing the
absorption coefficiont fror ” to N.¢ results in a change
of 23 deeibels for T = 2,701, of 12.% dneidela for T =
0.01, of 4.7 deecidbels for T = 2.1, and c¢f "8 dreibals

for T=1. On the otiarr hand, if we chanje from : = 7,2
to a =1, we get lecon wvaried recAuctions for the varioun
T's, i.c., 7.7 deeivels for T = D.701, 6.7 deecibels for

T = 9,01, 5,3 deecidels for T = 0,1, .2 decibels ror
T=1. .For the same increasc in ., the decrcase in the
sound lcvel within the e¢abin is 4rentest for low transmico-
sivities. ‘

Another imrortant ecneiderntion which is evident from
these curves will be illustrated by the following exnmnle:
Su»npose i = N,1 aAard T = 7.'1; the noise recduction is
10,4 decidbels. If we wish to inin nnother 17%-deaibel re-
duetlon, we may 4o orc of two thinss: chiange the interior
treatment co thrt the ahsorrtion coefvicinnt increnscs
from 0,1 to 1, or, krening vy fixed rt 7.1, cannge the
cabin wnll ctruecture nn turt T dpcrranrcs to N.7Y1, Ei-

4 . ther of thene treatments will rerult in n ruriaer decrease
o in level of 3.6 deecibcls. The nnswer to the question as
- to which of these two rossitilities is most advantageous
e depends on the relative weizhts of ‘he prorosed treatments;

the best solution is that whieh requires the least addl-
tional weight, other thinge being equal. In any particular

e
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cass in vhich it is contemplated making a choice between
decreasing T or increasing ~ and in which the weights
of the vroposed treatments are known, the most appropriate
anewver can be readily obtained from the noilse-~reduction
factor,

The above theoretical development 1s to be considrred
only as a very avproximate one. It deals with a highly
idealized eabin, rhich may he considered very sinmply ~s an
emoty room, devold of nny ncceesseories and hnving 211 -~ldes
of uniform construction and surface finish. Undor there
eircumstances, the transmitting nnd absordbing surfacen nre
the same, and the transmissivity and abrorption coef®i-
clent do not vary from wall to wall, In our real cadin,
however, the transmitting and absorhing surfaces are not
equal. The cabin floor may have little atcorntion value
but may ve a very erfective insulastor. TFeovle, urholstercd
seats, various furniture nicces within the cabin have some
absorbing ability., Furthermore, a and T vary in dif-
ferent parts of the cabdin. Glars windows have absorvtion
and transmission coefficients (n and T) which differ from
that of the other cabin units, such as wnlle, bulkheads,
floors, etec. Equation {(9) may be modified to take these
various factors into nccount. The totgl ndbsorntion in thc
room 1s not oS but a sum of the terma 1,5, + a8, + .
@38y + ..o, whers ~<; 1is the absorntion coef7Tirient of a
surface vihlch has 5, muaite of area, v, the atasorption
coefficlent for OG5; wunits of avea, etc. OSimilarly, the
total transmission in given by Ty s, + Too, + Ta8; + oo

[

where T, Tz, Tz, .«« are the tranamissivities for the |
different surfaces having the area s8;, 8., 85z, ses

) If we let A = 7;5; + a33,; + ... = absorntion

it

transmittance

T =T,s * Ta8, + ..,

we 2et for equation (2):

7
Hoise reduction (dh) = 1N log,, 4%2 =10 1°gxok1'*%> {(10)

¢ e e ——

For reductions creanter than about &9 decibels % 1s much
sreater than 1, sn we set

LS
7 T T

Wolse Teduction (db) = 10 log,, (—‘%) (11)
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B, Bound Absorption

To ¢alculate the noise reduction one may obtain in a:y
soundproofing scheme, it is necessary to know the absorp-
tion coefficlent and transmissivity of the materials used.
Methods are available to determine both of theso quanti-
ties in the ladboratory. The most reliable test proeednre
for determining a«, now in use, is the reverbheration-room
method, in which the time it talk-s for sound in 2 room to
decay through a specified number of deeibels, is measured.
Sabine first showed that the tutal adbsorntion in a room,
A, 1is related to the time of decay for a range of 60 doc—~
iveles (the so-called "reverberation time" T) and to the
volume of the room 7V, by the formula

T = Q;EQI (12)

where ¥ is in seconds and V 4in cudbie feoet. Thusz, to
determine «, it is necessary to measure the reverbdrra-
tion time with a known amount of material in the reverber-~
ation chamber. Correction must be rade for the adsorntion
of the enpty room.

There are geveral features of importance about sonund-
abaorbin% materials which chould %e rcinted out. Adbrcrr-
tion oF sound energy may on~eur in either of tvwo ways:
through porosity or’diapnragm aetion, A raterial which is
effective beeause of its horosity, consists of a ;reat
numdber of intercommunieating rores, fiarures, or cells,
The sound wave incident on the rurface nenetrates into the
interior by weans of tae small orenings ian the material
but, in travelins dewn thege canrillaries, the wave motion
is recsisted by a viscouz aras exerted dr the eapillary
walls, 4« a result, some of the enersy in the wave ic
dissirated by this frietional foree and is converted into
heat. It is at oner rvident what the erfest of thickners
is. If the materinl is too thin, the wave will be reflect-
ed off the baeck surfaes after heving becn only rartially
diceipated, 20 tant eonsidrratlo enersy will bte reflected
back into the room. IT the mrterial is thiek enoush, the
wave may be abhsorhed to suech nn exten® that what is final=-
ly returned to the room iz consideradly sttenuated.

Some fi:ures siven by Xnudsen (»., 191, referonce 77},
show the e’fecet of thieknens on the abrorrtion of Salsam
Wool at different fregueneies. These are given in tabdle
111, '
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TABLE 111

Variation of absorption coefficient of Balsam Wcol
with thickness and frequenecy (cycles per second)

Abuorpgion coefficlent at freguencies of:

Thickness | 128 | 255 | siz [ 1004 [ voe8
1/2 inch 0,06 0,22 d.41 N.68 0.57
1l u .16 .25 45 62 .60
2 " .21 .78 08 .69 .70
4 " 34 o &8 .65 .75 .78

. e i i eiam s i e

It will bPe seon that the -;reatest inrrense with
thickness occurs at the lover frenuvncies., Thile no Jen-

. e8ral conclusions are walld for nll mnterinls, n very gen-—
eral statement cen be male which covers tiue zetion of all
vorous naterials, viz, the abgsorntion corfficient ie roujh—
ly pronortionnl to thickness far n Treoqueney of 178 cy-
clez rer second for thickneanes as large mg % or & inches,
Above this freeuoney, for thiciresses greater than ? inchesn,
the coerficient ia acnroxinntely coartant, dbut may inerease
slighily; for smaller thicknesaos the .variation with thielk-
ness is usuall; not ~rcdietadle.

