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PRINCIPLES, PKACTIC2, AND PROGRESS OF 

NOISE HEDUCTIOIT I:T AIRPLAYS 

By Albert London 

i. iiTiaoDUCTici: 

A decade a?o, the air traveler's only protection n^a-inr.* 
the deafening din of noise wan the cotton plu*; •rhich he 
could Insert in hi s ear.  i'othins speaks noro eloquently for 
the progress which has been achieved in ouietins the air- 
plane than the fact that in nisht travel on certain air 
lines, passengers T'iunt he crutionod to tip oak qv.intly la 
order that those asleeio he not disturbed. 

This trinsition f 
has only heen -nonnihle 
of t he jrinciDlor. of a 
field have haft to cons 
name a few:  What  are 
the airplane, and hor 
Hor may vre   measure noi 
the purely phyi-ic.al at 
i c.-il reaction of the o 
filt ration of noise in 
by v roper attention to 
this he accomplighod w 
mat! a  procedure should 
ine; .rocorsT 

ror.'.   "octton   '?lui"   to 
of   attainnn.it   "or  a 

coustios.      The   invns 
idor  !3:i.;iy  anfl   divers 
the pri-nei;o«il sourc 

nay the;- ho reduced 
sie? Tfhf.t i s tht) rel 
tributes of noiso P:I 
sir to this stimulus? 
to   the   airplane   cp.bi 
constructional   dotn 

ith  a  nininuii  r.f  v:ei 
ho  unort   in   earr"!:1.«; 

!l!Ji:ict,   plrnne," 
full   application 
ti;.ators   in   t'.is 
tonics.      To 

pp  of  noise   in 
or  eliminated7 

ationship   bot'-enn 
d  the  physiolo'-?- 

Hor •-.ay  tho 
n  he   reducod 
ils,   •••nrl  how   can 
Jht?     That   systo- 
out   this   tiuiot- 

It   is   the   purpose   nf   thir    r.oer   to   review   the   hod;*  of 
knoTloi'^e  which has  been  accumulated  in  this fiold.     Spe- 
cial   attention  nill   he  ^.-.id  '.a   effective   soundproof in«; 
schönes,   and all   the   data  availablo   in   tho  published  liter- 
ature   on   this   subject   will   ho   given. 

%'• 

II. TH3 1TATU2E OF SOUJ'D ASD 33Aai;:S 

:iost of us are fa;:iiliar rith the fact that trhonovor 
re hoar a sound, we usually find that tho source is a vi- 

i 
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brätln« body of some kind.  When the tody iss set in motion, 
the layer of air next to it takes on an exactly similar 
notion.  This disturbance is then handed on from one layer 
of air particles to the next, until it ultimately reaches 
the ear. 

An exactly similar process o 
thrown into water.  Here, there i 
wave traveling outward from the c 
However, to make our analogy a?re 
IF actually happening in a sound 
contrive, in some way, to have a 
from the center of the disturbane 
we mi ;,ht have a larqe number of s 
the water at the rate of, any, on 
second a new crest would travel o 
be said to have a "frequency" of 
The distance between two adjacent 
wnve length and, evidently, in th 
the distance the wave travels in 
for any wave notion, the followin 

ccurs when a stone is 
B visual evidence of a 
enter of the splash, 
e more closely with what 
wave, we should have to 
number of crests er.itt.pd 
e periodically.  Perhaps 
tones and drop them in 
e a second.  Then, evory 
utward and the wave could 
one crest per second. 
crests is known as the 

in case it in ei'unl to 
one second.  In general, 
%   relation ir true: 

Velocity of wave motion = frequency x were length 

In the simple sound source, 
30US phenomenon takes place.  He 
prongs of the fork causes a wave 
la perceived as a sound by the e 
sound wave is equal to the numbe 
prongs of the fork make per soco 
many cycles per second.  If the 
ber of times per second, we say 
a few, its pitch is low.  ThU3, 
ard piano produces is about 4,60 
as, the lowest is about 30 cycle 

the tuning fork, an analrj- 
ro the vibration of the 
motion in the air which 

She frequency of the 
r of vibrations which the 
nd, and is said to be so 
fork vibratos a lar^e nun- 
its pitch is hi<;h; if only 
the highest note a st.ind- 
0 cycler, pur second, whore- 
s nor second. 

The tuning fork in a simple source of sound, only one 
froquency corresponding to its motion.  There oxi3t more 
complex sources, in which several frequencies arc present. 
Thus, if two ':eys on a piano be struck, the air particles 
must vibrato as a result of both frequencies.  Imagine how 
complex must bo the. dance of the air ^articles under the 
influence of a symphony orchestra where numerous frequen- 
cies from ^0 to 11,0'JO cyel. s orr second are present.  In 
the uoro com;:lex sound sources three typos of frequency 
distributions are evident:  l) The frequency spectrum has 
only a discrete number of frequencies present; ',') a con- 
tinuous distribution of frequencies in rrosont;  3) a com- 
bination of 1} r.nl ?)   consisting of '^oth a continuous and 

'   I 
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n discrete frequency spectrum. Noise usually contains a 
lar<c number of frequencies, hnvintf a spectrum which may 
fall Under any one of these three, classes. 

There are many nays in vhich the investigator may an- 
alyte different Bounds to find the constituent frequencies. 
Most of the ne.thodo in qoneral ur.e oporate on n selective 
tuning principle, in which the instrument response is n 
maximum at one definite frequency.  To cover a vide r.?n<e 
Of notes?, the frequency of raximum response is made vnri- 
able in n. prescribed fashion so that the frequencies pres- 
ent in the Analyzed sound nay he readily determined from 
the setting of the instrument.  For example, one commer- 
cial form of this type of device, the wave analyser, has 
as its essential element a crystal which will respond to 
one frequency only, Bay 50,000 cycles ;ior second.  If a 
sound wavo of 10,000 cycles per second is .ickod up by a 
microphone, and the electrical current so generated is am- 
plified, and then ppnsed through the nr.plyzer, it is OOB- 
si tie- to get a resuonso only by soncliow ctej)T;ins up the 
10,000-cyele note to 50,000.  To r.n   thin, the instrument 
is provided ivit!i an oscillator vhieh can 'jennrnte i\  v.ave 
of any frequency desired.  By the well-known heterodyne 
af feet, if a frequency of 4 "',000 cycled per second he com- 
bined i-ith a frequency of 10, "00 cycler, per second in the 
proper way, '.vn ^e>t an a ronv.lt, the nun on.! difference of 
the two frequencies, i.e., ^'?,000 pnd ;.'lt\T"; cycles jer 
second.  The 30,000 :iote :<.&;,•  he suppressed find the 50,000 . 
note parsed through the crystal filter.  The dial, which 
controls the frequency cf the local oscillator, may 'bo. 
calibrated to read 10,0CO cycler, per second directly. 

There in another tyic of .-.niilyzer commonly in nsr, in 
'.vhich an electrical circuit i" used '.vhich '.'.-ill pants   a 
<iven band of frequencies only.  For example, it may pass 
all the frequencies in the oet.?,ve between r'l? ar.d l,'';1'! 
cycles per nocond and reject all others.  This typo of de- 
vice is lenorn as n.  band-o.v.'p filter.  3y having a number 
of these band-pans filters, a frequency inalysis to cov^r 
any desired rnn^n may be obtained. 

Any sound, in addition to having none definite fre- 
quency spectrum ansociated ivith it, possesses one nther 
important physical attribute, naroly, intensity.  To re- 
turn to our tunin«j r'orlc, if the prongs be tapped harder, 
more energy will be imparted to the vibrational motion, 
and the excursions of the prom; fror, its rest Position 
will bo larger.  It can be readily shown that the energy 

. J 
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*«M0lateA with 
the aquare of it 
tha equilibrium 
to the air parti 
liar to that of 
proportional to 
mum velocity of 
built up in the 
tlonal to the am 
wave deoends on 
tho prersuro of 
mean the total a 
unit area normal 
ware in one soeo 
fore, wntts por 
sound intonsi tie 
made of tho dooi 

the notion of the fork is proj.'ortional to 
s amplitude (the maximum displacement from 
position).  A larger amplitude is Imparted 
cles, which, since thoy have a motion nirc- 
the fork, therefore have an energy ,ilno 
the square of their amplitude.  The naxi- 
the air particles and the maximum pressure 
sound wave nay both be shown to bo propor- 
plitude, so that the energy in a sound 
the souaro of tho particle velocity or of 
the wave.  3y the terra "intensity," we 
ount of sound energy which flow? thron.'.'h 
to tho direction of propagation of tho 

nd.  The units of intensity ere, thcro- 
spuaro contlmetor.  However, to oxprcss 
B or energies, almost oxclusivo use is 
bei scale 

The decibel scale first came into uso In telephony 
and electrical communications work, where it was desired 
to have a convenient way to express the ratio of two dif- 
ferent values of such electrical quantities ns current, 
voltage, or power.  The docibel difference between two 

/ P 
powers,  Pj and Pa ,  in defined as  10 loS10l —)•  Since 

the .power developed in a resistance Rlt     by a current  Ij 

is  I 

have: 
*i° B-i ,  or by a voltage is '. • sf- 

and Decibel difference between  Px 

= 10 lo,10 A.) , 10 i.<10 (hL-K)  _- 10 lo<10 (LjJk) (!) 

If  Hj  happens to bo equal to  H2,  wo have: 

Decibel difference = 10 lo«  (~X   = 1 1 lor       ('--Y 

" M l0«i. (Ö  = " lo*io ® (2> 

Thus, in Bound nnaeuremrnt s, the decibel difference between 
Hi 

two sounds is «;lvnn by  10 lo»10 --  where  Ex  and  E, 

* 

'•"• ''••*""*i'-i-'i«-kni-iifa»iTlua^flr~' 

>  -. 
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arc the energies of the respective wavns,     Sineo  the  ener- 
«7"In a  Bound wave  in proportional  to  the  square  of   the 
sound pressure or particle  velocity,, re  haves 

10 Xo«10    § = 20.10^0 g - 20  loS^ (3) 

whore p and 
velocity. 

v represent sound pressure and particlo 

The decibel seile has several advantages which, ho-..-- 
ever, we can more intelligently discuss after "o have, con- 
sidered sorco of the phenomena associateo1. irith hnarin?. 

The rar io a remarkably sensitive mo 
lover limit of audibility (for the freque 
sensitivity) it is po-'sible for the car t 
of air particles which hare ••-;, amplitude 
billionth of a centimeter (10~9 er.).     If 
that molocular-dimensions /..re of the ordo 
10 timer -is nueh, i.e., 11"" centimeter, 
dent how extraordinarily se::r:itive the ea 
other hand, at the. uyvcr  Unit (for this 
maximum ae-.riti vity), squads about one ni 
times as. intense can bG hoard.  Thp ear h 
fore of about 10 ia in energy.  In decibel 
he expressed .is 10 lc?10 10

ia, which in 1 
That in, tho sound level at tho Tipper lim 
io 13") decibels above the noun A level at 
audibility.  The decibel scale is, t:;pref 
scale telescoping a ratio of 1 to IO10 in 
130 decibels. 

eh.ini na.  At tho 
ncy of riaxiiiiun 
o detect a motion 
of only ono- 
oar remembers 
T c f magnitude of 
it bocoMen nvi- 
r is;.  Or; the 
sane frequency of 
11ion million 
is n TRS^O there— 
3 this rr.n<e cna 
?1  decibels, 
it of audibility 
thr threshold of 
ore, a comprersod 
nnor.;y into 0 to 

Since a sound level in dociVels really states hov 
riuoh more intense one sound in as conpnved vith another, 
it it alif.ys necessary to know what tlie intensity of tho 
reference sound 13.  The standard referonc-' lovol has bron 
defined by tho Arerican Standards Association as the inten- 
sity of IO'"16 watts per square contirneter.  ?his corre- 
sponds to a root~t-!f».in~souare pressure of '•»'•''•?<? dynes per 
square cei.tlsiet er in p, nl.-ine progressive sound rave.* 

•"'-:' 

Othe 
tiOQ 
l,v in 
of a 
por   s 
with 
those 
paTior 
ioilB 

r  reference   lev-Is  have   b'en  in use  prior to  tho  adoo- 
of this  stondnrd.     Or.e  oo.i«:on  level  in  uiio,   onneeial- 
airplane  noise noasuromont s,   has  been  t'ie  intensity 

wave  having  a   root-üiean-üiiicro  proseuro  of  0. ;"1   dyne, 
ouare   contimoter   (1  millibar},     Headings  in  decibels 
th'.n   latter  reference  level  ore  13.3  db  lower  than 
roforrod  to   the  standard reference  level.     Ir.  thin 
all   levels,   unless  otherwise  stated,   .iro  referred to 
watts per  sq.   em. 

• :...•;•     : ::-jm 

- ' '   V^^r-•.:.':.'-•;: »iii....-?•''i:3$i 
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With this as a reference level, figure 1 gives some idea 
Of the relation 'between the decibel scale and the sensa- 
tion perceived;hy the ear. 

Of more immediate interest for our purpose, is^the 
range of levels founi in moving vehicles.  Tabl» I. which 
has been adapted from Zand (reference 32), gives the lev- 
els to be found in different types of transportation plus 
the associated subjective measure of the degree of com- 
fort experienced. 

The decibel scale is strictly a physical scalp for 
intensity measurements.  However, of primary interer.t i3 
the sensation which is perceived by the ear a? a result of 
the physical stimulus.  The psychological reaction of the 
individual varies from person to person, so that In order 
to formulate the relationship existing between the phyoi- 
oal stimulus and psychological sensation, it is necessary 
to investigate a large number of ears before any conclu- 
sions may be ascertained about the average ear« 

It is found in this way that tho s 
er complex function of the intensity ar. 
example, it was desired to ascertain wh 
notes aounded equally loud to an obrerv 
sounds of two frequencies were compared 
quency of 1,000 cycles per second, and 
allowed to change the intensity of the 
til both notes were equally loud.  Proc 
ner, a large number of diffe-ent tones 
loudness to the standard reference tone 
Figure 2, which is the result of the wo 
Itunson (reference ?),   gives the result 
ments, 

ensation Is a rath- 
d frequency.  For 
en two different 
er.  To do this. 

One had a fre- 
the observer was 
other frequency un- 
ending in this man- 
could be matched in 
of 1,000 cycles, 

rk of Fletcher and 
of such no«3ure- 

lect 
point 
Thus , 
sound 
sity. 
The 1 
the i 
just 
cycle 
it to 
nomen 
tens! 

Thes 
one 
s on 
a 1 

s n s 
or 

owes 
nt en 
hear 
s pe 
hea 

olog 
ty, 

e   curve 
of the eon 
it ropros 

00-cyclc 
1oud as a 

a 7,000-cy 
t curve' is 
sity level 
, nt all t 
r second, 
ring, the 
ically, it 
the sound 

ave the following meaning:  If ro se- 
tours, say that numcrod 50, then all 
ent notes which are equally loud, 
oto of 07-o'ocifcol intennity lovel, 
1,001-cyelc note of 50-decihel inton- 

cle note of about oO-decibol intensity. 
tho threshold of hearing.  It gives 
,it which the average nornal ear can 

he frequencies from about ?5   to 15,000 
The uppermost curve is the upper lim- 
so-called "threshold of feeling."  Fhe- 
is found that with sounds of this in- 

is not only heard but there in also an 

At end of report. 

•f+*f*ant&ui;*ti&>** 
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additional sensation of "feelin^." . The actual sensation 
varies with frequency.  At the lower frequencies n feeling 
of Titration is experienced, while at the' higher frequen- 
cies, the feeling is- one of pain.  Thus, the p.rea innlud- 
*4 between the two extreme contours -."»ives the region over 
which audition is possible. 

f 

The intensity level of zero decibels is 
olde approximately with the threshold of hea 
cycles. It will be noticed, however, that t 
sensitive at about .3,500 cycles. She number 
tours are numerically cnunl to tap intensity 
1,000-cyelc note to which all notes on this, 
equated in loudness, nnd are known as loudne 
Since a loudness level is not a strictly pay 
but rather a measure of the sensation record 
it- becomes inappropriate tn urse the decibel 
loudness level, ?or this usage, the torn ". 
accepted. However, it will be fov.nd in the 
that decibels are still sometimes used inter 
phonB. For example, if a sound has a loudne 
phone, it is equal in loudnens to a 1,030-ey 
70-decibel intensity. Hence the loudiiena le 
be 70 decibels. 

set to coin- 
rin^ at 1,000 
he ear is -iOfit 
H on the non- 
level of t";e 
contour are 
PS levels, 
nlcal nunntity, 
eA by the ear, 
as the unit of 
hon" he.s been 
3lterature 
chan<;e»bly with 
:-s level of 70 
ole note of 
vel 1P said to 

There are several oth 
contours which should be 
jcles and up, the contours 
placed fron one another, r. 
corresponding to a 10-phon 
TJiis is not so for the low 
crowd together at the lowo 
intensity nep.ns a much lar 
ample, if re have a 100-c; 
decibels, and we drop the 
just becomes inaudible, wh 
1,.000-cycle note would sti 
loudness level of !5'J nhono 

er important features nbout the 
ointed out.  Fron about BOO cy- 
are pvoroximntoly equally di s- 
1"'—decibel increase in intensity 
incro-ico in loudness level, 

tr fronuoneies, as the curves 
r end.  Thus, a email drop in 
«;er ;l~op in loudnens.  For fii- 
cle tonn with a level of 1-0O 
level by 6P decibels, the sound 
oreao P. 52-decibei drop in ,i 
11 be plainly puflible, having a 

I 

This phenomenon has fortunate consequences in the 
sound insulation of airpln.no cabins.  The lernst contri- 
bution to airplane noise is iiade by +he low frenuenciesi 
furthermore, the lov- frequencies are the ::ost difficult to 
reduce in intensity.  Thus, the oar coffins to the rescue, 
inasmuch as it willingly accepts a nuch lower energy dim- 
inution in the low frequencies than it will in the hi;hor 
frequencies.  We shall refer e.^aln to this point when wo 
discuss sound insulation. 

j »' 
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The loudness levol -conto 
f+rent way'with frequency as 
reaentation ia figure 3 (refe 
the loudnesa level versus the 
bein<; valid for the frequency 
be noted that for a large ran 
3.00 to 4,000 cycles per seeon 
proximately proportional to t 
thermore, they are both very 
to within ordinary enijineerin 
frequencies, the proportional 
and intensity level is true o 
loudnesa levels. 

urs may he plotted in a dif- 
tho parameter.  Such a rep- 
rence 2).  These curves sive 
intensity level, each curve 
-?iven on the curve.  It will 

ge of frequencies, from about 
d, tho loudness level ia ap- 
he intensity level, nnd fur- 
roughly equal to each othor 
? accuracy.  At the lower 
ity between loudness level 
nly for a limited ran'jc of 

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

This device consists essentially of a microphone ?/ith 
an associate electrical circuit containing an amplifier, 
attenuator, and meter. The latter is calibrated to read 
decibels directly and usually covers a ran?* of about IP 
decibels. Intensities over a ran?e fron cboi'.t .**•"• to 3 *n 
decibels m-i.v be measured by adjusting the attenuator dial3. 

enuoncy response, 
so In the eise where the characteristic i r. not flat, a noise 

measurement '.Till e:-.phr.size certain frequencies at thn ex- 
pense of others. 

