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NOTICE :
i Change of Page Numbering

In abridging this report, originally issued March 31, 1941,
it has been necessary te¢ change thelpage numbering. Refer.
ences given in the June 30, 1941, report referring back to the

March 31 report should he translated as follows:

!

5 Page Numbers in Equivalent Page

! Preliminary Report Numbers, Abridged
| : March 31, 1941 Edition

! 37 to 43 . . o . 1 to 9

1]

154 to 142 . . . o . 167 to 171

160 to 167 . .. . . 201 to 215

127 to 133 . o . . ° 103 to 107 in
i June 30 report

108 o . . . . . 129

18 to 25 . : .

. . 216 to 239
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ABSTRACT

This 1s a progress report. The following subjeckts are

?
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L. GCalculabion of Sound Levels.
2; Acoustical ‘Properties of Materials,

3¢ Panel Transmission .
%z Window Trensmission .

5. Vibration Insulstion of Pllots?! Seats.

Thie present report presents the results obtained up to
Aprll 1st in the hope that these will ve useful to the Services
in the interdm preceding issuance of our final report.

On the basis of the work so far we can make the following
general statements and recommendations:

. In only one plane measured, the PEM~-1; ‘was the sound lavel
[ less than 110 decibels (see pages 71 to 75), Sound level mea~

: surements should be moade with.a sound level meter possessging a
, flat response and calibrated to closer bolerances than those

: provided for in the A. S. A. Standards. It is suggested that
that a central calibrating station be designeted which will
bring the instuments of all companies and testing laboratories

into agrecment.

Large reductions in sound level and structural vibration
might be achieved by using 3 bo 2 gearing and preoperly indsy-
ing the propeller with respect Ho the wotor shalt such that
the second order motor vibration cancels ocut a portion of the
propeller fundamental. All openings from the pillek'!'s compart-
ment Lo the outside, or to the bomb bay, through which cables

as3. should be sealed with felt wazhers or with rubber bellows.
7

1d e by vonitllator ducts;, lined with
ia

Ventilation sho
& L

sound absorbing nat

i Of the possibilities inveatigabed thus far the siructure
' baest sulted for the acoustical treainent of ailrplanes appears
to be one or more layers of porous material apaced as far as
practicable Iyom tlwe fusslage s3kin., AL L10 cyclss for one
parbicuiar matoriul about twice as much abscrytion can be oh-~
tained with 273 as much weight of material mérely by changing
the material spacing (sec pages 125 and 126}). The natcorial
should be mounted in as large _panels as practlcable and
the edges should he sealsd to prevent eaay leakage of air,
The matorial should be be two or three inches thick £ér best
2 absorpbion at the higher frequencies. (Sce page 125},
o Furthier sound reduciion in the pilote! compartment over that
now observed can be obtained by spacing the sound abscrbing
materisl four to six inchos out from the aluminum skin, or

“u
T
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- inersasing the weight of the material {or both),. Acoustical -
maberials near the propeller tips should be somewhat heavier .
fhen in other locations.

Measurements show that untreated Ffuselage panels attenumate
sound very 1ittls, Each small pancl lying between longerons
and bulkhead stiffencrs has its own resonance frequency. A
thin shect of mica cemented to each pancl will damp these vi-
brations, but does little good if the longerons and the panel
vibrate ag o whole, (See page 166.) Preliminary rcsults
ghiny, that below 500 cyeles lightweight acoustical materials
eontribute almost nothing fo the attenustlion of transmitied

mound, bub do absorb sound’if spaccd far enough from the
uuL r skin. (Soe page 195,) =

Measurcments have beon performed on windews of various .

‘ thickmesses and sizes made from a number of common materials.
These results show that it seems worthwhile to increase the
thickness of those windows which are ncar the propeller tips, '
even at the oxpcnse of added weight {page 243). Double win-
dows are inferior acoustically at the lower frequencies to

single windows of the same weight (page 239). A small weight
dissipatively coupled to the conter of a window pane will de-
crcase the tronsmissidn through it by a.significant amount,

(Sec pages243 and 244.)