In the phenomenon of Ainnhrasm nction, tie acounstiecal
materinl vibrates in cueh n foshion ns to absorb enorgy
from the souud wnve. Since it requires ener3y to malntaln
tkis vidration, the reflected wnve from the materinl is
consicferadly nttonuated. Whether a naterial is froe to
vidbreate or not denends on tip marner ir vhieh it is mount-
ed on tha well whiech it covern., IFf 1t is mounted rigidly,
1t cennot show this dianhragm netion, nrovided the wrll
itsolf is rigid. iowever, if i%t i3 momnted on wood studs,
or fratenvd by ~ny other sinmilur masng, ro th-t the indi-
vidual unit 10 held fast only at its edges, then 1t haa
thoe varridility of behawin; lika a diaphrasgm, An important
eanslderation, thorefore, in zZiving absorntion coerficients
is to rtate just how the uaterinls werec mounted when test-
ed, The noplication of such data to other tyrcs of mount-
ings is usually unrcliadble and incorrect. For example,
the following datn were tnken at the JTational Bureau of
Standsrds (p. 5, referenco 3) on a certain acoustical tile
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_{Acousti-Celotex, type C2, 11/16 in. tkick) which was

stugck on gypsum wallboard by means of an adhcsive. The
wallboard was placed on the floor of the reverdberation
room and tested. It was also teasted ~ftcr it had bern
nailed on to 13/16- by 2-inch furring strips 12 inchen on
center,  The rosults are as follows:

Kounting 128] 2s6] 512 4798

|
Cemented onto wallboard |0.11[ﬂ.31 N, 71 0.5%7
¥ailed to furring i .14] .65 63 SR { 67?7 05

The diaphragm action ia esnceially cvident nt 286 eyeles
per second,

In this connection it is well to note ono other point.
If the material is tested in the laboratory in small indi-
vidunl tile units and then, in the anctunl installetlon, is
applied in largor units, the use of ladoratory coofricicnts
may be lnaccurate, cspecially at the lower fragucnclies.
At thege frequenecies the tile may de in resoannnce (normal
vibrational modes;, and ringn these rosonnnt erfects de-
pend on the size of the unit the cocffiecicont will bo dif-
ferent for the two tiles., In faet, laboratory dnta ob-
talned at fronueneins of li’3 eyeclen or less may not bte too
close to tho actuzl coecfTicients which obtain under the
eondition of mounting in nn airwnlanc, sinco nt thecae fre-
quencles there is conaiderable vidrntion of the ~irplenc.
This is, of coursc, only true for thosc materinls which
are sound absorbers by virtue of their vidratory charac-
teristics.

Some commerecinl products are manufactured to give
thias diaphragmatic absorntion. In fcncral, they consist
of a flexible extcrnal sh-ot of some kind ~ paper, wood,
doped fabrie, or metal foil backed u» by en azir s»aco.

One of these is "vibrafram," vhich comecs in 17~ by 1li-inck
units, and has a stiff shret of felted noner shaned to
form a sort of hollow pan., The tase ls arranied with a
lip so that it can bec pasted onto any surfacc desired.

It 1s the characteristiec of this troc of ndbsorption
scheme that the coevficient is 8 maximum at one frequency
and tapers off at all others, The jraph of adsorption co-
efficient versus frequeney is ressnance-like in nature.
What is taoking place is, that at a certain frequeney rcs-—
onancec occurs, as thc combination of vibrating diaphragm

i
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plus air-space forms, in effect, a mechanical syntem of a
mass on a epring, in which the diaphragm nay be considercd
a8 the mass and the volume of air enclosed by the vidbrat-
ing membrane as the spring. That is, the enclosod veolume
of alr acta as 1f it possessed stiffnecss, and this latier
is the property of a apring,

Meyor (referenco 8) has shown that if a wall 1s cove
ered by a stiff membrane of this kind, of mass m per
unit area and distance 1 from the wall, the resonant
frequency 1s given by the following formula:

f = ——= (12)

where £ is in cyg¢les per second, m 1in grams per sqguare
centimeteras, and 1 in centimeters. Figure 14 Zives the
results of Meyer's measurement on brown wranning rpaper
placed at a distance of 5§ centimeters from the wall.

Curve a 135 with the air space, and curve b 1is with the
space partlally filled wiltk cotton waste., Tho cotton wes
introduced in such a fashlieon that 1t did not touch the
vidrating diaphragm. Its enly effect was to abserb the
scund waves which were »nroduced in the alr asvace, enreclal-
1y those waves traveling in a direction rarallel to the
face of the raner. By using ceveral layers of nmaterial
sevarated dy an alr snace, it is possidble to Set good low-
frequency absorptien over a fairly wide ranse. Figure 15
(Meyer, reforence B) shows the results obtained in an ar-
rangemont using three layers of ollecloth, with an air

space of 5 contimeters tetwvecn each layer. The theoretical
exnlanation of this action is vtasod en the mechanleal anale-
oy of thilis arrangement to an eleoetriecal filter which
pasases high frequencies only.

While roroues materinls are genecrally inefficlent at
the low end of the frequency rango, but are much more ab-
sorbent at the higher freqguencies, those nrrangements de-
pending on dianhragm actlion have a maximum absorption nt
the low end. To obtnin geod absorption over the whole
range, the lpgiweal nreccdure would be to attempt to com—
bine these two effects. This may be dono, as we have al-
roady polnted out, by using a mounting for the porotvs ma-
terial which will vermit vidration, if the material is
sufficliently rigid to be carnbdble of vibration. Another
posaibility is ene in whieh the poreus material is at-
tachod to a stiff membrane so thnt adsorption occurs due
to both voresity and vidration. For excmple, some figures

S
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obtained at the National Bureau of Standarde on a commer-~
clal product "Limpet," which is spraycd asbestos mixed
with a dinder to make 1t cohere, are Ziven helow, The an-~
bestos wag sprayed on metal lath, thus maving posaible din~
phragmatic motion, and also on wallboard, in vhich case

the abeorption would be due to porosity only.

Mounting Absorption coefficients of nurayed asbantos
128 266 512 1084 “fjéﬁ i_492§__‘_

Sprayed on

wallboard D0.13 { G4R1 | N,68 DeER D74 0,63
Sprayed on

metal lath

and surface

painted «57 « 71 «80 56 LGl .52

The thickncss of the layer was /4 inch. There was
approximately a 3-inch air snncec hohind the metal lath,
The much higher absorwtion confficient recsulting from din-
phragm action is evident at the lower freauencles. The
Limpot spreyed on metnl lath war nainted vrith ncveral
coats of raint. 7This caunasos = reduction in the coe?fi- 1

|
t

e —— e

clonte at the three higher frequencies mince the naint
film prevents cntrance of the sound wave into the nores in
the interior of the material. On the other hand, it stif: -
ens the surface of the naterial, no that the menbranec ac-
tion is enhancrd at the lower frequencies, In another
sample, in vwhich Limpet was snrayed on netal lath and then
rainted, the absorption at the hiih frequencics was not
reduced because of the existence in the nainted surface of
a great number of holrs which permitted nenctration of the
wave directly into the air snnoe. Onec in the air space,
the sound exmerinnces n disnirative ofTret at the adsorb-
ent undersurfacc of the snrayed andestos, and nenec the
abgsorption threughout the whole frenucney .ranse is in-
creased, The mnterial, lNraohkote, dcveloned by Johns-
Manville (rofercnce #2) combinvd therne tvo nrineinles,
porosity and diaohragm nctlon, to vrodace an pbaordent
which wns effoctivo nt all freguencies.