However, thin ia exactly what is desired in Picasurin/; 
loudness levels.  Since the ear discriminates against some 
frequencies, the :::etor should do likewise in order to meas- 
ure the er.r'r. sensation.  An attempt is therefore rando to 
incorporate in sound-level rotors n.   r-e3v>onsc-froquency 
characteristic sinllnr to that of the ear.  Three differ- 
ent characteristics are usually provided - r.   flat response 
and two which simulate the ear's at 70 and 4T phons.  Fig- 
ure 4 ii'ivps the design objective which has been set for 

';* 
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tbttse  meter« by the American  Standards Association.     The 
curves  as drawn here are directly comparable  to   the  con- 
tour«  of figure  2  for  tho. loudn03fs  levels  of  70 nnd 40 
phone.*    To  ho  mort?   specific,   the  70-docibel  network  curve 
«ives  the  Intensity  level  of  tones  of  different   frequen- 
cies  which would 3ive  the   sane   reading  on  the  meter  as   a 
1,000-cycle  tone.     For  exasple,   a  tone   of  6 0   cycler!  in 
discriminated s?ainst   to   the   extent   of   10   decibols   on  thr 
70-decibol  network,   and ?6   decihols  on  tho 40-decibol   net- 
work;   if  it  has  an  intensity  of  7E   decibels,   it  rill   road 
65  docibelr-  on  tho   70-docibel  network n.id 49   dcei'unls  on 
tho 40-docibol  notwork.     To   ^ct   thoao  throo  difforrnt 
characteristics,   specially  designed  cloctric.il   circuits 
are  provided.     At   tho   flip  of  a  switch,   any  of  those 
threo  networks may  he  introduced.     It   io   recognized  that 
the  incorporation of  only  three  networks  in   a  compromise 
necessitated  by  the-   difficulty and   exprn-.e  of   simulating 
the  Ear's   response  at  all   loudness  levolg.     For this   rea- 
son  thr>   meter performance  i «   only  an  a->proxination  to 
what   the   ear  hears.     In  addition,   there  arc   certain  tol- 
erances   oer^ittod  in  deai^nin.;   the  r.rtwor":n,   i-o   that   very 
often   tho   frequency  response   of   tho  inr.trur.'.o".it   in   such 
that   errors  ?iro   introduced  in   the  r.op.sv.ircnonts.     Tho   round- 
level   neter,   before   >ein<  put   into  -J.no,   should  always  ho 
calibrated  so  as   io   i'.eti-rnino   the  nxtcr.t   of  n-'lreoiaont  with 
the   design  objective.     Vith   reference   to   tho  use  of  the 
various  networks   in   the   nousd-lovol   r.ctcr,   tho  "A.I.E.3, 
Tost   Oode   for  Apparatus  Toiso   !.!i'awiroBii:it"   rocornnen.ds   thst 
the  40-decibel   network  "hr;  urod   for usw.l   apparatus  noire 
nseacure^ent s,"   the   flat   r.f>tworI:  "for   vrry  hi^h  ir.tenci- 
tics  '.There   low  frequency noise  is  predominant"   and  that 
the   70-deeibel   network  "he  iisjnd  only  in   special   eisen.11 

recen 
not i; 
a  noi 
sider 
accor 
ter w 
tions 
"i'Z", Thor 
and 
eurvo 
those 
take 
whic' 
d i t i o 

It should he mentioned that Davis (ritforencn 1) has 
tly stated that the Ariorican sou:id-lnvel icter üoes 
ive the correct value f.-.r  the equivalent loudi.os« of 
re consisting of n sorien'of icpulnos or having con« 
ahlo interr.ittoncy, the rer.dint; hein^ too low.  In 
dance with his findings, 2i;vio has constructed a ne- 
hich 3ives results in ajreenent with aural ohserva- 
on this type of noino. 

e are certain inherent differences hetir^on the oar 
"icrophono as n sound-r;easurin> device.  Hence, the 

B of figure 4 are .^ocoosnrily slightly different from 
of figure ?.  Those corrections p.ro introdiined to 
care of the difference betr-con the conditions under. 
thii oar rosjor.30 was • obtained as compared to the non- 

vis under which noite acanuroncnta are usually takon. i 

V. 
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In many noise, measurements, there frequently occurs 
the ease In which there are several component frequencies. 
Oft« of which is predominantly loud.  The reading obtained 
will he practically the same as if the quieter tones wore 
missing.  Consider a simple numerical example; there are 
two sound sources - one emits a note of intensity 80 deci- 
belB, the other 60 decibels. 

Hi 80 do 10 lo«10 |i  or 

Ra = 60 dh = 10 lo?10 --  or Eo 
10' 

Corresponding to the reading of 80 deeibelB, the en- 
ergy  Ej,  io 100 million times the energy at the reference 
level of zero dh, E0j  and corresponding to 60 decibels, 
3Ea  is 1 million times an i;reat as  E0.  7hen the two notes 
are sounded simultaneously, the reading v.-ill lie  Rla  where 

RXB = 10 log10 -—•--— = n log(lOb+10G) = 3^.04 dh 

which i3 sonaihly the -.ine an 80 rtecibeln. 

Proceeding in thin vay, we can formulate the follow- 
ing table, in which the two individual levels are  R],  and 
Ra,  and v.hen hoard together, nro  

Hin! 

Ri(dh)  I   32(dh)  j 

80.0 
80.0 
30.0 
BO.O 
80.0 
80.0 

70.0 
74.2 
77.6 
80.0 
Hl.8 
83,n 

Ria(db) 

fiO.O 
81.0 
ei'-.o 
87.. 0 
84.0 
85.0 

A convenient rule for calculation» accurate to within 
1 decibel is the following I  If 

Rx - R2 . is greater than 9 dh, then  Hie = Hi 

Rx - Ra  lies between 9 and 4 dh, then  Ria = Rj, + 1 

Hi - Ra   "      "    4 and 1 dh, then  Ria = Ri + ?. 

Hi - Rs  "      "    1 and 0 dh, then Rxa = Rj. + ? 

'U- 
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from these calculations we see that a reduction in 
noise level can toe obtained only toy first reducing the 
noise due to the loudest source.  Eliminating sources which 
are o£  leaser intensity will cause only a slight decrease 
in level. 

Of course, from the standpoint of noise reduction, 
the important question to consider is to what extent a 
diminution of 1 or 2 decibels in perceived by the ear.  As 
a natter of fact, a very rou§h statement of the Bar's sen- 
sitivity to slijht differences in intensity is that it cn:i 
Just perceive a difference of about 1 decibel.  This dif- 
ferential .sensitivity to intensity varies pith both fre- 
quency and intensity.  For example, at a lovel of about 
80 decibels above the threshold of he?irinij, tho ear can 
J.ust detect charges of about 1/2  decibol t;iroush a fre- 
quency ran-ce of about 2,0:>0 to 9,000 cycles; at S decibels 
above threshold, thf> level rust bo changed toy about 4 deci- 
bels before it can be detected.  At the lov: frequencies the 
difforences must be viuch larger.  Thus, at 5"' cycles, tho 
differential sensitivity is about 8 deelbols when the orig- 
inal level is only 5 decibels p.bovo threshold; from 40 to 
80 docibels abovo threshold tho ear is sensitive to changes 
of 1 decibol or less. 

Tho logical question to pose no 
extent is the loudnons reduced when 
decibels occur? The answer ir.ay bo o 
which i3 a result of a determination 
of loudnoss by Fletcher and Uunson ( 
experiment observers were nsiced to J 
nesa of two sounds; for example, whe 
as loud as another. In this way, th 
loudness and loudness level was deri 
is a reduction in loudnens level of 
inal loudness level of 40 phons, fig 
loudness changes fro»: about l.OO"1 to 
or a reduction in loudness of 00 rmr 
Continuing in this way, the curves o 
plotted (reference ö). From this fi 
duction of ? phons corresponds to a 
about IS percent. Snail changes in 
a much larger change in the nonsntio 
in any attempt at noise reduction, p 
tions, which produce but small redue 
not toe overlooked. 

w is this: .To what 
reductions of 1 or P. 
bt.ainrr! from figure 5 
of r.n  absolute scale 

reference ?).  In this 
ud^e the relative loud- 
n one sound fis trice 
e relationship between 
v&d.  Thus, if there 
?Q  phons from an oris- 
ure 5 r-hows that the 
100 loudnens units, 

cent has occurred, 
f figure 6 may be 
~uro we see that a rn- 
loudners reduction of 
loudnens lovel produce 
n of loudness.  Thu3, 
ossitole minor altera- 
tions in level, should 

i 

;Ä£S| 



I 1? N.A, O.A. Technical Note No. 748 

It Is a natter of common experience 
Ottlt to hear In a noisy environment.  In 
tlonahip between the ability to carry on 
the noise level in various vehicles ha3 b 
experimental results are closely related 
phenomenon of masking.  If the threshold 
observer he measured in the presence of 1 
noise having a uniform distribution of en 
quency spectrum which includes all nudicl 
it will be found that his threshold is ra 
tone must he made louder in order for him 
ure 7 summarizes the data for the masking 
type of noise (Fletcher and Kunson, refer 
the masking in decibels, i.e., the amount 
various frequencies is raised, when vario 
levels (the numbers on the curves) arc u: 
if the noise level is 79 decibels, it rai 
old for frequencies from about 300 to 10, 
52 decibels. 

that it is diffi- 
table I, thp rela- 
c-onversation and 
een given.  These 
to the auditory 
of hearing of an 
n extraneous 
er§y among a fre- 
c f re*iucnci en , 
ised.  The tost 
to hear it.  Pi.;- 
effect of this 

encc 3).  It .;ivGE 
the thronhold at 

us ensiling noine 
ed,  For example, 
sen the throsh- 
000 cycles, Fibout 

A pur 
found that 
frequencie 
frequency 
where the 
more, the 
is not too 
craft, the 
Hence, npe 
8,000 cycl 
which are 
tween S00 
tic resear 
Sibility 0 
(reference 
cont in th 

e tone may also 
tones of lower 

s more readily t 
will not nank a 
intensity of the 
masking tone :..ay 
far removed in 
lower frequenci 

ech which contai 
es is rendily ma 
r.ont important f 
and 5, Voo cycles 
ch ^roup, the 2 
f speech before 
?0").  The Intel 

e bare cabin to 

produce a masking effect.  It is 
frequencies nank those of higher 
han vice versa.  However, a low 
nuch higher frequency in ca"es 

r.n. !"-••: in g tone is small.  Furthpr- 
n.iok a lower pitched note if it 
frequency.  In the noine of nir- 
na   predominate and are very loud, 
ns frequencies from about lf.'O to 
sked, especially thonc components 
or understanding, i.e., those bn- 
per second.  Tin" de man aoronau-* 

V.L., once neanurrd the intelli- 
ar.d after treatment of a cabin 
ligi'oility increased from 6.5 por- 
78 percent in the treated cabin. 

In the early days of noise reanu-enont a, ure wan rtade 
of the masking effect to measure noine levels.  3y means 
of an 'instrument which mcnr.uron auditory acuity, the audiom- 
eter, the threshold of he.-irin«; of thp observer wan Measured 
in a quiot place.  These threshold D.rar.urpinnnt's were then 
repeated in the neighborhood of the noine source and the 
amount by which the threshold shifted wan tak?n as a meas- 
ure of the noise level. 

Another method is one in which a known level produced 

•••--' v:'-:y:--<; -v 8s.- 

•w   J 
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by the audiometer h one ear is compared to tho noise lev- 
el* to which the other oar listens.' The tone on the audi- 
ometer, is adjusted until it sounds as loud as the noise. 
If the note of controllable intensity is 1,000 cycles ;>cr 
second, this type of measurement will qive directly tho 
loudness level. 

Before clo 
mention should 
tance.  The rea 
tioned j;ot only 
ffhoreas people 
necessary evil 
noises which ar 
should not se p 
tlins;, squoalin 
drumming, and i 
noyin».  Tho re 
which he has fo 
has been r.ade b 
the dcsref of a 
found that tho 
and at one into 
die frequencies 

sin^ the discussion on sound snd hearing, 
be made of several other factors of inpor- 
ction of the individual to noise ir. eondi- 
on its loudnen3, but also on its nature, 

are prepared to tolerate none noi!"-n is n 
in the operation of mechanical equipment, 
e thought to bo unnecessary and which 
resent can become quite disturbing.  Rot- 
S, or squeaking of tho device, r. low-pitched 
ntcrmittont or erratic sounds nvo often an- 
ader can undoubtedly recall some sovr.is 
und particularly objectionable.  An attennt 
y Laird and Coye (rnfermec -i) to evaluate 
nnoyance of different frequencies.  They 
annoyance increases when intensity increases 
nsity level, the leant nunoyiu? nro the rid- 
from 200 tri l,?'1;) cycles per second. 

Part of tho di na<;rcoable sensation associated with r. 
noisy iiirplane arises from i:s-ecurely I'nnfcenctf structural 
members which are sot into vibration. If he vibratory 
amplitude bo sufficiently lv.r^e, ar. nudlblo sound will bo 
omitted a'.id, what is r.orc, t'-.e • ar sen-.'er nay rxperi once p. 
sensory reaction if tlw vibration is trir. nmi t tod. to where 
he hp.opens to be. Just how lari;e an amplitude is percepti- 
ble is siven in the curves of figure 3 (reference G),  Hern 

this opportunity to surinnriza tho various terms 
in use as units for sound 'leasurenonte.  An a physical 
measure of the intensity of the sound or noise the three 
terms - sound level, intensity .level, and noise level - 
are equivalent.  Tho term "loudness level" is reserved for 
intensity noasureronts which have been corrected for ear 
response and should he expressed in phone but are often 
expressed in decibels.  The "loudness" of a sound is an 
absolute measure of the observer's reaction to its inten- 
sity; it may bo expressed in loudness units which are, 
therefore, a quantitative means of expressing the average 
auditor's impression of how loud tho sound is. 

i 

. W       i 

*' 
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the amplitude of Titration in centimeters is plotted 
against the frequency in cycles per second.  The whole 
graph io divided into the six regions  0, la, lb, Ic, IIn, 
lib, with the following meaning:  All motions having tic 
amplitudo and frequency in the region 

0  .ire not noticeablo 

la, Just noticeablo 

IT», well noticeable 

le,  very strongly cotiowUo 

Ilr disagreeable 

lib,  very disagreeable 

It will bo observed thit the greater the frequency 
the smaller the amplitude which can be detected.  The vi- 
bration amplitudes of •>.n airplane may be quite large. 
2and (reference X?.) reportG one o.-nrl in an .-iirplr.no which 
had an amplitude of 1/ -l inch, an oxtrewcly disagreeable 
source of discomfort.  An a  ^uide to be used in determin- 
ing what vibration nm^litu'oB »ire r.erni •' si nlo , Z;>nd ;iv<-.s 
the figure of 0.')1,' inch or. the naxinun airy litude to br 
tolerated, a figure which is considerably higher than the 
curves of figure 8 would indicate. 

III. SOUHCZS OF "OISE Ii: AIHCCAi'T 

In the battle against noise, the first line of de- 
fense is a good offense; attack the enemy at its source. 
If possible, eliminate the noise source; if not possible, 
reduce its intensity.  By studying all the possible sources 
of noise in the airplane, how they arise, the relation- 
ship between the intensity level and the different varia- 
bles, and the relative magnitude of the various sources, 
valuable information is obtained which may be used to se- 
cure a sizable reduction in level. 

Armed with a knowledge of the various physical fac- 
tors involved, it in quite possible to predosi=;n an air- 
plane which will not exceed a specified noise level.  How- 
ever, having built the airpl-ine, any changes in construc- 
tion are relatively more costly.  It io therefore the '-is- 
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• at and moat enonomlo.il course to make the initial design 
consistent with acoustical requiremente.  It is, of MCTSP, 
possible to correct the flniahcd airplane, but usually 
this involves an increp.se in weight, with -i consequent rn- 
duction in pay load. 

Krny investigators have discussed the various phrtrvs 
of noise reduction in aircraft.  AB a typicr.l ox-imple 01 
what can be done by paying attention to design features, 
Zand (reference 32) has given the data in table II.  It 
should be emphasized that thr reduction in level obtained 
Is due to reducing tho noire .".t the source, either by •>. 
more effective design or a proper choice of ororntln? con- 
ditions, and not by the introduction of soundproofing ma- 
terials. 

TABU II 

She composition of noise in the cabin ob.o-.ring the Im- 
provement possible by an efficient design, -excluding tho 
use of soundproofing. 

Source 

1) Propeller 
2) Exhaust 
3) Engine   clatter 
4) Air-'-orne  noises 
B)  Aerodynamic  noise 
6)   Tt;nti latin?  noise 

Totnl   noise 

upir.e   lovol_in   decibrjls  
Inefficient   design     Efficient   design 

122 
11B 
104 
ing 
94 

114 
1?6 

100-104 
100-104 

f 1 <5 _ n 3 

71-7D 
7;.i- >.4 
'?-'-'6 

Yri-ios 

In  particular  instances   tho   reduction  possible   nay   be 
morn   or  Jens;   the   figures   ^iven  are   only  to   bo   conr.iderod 
as  illustrative. 

A.   Propeller  I?olse 

J-.. 
Extensive observations (references 10, 11, II', lr7., 14, 

15, 16, 17, 18, 13, ?0) on propeller noine have b(-on r.-irto, 
the results of which will be briefly -mentioned hern.  Thr- 
noise consists nainly of two comp oner.t &.  Cnn in the rota- 
tion note, '.vliieh h;i!" a frequency eriu.?l to thi number of ro- 
tations per second rcultir.llnd by the nunber of binde s in thr- 
propeller.  This is the fundamental note, tho lon-*-itehcd 
roar, an:; It is r.cccnnnalcd by .-. lar-;c number of hnrir.onl cs 
(froqueueler. which .ire integral multiples of the fundamental), 

V! 
V- 

•> -, 
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Usually there ig more acoustical energy in the fundamental 
than la all other frequencies, so that it is the chief 
cause of propeller noise.  However, in certain casfls (ref- 
erence 11) the harmonics nay predominate. 

Tbo other component ig the rotation or vortex noise. 
As the propeller rotates, it causes a turbulent air condi- 
tion to he eet up, in which vortices aro shed off tho 
•blades.  The vortex motion <ives a very complex frequency 
spectrum composell of a continuous di st ribut ion of frequen- 
cies from about 1,000 cycles up. 

It is also found that the rotation note and vortex 
noise are not equally intense in all directions about the 
propeller.  The maximum intensity level occurs in the 
plane of the propeller blades and is due to the fund.anon- 
tal .note.  The vortex noise, on the other hand, has its 
maximum along the axis of rotation of the propeller.  How- 
ever, the frequency di scrinin.it ion of the Mr is such thit 
the propeller noise is eoually loud in ,"11 directions 
(Stowell and Bernini, reference 20). 

It is evident that 
relative to the r-ropelle 
intensity and the vibrat 
ments decrease rith dis^ 
turhanco. Sorce data of 
£ive the variation of no 
ln^s, with distance from 
decihel reduction m«y be 
feet hack fron the plane 
too lit tit-, clc-rance bet 
the propeller, thr vibrn 
he larger and the noise 

level vr.riss as —k—r, 

tanco (amdorlin, rcfere 
8 to 1? inches. In one 
a 2-ineh clearance betrce 
el caused the latter to 
inch, ar4 an a result it 
in the cabin. To reduce 
in£ pr.ncl vras attached t 
The amplitude of the flo 
and the sound level drop 
tion coiild have h.-on oht 
inchG3, had that been vo 

proper pecitieni ';•',   of the cabin 
r is of nrtvnnta-," e.  ;^oth the sound 
ion amplitude of structural cle- 
rtr.ee frjm th'^ .'o arer- of the di s — 

Erude.rlin (refer rncc   ;.'«•') (f i*;. 9) , 
iso level, it th e skin of the fuse- 
the propeller, showin<; that a 10— 
Obtained by pl.i eins the cabin 15 
of the proc^llo r.  If there is 

-een the* fur,nil.J e and the tip of 
tion amplitude o f the fuselage w i11 
level -.rill he hi •;her.  The noi:io 

where  r  is thi c clearance dis- 

nco r.'l ) , tTovi de d  r  varies from 
specific case (Z 'ind, reference •'•"'), 
P.:   the propeller and a certain r,m- 
vibrato pith .-.n amplitudc of 1/4 
r.is the nn'jso o f .-:0 3t of the noiso 
the noise hoin«j omitted, a float- 

o it by means of rubier strips. 
rvtin£ panel measured rs.OlP inch 
ped 10 decibels. This same reduc- 
ained by having n clearance of 1;? 
s s i b 1 e . 
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The single most important determinant of propeller 
noUe, however, is t>.e propeller tip spe.-'d.  Most author? 
are agreed that a linear relationship or.ir.tr,   betreen noise 
level in decibels and propeller tip r-p-.-d.  Ze.nd Jrcfrr- 
ence 32) finds that the noise lovf.l in   decibels for a tro- 
blade metal propeller is 

Noise level (db) 0.11V (4) 

where  T  is the tip spend in feet per second.  ?or a 
three-blade metal propeller the equation in, aomroiinn'ely. 

f. 

Hoi DO level (db) = 10 + ",11V (B) 

The actual law i 
(equations (4) a 
feet per second, 
faster than a li 
of this soeed, w 
locity of sound, 
in design to a p 
to " burbling typ 
at lar^e angles 
in a decided cha 
apparent inorran 
indicated that t 
locity of sound, 
ly proportional 
tine3 the voloci 

Obata and co-rorkf-rr. (reference 19) carried out "n 
extensive series of observations on the. intensity of dif- 
ferent frequency conpone.ntc of the. propeller nuir.e as a 
function of tip spend and r.itch nn*;le of the blades.  TThile 
the intensity docs not vary in a ninrlo fashion with the 
pitch, it is possible to na lec the rou.;h r.tatonont that the 
sound level decreased 1 decibel for each decree decreeso 
in pitch over a ran^o fror.i about -10° to +10° 7-itrh netting. 

Davis (reference r'P ) has 5ivr.11 the following rulrs: 

a ril otted in fi- ;urc 10. The rel at ions 
,nd (. !' ) ) s e en to hold 111: to about V ••= P ;•• o 

wh en the sr.um \   level starts to i n c r e a se 
near law. Sonewhere in the r.oi ; hborhoo d 

•hi ch is an appreciable fraction of the ve- 
the flow of air paot a n airfoil sinila r 

roTvo llor :•• ection change s from smooth fl ow 
<v   of flow nhi ch at low speeds or. curs on •iy 
of .1 ttnc.k (reference ?? )'."  This result 3 
.n^o in the character of the sour. d with an 
>e in inter. sity. Hilton (reference 14) ha 
he. 1 in ear law extends v ell on pa st the ve- 

He found th-.t the :ioi s R level is direct- 
to t i ?   s p e ed in the. ran =;e from 1 to i.;* 
ty 0 f soun d. 

r, 
.> -, 
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"Boise reduction of 

10 db per 100 ft./sec. reduction in tip speed 
(some fiirsorevs ?ITO higher reductions up to 
15 dt). 

1 db per decree decrease In pitch setting. 

10 db for change to thin conventional section. 

5 db per foot diameter increase of airscrew (for 
given power, forward r.T>eod, nr.d similar oper- 
ating point on tho efficiency curve). 

10 db for change to 4-tla.lnr of r.sno dirrncter (for 
iiiven po'Tor and appropriate speed).  (Tho change 
from a t'-bladcr roiild, of oo'j'so, involve a ehan-; 
of J;ear ratio and calculations have shown that 
there will he no actual improvement if tho >;e.nr 
ratio ir kept fixrd.)" 

A formula ^ivinsj -the n 
speed, distance of obnervat 
number of blades, propoller 
shape, an^'lt! of incidence o 
has been ^ivon by Capon (re 
doubt as to its complete no 
in this derivation that tho 
with the distance according 
law. Several observers (re 
experimentally that tho int 
than this. The reader is r 
by Capon for tho formula r.n 

The no 
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accompli she 
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"tli« curves of figure 10 show that the sound level ^ots in- 
ordinately large. 

3. Exhaust rind Engine Nolan 

Usually the propeller noise is 
exhaust noine. If the difference in 
two is more than 10 decibels, then v 
if we entirely eliminated the exhaus 
level would he unchanged. Thus, the 
ducin? the exhnust noise unless it i 
peller noiae. Of course, some reduc 
he obtained in cane the exhaust is n 
heia below the propeller noise. 3of 
level can be obtained, it is always 
duce the loudest offender. 

much louder than the 
intensity between the 

o have noon that oven 
t noise, the sound 
re is no point to re- 
B   louder than the >ro- 
tion (1 to ? db) ru-.y 
o nore thnn 9   deci- 
oro any reduction in 
necessary to first re- 

in certain aircraft, where the tip speed is still 
relatively lar^o, the exhaust needs no special mufflers or 
silencing device.  The usual procoi'.ure is to use exhaust 
collectors, with the exhaust-pipe outlet located well away 
from the cabin so that the ocrponln*.; effect of the nacelles 
or rinsn is used to «Jood advantage.  Increasing the dis- 
tance from th'-> cabin is also of advantage since the sound 
intensity decreases as the inverse square of the distance, 
approximately. 

In the event that in some ray the contribution fron 
the propeller has been reducod bolow »he lovol of the ex- 
haust, somo kind of silencer will be necessary.  The 
National Bureau of Standards has conducted an investiga- 
tion to discover the nature of the action of a muffler 
and to test the effectiveness of various commercial and 
experiment rufflors (references 3" rind 34). 

Analysis of 
that it acted by 
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«IstMe« typ» of muffler, the flow of gases waa retarded so 
that"a back pressure was exerted on the engine with a con- 
sequent IOBB of power. Mufflers of this type aro too 
heavy. 

There are several types of mufflers 
for the purpose of attenuating the sound 
one, use is made of sound-absorbent nato 
to withstand the heat of the exhaust ?as 
has built into it an acoustic filter, a 
criminates against certain frequencies p 
haust noise, so that these frequencies n 
Measurements on one type of engine (rof.; 
horsepower, V-type, 8-cylinder, watcr-co 
engine indicate that the cxhrviist sound o 
trated in the frequencies below 250 cycl 
than 500 cycles. Hence, the acoustic fi 
signed to dissipate these two frequency 

which are built 
produced.  In 
rial which is able 
es.  Another type 
device which din- 
resent in the Ei- 
re nttonuatod. 
renco 34), an 80- 
oled, Hispano-Suiza 
nergy is conccn- 
eo und greater 
It or should be ac- 
res ions. 

One important conclusion of this in 
that considerable reduction could be obt 
the use of a nanifold system. Thus 7 de 
when a side manifold tube 3 inches in di 
inches long was connected to the exhaust 
ports, 3 inches in diameter, were orovid 
manifold, A nore complicated device con 
fitting between the exhaust port and the 
tenuated the noise 13 decibels. This in 
of effectiveness o4" such a simple device 
and a tail pipe. Of the 10 nufflars tes 
had a reduction of about 5 decibels; the 
responsible for 10 decibels lonn. The 1 
due to the addition of the mufflers, was 
cent, while the manifold system was resp 
to 3-percent loss. 

vnstigation wp.s 
ained :r,erely by 
libels was gained 
.imet or rnd 31 
nort. Four open 
ed on the side 
tainin 5 a Siamese 
side manifold at 

dicate n the order 
as a collector 

ted, half of them 
other five were 

osn in horsepower 
less than 2   ner- 

onsibl e for a 1- 

It should b 
were obtained in 
the propeller wa 
haust noise woul 
at airplane quie 
component, prope 
is of advantage 
airplane. A met 
indicated by Spa 
Some of their re 
paper (p. 49). 

e pointed out t 
the laboratory 

s purposely oxc 
d be measured, 
ting it is dnri 
Her or exhaust 
to make such ob 
hod of separat! 
in, Loye, and T 
suits are given 

hat tho data on nufflers 
in a tent set-up in which 

ludod, so that only ex- 
In any practical attempt 

rable to know just which 
noise, is louder, and it 
servations on the finished 
ng the components has been 
emplin (reference 28). 
in a later section of this 
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Inline noise, 
pet clatter, <ear, 
usually below the 
have already quote 
National Euro.iu of 
the difference is 
engine may cause a 
vibration transmit 
be taken therefore 
for the engine. Z 
tion of ?. or H dec 
stallatlon in whie 
vocates the use of 
poses, as it sives 
the ordinary rubbe 
latino the load on 
Zand. Of course, 
aion fittings as c 
lty of the engine. 
ing viewpoint are 
fn;i:e and the naco 
lines boin^ more a 
structure of a fie 

in which wo nay include valve and tap- 
carburetor, and superchar«;ur noire, ir, 

level of the exhaust.'  Some fi?uren vtn 
d (p. 15) and some obtained at the 
Standards (reference •'*4), indicate thnt 

about 14 or 15 decibels;.  liaturally, th" 
sreat deal of disturbance necauaB of 

ted to the cabin structure.  Care should 
to secure n proper eln?tic suspension 

and (reference ZU)   states that a roduc- 
ibelä B.».B obtained in one particular in- 
h a resilient mounting vnn   used.  He :l.d- 
rubber under shear for mounting pur- 
a greater vibratory attenuation than 

r under compression,  A nethod of calcu- 
the rubber supports is also ?iven by 

it is of advantage to have the auapen- 
lose as possible to the center of srav- 
Additional refinements fron the nuiet- 

flezible pipes and tubing between the 
lie, the ri^id wall of ordinary pipe 
pt to vibre.to than the discontinuous 
xiblc conduit. 
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C. Aerodynir.ie a::d Ventilating :!oise 

The advent of streanlinrd aircraft, narking tho rele- 
gation of the "stick and '.vim" structure and other aoro- 
dynamicnlly faulty airplanes to obnoloscencc , has made tho 
aerodyn^r.ie noir-.e level an unimportant factor compared to 
propeller and e:i§ir.n noise.  If tho linen of the airplane 
hull are '>:opt clean, and obstructions or protrusions which 
would cause excessive air turbulence are eliminated, noises 
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arlain« in this manner will not 'be troublesome.  Precau- 
tions to be taken in this category are the avoidance of 
leaks or openings in windows or doors and their appropri- 
ate installation to assure continuity of streamlinin;. 

Under flight 
ing on the fu3elag 
openings to appear 
ground. Such open 
•because of the tur 
cracks and because 
sound into the cat 
ert pressure on al 
•ices on the marke 
matic gasket which 
given elevation (2 

conditions, with variable utrrsscn aot- 
e and door, it is possible for "slight 
where a perfect closure existed on the 
ings introduce a new source of noise 
bulent rti-.te of the air at these snail 
they transrit in inordinate amount of 

in.  An effective door catch should cx- 
1 four sides; there are several such de- 
t.  There is also a typ> which has a pnru- 
is capable of expansion upon reaching n 

>.nd, reference P2). 

In ventilating systems for 
plezing problem in which, aotar 
ventilation are diametrically o 
the cabin quiet.  To get the re 
large ducts must be used, and i 
cient sound may be transmitted 
noisy exterior to make the intr: 
requirements arise in air condi 
tilating units for ordinary bui 
designer in this case func to 
materials which he employs as a 
Wright "Condor" (Oold'ing. refer 
system i3 used.  The ducts cons 
the inner tube is perforated an 
in filled with glass .wool which 
properties.  As the r.ir stream 
pipe, i'r.o   associated noise i s, 
attenuation or diminution in 
portionr.l to the length of t 
there in a decrease of 10 do 
be a 20—decibel loss for ;'"• 
that to Jcnep the noise J. 
take opening should be a 
where the air is dir.char 
the intake should bo loc 
say under a wing, nwr.y   f 

so 
he 
cib 
f no 

PV>1 lo 
r a 
int 
in 

the 

od 
at od 
rois 

aircraft, re have a pcr- 
ently, the demands of good 
pposed to those of keeping 
quired air flow, rather 
f these br? employed, suffi- 
into the cabin from the 
rior njually loud.  Similar 
tioning, heating, anA ven- 
Iding construction.  The 
the use of sound-absorbing 
duct lining.  In the Curtis- 

ence \'.t),    such a ventilating 
ist, of two concentric tubes; 
d the space between the two 
has good sound-absorbing 

nasses through the center 
ttenuat~d.  In general, the 
und level is directly pro- 
duet.  ?or example, if 
els for l'l feet, there will 
t.  It is therefore evident 

in the airolane, the in- 
lOCiiiMe from the rioint 

o the cabin.  Furthermore, 
n relatively quiet spot, 
propeller. 

The attenuation per unit length varies with frequency 
for any given lining and Suet orening and is usually small- 
er at both the low and the high :'re fluency ends.  There Bay 
sometimes be some residual sound, a tearing or swishing 
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type of noise.  To renedy, recourse should be had to a fre- 
quency analyser to determine the frequency or frequencies 
present.  An acoustic filter (p. 18S, reference 36) mny be 
the proper solution if too wide a froquency ran;o in not 
present in the analysis. 