Some other arransements have been ¢iven by the Germen
investigntors, Weuanoer ~nd Willms (refercnce 30). For ex-~
ample, they uned a 3-millimeter nlywocod sheet, verforated
with ?-millimeter diameter holeos, and backed up by 6-milli-
meter Calmuc (Ferman trode name of n norous material) and
a 50~millimoter alr snace. This arrangcmont shows a reeo-
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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 prar-
ticle veloelty of this wave is a maxinum at a distance of
1/4 wave length (of the frequency concerned) from the
wall, The amount of sound energy dissipated denends on
the viacous resistance of the pores, and this is a maxi-
mum when the varticle velocity 1s a maxinmum, so that at »
distance of 1/4 wave length the absorption coefficlent
will be greatest. At freguencies betveen 470 and 1,007
oyslee per second this set-up zives a coefricient of nbout
90 rercent, while at 190 cycles the awsorptlon 1s only 17
percent. Of importance 1s the acoustical recistance of
the backing layer. TFor bvert results it should match that
of the alr, i.e,, 42 acousticanl ohms,

Wehner and Willms also renort soie measurements in

- which coefficients close to 109 percont were obtained

over a narrow vand of frequencies, These were all reso-
nant arrangements similar to ileyer's, the only difference
being that on thc back of the surface membrano (elther
perforated plywood or oilcloth) felt was annlied. How-
ever, the absorption ccerficient at othar frequencies was
less than 10 percent. For example, the oilcloth-felt ar-
rangement with a §0-millincter nir svace, j;ave the follow-
ing cocfficients at 170, 70, 3N, 420, 5, 670, 8’8
cycles per second, respactively: ~ = DO,7F, D04, 1,30,
0.85, 0.45, 0,25, 2,93,

It is well to ohsorve herc that any csurface covering
ayvlied over the face of u materisl 1s ant to change its
coefficlent., If the covering is very open, such as any
perforated metal, wood, or fadriec, or any aven-weanve cloth,
the coefficiont may chanie either way, i.e., incrcarce or
decrease, bdut usuaslly not very much. In soundnroofing
alrplanes the »reactlce is to use vads or %lankets of light-
welght fibrous materials which are nlaced betwecen the outer
skin and tie cabin trim. The trim may be » very open fab-
rie, or perforated shert of some kind, in which case the
lavoratory coe<ficients nre nrobahly unchangedl; or the
trim may he a heavy mohalir, leather, or faoric of soma
kind. In the latter event, esince the surface of the blan-
ket ie effectively acrcencd dy the external covering, tho
laboratory cocfficients are no longer valid, unlcss the -
absorption has bren measured with tho particular covering
actually used in the eatin. Iu nore csses the materials
may be covered with a spceial waterproofing finish or .
sheet, so that the effectlivencss of the material will be
practically all vitlated. Thac moral 1s: bewnre of extra-
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neous surfaced finishes which prevent the penetration 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.

By ueling several layers of different tyvea of blnrn-
kets or shects, it is mozgidble to zet e high absormtion
over a consideradble range of froguencies. Some monnure-
monts made on l-inch Fiber;las and 1/i-inch Unisorbd Frit
by the Nationanl Bureau of Stardards, are jivea below. All
tests were made by plneing the mnterinl on the floor; on
top of the blanket a perforatod iron shret was nlaced,

The Fibereglas end Unisord Felt were first teostrd cerarnte-
ly, and thon together., with the felt on ton.

H | !
1r3 ?551 510 ' 1024129474098
____________________________ .I_. J. ‘l _Ir.._.._....
l=inch Fibversglas n.20l0.66 |.').w; n.az-'o.er& 0.88
e e __;_ s e
1/4=-inch Unisord Felt L4105 L1141 JR7) .66 JR6
i i
S SRRV PN S SR o
l-inch Fiberglas + 1/4- b
inch Unisorb Felt B30 .86 .o .37 89| .91
JUVRPRRE SRS RESUYOUN MNP SRR SRS B

Tihile the Telt is not very good at 1’8 and ¢56, it
nevertheless produced a considerntle inercase in the coef-
ficient when it was combined with the Fiberglas. If the
coefficlents of the individual layers are knowrn, it will
be seen from thie example that it i= not wonsible to vree
diet just what the combination of the two will .jivo. A4s
stated before, in an neeurate prediction of the nolse re-
duction to b sxpected, the absarption coefficlent of the
actual arrangement of materianls to be used should be known.

Of course, in making any choice of nbrorbente for
alreraft, there nre other vronerties whieh should be con-
sidered in nddition to the adsorvtion coefficient. The
mogt important of these is weight. The materinl uscd
should have the minimum of weisght ennristent with good ab-
sorption. Weight reduces the may load, no that unneces-
sary weizht is particularly costly. 3ruderlin (reference
21) bas calculated that in the E=ycar life of an airplane
of the DC-2 tyne, the net averaie rost per nround of ex-
cess welght 1s $3295, ¢ sizauble “isgurce, eanecially if the
excesr is very much. For this reagson the dcesijner in chnorn-
ing his acoustical materinrl must restrict his attention to
the very light materials. Fortunately, there is a fair-
8lzod colleetion to choose from; in tadle IV we have com-— ’
viled the known ahsorrticn data on low density materinls,
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While a material may have hizh absorption and low
density, it still may not be the best ome to use, since
there are certain other important nroperties which 1t may
lack. In selecting the proper one to use, considerations
should be given to suech quantities as hoat conductivity,
molsture abgorvtion, firc resistance, vermin resistance,
disintegration or racking under scrvice condltions, chen-
lcal stadility, etc.

Naturally, it is of considerablo advaatage if the
product hapvens to be a good thermal inculator also. In
this connection thero is prevalcnt a widegnread miscon-
ception to the effect that good sound absorders always
have low thermal conductivities, While thin may be true
in some cages, 1t 1s not necessarily ro. All of the kaown
thermal conductivities of nroducts listed in tahle IV nre
€lven in tablo V. The thermal conductivi*iss =2re given in
terms of the K factor (B.t.u., per hour ner square foot
per degree Fahrenhelt mer 1 in, thickness).

Under the extremes of temperature and weather condi-
tions which amircraft experience, the condensation of mois=-
ture on the acoustical material is very avt to occur. If
the absorption of moilsture takes nlace, there will he a
conslderable increare in the weight of the sirplane and
tho acoustical efficlency of the treatment may de reduccd.
In addition, the thermal conductivity will Ye reduced.

For these reasons it is imnortant that the material be
waterproof, Onec hundred percent waterrroofneas may bte oh-~
Jectionable in certain instances, however, as S, J. Zand
has vointed out to the author. If the mnterial is vplaced
next to the metal skin of the fuselase, zay, Sluecd on,
then there will be formed slight air rockets hetween the
skin and the back nurfaco of the materisl. 7The water va-
por orisinally present in thesn pockets will condence and
if the abasorbsut is impervious to molsture the wator cen-
not escape; whence the possibility ot corrosion of the
skln arises. If there 1s a sligil «venuc of escane left
oven for the water wvapror - any, if the material iz not en-
tirely waterproof - the danger of corrosion will be elimi-
nated, To assist in the evaboration procesz, it 1s quite
fensible to bypacs some of the air stream from the venti-
lating system throuzh the npace betwoen interior trim and
fuselasgo,

An item which should not he overlooked is tho question
of registanco to packing or settling. Vibration of alr-
craft is severe, and changes in acceleration are large and

I
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occur rapidly, so that a material which may bde all rizht

for ordinary use may not be particularly suited for the
airplane. There iag the poscidility that the fibers or
sudstance from which the acoustic blanket is made may hreak
up or subdivide. A4s a cocnsequence, packing will reusult and
some of the compartments in the blanket nay be Tare ¢f fill-
in spots.