In certain instances, the difficult 
resonant effect, i.e., if the length of 
pipe is a multiple of one-half wave loiii; 
4/2, • ..) of the sound wave concerned; t 
bo in resonance and the attenuation will 
Figure 11 (Sehoch, reforence 38) ohowr t 
influence of an oneniu; of l.r' eontincter 
ccntir.otors diameter on the round insula 
wall was ascertained. Curve a rerreoc 
sulation of the wall without hole, and c 
hole. The hole is essentially a tube of 
length and will resonate at curtain nein 
namely, those for which tho \.r.vo length 
2/g, 2/3, 2/4, ... times the length of t 
first frequency in the series in aireroxi 

•14 00 

y PI ny  a r i s e   f r o v,  n 
the ventilating 
;th (i/p,  r/v, ?/-, 
he i the   r±P€-  rill 

b<? ruci:   less. 
hin effect.     The 

on^th  and   1." 
tie a  of   .".   brie1: 
nt s (.he   s&und  in- 
.urvn     b     v.ith   the 
'   1! ccntinet ors 
iCt frequencies, 
of the   round   is   Ü, 
-he ;"ive.     The 
na t ely  l.lf'O   cycles/ 

T~—7^;  the veloeitj second  (frequency 

34,400 cm/nee..).  Succeeding freuenden 
3,300, 3,-lSO, 4,600, ...  The arrows on 
ure 11 show the nininn rhich occur SPITO 
frequencies.  It will bo seen that 10 to 
sound in transmitted nt these frepuoncie 

This resonant offne 
stallations if the tube 
the low frequencies fron 
loudest contribution. T 
94 cycles, and a l;?-foot 
airplanes the fundaments 
cause of the reduced tin 
4E cycles ner second, so 
lon«5T thar. 12 f. et, thi 
will not occur. Of cour 
the hi:,-her f renuenci c s v 
less objectionable than 
yais of the offending re 
the frequencies asnociat 
This length nay bo chpn.^ 
obtained by r.akint; the n 
irivo length.  Tha* is, i 

it   mny  b e cor.c   nnri o"J. 
length if.   such  an   ti 
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2L 
4 the wave length, minimum attenuation occurs when  I 

4L 6L 

The lengths of maximum transmission occur half my between 
thone for minimum transmission. 

and maximum attenuation when i - L ül  Si 1 " 4" 4 * 4 ' 

The size  of the conduit which should ho used in deter- 
mined by the rate at which air Is to he supplied to the 
cabin and the maximum epced of flow commensurate with pas- 
senger comfort.  Zand (reference 32) states that 15 to ?Q 
kilometers per hour is "the maximum speed of air which 
will not create draughts" and that RO cubic fct of air per 
person per minute will do in normal weither, while on very- 
hot days, up to 60 cubic feet in necessary. 

B. Secondary Boise Source« 

The term "secondary noise sources" refers to noise 
arising from vibrating objects in the cabin, such ao bulk- 
heads, floors, ba??aqo racks, chairs, and other auxiliary 
equipment.  These ijire rise to air-borne sounds which may 
be particularly objectionable, an they are, in general, 
intermittent in nature.  Furthermore, vibration of furni- 
ture or floors :-ay 3ive paenen^ern an unpleasant vibratory 
sensation. 

The fuselage of an airplane i".   nubj 
changes in strong, to shocks, and to vib 
arising from prime movers and intense so 
cabin fixtures be connected directly to 
will be set into vibration.  To remedy t 
condition, it ir? well not to mount cabin 
fuselage directly or, if this in nceessa 
absorbing mountings of rubber, felt, or 
tion damping material.  Floors, for exam 
mounted on an isolation nystom, say, of 
cork pads.  Panels of the cabin trir. sho 
rigidly, and any l'ir«;e unsuooort ed struo 
should be avoided, as they will readily 
drumming effect.  The ideal cabin, from 
one in which no part in compelled to tal 
which the airplane in subjected.  Interc 
any other internal bracing e.-m be readil 
use of monocoque constructions or "celf- 
Z-shapo rin^s (Zand, reference 3U)." 

ected to sudden 
ratory motion 
und waves.  If any 
the fuselage, they 
his undesirable 
equipment on tho 

ry, to use rshoek- 
any other vibra- 
ple , should be 
rubber, felt, o r 
uld be fastened 
tiir.il eler:onts 
cause a low-pitched 
this viewpoint, ia 
e the stresses to 
abin bulkheads or 
y  avoided by the 
supporting U- or 

Windows, if attached directly to the cabin trim, will 
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ereate a high-pitched disturbance in the immediate vicinity 
of the passenger.  Appropriate rubber fittings for mount- 
lac the windows are available on the market.  One patented 
construction, figure 12 (Zand, reference 32), provides a 
rubber channel into whi oh the «lass is inserted.  Provi- 
sion is made for the rubber to move in two directions, 
"both laterally and vertically, so that the vibration is 
readily attenuated.  The energy dissipation of such a ma- 
terial arises from its ability to change it» nhape under a 
load.  Actually, if the ru'b'ber is not too r.oft, it rill be 
found that it is almost incompressible when confined.  It 
is,.therefore, well for the designer to allow rubber or 
other resilient supporting material room for expansion or 
contraction. 

Other minor pieces of equipment, "such an ashtrays, 
drinking glasses, mirrors, fire extinguishers, and seat 
Delta" should be securely fastened to the cabin to elimi- 
nate the possibility of their rattling or buzzing.  Etrr- 
nal vigilance is the price of keeping these annoyances 
fron cropping up.  Mountings and fittings should be peri- 
odically inspected. 

Attention to details rhon installing c 
will pay. Secondary noir.es, then, nay be !r 
mum. TTith the principles dctnlled under th 
tions A, 3, and C, the designer may choose 
conditions and pattern his design no that a 
duction in noise level of about KT decibels 
His untreated cabin, however, is still r.ixoh 
level beings about 1^0 to 105 decib. Is. ?or 
surroundings and unlr.-ooded ability to conve 
intensity should be reduced to tbnt in the 
passenger cars of table I, i.e., between 79 
bels. A further reduction of anywhere *"roro 
ibels, and in some cases m decibels, nny b 
For this, recourse n:ust bo had to the princ 
insulation and sound absorption. We shnll 
making use of these two urincinlen, it ir. v 
up to ^0 decibels for a ronr.onr-blo nnount o 
weight. However, before di sn-,.ir. sing thii ph 
Ian, we should like to round off our prosnn 
giving some additional moans available 'o F 
tion of noise level without soundproofin?. 

abin of uipment 
Opt to a mlni- 
o other r. oe- 
his operating 
raateri al re- 
is obt ained. 
too no isy, the 
confor t.-:ble 

rso, the sound 
V-16 r\n d 7-13 
and 84 dpci- 
IS to P5 dec- 

e n e c P s s a ry. 
iriles o f sound 
show th at by 
0" sibio to sain 
f additional 
ase of the prob 
t d 1 n cii sr:ion by 
ecure a redue- 

One of these schapir« han bfn indicated by Bruderlln 
(reference 21).  Ho found that by curving the fuselage 
section, less low-frequency sound would be transmitted 
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lato the airplane than If the'section were flat.  Thus, 
ill the DO-2, a deformation of the section to a 50-inch 
radius produced an improvement of 6A decibels at 50 cycles 
per second, while a 100-inch radius was 2-f decibels better 
than a flat section.  The appropriate radius is, of nacri- 
sity, a compromise between decibel «lain and necessary in- 
terior space.  Analyses of the distribution of noise in 
the cabin have shown that the front of the airplane is, 
in general, noisier than the rear.  Tor example, current 
practice amon^ airplane manufacturers (reference 35) in- 
dicates that sound levels run from about 83 to 91 deci- 
bels in the cabin and 85 to 102 decibels in the pilot's 
quarters.  It therefore follows that baggage rooms or nail 
compartments should be placed in between cnnin .ind cockpit, 
so that the cabin is removed from the noisiest part of the 
airplane.  On the other hand, rent rooms should probably 
be well in the rear, toward the quiet end since, for the 
passenger who la sick or desires rest, n noisy environment 
will accentuate his discomfort. 

IV. SOUNDPHCOritfS THE AIHPLAIJ3 

A. The CToisn-Roduction Factor 

The process of soundproof in? it? 
different physical phenomena, sound 
insulation. Just where the distinct 
from the following illustration. In 
owner of a boiler factory. Tho din 
are subjected to the enervating effc 
Furthermore, the people who ore unfo 
in the neighborhood are complaining: 
bearable." You have two distinct pro 
to reduce the sonnd level within the 
relieve your employees, and the othe 
noise from leaving the building - fo 
neighbors. 

If you think you would first like to sot your neigh- 
bors at ease, then what yon must do is to change the con- 
struction of your walls so that they beriorco more effective 
sound insulators.  It is possible to achieve this in- 
creased efficiency in several ways, one of which is to in- 
crease the weight of the walls considerably.  The heavier 
wall transmits leas sound, but to secure all of the addi- 
tional insulation desired a more complicated solution may 
be necessary. 

dependent upon two 
absorption, And sound 
ion arises may be seen 
ngine yourself the 
in terrific; workmen 
ct of unceasing noise, 
rtunato enough to live 
'Your fintory is un- 
blems to solve: one is 
building in order to 

r is to prevent the 
r the roll of of your 

V* 



H.A.CA. Technical Kote No. 748 ?7 

However, having Tsui It this trail ha 
to your workmen; tho noise is still jus 
inside. Recourse must be had to sound- 
the application of which to the walls o 
afford a material reduction in loudner.p 
use of absorption in the interior also 
sound-level exterior to the building, 
is reduced 5 decibels on the inside, it 
idels less on the outside. In thi3 seri 
of sound absorbents pay be said to have 
ing value. However, nince it is usunll; 
secure a reduction of more than 7 docib 
it is necossary to make special provi3i 
lation. 
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As an approximation to the actual * 
encountered under flight conditions, th«" 
is considered.  TTe have r\   cabin which r.r. 
as a larq;e box, this box bnln'{ ruseonded 
larger box.  A source of round in nituf* 
cabin, ,n.s a result of which there will e 
sound field in the space bot'-reen tho tw 
suuiod that at all points in this field 
amounts of sound energy.  Tho total .TO 
present in tho space exterior to the ea 
by  Se,  and tho ar-i.-unt of sound onei'-^y 
on unit area of the cabin si.irfo.co or. it 
unit tine, will bo  E'o.  Of tho-n  E'0 

energy, only a certain fraction will be 
the interior of the cabin. The   fractlo: 
energy which is transmitted into tho in 
is known as tho trannmissivity, and wil 
the symbol  T.  Eoncc, per unit time, t: 
wearing in the cabin is  TS'eS,  8  bei 
face area.  Within tho cabin there exis 

lyrical situation 
following sot-up 

,' bo thought of 
insido of n rtill 

•>d extorior to the 
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•nergjr, «tsreiult of 
«re» of the interior 
with a surface finish 
olent a. This means 
In« unit area of S, 
eorbed. Honce, aE'j 
unit time. In additi 
eion of energy from t 
rior, i.e., of the E 
terior surface TE'^S 
When equilibrium is a 
energy appearing as i 
we have: 

which  E'i  un 
in unit time. 
which has a so 
that of the  E 
a certain frae 

S  unit3 of one 
on, there is al 
ho interior of 
'lS  energy uni 
energy units 

ttained, there 
s disappearing 

TE'eS = :,.E'iS + TE'iS 

whence 

its of energy hit unit 
The cabin is line d 
und- absorption coeffi- 

'i energy units st rile 

tion ,  a  will be F.V- 
rgy are absorbed in 
so n certain transmin- 
thp cabin to the extc- 
ts i ncidont on th n in- 
appear externally . 
must be just as much 
in t hi? cabin, so that 

iS (6) 

(7) E'e _ £.S_+_TS 
W^l   ~     ~ TS 

The sound energy striking the cabin wall on its inte- 
rior side is a function of the total sound energy present 
in the interior of thr- cabin; in fact, it is possible to 
show that in the ideal case ar.numed here the two are pro- 
portional.  Similarly, the sound energy incident on the 
exterior side is proportional to the energy exterior to the 
cabin, so that 

E'i " Ei 
(8) 

The difference in sound level in decibels betw.-nn the 
outside and the inside is known as the noine-reduction fac- 

tor and is equil to  10 lo=510 |
Q 

Iloise reduction in decibels 

so that the 

TS (0) 

A surprising fact will at once be evident from equa- 
tion (p).  If there is no absorption within the cabin, 
i.e.,  a = 0,  the sound level within will bo equal to 
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 no.  Any sound energy 
which does =;et into the interior in not abrorbod and hence 
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will persist for a very long tine.- (There wij.1 be Rome 
loss at each incidence on the cabin Trail due to transmis- 
sion through the «all;.hence it will not persist indefi- 
nitely.) As more and more energy is transmitted from the 
outside, the sound level will continue to increase until 
the external and internal intennities are equal.  Equilib- 
rium will then set in and the. two sound levels vrill bo 
equal.  Thus, it is necessary to have sone absorption in the 
cabin, else an effective insulation scheme will bo cf no 
avail. 

It will be noticed from equation 
large sound reductions, we must have a 
and a high absorption coefficient.  i"i 
the decibel reduction calculated from 
ted for different values of  T  and u 
fact.  (Cf. fig. 3, reference 37.)  It 
the maximum reduction occurs at the lo 
ties and the highest absorption coeff* 
if there is very little absorption, th 
However, for low transnissivitieo the 
much more rapidly for snail values of 
values of a    at larger values of  T. 
absorption coefficient fror •'! to 0.? r 
of 23 decibels for  T = 0.101,  of 17 
0.01,  of 4.7 decibels for  T = 0.1, 
for  T = 1.  On the other hand, if we 
to t%  = 1,  wo get Iocs varird redueti 
T's,  i.o. decibels for = 1.00 

•T = 1.01,  {5.3 decibels for  T = 0.1, 
T = 1.  ?or the name increase in  •", 
sound level within the cabin is create 
sivit'i'es. 
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Oft«« In which it 1B contemplated making a choice between 
decreasing  T or increasing  a and in which the weights 
of the proposed treatments are known, the most appropriate 
answer can tie readily obtained from the noise-reduction 
factor. 

The above theoretical development is to be con3idnr«d 
only ae a very approximate one.  It deals with a highly 
idealized cabin, which may be considered very simply is  aa 
empty room, devoid of r.ny  jicresrories and having r.ll --ides 
of uniform construction and surface finish.  Undor there 
circumstances i the transmitting and absorbing surfneen .ire 
the same, and the transnissivity and absorption coeffi- 
cient do not vary from wall to will.  In our real cabin, 
however, the transmitting and absorbing nurfaen3 are not 
equal.  The cabin floor nay have little absorption value 
but may be a very effective insulator.  People, upholstered 
seats, various furniture pieces within the cabin have soun 
absorbing ability.  Furthermore, .x    and T  vary in dif- 
ferent parts of the cabin.  Glars windows have absorption 
and transmission coefficients (n.  and T) which differ from 
that of the other cabin units, such an '.vails, bulkheads, 
floors, etc.  Equation (9) may bo modified to take those 
various factors into account.  The total absorption in the 
room is not  oS  but a nun of the terns  "»jS], + nBSs  + 
a3^3 + ••••  where i1     is the absorption coefficient of a 
surface which has  Sj  units of area,  ij-  the absorption 
coefficient for  3a  units of area, etc.  Similarly, the 
total transmission i p given by  TX ax   + Tc o3  + 1%, s3 + .... 
where Tc. 

T3 are the trannmissivities for the 
different surfaces having the area  s,, s„, 

If we let a^ 51 + a,2 3 2   + = absorption 

T = TlSl + TaiB + 

we get for equation (5): 

transnittance 

So ise reduction (db) = in log10 -~ = 10 log10(l+^) <10) 

For reductions greater than about 20  decibels •%     is much 
greater than 1, so we -,et 

Noise reduction (db) = 10 log10 {£) (11) 

Vf 
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B. Sound Absorption 

To calculat 
soundproofing sc 
tlon coefficient 
Methods are aval 
ties In the labo 
for determining 
method, in which 
decay through a 
Sabine first oho 
A, is related t 
ibels (the so-ca 
volume of the ro 

e the noise reduction one nay obt ain in avy 
heme, it is necessary to know the abnorp- 
and t ransmisalvity of the materi als UBfd. 
lable to determine both of thego quanti- 
ratory.  The moot reliable tont procedure 
re,  now in nso, is the rcvorbera tion-room 
the time it tak"-s for sound in a room to 

specif ied number of decibels, is measured. 
wed tl at the tutal absorption in a room. 
o the time of decay for a ran^o o f 60 doc- 
lied " reverberation time" 3") and to the 
om  V, by the formula 

3- = 0*051 
A 

(ia) 

where  3" is in seconds and V in cubic fort.  Thus, to 
determine a,     it is necossary to aensuro the revorbnra- 
tion time with a known amount of material in the reverber- 
ation chamber.  Correction must be r.ade for the absorption 
of the empty room. 

There ore several features of importance about round- 
absorbing materials which should bo pointed out.  Absorp- 
tion of sound energy may oüour in either of two ways: 
through porosity or*diaphragm action.  A material which is 
effective because of its porosity, consictr of o ;reat 
number of intercommunicating ^ores, figures, or cells. 
Tho sound wove incident on the rurf.ice onnotrntco into the 
Interior by nenne of the sp.all openings in the material 
but, in traveling dorn these capillaries, the wave notion 
is resisted by a viscous dra-^ exerted by the capillary 
walls.  As a result, some of the energy in the wave in 
dissipated by thin f riction.".l fore and is converted into 
heat.  It is at oners evident -.'hat the effect of thickness 
is.  If the material is too thin, the wave will bo reflect- 
ed off the back surface after having cr.rn   only partially 
dissipated, so th.it considerable energy will bo reflected 
back into the room.  If tho •.r torinl in thick enough, the 
wave may be absorbed to such an extent that what is final- 
ly returned to tho room is considerably attenuated. 

Some figures sjivon by Knudsen (p.   191, reference ?"), 
show the effect of thickness on the absorption of Balsam 
Tool at different frequencies.  These are ^iven in table 
III. 
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TABLE III 

Variation of absorption coefficient of Balsam "col 
With thickness and frequency (cycles per second) 

Thickness 

1/2 inch 

1 " 

2 ii 

4 " 

Absorption  coefficient   at   frequencies   of: 

,"048 128 

0.06 

.10 

.21 

.34 

256 

0.?.?. 

• 2E 

.48 

512 1024 

.41 0.58 

.46 .62 

,!3ß .63 

.65 .75 
.!„:_._._ 
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(Aoousti-Celotex, type C.°, ll/l6 in. thick) which was 
•tuck on gypsum wallboard by means of an adhesive.  The 
wallboard was placed on the floor of the reverberation 
room and tested.  It was also tested r.ftcr it had been 
nailed on to 13/16- by 3-inch furring stripes 12 inches on 
center.  The rosults are as follows: 

Mounting 

Cemented onto irallboard 

Hailed to furring 

158 

0.11 

.14 

256 

0..71 0.71 

B12 

-4-- 
.63 

0.80 

.7* 

2 •'MS 

0.67 

.67 

4 005 

0.57 

. 55 

The diaphragm action i3 especially evident at 
per second. 

In this connection it in well to note ono 
If the material is tested in the laboratory in 
vidual tile units and then, in the actual inst 
applied in larger units, the 1130 of laboratory 
may be inaccurate, especially at the lower fro 
At these frequencies the tile nay be in roson 
•ibrational modes), and rince these resonant 0 
pend on the 3ize of tho unit the coefficient w 
ferent for the two tilers. In fact, laboratory 
tained at frequencies of li''3 cyclers or lors 3.1; 
close to tho actual coefficients which obtain 
condition of mounting in an airplane, since at 
quencies there is considerable vibration of th 
This is, of course, only true for those r.:atori 
are sound absorbers by virtue of their vibrato 
teristlcs. 
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Sono commercial products are manufactured to give 
this diaphragmatic absorption.  In *;enernl, they consist 
of a flexible external sh<-rt of none kind - paper, wood, 
doped fabric, or metal foil backed up by m  air space. 
One of those is " vibraf ram," which comes in 13- Tjy l"-inch 
units, and has a stiff ahrot of felted enper shaped to 
form a sort of hollow pan.  The base is arranged with a 
lip so that it can be pasted onto any surface desired. 

It in the characteristic of this type of absorption 
scheme that the coefficient is 0 maximum at ono frequency 
and tapers off at all others.  The :;raph of absorption co- 
efficient versus frequency is resonance-like in nature. 
What is taking place is, that at a certain frequency res- 
onance occurs, as the combination of vibrating diaphragm 

• £,:; 
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plus air-space forms, in effect, a mechanical ayntem of a 
Bass on a spring, In which the diaphragm may he considered 
•a the mass and the volume of air enclosed hy the Titrat- 
ing membrane aa the spring. That Is, the enclosed volume 
Of air acts as if it possessed stiffness, and this latter 
Is the property of a spring. 

tfeyor (reference 8) has shown that if a wall is cov- 
ered by a stiff membrane of this kind, of mars m per 
unit area and distance  I  from the wall, the resonant 
fre<iuency is given T>y the following formula: 

f = 
188 

(1?) 

where  f  Is in cycj.es per second,  in  in grams ver   square 
oentimeters, and I in centimeters.  Figure 14 gives the 
results of Meyer's measurement on brown wrapping paper 
placed at a distance of 5 centimeters from the wall. 
Curve  a  i3 with- the ?.ir space, and curve  b  is with the 
space partially filled with cotton waste.  The cotton was 
Introduced in such a fashion that it did not touch the 
vibrating diaphragm.  Its only effect was to absorb the 
sound naves which were produced in tho air space, especial- 
ly those waves traveling in a direction parallel to the 
face of the pauer. 'By  using soveral layers of material 
separated by an air space, it is possible to get sood low- 
frequency absorption over a fairly wide ran-TO.  Figure 15 
(Meyer, reference 8) shows the results obtained in an ar- 
rangement using throe layers of oilcloth, rith an air 
space of 5   centimeters between each layer.  Tho theoretical 
explanation of thin action is basod on the mechanical anal- 
ogy of this arrangement to an electrical filter which 
passes high frequencies only. 

While porous materials are generally inefficient at 
the low end of the frequency range, but are much more ab- 
sorbent at the higher frequencies, those arrangements de- 
pending on diaphragm action have n maximum absorption at 
the low end.  To obtain =sood absorption over the whole 
range, the logical procedure would be to attempt to com- 
bine these two effects.  Thin may be done, as we have al- 
ready pointed out, by using a mounting for the porous ma- 
terial which will permit vibration, if tho material is 
sufficiently rigid to be capable of vibration.  Another 
possibility is one in which the porous material i3 at- 
tached to a stiff membrane so th.it abr.orption occurs duo 
to both porosity nnd vibration.  For examplo, some figuros 
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Obtained at the National Bureau of Standards on a commer- 
cial product "Limpet," which Is sprayed asbestos mixed 
with a binder to make it cohere, are ?iven below.  The as- 
bestos was sprayed on metal lath, thus inakins posaille din 
pbragmatic notion, and also on wallboard, in which cane 
the absorption would be due to porosity only. 

Mounting Abnorpti 
128 

on ooe 
256 

fficiei 
SI? 

its of 
1024 

iprayed 
' P04B 

asbfl r.tos 
4096 

Sprayed on 
wallboard 0.13 0.31 0.66 o.e? ^.74 0.65 

Sprayed on 
metal lath 
and surface 
painted .57 .71 . £30 .56 .51 

•if 
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to the air spaco. Once in the air spa 
onccs a disnipativc effect at the abso 
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«jhout the whole fronuency .ranlo iß in- 
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phra^m action, to produce an absorbent 
ivo at all frequencies. 
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Some other arrangement o have been t;lvon by the German 
investigators, TTchnor and TTillms (reference 30),  Tor ox- 
ample, they u;sed a 3-millinctor plyirood sheet, perforated 
with ?-millimoter diameter holes, and backed up by 6-milll- 
meter Calmuc (German trade name of n.  porous material) and 
a 50-millimoter air space.  This arrangement shown a roao- 
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nant effect depending on the distance fron the wall.  At 
the wall a standing wave system is sot tip, and the par- 
ticle Telocity of this itsve is a maximum at a distance of 
l/4 wave length (of the frequency concerned) fron the 
«all.  The amount of sound energy dissipated depends on 
the viscous resistance of the pores, and this is a maxi- 
mum when the particle velocity is a maximum, so that at n 
distance of 1/4 wave length the absorption coefficient 
will he greatest.  At frequencies betveen 400 and 1,00" 
cyclee per second this set-up ^ives a coefficient of about 
90 percent, while at 100 cycles the absorption is only 10 
percent.  Of importance is the acoustical resistance of 
the backing layer.  For beet results it should natch that 
of the air, i.e., 42 acoustical ohms. 

Wehner and TTillms also r 
which' coefficients close to 1 
over a narrow band of freemen 
nant arrangements similar to 
being that on the back of the 
perforated plywood or oilclot 
ever, the absorption cooffici 
less than 10 percent. Fnr ex 
rangoment with a 50-nillimetcr 
in? coefficients at 100 
cycles per second, runs 
0.65, 0.45, 0.25, 0.0?'. 
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It is well to observe here 
applied over the face of a mate 
coefficient.  If the covering i 
perforated metal, wood, or fabr 
the coefficient may change eith 
decrease, but usually not very 
airplanes the practice is to us 
weight fibrous materials which 
skin and the cabin trim.  The t 
ric, or perforated sho>'t of GOT» 

laboratory coe :'f ici ent s •<rn nro 
trim may be a heavy mohair, lea 
kind.  In the latter event, sin 
ket is effectively screened by 
laboratory coefficients are no 
absorption has been measured wl 
actually used in the cabin.  Iu 
may be covered with a special w 
sheet, so that the effectivenes 
practically all vitiated.  The 

that any surface covering 
rial is apt to change its 

very open, nuch as any 
ic, or any open-weave cloth, 
or way, i.e., increase or 
much.  In soundproofing 
e pads or blankets of light- 
are nloned between the outer 
rim may be n very open fab- 
e kind, in vhich case the 
bably unchanged; or the 
ther, or fabric of some 
ce the surface of the blan- 
the external covering, tho 
longer valid, unless the 
th tho particular covering 
none esses the materials 

aterproofing finish or 
a  of the material will be 
moral is: beware 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 usin? sover.il layers of different typos of blan- 
kets or sheets, it is possible to set r. hiqh absorption 
over a considerable rnn?s of froquencies. Some  ro.•inure- 
ments made on 1-inch Fibor^lno and l/-l-inch 'Jni^orb Frit 
by the National Bureau of Standards, am ;ivon below.  All 
tests were made by plncinä; tho nntfirial on the floor; on 
top of the blanket a perforated iron ph~ct wan jlnsfd. 
The Fiberglas and Unisorb ?elt wore first tostrd nonarnto- 
ly, and then together, with the folt on tor). 

1-lnch Fiberglas 

IPö 

J./4-inch Unisorb Felt 

1-inch Fiberglas + 1/4- 
inch Unisorb >"elt 

1.30 

.04 

.33 

?56 ' r>i,'' IO:-M i:-?043 AOVS 

0.93iO.PP 
I 

0.Ö6 

.01 

.86 

.14 37 

, PR !  .37 ,80 

.«6 

.91 

While tho felt in not ver.v <;ooiI at l'.S   and r'fjö, it 
nevertheless produced a considerable increase in the coef- 
ficient when it was combined with tho Fiberglas.  If the 
coefficients of tho individual layers are known, it will 
be seen from thin example that it is not liosnible to pre- 
dict just v.'hat the combination of tho two will ;ivo.  As 
stated before, in an accurate prediction of the noise re- 
duction to bo expected, the absorption coefficient of the 
actual arrangement of materials to be used should be known. 
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While a material nay have high absorption and loir 
density, it «till may not he the best one to use, since 
there are certain other important properties which it nay 
lack.  In selecting the proper one to URG, considerations 
should 'be given to such quantities as heat conductivity, 
moisture absorption, firo resistance, vermin resistance, 
disintegration or racking under service conditions, chem- 
ical stability, etc. 

Naturally, 
product happens 
this connection 
caption to the e 
have low thermal 
in some cases, i 
thermal conducti 
given in table V 
terms of the  K 
per decree Fahre 

it is of considerable advantage if the 
to be a good thermal insulator also.  In 
there is prevalent a widespread r.iscon- 
ffect that good sound absorbers alnaya 
conductivities.  While this nay be true 

t is not necessarily so.  All of the known 
vities of products listen1 in table IV ,ire 

The thermal conduct! vi * i fis ire given in 
factor (E.t.u. per hour per square foot 

nheit ncr 1 in. thickness). 

Under the extremes of tempo 
tions which aircraft experience, 
ture on the acoustical material 
the absorption of moisture takes 
considerable increase in the wei 
tho acoustical efficiency of the 
In addition, the thermal conduct 
For these reasons it is lmportan 
waterproof.  One hundred percent 
Jectionable in certain instances 
has pointed out to the author, 
next to the metal skin of the fu 
then there will be formed plight 
skin and the back surface of the 
por originally present in these 
if tho absorbent in impervious t 
not escape; whence the possibili 
skin arises.  If there is a clig 
open for the water vapor - cay, 
tirely waterproof - the danger o 
nated.  To assist in the evapora 
feasible to bypass some of the a 
lating system through the space 
fuselage. 
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An item which should not be overlooked i3 tho question 
of resistance to packing or settling.  Vibration of air- 
craft is severe, and changes in acceleration arc large and 
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occur rapidly, so that a material which nay be all ri.^ht 
for ordinary use nay not be particularly suited for the 
airplane.  There is the possibility that the fiTiern or 
substance from which the acoustic blanlcot is made nay hroa!: 
up or subdivide.  As a consequence, packing will result and 
some of the compartments in the blanket :iay bo rare of ^ill- 
in spots. 

C. Sound Insulation 

While  the   sound-absorption   coefficient   suffices   to   dr- 
scribe   the   efficiency  of   the   iratnrinl   as   a   sound  nlr.orb^r, 
the   sound-transmission   loan   is   the   physical,   qunntity  which 
specifies   its   sound-insulation   value,   itr,   ability  to  pre- 
vent   the   transmi ssion  of   Bound.      Since   the   transmi n si vi ty , 
T,      represents  a   trnnsni nsion  of   onpr?y,   th"   ror.int.ince   to 
transmission,   or  opacity  to   sound,   would   tic   represented   by 
t/T.      The   reciprocal   of     T,      oppressed   in   the   decibel 
scale   is  known  as   the   transmission  loss,   i.e.. 

Transmission   loss   (ir.   decibels) 10 lo*10 (i) (14) 

To   clarify  thin 
There are   two   ndjanon 
a   source   of   sound.     A 
level exists   in   the   o 
the   second  rood   in   tr 
It   is desired  to   ho» 
wall between  the   two 
level existing   on   the 
only to   its  insulatiii 
tion in  the   receiving 
the  wall   it3Clf,   a   co 
tion. Jron   equation 
•Croat er  than  ?0   decib 

concept , cons 
t roons, in o 
F a rnsult of 
thor roon. " 
eated with a 
the int. rinsi 

roor.n. ?'.ia   i 
two sides of 

5 c'ficioncy 
room, no tha 

rroction nunt 
(11),    WO    hilTC 
els 

it'er this s i t ua t i o 
lie   of whi ch  in   loc 
thir .   f c ••' r t a i n   s 

o   V: •'' e i-   th o   level   d 
0 0 Ulli' -:'.bs orbing  ma 
a  ins ulat ion  value 
lf+'rsrrjicp in   the   n 
the wall ,   in   due 

but   .•> lr.o to   the   ab 
t   to :;ct tb.e   effec 

b e  in a d o for  the   a 
for diff erenco   in 

10 Io^o C£ = i' io«10 r7-j r±\ 

n. 
r. t. e d 
ound 
own, 
t erinl. 
of the 

ound 
not 
coro- 
t of 
bsor?- 
level, 

(11) 

where  Bj  and  E«  are th;- sound energies in the source 
and receiving room, respectively,  A  is the total absorp- 
tion in the receiving room,  T  in the traacainsivity of 
the wall and  S  in its surface area.  Solving for 
10 lo)?10 ^,  we ,-;et 

10 lo<io (£) = I" lo<l0 (J) - 1*  lo?10 (|)     (15) 

i 
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The expression 10 log10 (f) 

lps» of the wall,  10 "     ' ,x 

difference, so that 

3 10«io (^") ls the 

10 lo*10 ff)     is th 
(!) 

is the transmission 

observed decibel 

le correction turn 

which corrects for the effect of absorpt 
the appearance of the surface area in t.h 
is equivalent to reducing the result to 
he gotten on a wall of unit area.  Thus, 
unit area, there would ho no correction 

ion.  Furthornore , 
correction t^rm 

that which would 
if  S  wore one 

for area, finer 
lo*io 1 = ^-  It is apparent, then, that the transmission 

ch is a property 
e to compare the 
ons by comparing 

loss is the unique physical quantity whit 
of the wall only. This makes it possible 
insulation value of different con3tructic 
their transmission losses. 

The example outlined above is the basis of one nethod 
of determining the transmission loss of different, struc- 
tures»  The panels are placed in an opening between two 
rooms, and the difference in level between the noisy and 
quiet side, the absorption on the quirt side, and the sur- 
face area of the panel are measured, those data sufficing 
to give the transmission loss.  I'ME method is in ure at 
the National Bureau of Standards and other laboratories. 

Observationc made on a  large number of panels of homo- 
geneous construction have shown that the single, most ira- 
portant determinant of the insulation efficiency of a pan- 
el of this type is it3 mans.  I-'igure 16 is a result of the 
work of Chrisler and Snydor (reference ;?4) conäuetod at the 
National Bureau of Standards (referenco 3?) on panelc con- 
sisting of single sheets of different materials.  It is 
to be soon that for the very light panels the average 
transmission Ions* increenes quito rapidly as the weight 
increases up to about O.S pound per square foot.  from 
this point on, however, the curve begins to flatten and 
the rate of increase in insulation efficiency is much 
less.  As a matter of fact, the curve of figure 16 can be 
represented on a logarithmic scale by r-   straight line. 
In figure 17, the transmission Ions is plotted igainst thf> 
logarithm of the weight (lb./nq.ft.).  Thin straight line 
has been *jiven by Chrislor and Snyder (reference ''4) and 
i3 represented by the dotted line of fi-iuro 16. 