Cy Sound Insulation

While the sound-absorption coefflcient sufficec to de-
scride the efficlency of the wraterinl nas 2 townd adsororr,
the sound-tranamission losn is the physical guantity which
gspecifies 1tas sound-innulation value, its adbility to nre-
vent the transmission of sound. Since the trancmiscivity,
T, repreasents s transmineion of energy, the recintonees to
transmission, or omacity to sound, would bve rerreseanted by
1/T. The reciprocal of T, e nreassed in thn declbdel
scale is known as the transmission lonz, i.eo.,

Transmisaion loss (ir decibeln) = 19 1log,, /1> (14)

To clarify tais concept, consider thls cituation,
There are two adJacent rcoms, in oue of wialen in located
a source of sound. A4 A rrcocult ¢f this, » cortoin sound
level exists in the other roon. Tn ¥koew the level down,
the second room 1s treated wita a sound-ntuorhing materianl.
It 13 desired to ¥now the intrinsis inculoticen value of the
wall betwern the two rooma. The diTF¥ercsce in the scund
level existing on the two gides of the wall, is due not
only to its iasulatiug c-"ficieney ™t alrno to the nhooro= '
tion ia the recceiving room, so that to “et tae effect of
the wall itself, a correction muat e mnde for the ahngr--
tion. From equation (11), we hnve for difference in level,
Zraater than &9 decihola

3]

19 logye 3= = 1 lodyg (‘3%\

1
=3 Ta)/

(11)

where E; and E; are the soind enercincs in the source

and receiving room, resnectively, A4 is the total abzorn- |
. tion in the receiviang room, T 15 the transmisclivity of ¢
the wall and S in its surfance area. Solwving for

192 loiz,4 %. we et

E A
197 log,, (#) = 17 lo3; g <§A> -~ 19 lo%g,4 (E) (15)
A

2

e masam s e e




R o

40 N.A.C.A. Technical Note No. 748 .

The expression 10 logy, /% 1s the transmission -
loss of the wall, 10 log;, Ei is the observad decibel

differsnce, so that 10 log, (§ is the correction term

which corrects for the effsct of absorption. Furtherrore,
the appearancs of the surface aroa in the correction torm
is oquivalent to reducing tuec reesult to that which would
be gotten on a wall of unit area., Thus, If § werc onc
unit area, there would bo no correction for arca, fin

log,9 1 = 2. It is apparent, then, that the tranamis sion
loss is the unijus paysical quantity which is a rronerty
of the wall only. This makes it posnitle to comparo the
insulation valus of diffcrent constructions by comparing
their transmission lossos.

The sxampls outlined above is the tasis of one method
of determining the trancmission loss of diffcrent struec-
turee. Ths panels are placod in an opening betwoen two
roome, and the difference in lovel between the nolsy and
quioct sids, tho absorption on the quiet side, and the sur-
face area of the panel arc mensured, thesc data sufficing
to give the tranemisrcion loss. TShie method is in ure at
the Nationnl Bureau of Standards and other laborztorics.

Observatione mnde on a large number of pancls of homo-
geneous construction have shown that the single, most inm-
portant determinant of ths insulation ecvficiecncy of 2 ran-
el of this type is itz mass., Figure 16 ig a result of the
work of Chrisler and Snyder (referoncc 24) conducted at the
Kational Burcau of Standards (roferenco X%) on rancls con-
sisting of einzle shercts of difforent materials., It is
to be secen that for the very light »anels the averaso
transmiansion loss* inercanes quito ranidly an the weight
increases up to about 0.5 pcund per zquare foot. From
this point on, however, the curve bsgins to flatten and
the rate of increase in insulation efficleney is much
lses, 4As a matter of fact, the curve of figure 16 coan be .
represonted on = lozgarithmic scale hy r straight line. 4
In figurc 17, the transmisasion lons is nlotted ngninst the ?
logarithn of the weight (1b./sq.ft.). This straight line :
. hnas been iiven by Chrisler and Snyder (reference ”1\ and
ia rcbrcscntnd by the dotted line of fi sure 16,

|
|
t

*Mhe toste reported here were conducted in a slightly dif-
farcnt fashion from that now in uscy hence, while the fig-

ures obtained ars not strictly transmiscion losses, they M
arc very approximately so.
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In table VI the mctual measuremcentg on the different
naterials are glven., It is to be noticecd that the trans-
misslon loss variee with frequeney nnd that the naaols
are less effeetive at the low-freoqueney cnd. To sneoify
the avorage verformance of the ranel, the avorage of the
trausmission losses at the threce differcat frequoncey
bands is given; in the future, in roferring to the averase
transmission loss, we ghall omit the word "averago."

I+ has been found that the astraight-line relationship
betwoen transmission locs and logardithm of the wolght is
valld for oven very heavy pancle. The designer is cienr-
ly at a disadvantage herc. If he wichos to jot good insu-
lation he must resort to heavy stractures. Fortunately,
however, 1t 1sg possible to ot sfreater cffielency oy re-
sorting to the ugse of comvosite panels.

To illustrate tho neint, conzider the came of threo
rooms arranged in a row in which room 2 is the center one,
and roome 1 and 3 the two extreme ones. Let us say, the
separating partitions bdetween the rooms are nlywood, J.,1P5
ineh thick., If wo have a source of sound in room 1, test
no. 14 tolls us that there will be a reduetion in level
of avproximately 19 docibels betwern rooma 1 and 2 and,
furthermore, dbYotweon rooms ¢ and 3, thore will bhe another
approximate reduction of 12 dceibela, ao that room 3 is
about 28 deeibelas quicter than room 1, Thic is a very
consideradle reduetion, inasmuch as an inerecase of 19 deo-
ivels has becn achioved maroly br adding another plywood
wall. Henee, one might expect *hnt by using a doudlo wall
with an air spnce, the transminscion loss would de mueh .
larger than for the sinzlo panel and mueh greater than the
weight rclationship for homogcneous vanels would require.

e i+ s e

In table VII ia rresented results on tests of two
panols with an air evace hetween thenm.

The lagt column in the tadlo ia nignificant; 1t states
the £ain in deeibols of the doudblo nartition ovor the sin-
gle homogoencous partition whieh hes the same woight. For
example, consider test no. 26, in which two aluminum
shects D.725 ineh thiek were reparated by an air spacc of
0.5 inch. The transmission lots was 1l6.1 dceibels, and
the weight of the nanel was 9,70 nound ner square foot.
From fisurec 16 we sce that n homojcneous mnanol of this
welght would have a transmission lore of about 21 or 22
decibels, so that thoro has been an aetual lots in insula-
tion efficliceney. In Yaet, not only is no, 28 loss effee-
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tive than a homogeneous vartition of the nsnme welght, but
it is nlso poorer than no. 11, in which only one sheet of
aluminum was used.

Thus, it will be ceen that in practically all instances

there 18 a loss instend of a gain. The effecct of the air
space, when the panels are very closo, is to actually in-
erease the transmission of sound. The differenco between
these results and our idealized situation of the threo
rooms is to be aseribed to the vroximity of the two pan-
elg. For one thing, a Zood shaore of the vibhration of the
first panel 1s tranamitted through the Sranme or common
support on which the two are mountod; and socondly, tiae
alr space for these panels acts nas n sort of elastic sheet
which couples the two faces together. As the weight in-
ereasges, howevor, the erfect of the alr space Decomes less
important, so that a faln in transmicsion loss is exneri-
enced as, for examvle, no. 32,

Yo. 30 1a interesting as it sugsests a cluo ns to
what is to be done to remedy the situation. Insullte is a
gsound-absorbing materinl, hence, in no. %0 the sound level
exlating between the two partitions has been decreased with
a consequent increanse in insulatior. Whnt iz needed then,
is: 1) to absord the sound enorgy vrresont 1in the air
space, and 2) to break the clagtlc tie which eoxists Dbe-
tween tho two wnlls as a result of the air snace. For
those reasons, various abgcorbent layers were nlaced in the
alr apace. First, fidrous boards such ns Celotex and In-
sulite, wore tried. While thero was an imvrovement over
similar tests on the double wall with alr space, the trans-
mission loss was still 5 decibels less than that for a ho-
mogeneous nanel of the snme weisht (test nos. %3-35, ref-
erence %%). For the low-dennity materinls euch as Palsam
Wool, heir felt, and cotton, the following results vere
obtained (table VIII).