The tests reported here wore conducted in a slightly dif- 
ferent fashion from that now in use; hence, while the fig- 
ures obtained are not strictly transmission losses, they 
are very approximately so. 
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In table VI the actual measuremento on  the different 
Bate rials are given.  It is to tie noticed that the trnns- 
misnion loss varies with frequency and that the janolo 
are less effective at the low-frequency end.  Jo specify 
the average performance of the panel, tho average of thn 
transmission losses at tho throe different frequency 
bands is given; in tho future, in referring to tho average 
transmission loss, wo shall omit the word "average." 

It has been found that tho straight-]ine relationship 
between transmission Ions and logarithm of the weight is 
valid for even very heavy panels.  Tho designer is clear- 
ly at a disadvantage hero.  If he wir.hoa to ;et *;ood insu- 
lation he must resort to heavy atruoturos.  fortunately, 
however, it is possible to get greater efficiency by re- 
sorting to the use of composite panrls. 

To illustrate the point, consid 
rooms arranged in a row in which roo 
and rooms 1 and 3 the two extreme on 
separating partitions between the ro 
inch thick.  If we have a source of 
no. 14 tolls us that there will be a 
of approximately 19 docibels between 
furthermore, between rooms 2 ind P, 
approximate reduction of 10 decibels 
about ?3 decibel3 quieter than room 
considerable reduction, inasmuch as 
ibels has been achieved merely by ail 
wall.  Honcc, one might expect that 
with an air space, the transmirrion 
larger than for the sin^lo panel and 
weight relationship for homogeneous 

er tho case of three 
m 2 is the center one, 
es.  Let us say, the 
on: are plywood, 0.125 
sound in room 1, test 
reduction in level 
rooms 1 and 2 and, 

there will be another 
, so that room 3 is 
1.  This is a very 
an increase of 19 dee- 
ding another plywood 
by using a doublo wall 
lose would be .•auch 
much greater than the 
panels would require. 

In table VII is presented results on tests of two 
panols with an air space between them. 

The last column in the table 
the gain in decibels of the doubl 
Sie homogeneous partition which h 
example, consider test no. 26, in 
sheets 0.025 inch thick were sopa 
0.50 inch.  Tho transmiusion Iocs 
the weight of tho panel was 0.70 
fron figure 16 wo see that n   homo 
weight would have a transmission 
decibels, so that thcro has boon 
tion efficiency.  In fact, not on 

is significant; it states 
c partition over the sin- 
as the aane weight.  For 
which two aluminum 
rated by an air space of 
was 16.1 decibels, and 

pound  per siqunxe foot. 
;eneous panel of this 
lors of about 21 or 22 
an actual loss in insula- 
ly is no. 26 loss offec- 
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tiTS than a homogeneous partition of the EIWIB weight, but 
it is also poorer than no. 11, in which only one sheet of 
aluminum was used. 

Thus, it will be Been that in practically 
there in a loss instead of a gain. The effect 
space, when the panels are very close, is to a 
crease the transmission of sound. The differs 
these results and our idealized situation of t 
rooms is to be ascribed to the proximity of th 
els. For one thins, a h'ood share of the vibra 
first panel is transmitted through the franc o 
support on which the two are mounted; and noco 
air space for these panels acts .is n sort of c 
which couples the two faces together. As thr 
creases, however, the effect of the air space 
Important, so that a gain in transmission loss 
eneed as, for example, no. 32. 

all instances 
of the air 
ctually in- 
nco between 
he throe 
e two pan- 
tion of the 
r common 
ndly, the 
lastic sheet 
weight in- 
become a less 
is exneri- 

No. 30 is interest! 
what is to be done to re 
sound-absorbing materi.il 
existing between the two 
a consequent incroane in 
is: l) to absorb the so 
space, and 2) to break 
tween tho two walls as a 
those reasons, various a 
air apaco. First, fibro 
sulite, »ore tried. Thi 
similar tests on the dou 
mission lor.s was still 
mogeneous panel of the 
erence 33). ?or the low 
Tool, hair felt, and cot 
obtained (table VIII). 

ng as it 5Ui|i;ests a clue as to 
medy the situation.  Innulite is a 
, hence, in no. 30 the sound level 
partitions has been decreased with 
insulation.  What in needed then, 

und enorgy present in the air 
the elastic tie which exists bc- 
rosult of the air space.  For 

bsjorbent layers wore placed in tho 
us boards such as Celotox and In- 
le thero was an improvement over 
ble wall with air space, the trans- 
decibels lens than that for a ho- 

arae weight (test nos. 33-35, ref- 
dnnr.it;' materials puch as ?alsam 

ton, th« following results were 

"Th" cotton, heir felt, and l/rn-inch layer of balsam 
wool are seen to i;ive no improvement over a panel of equal 
weight.  Tho thicker layers of balsam wool are seen to 
give an improvement of 5 decibels on thn average."  This 
reduction is what would bo expected from a p-nel of more 
than twice the weight.  Another series of panels was meas- 
ured using a dry zero blanket, which is a iToduct made of 
kapok and is very light, having a density of 1.14 pounds 
per cubic foot.  The results are given in tablo IX. 

The largest gain was experienced in panel no. 50 but 
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it nu«t be ruled out in this comparative series of measure- 
ments, since it was not of the sane nlzc as the other pan- 
els.  The best panels from the point of view of highest 
transmission loss for least weight arc no s . 49 and SI, roth 
•Sivine a transmission Ions of about ."50 decibels with a 
weight of 1 pound per squ.ire febt.  No. 51, honevor, has 
the disadvantage of having .a highly reflecting intorior 
surface, so that very littlo round absorption rill occur 
in the cabin.  In general, tho dry zero on.usoa a net in- 
crease of 5 decibols, which is about tho saao as experi- 
enced with balsam wool, the dry zero panels, however, being 
usually lighter.  Two other important points should be 
notice;!.  If the dry zero in compacted, uc in r.o.,53, the 
reduction will be reduced as there is then a more solid 
tie between the two surfaces, the paefcod-in material act- 
in«; to conmunicato the vibration from the front surface to 
the rear surface  In tho two. lightest panels, nop. 44 
and 45, thr dry zero in not an effoc+.ivo as in tho heavier 
panels.  However, if p.-iriol 44 bo compared with P.P. , there 
is an increase of 9 decibels. 

The results presented in table IX .ire, in -Teneral, i.i 
accord with a theory of Keycr (reference 7) on multiple 
partitions.  This theory is of interest to us is it points 
out the limitations ar.d possibilities in thr u^e of this 
type of construction.  It will bo briefly summarized here. 

i 

Each partition with its u..-companyi:>g air space (or 
absorbent-filled space) is considered as one of tho iter- 
ated elements of an acousti cnl-r.echani eel system which may 
be represented by an analogous electrical circuit for 
which the ~athematical solution in known.  At low frequen- 
cies, such a combination has n small transmission loss. 
However, there exists n  certain frequency (tho "hish- 
froquoncy cut-off") ssivon by 

(16) 

where 

fc   is cut-off frequency in cycles per second, 

m,  mass tor unit area of one wall in 3/em3. 

I,  spatial separation between two successive 
partitions. 

for which the transmission los3 rises rapidly. 
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Figure 18 (reference 7) shows some results obtained on 
a) a 16-sheet cellophane wall with an air space of 1- 
centlmeter and  b) a wall consisting of P , 5, and 10 sheets 
of roofing paper with  I = ? centimeters.  The cellophane 
is so light that the cut-off frequency is 6,700 cyclop; a 
noticeable rise in the curve is evident at this frequency. 
For the roofing paper,  f   is reduced to 800 cycler, per 
second bece.use of the increased weight and air space.  It 
rill he noticed that all of the  b  curves rtart to rise 
in the vicinity of 800 cycles per second; furthermore, for 
frequencies below thin frequency the thrrefold, fivefold, 
and tenfold wall give nbout the same result-, for the trans- 
mission loss.  It is only for frequencies above  fc that 

the curves separate.  Some other data of Keyer (fig. 6 of 
reference 7) on partitions having one, two, three, four, 
and five layers of plywood, show the same effect - no dif- 
ference for frequencies less than  fc with a consider- 

able spreading for frequeneies greater than  fc. 

Hence, to make an effective double wall, the mass 
should he as large as por.sihle and the air space should ho 
large.  This will'make the cut-off frequency low and hence 
the transmission lon3 versus frequency curve will rise 
sharply.  In the light-weight partitions measured at the 
N3S,  fc  was relatively high.  Thus, a3 nn example, for 
panel 27 consisting of two aluminum sheets with an air 
space of 1,75 inches,  f.  was 780 cycles.  Since the 
highest frequency at which the measurements wore taken was 
about 1,000 cycles, the value at 1,00' would not he nuch 
different from the other two measurementn.  In nanel ^2, 
fc = 680;  the transmission loss at 1,000 is considerably 
greater than that at the other two frequencies. 

The effect of the sound-ab 
sound waves which travel to and 
allel to the wall nurfp.ee.  If 
be necessary to fill the entire 
placement around the boundar 
was done on the multiple plywoo 
lar to that obtained with the a 
curves arose much more steeply 
than the cut-off.  Furthermore, 
suits obtained on a multiple v.T. 
when the whole enclosure was fi 
when only the boundaries were 1 
practically the sane transi.il s si 
the effect of the introduction 
ary as compared to the empty ai 

orbing filler is to absorb 
fro in the enclosure par- 

this ir   so, it should not 
space with absorbent, but 

hould ai> su-'f i cient .  This 
wall vith a result r.ir.i- 

ir spaic, except that the 
for frequencies greater 
comparison between the ro- 

ll with three plywood r.heeti 
lied with cotton waste and 
ined, showed that they had 
on IOPS.  Figure 19 shows 
of the cotton on the bound- 
r space. 
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-The fact that It is possible to ?et such a sizablo 
increase in insulation efficiency merely by placenent of 
•aterial around the ed^es should be of considerable ad- 
vantage in reducing the weight roquiroment for soundproof- 
ing cabins.  The author is not aware of the application 
of this principle to airplane insulation. 

MoBt of the insulation schemes now in use may differ 
somewhat from those particular constructions listed in 
tables VI, VII, VIII, and IX; however, these tables are 
useful in estimating the approximate value of any contem- 
plated partition by comparison of the fesirod construction 
with a similar panel listed in the tables.  This is a risky 
procedure sometimes so that it is always advisable to t;ot 
the transmission loss by direct measurement of a sample 
partition. 

Several investigator 
give -the relative values 
eral , this scheme consist 
tween two small enclosure 
is observed is taken as t 
partition. D. P. Loye (r 
Uesearoh Products, Inc., 
a number of such relative 
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has a method in which the 
Phonograph records of air 
source, so that the ovor- 
In a private conmunicntio 
that over 300 variations 
compared in this way. Fo 
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so that all data may bo r 
(reference 25 1 has mnaaur 
usin^ a rectangular box o 
opening used was about ?\ 
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of different part 
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The differenc 
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of Hollywood, Cal 
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Arbitrary measurement a of this nature nre fraught 
with difficulties in the interpretntion of the results. 
For one thing, the absorption of the panel face is not 
separated from the transrcirsion Ions characteristic of the 
panel.  In addition, if the nise of tho rinel is snail it 
may be much stiffer than the fairly lar^e-size unit typi- 
cal of an actual construction.  For a small-size panel. 
tho way in which the ed^es aro clamped sosiotimes makes 
quite a difference.  Sound-pressure coasurements made 
close to tho panel nay be deceiving because of the stand- 
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ing wave system existing at its face.  If the two h 
of the box in which the measuremente arc made are n 
lated from each other, there nay he r.ore sound tran 
through the box valla than through tho pnnel, espos 
if the former are not heavy.  To establish whether 
oitrary method places different panels in the same 
tive order as the absolute method, several paiirls, 
three or four, whose absolute transmission losses a 
known, should be compared by the relative method, 
will give an insight into the reliability of the re 
so obtained. 

alves 
ot lso- 
smittcd 
lolly 
the ar- 
rola- 
say 
re 
Thic 
suits 

To give the reader sone idea of current practice in 
the soundproofing of aircraft, table X is given.  This ta- 
ble has been taken from a report (reference 3C) on the 
physical proportios (from tho textile technolugi st ' o view- 
point) of the various insulating materials; the report was 
prepared by the engineering section of the Air Corps at 
Wright Field. 

Eata on the transmission lor.s and absorption coeffi- 
cient of the various soundproofing arrangements listed in 
table X have not bsen found in the literature. 

B. Soundproofing Procedures 
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knowledge of 
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average t ran smia- 
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n freauencies, 
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ch tho onergy 
bove the energy 
eduotion, wc use 

Noise reduction = 10 log, „ -ß^ail^ilaa_ 10 transsr.ittanc 

The absorption coefficient was taken at the predominant 
frequency.  Table XI qlveu these data. 
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This predicted reduction agr-'ed with the actual re- 
duction to within 3 decibels.  For purposes of calculating 
the contribution of passengers and chairs, a figure of ?• 
to 4 units of absorption per seated passenger rcay lie used 
(reference 9).  This figure includes the absorption of the 
chair. 

from the calculation above, we nay illustrate the very 
important effect of an opening or highly transmitting sur- 
face, such as an opon window.  As au example, suppose p. 
window is partially open, BO that 1 squnr.i foot in cxpnurd, 
The tranamissivity of in open window in unity, no that the 
total transnittance is increased fron  I = 0.>rr. tcj l.o.^tj. 

r, 0'"* Noise reduction = 10 log10 — —.-,„•= .''5.1 d e c i b c 1 s 

That is, 1 square foot of open surface in 3<30 will cause e 
reduction in officiency of a little more thm 3 decibels. 
If there are small openings in tho cabin, IP'IIJS, ventilat- 
ing system ports, etc., their combined area may be readily 
equivalent to the effect of 1 square foot. 

The influence of a n 
ratio of the size of the 
surface, r.nd on thn trans 
be shown (p. be1., rafercne 
area s, the panel an ar 
the panel is  T,  the noi 
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1 opening is dependent on the 
nin=; to thn total trancr.it ting 
sivity of thr- walls.  It xziy 
H)   that if the opening hafl tin 
3,  and the transnissivity of 
reduction will be decreased "ay 

Thus, if  s/3 = T,  the rr- 

r7 decibels.  Using 3 decibels 
level which is permissible, 
hich has a ?r)-,'z-S-,   40-deeibol 
of the total area of openings 

hould not bo greater than O.ni, 

Davis (rcferrrnc? ,16)   has calculated thn noi so levels 
to bo rx;icctcd within cabins of various airplanoc on the 
basis of thr theory outlined hero.  Usually his calculated 
values agreed with the observed values to within 2 decibels, 
although some results differed by as :nuch as 5 decibels. 

If the noise spectrum of th-.- airplane is knotm, it. is 
possible then to predict the level within th.- airplane. 
However, in th? event of lack of this information, a fre- 
quency analysis should bo taken.  Figure 20 (reference 30) 
shows n  frequency analysis of the German Focko-Wulf air- 
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plane F.V.-200, before and after treat 
and the treated Neubau Ju-52 airplane 
"be  soen th.it the noise predominates at 
oies and that the treatment (on the P 
fective at the hi^h frequencies.  It w 
the noise reduction varies from about 
low frequency end to about 30 decibels 
Furthermore, reference to the loudnoss 
ear (fi?. 2) shows that the loudness- 1 
experiences for these various frequenc 
the noise-level curve *;iven here.  Thi 
high levels of about 100 decibels, the 
equally to all frequencies.  Thus the 
contribute heavily to this loudness. 

mont (curves 1 and 2) 
(curve 3).  It will 
thn lowest froquen- 

W.-200) is more ef- 
ill be noticed that 
15 decibels at the 
at the hii;h end. 
contours of the 

evel which the ear 
ies is very cloro to 
s is because at thene 
ear responds about 

low-Mitehed notes 

Zand (reference 32) describes a method in which the 
bare airplane is first flown; a eerier; of vibration am- 
plitude measurements is taken at various parts of the air- 
plane.  Upon landing, particularly bad panels having con- 
siderable vibratory motion are reinforced with bracing. 
In the particular airplane cited in Zand's paper, this 
treatment resulted in a 3-docibol decrease in level for ar 
expenditure of 4.4 pounds. 

The airplane was divided into 36 stnti 
which noioe-lovel readings were tnken, end 
stations a frequency analysis of the noise 
latter showed that the predominant noise ex 

fundamental frequency of the exhaust  (1^-2. 
2 x 

clos, 1-i-eylindcr engine runnin.; at 2,1^0 r 

the propeller (3_x_£122 x '£   -   70  cycles, t: 

propeller with searing). It was found both 
tion and sound neasuror.ent a that the vibrat 
and noise level were nnxi:jun in the front o 
minimum in the middle region of the cabin, 
the roar. Those three sections were trcate 
soctlon A, the noisiest section, was treate. 
which was ^lucd onto the s'cin and is n very 
tion damper; section 3, of mininum noise le 
ed with a similar but lighter vibration abr 
sufficient to damp li«jht vibrations; and so 
era<so vibration level, was treated with a s 
of lntcrnadiato properties. Tho materials 
with a lar^e percentage of paper pulp in it 
ment produced a reduction of 6 decibels. 

ons, at each of 
at three of tho 
was made. This 
isted at the 

JZIOQ =163 cv- 
60 

.p.n« ) and of 

hrT—blade 

in the vibra- 
ion amplitude 
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and average at 
i'.   differently; 
d with material 
.<ood vibra- 
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orber vrhi oh is 
ction C, of av- 
imilar material 
used were kapok 

This treat- 
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Tor the reduction of noise an intermediate layer of 
kapok was installed.  This layer was installed so as to 
"float" in the air space between the first layer and tho 
Cabin trim.  Tor the position of nexinun noise, throe 
layers of kapok were used, average noise two layers, mini- 
mum noise one layer.  Adjusting the treatment to the in- 
tensity level has several advantages: It nalcos the level 
uniform throughout the cabin, so that there arc no favor- 
ite seats; it involves a saving in vrci^ht as tho weight is 
distributed where it trill do cost good. 

After this 
ured and a frequ 
frequency compon 
In different par 
components were 
absorption, a st 
was used for the 
layer of felt 
give a maximum a 
cies. Thus, for 
55 percent was o 
cent at 2P6 , and 
noise levels »or 
tion with this c 
airplane was qui 

treatment the noise level wan a«~ain r.eaa- 
ency rnalysis made, showing that the hi^h- 
ent had ber>n fairly uniformly attenuated, 
ts of the onbln, however, tho low-frequency 
still troublesone.  To secure low-frequency 
retchod membrane of doped airplane fabric 
cabin trim and wr.s backed by a damping 

The do-;roe of ntrotch may be controlled to 
bsorption coefficient at difforont froquen- 
section A, an absorption coefficient of 

btainod n.t 04 cycles, for section P 70 per- 
for section ö ;•>•"• percent r.t   lL'tf.  The 

o thnn ncas'Jrod .•i-^.inj tho overage rcduc— 
ompleted treatment wrts 2-1 decibels and the 
to comfort.-blo. 
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paper and shows the 
the various treatments, 
fcrence level of 1 
cure; to convert to 
imr-.toly 14 decibels 
noise lovel in the 
ernnce level of  10_lf' 
ov.dncar. level soas'ire- 
;:ons.  In figure !?S 
•it different frequcn- 
roceduro, is indicated. 

Spain, Loya, and Templln (reference ;.'f?) describe a 
method in which a continuous record of the round level at 
various frequencies is obtained.  In this nethod a high- 
speed sound-level recorder in conjunction with a continu- 
ously variable frequency analyzer is urod.  The frequency 
analyzer in arranged no that it passes all the frequencies 
within a 2<">0-cycle band, with tho frequency marked on the 
scale as the center of the band.  A motor drive is arranged 
on the analyzer so that this center point is continuously 
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varied.  The sound level at the various frequencies la re- 
corded on waxed paper by the recorder.  An adjustment is 
provided to change the band width to 2"1 cycles.  When the 
record is taken with the 20-cyele-band width, the various 
harmonic components of the engine explosion, crankshaft, 
and propeller noise show up.  This gives very valuable in- 
formation as to the relative values of different conjoiii'Ktr. 
In different parts of the airplane.  For example, in the 
pilot's compartment of one airplane, the fundamental of the 
propeller plus the second harmonic of the crankshaft iro 
dominant to the extent of being 30 decibels abovo any other 

•frequencies, while in the cabin the importance of these two 
components is very much diminished.  Figure .'-? shows a typ- 
ical record taken in this ray. 

By using a vibration nick-up in conjunction with this 
apparatus, a continuous record of the relative amplitude 
at different frequencies may be obtained.  A frequency anal- 
ysis of the fuselage vibration can then be taken in both 
the pilot's and passengers' compartments so that the effect 
of proximity to propeller or engine noise ray be studied. 
Such a study of noise and vibration will <jive an insight 
Into the relative amount of noise which arisen from struc- 
ture-borne vibration and that which arises from air-borne 
sound. 

Different sections of the fuselage may radiate noun d 
in different amounts no that certain surfaces radinto an 
Inordinate amount of sound.  It is desirable to be able to 
measure the contribution from a given area irrespective of 
the sound produced by an adjacent ::.rea.  To accomplish 
this, Spain, Loya , and "emplin (reference I'ß) provide the 
microphone with a special attachment, an a result of which 
the sound-radiation characteristic of a limited area only 
Is measured.  The result* of such a noise survey showed 
that the ceiling radiated less on the average, the rurfacrs 
below windows were 9 decibels above the ovor^o, etc. 
Hence, the material could be distributed most effectively 
in accordance with these experimental findings. 

To carry the noise analysis to itn lo-iicnl conclusion, 
it is nieesnary to know vhich of thp tiirnn major noise 
sources - the propeller, engine, or aerodynamic disturb- 
ances - contributes the r.ost energy.  The above authors 
indicate a procedure which suffices to separate the total 
noise into these three components.  With the aid of this 
analysis figure 24 was obtained for an airplane with a 
three-blade geared propeller.  It shows that, in this case, 
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N.i.C.A. Technical Note No, 748 51 

the propeller noiso was below both engine noise and aero- 
dynamic noise.  For a direct-driven propeller, tho profi- 
ler noise predominated.  On another airplane with a lower 
tip speed and a stiffer engine mounting, the engine noiso 
was greatest.  The latter type of airplane, when fitted 
with a two-l>lade direct-driven propeller, shored that for 
low r.p.m., the engine noise was loudest, hut for 1,R00 
r.p.m. , tho propeller noise w.s dominant. 

As the principles 
ated in the foregoing 
that increased riding 
decreasing expenditure 
and weight allowance p 
Figure ?5   shows tho re 
proofing work on airpl 
level is approximately 
Bq. cm), the expe.nditu 
1? pounds.  The weight 
?.  percent for smaller 
airplanes.  In the Dou 
of R4.001 pounds, the • 
only ~.$b  percent of t 
79 decibels.  All of t 
that the figure of 79 
about 12 pounds per pa 
which would seem to he 
(reference ?•? )nredi et e 
the Douglas DO—1 at of 
tained is not known to 
F.W.-200 airplane (rof 
soundproofing per pans 
to he ahout B?.   docihnl 
current practice with 
level in the cabin to 
ence 35). 

and experimental knowledge enunci- 
becimo "potter known, it «s natural 
comfort continued to ho secured with 
of weight.  Diminishing noise level 

er Passenger wont hand in hand. 
ult of Zand'r. (reference 3?) sound- 

nnos.  In the Wibault 670 the noiso 
79 decibels (above 10~lc watts per 

re of weight per passenger only "bout 
of soundproofing ranges from about 
nimlnnon to 1 percent for very large 
glas EST (reference '•''.),   an airplano 
weight of treatment was 204 pounds, 
he total weight; the sound level was 
he published literature indicates 
decibels and weight treatment of 
ssonger is very close to a figure 
difficult to better.  Brudorlin 

d a noise level of 77 decibels for 
-percent power; the actual level ob- 
the author.  Tho German Focke-TTulf 

orr-nco 30) used only 7.7 pounds of 
enger but tho sound level would seem 
[-..  As we have stated before, the 
rcoit r anu:"acturors is for tho sound 
ran»;e from 3H to 91 decibels (refor- 

Thc possibility of still further reducing the weight 
lowance would seem to hinge on the potential application allowr       ._   -,_  _    ......    ...^  

of the theory of Meyer which we have already discussed 
in the usual 
bsorbing r.atori- 

d 
ro^nd- 

(p. 4?).  L'pyor'r rosearch indicate 
soundproofing construction in v..ich ro':nc-M nsor Ding r.aio ri- 
al is placed between fusc>ia-;o a:.d cabin trira, it should be 
necessary to distribute tho material at intervals only.  A 
continuous distribution of material would not seom to be 
necessary.  The applicability of this scheme to aircraft 
needs further investigation. 

>-^ ;%• 

if 

Vr •*• 



ee .A.CA. Technical Note No.. 748 

While ire have devoted our chief attention to discuss-* 
in* the attainment of quiet in the cabin, it is evident 
that the pilot's compartment should not be neglected.  The 
air-line pilot rho is subjected to unending noise dnily, 
is bound to suffer fatigue and n loss of efficiency.  la 
commercial transport air-planes the noise level in the pi- 
lot's quarters varios fron 85 to 10c? decibels, rhic- is 
Indicative of the trend toward auiet cockpits. 

The author is indebted to V. L. Chrisler .ind P. ?.. 
Heyl for many valuable ou-^estions and criticisms of t'iis 
paper, and to S. J. Zand, who provided considerable useful 
information. 

Hational 3ureau of Standards, 

Washington, D. C., December 9, 1930. 

T 



9.A.CA. Technical Note No. 748 83 

BIBLIOGRAPHY* 

I. ACOUSTICS 
I 

. .       A. Hearing 

1. Davis, A. H.:  An Objective-Hoise teeter for the Meas- 
urement of Moderate and Loud, Steady and Impulsive 
Noiaes.  Jour. Inst. of Elect. Ens.. §2.. 249 (1938). 

2. Fletcher, Harvey, and Munson, TJ. A.:  Loudness, Its 
Definition, Measurement, and Calculation.  Jour. 
Acoustical Soc. Am., 5, B2 (1933). 

3. .Fletcher, Harvey, and Kunson, W, A.:  Relation between 
Loudness and Masking.  Jour. Acoustic.il Soc. Am., 
9, 1 (1937). 

4. laird and Coye:  Psychological Measurements of Annoy- 
ance as Related to   Pitch and Loudness.  Jour. Acous- 
tical Soc. Am., 1, 15? (19?9). 

5. Meister, F. I.:  Physiological Evaluation of Shock 
Measurement s.  Akustische Zeits., ],, 1 (1337). 
Also see summary in English in Jour. Acoustical Soc. 
Am., 9, 53 (1937). 

D. General 

6. Heyl, Paul R., .and Chrisler, V. L.:  Architectural 
Acoustics.  Cir. Hation.il Bureau of Standards (193R) 
C418. 

7. Meyer, E.:  Die Liehrfachwand als nkuatisch-mechanisehe 
Drosselkette.  Elektrische Nachrichtcn-Tochnik , lg, 
393 (1935); Z. f. Tech. Phys., 16, 555 (1935). 

8. Meyer, E.:  Ufccr das Schallschluckvermögen Schiringun^s- 
fähl^er nicht-poroser Stoffe, Elektrische Nachricht- 
en-Technik, 13 i 95 (.1936) 

9. Sound Absorption Coefficients of the More Common Acous- 
tic Ilatorials.  Letter Cir. Rational 3urcau of Stand- 
ards (193d) LC-539. 

Only those references have teen numbered which are referred 
to in the tort; the others have bern included for the sake 
of completeness. 

*:; 

• .••'•'•:-"'.--'-2&*»-,*KS;: 

'-'.'.JSL* 
IM 



54 N.A.C.A. Technical Note Ho. 748 

II. AIRCRAFT NOISE AIID ITS REDUCTION 

A. Propeller Noise 

10»  Coming, A. F.:  Noise from Propellers with Symmetrical 
Sections at Zero Blade Ariele, I.  T.N. No. 605, 
N.A.C.A., 1937. 

Denin«, A. F.:  Noise from Propellers with Symmetri cr.l 
Sections at Zero Blade An?le, II.''T.N. Ho. 579,. 
N.A.C.A., 1938. 

11. Ernsthnusen, V.t   • Tho Source of Propeller Noise.  ?.;:. 
Ho. 825, ir.A.C.A., 1937. 

12. Ernsthausen, ,TT. :  Investigation on the Noise of Air- 
. craft Projäellerg.  Akustische Zeits. 3, 141 (19 3 P ). 

13. Uutln, L.:  Ubpr das Schallfeld einer Rotierenden 
Luftsehraube.  Pays. Zeits. dor Sowjetunion, 9, 
(1936). 

57 

14. Hilton, W. F.:  The Photography of Airscrew Sound 
TTavos.  Roy. Soc. Proc, 169A, 174 (19RS). 

15. Kemp, C. F. B.:  Intonsity of Low Frequency Sounds 
Closo to a Metal Airscrew.  Ph'.-s. Soc. Proc, -lb, 
7?7 (1933). 

Hunk, ?:. K.:  Silencing of Propellers by Thrui't Relief. 
Aero BiiOnt, 33, no. 67 \l2Za). 

16. Obata, Juichij Yosida, Yahei, and Korita; Sakafi:  Stud- 
ies on the Sovnds Enitted by Revolving Airscrews. 
Aero. Res. Ingt., Tokyo Imperial Univ., Parts I and 
II, 6, nog. 13 rind 14, Reports llos, 79 nnd PO. 

17. Gbata, Juichi; Yosida, Yahei, ar.d Yosida; Umeziro: 
Investigations on the Orijin of the Sound Emitted 
by Revolving Airscrews.  Aero. Ras. Inot., Tokyo 
Imperial Univ., 10, no. 14 (103PJ.  Report Uo. 99. 

18. Obata, Juichi? Yosida, Ynhei, and Yosida; UmezirS:  On 
fin Directional Properties of Airscrew Sound.  Aero. 
Res. Inst., Tokyo Imperial Univ., 11, no. P (1336). 
Report Ho. 134. 

v: 
* •-, 



S.A.O.A.   Technical  Kote  So.   743 155 

19. Ot.ita,   Juichi,   Kawa<'.-.,   Sandi ,   YosiJn.   Yn.hri ,   and   7o:-.idi 
UiaezirS;     Or.  tiin  Bolation   li-trron   thr.   Prrf orminni' 
and  tho  LoudnersE  of  So'-nd   of  a". Alrncrf^r.     A^ro. 
Bes.   Inst.,   Tok^o  Imperial Univ.,   11,   no.   ?•   (10?'";, 
Report   Ho.   141. 

20. Stowell,   E.   Z.,   and  Doraing,   A.   F.:     IToico  fror.  Tv.i- 
Blade  Propellern.      T.H.   No.   S23 ,   li.A.C.A.,   19.1;;. 

3.   Airplane  Quintin*; 

Baasott,   P.  H.,   aüd  2 .i ?i c!,   3.   J. :     "oiso Xftduction  in 
Cabin Airplanes.     A.S..'.:.S.   "rr.r.r,.,   b5 ,   49   (19.1-1). 

Sansett,   P.   R. :     ?ar.npn<jer  Confort   in Air  Tranr.rorta- 
tion.     Jour.   Arro,   3ci.,   Pot.   19.1C. 

21. Bruderlin,   H.   H.:     Development a  in  Aircraft   Sound  Con- 
trol.     Jour.  AcoTifltiR.-d   Soc.   of Am.,   .«,   lol   (l.'iv). 

22. Bruderlin,   H.   H.:     "Li'co  n  Xitten"   in  Sound-Proofod 
Sloeporn.     Avi-iti-n,   .15,   •''.'  V.-\r.    (1217). 

23. Cnpon,   H.   S.:     Tho  Seduction   of Aircraft  "oianr.     En- 
s-iscfriii?,   1.16,   475   and  f. "J.I   (l?.i.i;. 

24.     Chrisler,   V.   L. ,   a-d   Sn;-dcr,  ff.  ?.:     Soundproofing  of 
Airplane   Cabins.      Jour.   Hen.   j.-itlon.il   Suroau of 
St-indnrdn,   2,    -j7   ClS'V'O. 

Davis,   A.   H. :     The   Causo   of  "t>is^   in  A'rcraft.     Air- 
Craft   En?ir..-.prin<   2,   ,'.'7.1   (I'.'.''3). 

25.      Davis,  A. i:oisc.   Soy.   Aero.   one.   15,   Ö7Ö   (13.11 ). 

Davis,  A.   H.;     IToisr.     Arroolnnc,   -i 0,   7PS   (19.11); 
Plight  i'j, .191   (l?1l);   He e.h.   Sivj. ,   5?,   750   (19.11). 

Davis,  A.   E. :     Silencing Aircraft.      3n.';in>.'or,   JJjjj,   11a 
(19.1.1). 

26.     Davis,  A.   H. :     Silencing   of Aeroplanes.     Aircraft  Engi- 
neering,   5,   290   (19"1). 

Davis.   A.   E. :     Sllcnciui; Air  Lin.?r  Cabins.     Airwayn  .?.nd 
Airportr, ,   10,   ?6b   (1J1?). 

Donton,   J.:     Lnlutto   contro  lc   bruit   dann   leo  avions. 
L'Aelron.-iutiquc,   16,   &  Jan.   (1314). 

Drj'den,   E.   1,. :     Silencing   tho  Airplane.     Experiments 
and  invcsti<vat ionr,   b;.-  aoros-iutien   branch  of  the 
Dept.   of   Qoir-aorcc.     A.S.;.: .2.   Trans. ,   2,   107-111 
July-Sept.   (I91'i). 



56 N.A.CA. Technical Note !Jo..748 

Dryden, H. L. :  Quieting the Alruline Cabin.  Commer- 
cial Standards Monthly, 7, 7!i"(l&30). 

Geisse, J. H. :  The Roads to Noiseless-, Flight, 
em Flying, 8,   42 Nov. (1930). 

TTcr 

27. folding, P.:  Heating and Ventilating Airplanes with- 
out Hoise.  Heating and Ventilating, 20, 37 (19.''3). 

Gutsehe, F.:  Der Flugzeu^lacrm und seine Sekaenvfung. 
Z.V.D.I. , 78, P2f> (1934). 

Metral, A.:  Un aspect pnrticulinr dp In -lut.to contre 
la bruit. Xi 'insonori cation des avions, ü^nie Civil, 
103..   79 and 07 (1936). 

Miller, a. A.:  Olazin? Problems in Aircraft Cnblns. 
Aero Digest, £9, 22, Sept. (1236). 

Nutt, A. E. V. i     Aircraft IToise - Its Measurement nnd 
Suppression.  Soy. Air Force QvT>-torly, 4, 35 (193.3). 

Saynrs, W. H. : Tkai.ro,  Elimination.  Arro^lano, 3P , 533 
(1933). 