"Tha cotton, hoir felt, nnd 1/?~inch layer of balsam
wool are sfen to 5ive no improvement over a panel of equal
welght. The thicker layers of balasam wool are scen to
glve an improvement of 5 declibels on the average." This
reduction is what would be exveated from a n-nel of more
than twice the weight. Another serles of ranels was meas-
w?od using a 4Ary zero blonkot, which is a rroduct nade of
kapok and is very light, naving a density of 1.14 pounds
Per cublc foot. The rosults are given in tablo IX.

The lergent Zain wns exnericnced in vanel no. 50 but
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-1t muet dYe ruled out in this comparative cerics of measuro-

ments, since it wns not of the same slzo as the other pan-~
els, The best pansls from the poinrt of vicw of highent
tranesmission loss for lcast weight are nos. 42 and E£1, bvoth
£iving n transmission loss of about %I decitels with a
welght of 1 pound por square fcot. Ne. Bl, however, has
the disndvantage of having a highly reflecting intorior
surface, so thnt very little sound nbsorption vill oceur

in the cadin. In gcneral, the dry zero cruscs 2 nct ine-
crease of £ deelbols, which in adbout the camec ~s exneri-
enced with balsam wool, the dry zero vpanels, nowever, bning
usually lighter. Two other important points chould de

" moticed, If the dry zero is compacted, as i ro., bR, the

reduction will be reduced ss there is then a more solid
tio botween the two surfaces, the dacked-in material ncte-
ing€ to communicate the vibratior from the front surface to
the rear surfpce. In tho two lightest manels, nos. 41

and 45, the dry zero is not as effectivo as in the heavier
pancls. Howover, if onarel 4< be comnared with 22, there
is an increase of 9 decihels.

The recults nrescnted in tadle IX :re, in senernl, in
accord with a theory of Kever (refersnce 7) on multiple
partitions. This theory is of interest %o s na it points
out the limitations and nossibilities irn the une of thia
type of construction. It will be briefly suumnrized hare.

Each partition =i4in i1ts uocompanying alr snace {or
absorbent-filled space) is considered as onec of the iter-
ated elements of an acounticslw.echanical system which may
be represented by an annlogous electrical eirecuit for
which the mathematical solution in known. &% low freguen-
cleg, such a combination has n small tranemission loes.
However, there exists a cortain Trcquercy (the "high-
frequeney cut-ofs") given by

e = D78 (16)

where

fe is cut-off Treguerey in eyeler per necond,.
m, mass ror unlt aree of one wall in g/em®,

1, svatial sevaration bhetween two suceceasive
eartitions.

for which the treanamin.ion loss rises rapidly.
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Fi&ure 18 (referénce 7) shows somo results obtained on
a) a 15-~sheet cellophane wall with an air space of 1l-
centimeter and b) a wall consisting of *, 5, and 10 sherts
of roofing paver with 1 = 2 centimetcrs. The cellorhane
is so lisnt that the cut-o¥f freguency is 6,700 eycles; a
noticentle rise in the curve is evident at this fregueney.

¥For thc roofing naper, fc is reduccd to BDD eyecles ner

second beceuse of tho increased weight and air space. It
will be noticed that all of the b eurves start to risc

in the vicinity of 800 cereles per second; furthermore, for
frequencies below this fregueney the threelold, fivefold,
and tenfold wnll g£ive nbout the same recsulis for the trans-
mission loss. It is only for frequencics above £, that
the curves nreparate. Some other data of Meyer (fig. 6 of
reference 7) on partitions having onc, two, thrce, four,
and five layers of vplywood, show the same cffect - no iif-
ference for froquencies less than f,, with a consider-

able spreading for frequencéics grenter than feo.

Henece, to mako n~n cffecetive double wall, the mass
should be as large as nossidble and the alr space should bo
large. Thiz will mnke the cut—off frequency low and hence
the transmission loss versus frecqueney curve will risc
sharply. In the light-welght partitionn monmured at the
N38, f, wes relatively high. Thus, as an examplec, tor
panel 27 consisting of two aluminum shects with an air
epace of 1,75 inches, f, was 720 cycles. Since the

highest froqucncy at which the measurcnents were taken was
about 1,000 cyeles, the wvalue at 1,00: would not be much
difforent from the othaer two measurcments. In panel 52,
fo = 687; tho transmisnion loss at 1,709 is considecrably
Zreater than that at the other two frequencies.

The nffecet of the sound-abrorbing filler is to atsord
sound waves which travel to and fro in the eaclosure par-
allel to thec wall gurface. If this i ro, it should not
be neccasary to fill the entirc spacc with absorbent, hut
placoment around the boundary rhouald be su’ficient. Tuls
was dono on the multiple rlywood wall with a result rimi-
lar to that obtainecd with the air sraze, cxzeccpt that the
curves arorsc much more stoenly for frequencics greater
than the eut-off. Furthermore, comparison between the re-
sults obtained on a multiplc wall with threce rlywood sheets
when the whole cnelosure wns filled with cotton waate and
when only the boundariecs were lincd, showed that they hnd
practicnlly the came transmission loss. Figure 19 shows
the erfcet of the introduction of the cotton on the bound-
ary as compared to thn~ empty air snace.
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:The fact that it is vosesible to gect such a sizablo
increase in insulation offic¢iency mcrely by nlacement of
materinl around the edZes should be of considerable ad-
vantage in reducing the welght requiremcnt for soundproof-
ing cadins. The author iz not aware of the application
of this principle to airplane inculation.

Most of the insulation schemes how in usc may differ
somewnat from those particular constructions listed in
tables VI, VII, VIII, and IX; however, these tables are
useful in estimating tne apporoxiantc valuc of any contem-
plated partition by comparison of the #esired construction
with a similar panel listed in the tables. This is a risky
precedure sometimes so that it is elways advisable to et

the transmission lose by direct measvrement of a sample
partition.

Several investigators make use of a method which will
€ive -the relative values of different partitions. 1In Zon-
eral, thias scheme consiazts in placing thc partition be-
tween two smnll enclosures. The difference in lecvel which
is observed is taken as the inoulation effliciency of the
partition. . P. Loye (reference 73) of the Electricnl
Rpsearch Products, Inc., ¢f Hollvwood, California, rerorts
a number of such relantive measurements. H. 3ruderlin of
the Douglas Aireraft Company, of Santa Monica, Cnlifornia,
has a method in which the gource room is a -foot cube.
Phonosraph records of airplane nolse arn<nsod for a sound
source, 80 that the over-all noisw reduction is obtalned.
In a privste communication to the suthor, Brudcrlin states
that over 300 variations of alrplane partitions have been
compared in tais wny, For nurposes of stnudardization, a
Ppanel having a ''nown transmission loss rhould be moasurcd
80 tihnt all data mny do referred to it. F. K. Teichmnnn
(refercnce 2%) hrs mensured varlous Telts in thisg way by
using 2 roctangulnr bhox of two ecgunl comnnrtments, The
orening uced whs ~nbout 7”1 squnre inches.

Aroitrary mensurerents of tkis nature are frausght
with difficulties in the interpretation of the results,
For one tiing, the nbsorption of the nanel face is not
separated Yrom the transmirsion lors cechnracteristic of the
panel, I addition, if the slze of t2o »2nel is small it
mAy ve much gtiffer thren the falrly lnrge~size unit tyri-
cal of an nctual conctruction. For » small-size vanel.
the wny in which the edzes aro clamped cometimes makes
quite a differcnecec. Sound-pressurc reasurements made
close ta the panel nay be decelving because of the stand=
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ing wave syastem existing at 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 rore sound transmitted
through the box walls than through theo pnnel, cespesially
if the former are not heavy. To establish whether the ar-
bitrary method places different panels in the same rela-
tive order as the absolute method, scveral nanels, say
three or four, whose absolute transmission losses are
known, should be comparod by the relative method. This
will givo an insizht into the roliability of the recults
80 obtalned.

To give tho reader some idoa of current nractice in
the soundproofing of aircraft, table X is given, This ta-
bXo has been taken from a report (refercnce 35) on the

"physical proportios (from the textile technolugist's view-

point) of the various insulating materials; the renort was
prevared by the engineering section of the Air Corpa at
Wright Field.

Data on the transmisnion lose and absorntion coeffi-
clent of the various soundproofing arrangements listed in
table X have not bren found in tke literatmre,

D. Soundvroofing Procedures

In predicting the noise reduction to be expected from
any Ziven treatment, we must, then, hnve a knowledge of
the two gquantities « and 7. EHowever, since these two
quantitics vary with frequeucy, tho guestion arises as to
what freaquency should “e considered typical - how should
the coofficients be averazcd? To answor this question, 1t
is necossary to have a Trequency analysis of the noise of
the airvlane. If the encrzy ir fairly well distributed
among the differcnt frejquencies, then the avarage transmis-
elon loss ond the averagc absorption coeificient will suf-
fice. If the noine rredominntes nt certain freaouencies,
then an averago over the dominant froguencles will give
good results. 4san 1llurtration, we quote Zand's figuros
on the Douglas ILC-1 (referonce 21), in which tho enersy
botwaen 54 and 512 cycles is 10 decibels above the enersy
between 512 and $,192. To &0t the noise redustion, we use
equation (11):

_nbsorntion

Nolse reduction = 10 log, o transTlittance

The absorption coofficient was tnken at the predominant
frequency. Tnble XI giver these data.

T A L L,
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° This predicted reduction agr-ed with the actusl re-
duction to within 3 decibels. For purjoses of caleulatlng
the contribdution of passengsrs and chairs, a flzure of 7
to 4 units of adbeorption per ceanted pnssenger mny be uncd
{(reference 9). This figure includes the absorption of thn
chair. -

From the calculation avove, we may 1lluntrate the very
important effsct of an onening or highly transmitting sur-
face, such as an onen window, An au example, supbose o
window 48 partially open, so that 1 squara foot 1z expozed,
The transmissivity of an oren window is unity, «o that tioe

total transmittance is increased from I = D.%00 te 1,375,
LY

Noise reduction = 10 log,p T = 8,1 deeibels <

That is, 1 square foot of open surfaece in 350 will causo ¢
reduction in officiency of a 1little more tirm 3 deeibele.
If there are small openings in the cabin, letks, vertilat-
ing system ports, etc., thelr combincd nrea may ee readily '
equivalent to the effect of 1 squnre Toot.

The influence of a small opening is dependent on the
ratio of the size of the onening to the total trancmitting
. surface, snd on the traunsmissivity of the walls. 1t moy
be shown (p. 52, raference 33) that 1if the oneninz has an
area 8, the panel zn srea S, and the transmissivity of
the panel is 17T, the noiass reduction will be deerecanncd by '
10 log;4 <1 + -; %) decidels. Thus, 1f /5 = T, the rc=
duction will be decrensed by 7 deeibels. Using 3 decidels
as the mexinmum dininution in level which is perminssidle,
we can say thot for a ea®in vhich has n P0=, T7-, 40-deelibol
i transmiseion loss, the ratio of the total area of orenings
to the total eabin gurfnee should not bo greater than 2.01,
2.071, 0,3971, resvpeetively,

o s o 7

Davis (refercnces 23) huars caleulated the nolse levels
to Pe rxvceted witrnin endins of various airplance on the '
bnsls of tar thecory outlined here. Uzually his ealeulnted i
values ngread with the obsorved vnlues to within 2 decibdels,
althoush some results differed by ns mueh nas 5 deeibels.

If the noise snecetrum of the alrnlane in known, it is
possidle ther to nredict the level within the airplane.
. Howevar, in the event of 1laek of this information, a fre=
quency analysis should be taken. TFisurc 20 {reference 30)
shows n fragueney snalysie of the German Focke-Wulf alir-
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Plane F.W.-200, before and after trentmont (curves 1 and 2)
and the treated Neubau Ju-~52 airplane (curve 3). It will
be soen that tho noise prodominates at the lowest froaquen-
oles and that the treatment (on the r.W.-207) is more ef=

.fective at the hizh frequencles., It will be noticed thnt

the noise reduction varias from adout 15 declibels at the
low frequeney end to nbout 30 decibels at the high end.
Furthermore, reference to the loudness contours of the

ear (fig. 2) showa that the loudneas levol which the ear
experiences for these wvarious frequeneles is vory ecloce to
the noise-level curve s$iven here. This is because at therne
high levels of about 109 decibels, the ear resnonds about
equally to 2ll frequenclos. Thus the low-nitched notes
contribute haavily to the Joudnoss,.

Zand (reference 32) doscribes 2 method in whieh the
bare alrplano is first flown; a ceriec of vibration nm-
plitude measuremonts is taken at various parts of the air-

- plane. Upon landing, perticularly bdad nanels having con-

slderable vibratory motion are reinforecd with bdracing.

In the particular airnlnne cited in Zand's paper, tiais
treatment resulted in a 3-dceitel decrease in level for an
expenditure of 4.4 pounds.

The airplnane was divided into %6 stations, at each of
which noise-~level readinga were taken, nnd at three of the
stations a frequency analysis of the noise was made. This
latter showed that the vpredominant noisc existed at tho

. fundamental frequeney of the exhaust —%———:«—— = 163 ey—-

clos, li-cylinder ensinc running at 7,170 r.rem.) and of
the proveller (§—£g%lQQ x % = 77 cyeles, thrre=bdlade
propeller with serring). It wns found both in the vibra-—
tion and sound measuronents that the vidbration amplitude
and noilsce level were rmaxiaun in the front of the endin,
minimum in the middle region of the eadin, and average at
the renr, These three neotions were trcated differently;
soction 4, the nolsiest eection, war treated with material
which wns glued onto the =sitin nnd is n vrry Zood vidbra-
tion damver; section 3, of mininum noise level, was trcat-
ed with a similar bdut lighter vibration absorber which is
suffleient to damp light vibrations; and scction G, of av—
ern30 vibration level, was treated with a similar materi-l
of intermadiate properties, The materinle used were kavok
with a large percontaje of paper pulp in it, This treat-
ment vproduced a reduction of 6 decibdels.

%:
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For the reduction of nolse an intermediate layer of
kapok was installed. This layer was installed so as to

. "float" in the air snace bdetwcen the first layer and the

cabdin trim. For the position of meximum noise, tharce
layers of “apok were used, average noise iwo layers, mini-

,mum nolse one layer. Adjusting the treatmcnt to the in-

tenslty level has several advantagen: It rakes the level
uniform throughout the ceabin, so that there are no favor-
ite sents; it involves a saving in weight as the welght is
distributed where it will do nost good.