28. Spain, C. J., Lo.ro, 2. ?,, and Tempi in, E. ÜT. :  Reduc- 
tion of Ain-.lnne Hoi no and Vibration.  A.S.LI.E. 
IMS. , Bf, 423 I'lKKS). 

29. Teichmann, F. K.:  User of Frit in Aircraft Construc- 
tion.  Aero ri^RBt, 24, 35, Feb. (1334). 

Tucker, if. S.:  The Problem of Hoi BO in Civil Aircraft 
and the Ponsibilities at   Itr, Elimination.  Hoy. 
Aero. Soc. Jour., 3a, IBS (l^L'S); T.K. HOB. 473, 
Parts I and II. U.A.CA., 1DPS. 

Vertiochio, 2.:  II rumore nei velivoli. 
nautica. 11, :.!4.'' (1935). 

Hivista Aero- 

30.     ffehner,   H.,   and ffillrcs,   17.:     Die   Erfolge   der  Entlarm- 
nns   in  FlugseutsicnMnen.     Luf twi i son ,   5,   121   (193.") 

Zand,   S.   J.:     A  Study  of   Instrument   ":oard  Vibrations. 
S.A.E.   Jour.,   p.   SS3,   Oct.    (1331). 

Zand,   S.   J.:     The  Decibel.     Aviation Engineering,   8, 
13  Feb.    (1933). 



1 
H.A.CA. Technical Bote l?o. 748 57 

31. 

32. 

33. 

34. 

35. 

Zand, S. J.:  ftuiet within tho Airplane.  Aviation, 
32, 135 (1333). 

Zand, S. J.:  Douglas - The Silont Transport.  Tent- 
ern Flying, 13, 52 (133T). 

Zand, S. J.:  Acoustics and the Airplene.  A.S.Y.S. 
Trans., Fet>. 1934, p. 43. 

Zand, S. J.:  Deducting Decibels.  Aeroplane, 42, öBO 
(19?5). 

Zand, S. J.:  Comfort in Air Travel.  Ho". Aero. Ron., 
40, 524 (1336). 

Zand, S. J. , and Forot, CT.: Etude du comfort * t>o r<i 
den avion3 de transport et application pratique i 
un a^pareil. L'Aoronauti quo , If, S3 (1'.0 3 5 ) . 

Reduction of Airplane lfoi<".e.  U.S. Dopt, of Connrrcc, 
Aero. 3ul. no. .r)P, Oct. 1330. 

Reports of Tests on Seduction of Airpinne ^Toise by "ro 
of Mufflers,  U.S. D^t. of Co;r:-;erce , Air Commerce 
Bui., 4, no. i;.', rpc. i:<:!?. 

Silence Within.  Flight, 23, 348 (1375). 

Silencers.  Flight, 111,   lrJ°l (l.?:»3). 

Sound and Heat Innul.i tin«; I.iatcri;il3.  Sn^. Sec. ICemo. 
report KS6-3167, C. S. Air Corps, T7ri.;ht Fiold. 

The Sounds of Airnlineo.  Aircraft 3n=;ineerins, 2, 17 
(1330). 

Stinson Reliant for 1337.  Aero Digest, 30, 60, Fob. 
1337. 

36. 

37. 

38. 

Envia, A. H.: 
Ltd., 1334. 

III. BOOKS 

Modern Acoustics.  a. Bell and Sons, 

Knudsen, V. 0.:  Architectural Acoustics.  John ffiloy 
and Sons, Inc., 193;-1. 

Schoch, A.:  Die Physikalischen und technischen Orunc- 
la^en dor Schall daanun--; in ?ou«rosen.  S. Hirzel, 
Leipzig, 13-7. 

Stevens, S. 3., and r.ivis, H. :  Hearing.  John tfiley 
end Sons, Inc., 1338, 

*'4>-  • 

'•••••i1'4".^^® 



S.A. CA.   Technio.il  Note No.   748 58 

i ö 
h OH 
t> i-4   <U 

Ö <B   ft» 
O B i-l 

a 
•a 
<u 

*1 
2- 

u  <g   OJ MH n 0 n, u 

"a 

r-l 

O iO 
Iß .0 

o 

m o «< 

O     O IO IQ 

a •rl b 43 üb lH +> h •* 
m IH 01 L. 11 ^ 

01 
(3 » O 01 

c Sf o 01 :f o 

ap BP <o  ^   f,i, ca   cl   ttij to  a 
IDQCiDQCIniij 

LQ a» 

O   L»>   O Ui 

ü   Ü   p iH ^ 
n H tu 

>.- i^ ;i 'i p 
i«   13   0)  M- t) 

rH  ,H      •     • »—I 
•H «H >- trt n 
ai   a\    -   • 
trJ iri *', ; .• 

•"*   [-J   U>   :fi 
e*j t*j i-t t» 
Ül Ol Ü)  O) 

8> 

BSP TJ   41   h   (ö 

UfflüllJdlHcDr« 
cd 
-i 
t   ü 

rH 
-*-•• I«t)   ^ 
Ö t!   ü 
&U •H  +i 

(4 a> 
O rH 

O fr* 
KI n 

O    0)    B} 
C»*rH 

a   o 

n « ft o ^ 
Pi 

• a< o    * tn 
01  s> Ä    • Of 

rH a +* >    • 
'1     1 <M c o 
n >- O i-H 

.0  UJ u r3 
t, •H 
o «  o rH   C0 

a» +-» 0i   CJ 
«    V > 
O  PH <l*   O. 

o 
a> ß    VI :» *> U      4~i 

t. («    »4 
!•> o a-  o 1   o 
t.   <H > ^ 01 •* 
tu  H PJ   «M 
r> o o  a» fc 

o o - Ct 
ä* • rH 

i O  4J +* 
m +» -r-t <M    ^ w K •H 

fi> U' 
• •H    '1* cl 

iH      • 
M o> «n a t3 «1 
(H  rH «   -H n +» 
t: a n   ca 

•»-»  a O    t.'J ff  rt 
n +* p. o ^ 
ll tv, H    P* O   -1- 

o .r4 *" f 
>l!M iü 
t>     t! p. o 
(U   o a u p u 

* a 
i   r« 

i_;^'v"i 

•?•-•'•:• -••• .'*.r:ii v. ~i>-Vt *tf* 

••  ' ••. A  ''..?s-*'« 

*     -'. 



I.A.CA.   TMOAloml  lot« lo.   748 

»4    u 

3 3 

j  > 

3. 

* 
n >* 
ti. 

,1 

3d. 
8 •  II" 
II.!". 
3 •   öS 
M-B. ff 

? 3s 
» -p 

•       O MB 
O     OB 

44   I       4D0444  I 

.r. 
ih OH   N 
3    oo   o 

s. •'•iH 

C9w4 

s-.» .- 
I • 9 J •"• 

lilll 

on      • " 9 
SB^lBBeGBS^BBBBSS   SP° 

3  S 

i ma. 
•'Ö'P 

588 

ISS 

"•»s X 0 a> 
OHH 
M m • 
•laa 

!S3Sg Pi-if» -•-00 

If 

ist 
Et» 

s« KB* 

HS 
I  I  I  I  I  I I  I 

Uli 
, 0M 0 0 0 

. £     ^ P: ä. 
f-BSS 

«•^OSIM 

l   l   l   l   l   I   l   l, 

^B-mr-ramcoair-ai^r-aBu 

'üroS r- >,. i»S m»> n.mt>a» i-J* + n-n flSV 3{ r-1> n> ni o» ai cn «n u> t-at aa »-c- 

H-#r-g> HDuiwiDHiOfflinn-r«] 
4 

QnnniOOHOlf (OQü^H * 4^ CT, iH ri (j> w <g t-i ri rii in r<i .*> ••!» rq in r- ao *• 
rt«n»n-ftaaiw<o«Mr-nraro«in*r«fljÄnMp)r)inrH«i«iJiijiii) 

«-t* bna|OQOQ^ONdNcgngQa)Oi-)n(i.H«in!ogaONii)Na 
HrtN(VnHI&HnOr-lNHHHH«iI.OHlOnHHHri«3SHCI.HtlN 

-tH7S.8äh-#n«!oiDOrfriHC«!no f HHfRlSnn4HNi88  I    IH 

f~iHiHi-i_ i« •«-<# n ra <# —.(•.•# *-*.mcg 
I HHrtNOIHWVHN.rtM^v.V'sXlqHN.'^VVV.'s.HlHV'NHH^V, 
t.        J i-l       •-« n*IO<fl0B HHrtHHlQ I  .-.« IHH 

i. ^< 
. 3S33 

#4   is a 

• 3—'am 
-     «M d  0 0  0  EON       4-1   14*  « 
4*    3 HNNN  M  0  0rJ 0 mt- 
o rt a •*» is g » 
AH H p« >• P-..O Moodoc 
rf    » OhhhH^HdO»|i 

-H- + 

ü4»ä. 

III 
—      .:min..   o 

O O M 
MM •>   •   -   • 0 

III    •      -      •** 

hh 

SS., 
i i EL 

UN  Q 
"•»"VM 

SS   . | 
-tea's     ? 
3 KH ld >» 
T0 *J 11 »••• 
•        U d-4 

«H M     «w « 
*J (1 *•     ,-. *• 
»• o »   - •rt tt 

O 0 •» * 0 • S 

-eil-    S3 
.;  .?s     £ . 
"•SS 
0*4   0   0   0 
_       -H PH* assss 
Ifsl 

2 5 

;• 
r^  F. 
^ v. 

33 
** •» n a ö >d 

M*l*i 0 • tkO 
•H MV4  El a««;! 

Slfla! S.!, 
_ 3 g 0 

t» 0 a    0 >. 

238VÜ. 9" 
M a 0 • ««I 

JDj •        OM4> ».<4 
Ul-t   0.4IM   d ». 

tu [Hg s5 
*4 *»   t*  0-H   0 T] • 

0  l>r-t  3 (g 
0 O  0 0  0  H HO 

ass 
s5I 

2- 
'1 O    - -r. C 
«•«<  • al • i  v 

11 UHU 
0 0 H        O •• 
0IH a Bw 
3 0 O  B       K 

•H Ü O 4* O        «-.    • 

• •  " >•      0 o 

eis-is  .- 
h»3d82   Stü 

M.S"' 
S14-4DL 

:•• J   * 9 ?• 

«ill 
a«H IM   *J *4 

S3 -SS?   Sigi" 
a 0 <ö      o MM 

• -H   d   >H>M IK«  M   O 

iSS1.5   -IS"«. 
•äISJM   .aassi 
»»     era «J o      h 0  
« H4 oia« 0     *> 
• '«4>       4» OBS O U I 

Ti3ga.'iS   CUaSt!!!^ 

"ails? ag IS-" 
noi O 0 <n 

Tt * a 

MQ     "»d«3 
4*4.   0 
-HOC 

O  0r- 
. 9 I 

H 0    - tt •> tf    • 
?•B^Sb* 
^^:." 
0 0OÜ3U        rji< h^h'ti 

.assail!   ~g«s 

'> 



1 
am 

H.A.CA.   Technical   Koto   Ho.   748 60 

TABLS   7 

Thermal   Conductivity   of   Li=;ht-17oi^ht  Acoustical  Up.terinlr 

Name Density 

(lb./cu.ft.) 

k 
V.ean 
tenper- 
ature 

Authority 

Balsam Wool 2.2 0.27 SO aoS 

Caoot's Quilt f9mt .25 
• 2t5 

SO": 
SO/ 

IlaS 

Cellufoanr. 1.73 10S HBS 

Dry Zero ßlrnket 1.9 .23 - J. C. Feeoles 

Firtex I1.4 J.26 to 0.31 - V. 0. Knudcrn 

GIBBB Wool 1.7B •a «i f-1 SeS 

Glass Wool 1.50 .27 75 J. C. Peebles 

Insulite 12.0 .30 - V. 0. Kitfidsen 

"K" felt L\3 .21 - J. C. Peebles 

Kapok oetwepn 
ourlsp 1.0 .2-, - IIüS 

Kwilko 1.0 .2* - J. C. Ffpoles 

Seapak 5.1 .2(-: J. C. P» i'bles 

Stonefelt 2.7-3.0 .25 eo Johna-Kanville 

Tropal 3.0 .23 national Phyaical 
Laocratory 

r. 
•>  ;. 
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TA5L2 VI 

Single  Panels  of  Homogeneous  Mater ials 

Thick- Weight Transmission loss  in decibels 
Material ness 

(in.) 
(ID./ 

cq. ft.) 

at frequency cands  of - 
Av erage 

lfcO-220 «00-170 1000-1120 
—----- 

1    'rapping paper 0.006 0.017 1.6 l.F 1.6 
2 Aluminun. 
3 Airplane fabric1 

4 Balsa wood g 

.006 .075 5.5 6.6 f.3 .'.e 
.10 5.3 6.7 11.2 7.7 

.25 .16 10.& 10.5 12.0 11.3 
5 Balsam wool 
6 Mlcarta 

.50 .20 7.4 6.5 9.5 r-.e 

.0^7 .23 12.4 12. e 16.7 13.6 
7 Alclad       _ 
8 Balsa wood 

.30 S.Ö 15.8 16.5 14.1 
.50 .30 11.5 14.5 14.3 13.4 

9    Dura luni num. .020 ..2^ l-:..; 1-.4 l-.-.l l'\4 
10    Balsam wool" 1.00 .33 &.F 11.2 1 6 • 4 12. r 
11   Aluminum .025 ... CJ 16.1 17. i 20..'. 17.9 
12    Insulite .25 .36 20.9 16.3 20.3 19.2 
13    Insulite .31 .43 14. F 16.7 22.0 17. P 
14   Plywood .125 .52 17.£ 18.7 21.6 19.3 
IS    Celotex .44 .«35 17.1 20.3 24.0 20.5 
16    Plywood .25 .73 le.c 20. G 24.5 21.2 
17    Insulite .5C .75 21.4 23.3 2:"..C 23.2 
18   Galvanized Iran .03 1.2 24.5 25.7 26.6 25.5 
19    Douole strength 

glase .13 1.6 24.7 27.0 32.0 27.9 
20    Diiplate glasB* .054 l.F 25.3 28.6 30. e 2E.6 
21    Plate glass .25 3.TÜ 2f.7 32.0 3t.2 31.6 

looped five times. 

For these material 
1000-1093 cycl 

3paper each side. 

varnished twice, 

s the frequency 
per second. 

bands were 150-180, 400-4*0, and 

Vf  -. 
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TABLE XI 

Areas and Coefficient of Absorption of the Dou?l?.s DC3-T 

Component surface Area 
(sq.ft.) 

A at predominant 
frequency 

Absorption = 
* c x area 

Ceiling 240 0.82 1?7.0 

Front bulkhead 4C .67 .'', 3 m '• 

Side wr.lls 260 .70 205.0 

Hear wall 3 65 .87 M.B 

Hue; 20 .28 8.4 

12 passengers nt 
3 sabines* •" 6 . 0 

IP chairs at P.8 
Sabines 3 3.6 

Parcels - trim, 
curtains 15.0 

101a.. absorption 590 jab)ne- 

The product a,   x area  !;ivos the number of units of ab- 
sorption or the number of sablnes. 

Are.Ts and Transni ssi vlties of the Douglas DO-1 

Component surface 
Area 
(sq.ft. ) 

T Transni tt.incc = 
T x area 

Cibin, including 
floor 

12 windorr, and 
2,','b   sq. ft. 

Doors - very £ood 
clo sure 

B05.0 

27.5 

24.0 

0.00067: 

.009 75 

. 0 "!024 

0.5454 

.2400 

.0406 

Total transnittance = T = l.?ZbO 

.835 
Koise reduction in decibels = 10 lo?,. - = 10 log10--—- 1 o m lu  P^fi 

!8.5 decibels, 
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Figure 1.- Decibel scale of Bound intensities. 
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Figure 88.- Progress of nolss reduction at various stages of 
the treatment. Approximately 14 AD should bs addsd 

to aolss level» to convert to usual reference level. 
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Figure .- frequency analysis of noise in the pilot's 
compartment of an airplane with direct 

driven propeller. 

".> 



M: 

H.A.CA.  Technical Note No,  746 9U-.   24 

1«U0 
Knpine r. 

lotal noise 
Engine :i jisc I 

180U 

-Aerjiyaamic :ijist 
- -rufJUr noise 

Cruisiug conlitlons,altltu-le- C0C0 fett. 

Figure 24.- Relatl m of tht vori >us cun.pcmi.flt6 
to  the  t'ital  üjise  in tno c;j;i'i   ,? 

a:i -irplitiit wit;, a threu  Llait- «.-c-arui propeller. 

' I 
• T        l 





TITLE: Principles, Practice, and Progress of Noise Redaction In Airplanes 
ATI-  7378 
w•oa   (Non.) 

XUTHOR(S):   London, Albert 
ORIGINATING AGENCY: National Advisory Committee far Aeronautics, Washington, D. C. 

Oa». AOWCT MO. 

TN-M8 
PU8USHED BY:   (Same) pususKuea Amter tsa 

Ma 
Jan '40 

ooc cuus 
Unclass, 

cogNTOT 
U.S. 

UMOUAOI 
Ens. 

M08 
80 tables, graphs, drugs 

A8STRACT: 

Basic concepts are described of the characteristics of sound waves.  Frequency of 
the sound wave depends on the frequency of the source which generates the wave. 
Observations were made to determine the effect of different sources of noise In 
aircraft. Soundproofing methods and systems were designed to minimize the In-, 
tensity of noise.  Sound absorbing qualities of a number of materials were examined. 
Methods of calculating the noise reduction are outlined. 
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