After this treatment the ncise level was again reas-
ured and n frequency rnalysis made, siaowing that the hizh-
frequency eomponent had been Tnirly uniformly attenuated.
In different narts of the anhin, however, tho low-freguency
components were still troublescme. To seeure low-frequeney
absorption, a stretchod membrane of doped airvlane fabrie
was used for the cabln trim and wes vacked by a damping
layer of felt. The de4r-o o7 ntreotch may be eontrolled to
glve 2 maximum abgorption ecei¥icient at different freoguen-
cles., Thus, for secetion A, nn abrorvtion coefficient of
656 percent was obtained nt 84 cyrelen, for reetion R 70 per-
cent at 256, nnd for secetion C H»" percent ~t 1J8. The
noise levels woere theon mensured =3-~in; the nverage reduc—
tion with this eompleted treatment wns 21 deecibels and the
airplane was quite comfort-ble,

Fisure 21 is taken from Zand's narer and shows the
levels at differont nositions after the various treatmenta.
The sound levels siven are with a reference level of 1
millibar root-ncan-square sound mressure; to convert to
the standnard reference leverl, anproximntely 14 decidels
should be ndded. Trne netunl aversge nolse level in the
airnlene wns 83 decihels ~hove a referenee level of 1071F
watts »er souare centimeter. When lowdness level measnure-
ments wero taken, the level wns 73 cuons. In figure 22
the progress of the noise reduetion -t different frequen—
cles and at dirferent stens in the nroeedure, is indieatecd.

Srain, Loye, and Templin (referenece 2) describe a
methnd in whieh a continuous record of the round level at
varlous frequencies ig obtained., In this rnethod a high-
speed sound-level recorder in eonjunction with a continu-
ously variable fregueuney analyzer is ured, The frequancy
analyzer in arranged no that it vasses n1ll the frequencies
within a 270-gyele band, with tho ‘regueney marked on the
scale as the center of the band. A motor drive is arrenged
on the analyzer so thnt thies eonter point is continuously
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varied, The sound level at the various frequeneles is re-
eorded on waxed paper by the reeorder., An edjustment is
provided to ehange the dand width to 27 cycles. TWhen the
reoord is taken with the 2N~cyele-band width, the various
harmonio eomponente of the engine explosion, crankshalt,
and propeller nolse show up. Thils gives very valuable in-
formation as to the relative values of different eomponcnte
in different parte of thr airplane. For example, in the
pilotls compartment of one airplane, the fundamental of the
propeller nlus the zeeond harmonie of the ecrankshaft are
dominant to the extent of being 37 deeclbels nhove any other
frequoneles, while in the eabdin the imrortaneo of these two
components 1g very much dlminished. Figure 223 ghows n tryn-
ical reeord taken in this way.

By uelng a vibration nlek-up in conjunetion with tzis
apparatua, a continuous record of the relative amplitude

at dlfferent frequeneles may be odbtalned. A “requeney anal-

ysle of the fuselagZe vibration ean then he taken in doth
the pllot'as and passengers' compartments so that the effeet
of vroximity to propeller or engine noise ray de studled.
Such a study of nolnse and vidbration will give an insight
into the relative amount of rnoise whieh arises from strue-

ture-bhorne vivration and that which arires from nir-dorue
gound,

Different seetions of the fuselage may radinte rournd
in different amounts so that certain surfrees radianto an
inordinate amount of sound. It 15 desirable to be able to
measure the contribvution from a glven area irrespeetive of
the sound produced hy an adjncert nrea. To accomplish
this, Spain, Loye, and Templin (referenee ?8) yrovide the
mierophone with n srecial attaehment, as a result of whleh
the sound-radiation chanrneteristie cf a limited area only
is measured. The resulta of sueh a noinec survey showed
that the eeiling radinted less on the avernfe, tho rurfaees
below windows wero 9 deeibels above the avernsge, ctc.
Hence, the mnoterial could be distributed most effectively
in neeordaneo with these cxverimental findinsgs.

To carry the noice nnalysis to its lozienl conclurion,
it is nocessary to know whiech of the turee mnjor noise
sources - the proneller, ensine, or aercdyranic Aisturh-
anees - eontritutes the rnost energy. The atove authors
indlcate n proeesdure which suffiecs to sevarate the total
nolee into these three components. With the aid of this
analysie figure 24 was obtained for an airplane with a
three-blade seared propeller, It shows that, in thie eare,
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. the proveller noise was %elow both enginc noise and aero-—
dynamic noise. For a direct-driven propellor, the oproonl-
ler noise grodominated. On another airrlnne with a lower
tip speed and a stiffer engine mounting, the engine noiso
was srsatest, The latter tyre of airplane, when fitted
with a two-blade direct-driven nroveller, shoved that for
low r.pe.m., the ongine nnisc was loudest, but for 1,87D
r.Dele, the propeller noice wna dominant.

Ag the princinles and experimentnl knowlodge enunci-
ated in the foregoing ?renme btotter known, it was natural
that increased riding comfort continued to be secured with
deoreasing expenditurc of veight., DIininishing noise lovel
and woight allowance per nassenger wment hand in hand.
Figzure 25 shows the result of Znnd's (rcferencc 32) sound-
proofing work on airplanes. In the Wibault 670 the noilse ]
level is approximately 79 decibels (ahove 107'% watts per ~
sq. cm), the cxvenditure of weight per pnscenser only ~bout
1? pounds. The weight of snundnroofing rnnzes from about
2 percent for smaller nirnlnnes to 1 percent for very large
nirvlanes. In the Douszlas IST (referencn “2), an airplnne
of 24,077 pounds, the weilght of trentment was ™04 pounds,
only T.Rh merceat of thnr total weiishat; the sound level wan
79 decidels. All of the published literature indicates
that the figurec of 79 decitels and weight trcatment of
about 12 pounds por wassenger is very close to a figure
which wowld srem to be difficult to better., 3Bruderlin
(refercnce ?7)nredicted a noise level of 77 deecibels for ?
the Douslas DC-d at G5-nercent mower; the actual level ob-
tained is not known to the author. The German Focxe-Wulf .
F.W.~200 airplane (referrnce 30) usod only 7.7 pounds of
soundproofing ner vpassenger dut the sound lovel would seen
to be about 8? doeibels. Ac we have stated before, the
current nractico with most ranureeturers is for the sound
lavel in the cavin to range from 3% to 91 decibels (refor-
encc 35).

Tae poesivility of still further reducing the weight
allownnce would reem to hinge on the nntential arplication |
of the theory of lMeyer whiech we have nlready discusced H
(pe 4%). leyar's rorearesh indieates that, in *lLe usual
soundproofiny conatruction in wiich rouanc-"hrordbing roteri-
al 1is placed between Tusnciungo and entin trim, it should Te
neceseary to distritute the material at intervals only. A
continuous distridution of material would not seem to be
nscessary. The applicndbility of this schceme to aircraft
needa further investization.
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While we have devoted our chief attention to discuss-
-4ing tne attainment of quiet in the catin, it is evident
that the pilot's compartment should not %e neglected. The
air-line pilot vho is subjected to unending nolse 4aily,
is bound to suffer fatisue and a lose of efficiency. 1In
commerci<l transport alrnlanes the nolse level in the ni-
lot s quarters varios from 85 to 102 decibels, whicl is
indicative of the trend toward aulet cocknlts.

The author is indebted to V. L, Chrisler and P, 2,
Heyl for many valuable suizgcstions and criticisms of taisn
paper, and to S, J., Zand, who wnrovided conaiderable useful
informntion.

National Bureau of Stcndards,

'Washlngton. D. Cu, Decemdber 9, 1939,
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"Thermal Conductivity of Lizht-Weight

H.A.C.A.

Technicnl

TABLE V

Note

Acoustical Linteriaic

Vean
Neme Density k terper- Authority
ature
(1b./cuft.) °r.
Balsam Wool ce2 C.e? €0 RERY
e ©i [N
Caocot's Quilt <\i:“7 i ;8)} sS
Cellufoam 1.73 <8 108 uB8S
Dry Zero Blanket 1.9 =2 - Je« 0. Feenles
Firtex la.a Vet to Cu3l; - V. C. Fnuderen
Glass Wool 1.78 24 Fl ws
Glass Wool 1.50 <7 75 J. C. Peedles
Insulite 3.0 «30 - V. C. Knudsen
"g" felt .3 21 - J. Cs Pecbles
¥epok detween
ourlep 1.0 192N - HEN
Kwilko 1.0 24 - Jo Ce Fueeules
Seapak D¢l 26 - J. C. P:rbles
Stonefelt 2,7-3.0 «25 =0 Johns-Manville
Tropal 2.0 28 - Yational Physical

Laocratory
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) TARLE VI
Single Panels of Homogeneous Materials
Thick-|weight | Transmission loss in deciuels
Material ness | (lo./ at frequeucy cands of -
- - Average
(in.) |eq. £8.)] 150-220 400~-470 1000~1120
1 ¥wrapping paper |0.00& | 0,017 leo 1.¢ R lo&
€ Aluminun 008 078 548 teb F.3 VeE
& Airplane fgnricl .10 5.3 a7 1.2 77
4 Balsa wood 7 25 16 10.9 108 1< ¢ 11,3
5 Balsam ool 50 .20 Ted G5 9. £,6 ‘
6 Micarta 047 od 2.4 1z.E &7 dot
7?7 Alclad «30 G 1i.8 16,9 14,1
8 Bolaa wood «S0 20 11.8 1445 14,2 12 .4
9 Duraluminumv 020 | o33 1vigtht 14 1,1 1.4
10 Balsam wool™ 1.00 3 i €.F 11.2 1 1z.,0
} ! 11 Aluminum W08 | 485 16.1 17.d 25 AR
12 1Insulite «25 o3 20.9 1643 204C 16.2
13 1Insulite 31 42 14,.F 1.7 2240 17.%
. 14 Plywood «125 58 TeE 18,7 2l.k 19.3
16 Celotex v44 «F3 17.1 2063 24.0 2045
i 16 Plywood «25 o 16.¢ 20.8 2445 21,2 !
17 Insulite «5C 75 21.4 82,2 25,0 2342
L 18 oalvanized iron | .02 1.2 24.5 85,7 2.6 Lie5 :
i 19 Douvle atrength
' glasse . 13 1.8 24,7 27.0 22,0 27.9
20 Dpuplate glass® 084 | 1. 2.3 ze.¢ 30.€ 28,6
21 Plate glass 1 2ot 2E,7 3242 Guael 3leH )
]
i

1Doped five times, varnished twice.

2For these materisls the frequency bands were 120-1P0, 400-440, and
1000-1082 cycles per second.

3Paper each side.

i
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N.,A.C,A. Technicel Note Nn. 748 S5
TABLE XI
Areas and Coecfficient of Absorntion of the Douglas DC-1
Commonent surfaco | Area £ at predominant|Absorvtion
g (sq.ft.) frequency [* ¢ x area
Ceiling 240 0,82 l 176
Front bulkhend 45 .87 i # 5
]
Side wnlls 260 .73 ’ 205.0
Rear walls 65 .87 | 6.5
Rug 20 .28 I 3.4
12 passecngers at '
3 sabines* | R5.70
1
12 chairs at 7.8
sabines 2.6
Parcels - trin,
curtaing 15,0 _
Totu. abrorntion = A = 590. sgsabine-
*The produect o x area gives tke number of units of abdb-

sorntion or the numbor of

sablnera,

Areas and Trancmircivities of thue Touglas IC=-1

Aren T F Transniténnce =

Component surface (sa.7%.) T % arnn
Caoin, ineluding

Iloor 8N5.9 0,20067 0.5454
12 windors and

2.5 8q. ft,. 2705 . 00875 2490
Doorgs =~ very good

closure 24.0 L0024 0496

Total transnittance = T = 72,2350

Yoise reduetion in deecitels =

10 log,, %

"‘1.

590

= 10 lOf;lo —'L.'"‘ =

. 835

5 decihele.

e

f §



AR

[ ]
°
[
[ ]
L]
<‘.‘
k.,
:
R N.A.C.A, Technical Note No. 748 Flg. 1
L 130 Thresnold of painful sounis; 1limit of
ear's endurance,
.—- 120 Threshold of feeling (varies witn frequency).
Airplane motor (1500 rpm ) 18 feet from propeller,
110
- Exoress train passing at high speed,
— - 100 Loud automobile horn 23! away.
- 90
— 80 Hew Yorx< subway,
Motor trucike 15' to 50!,
- 70 Stencgraphic roon.,
"y :—-
. S84 — 60 Averagze busy street,
@D D
b e Noiley office ur department store.
a > @ X
"G: E -— 50 Molerate restaurant clatter,
o é g Average olfice
) E:; 2: B 40
Q ul o .| Soft raiio mueic in agartment.
° Averase resinence,
B 30
~— 20 Averaze whisper 4f away,
l— 10 Rustle of leaves in gentle brecze,
: Tnresloll of audibility.
Pigure 1l.- Decibel scale of soual intensities.
ie
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2 N.A.C.A. Technical Note ¥o. 748 Figs. 8,11,12
JA
v
g 5
g v
i I ! H
.
100 2 3 # § 6 7 ¢ oo ? 3 ' v s
Frequexcy, c p s
‘ Figure 11.- Diminution in the sound insulatinn of a thick wall caused
Yy & small tubular opening; a, insulation efficiency of
. ths wall without opening; b, with an opening of 1.7 cm diameter and
. 15 cm length.
: ) = -+ Safety Glass
T 101fFx X =3F
c Rubber Channel
2 v | C \| 4 1 ;
o \ \ T nplate & supporst
4100 ,
S [— I\ — Structure
] I\ ]
B4 ’ 2
3 1R NN |
<107  JMELEAN N /
- wiXIe X ?
< = 1By -+ N 4
g \a\ A\ B\ ] X
2 ool Lo NN
€ XI-X p
H 'S
< JTN N1 Pigure 12.- Showing the construction
E A= N~ \'-. of a proper window mount-
$ 103 NAN M ing (U.S. Patent $19991832); vibra-
3, N}] tion damping is obtained by allowing
-“5’-' | space for the rubber channel to de-
‘\‘ form under the action of stressss.
107 ¥,
0.1 1 10 20 4660 Figure B.- Response of the individual
Frequency, ¢ p & to vibration (see text).
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Fiyure .- Variation of noise level suteite
of catin wall with 1istance from
tae plane of the propeller, Otservations aale
at fuselage wall.
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db tu cunvert 4> usual reforence level) cro-
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Transmission lossedecibels
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Flgure 16.- Variation of transmissisn loss with weirht for
homozeneous pauels. [
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Trans

fipure 17.- Dependence of the transmission loss homogeneous
pancls on the losarithm of weight in 1lb/sq.ft.
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