Vibraticn insulation of chairs must be done with care
since the amplitudes ot some fregquencies may be incresased
when clastic mounts are’added unless the mounts aro properly
positioned and oriented,
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INTRODUGCTION

An important objective of this project has been to devise
ways of considering acoustic propert¢es of aircraft structures
analytically in order that their perfo mance may be determined
from a few simple measureuentQ, such as weight, stiffness; re-
sistance to air flow, depth of air cevities between the outer-
skin and the materials, etce Graphs from which one can calcu~
late the attenuation of windows of various sizes, and the at-
tenuation of sections of fuselage have been partially compiléd.
Similarly, graphs for calculation of the sound absorption of
materials are included. Still to be developed are simple charts
for calculating the proper elastic mounts for pilots! seats
and charts from which the sound levels in an alrplane can be
calculated for a given design.

CALCULATION OF SOUND LEVELS =~~ SOUND SURVEYS IN ILARGE AIRCRAFT

Sound surveys have been made in five different planes; an
American Airlines Douglas DC~3B, U. S. Army Douglas B~18A and
Boeing B«17C, and U. 8. Navy Consolidated XPBY-5A and a Martin
PBM"‘ l L]

The purpose of these surveys was to obtain data regarding
the character of the sound spcctrum of an airplane, and to
determine” the principal scurces of the noise in all parts of
the planc. These data would then scrve as a pguide for our ex-
periments on sound control, and as a check on the accuracy of
calculation of sound lcvels from the design of a plane,

The equipment used (Fige. 1, page 3) included a combination
sound lcvel meter and a .continuously variable sound analyzer,
together with its associated dynamic microphone, the analyzer
having .twe band pass filters; one 5 cycles wide and the other
200 cycles wide; a high spnccd level recorder operating with a
50 db. volume rangec; and, in the later tests, 2 band pass fil-
ter set. The overall acoustical callibraticn of the microphone
and sound level metcr, using the flat notwork, is shown on
page 5., All measurcmonts were made using the flat nctwork,
and the sound levels_in decibels are based on the A. S. A. re-
ference lovel of 10716 watts per squarc ccentimecter. 'The
analyscer frequency scalce is divided into two parts; 10 o 1000
cps and 1000 to 10,000 ¢cps. A synchronous motor is uscd in’
sweoping the frcoquency range, ané & marker aubtomatically rc-
cords cvery 100 cps diwvision point on the wax paper of the high
spced level rccorder. The 5 cycle band width was uscd from
10 to 1000 cps, and thc 200 cyclc band width was used from 1000
to 10,000 cps. The fjltcr sct has a single control gang
sw1tch which permits o rapid shift from onc octave £0 thc next.
Samplc data using both tho analyzer and filter set are showm




on page 7. The overall sound level 18 recorded at the begine
ning ol each test, In compubing the octave levels from the
filtey s=t data, necessary correction for the insertion loss
of e#th section is made, These insertion losses are shown in

-~Tabl# TII, below. All data graphed in this report have been

coriiaetied,
TABLE III ‘
Insertion Toss of Filter Set
Qctave Range Insertion Loss
Overall T . add 5 db.
Below 50 c.paSs —-add 10
50 to 100 add 10
75 to 150 add 9
100 to 200 add "9
150 to 300 add 9
200 to 400 add 9
300 to 600 add 8
400 to 800 add 8
600 to 1200 add 8
800 to 1600 add 8
1200 to 2400 add 8
1600 to 3200 add 8
2400 to 4800 add 8
above 4800 add 8

The tests were made with the analyzing and recording -
equipment mounted in one part of the plane. In all cases
the apparatus was shock mounted to reduce the disturbing éf-
fects of vibration., There is no indication on the records
of any such disturbances, The microphone was connected
using various sections of cable, depénding upon the size of
the plane, and wherever bulkhead doors were closed, short,
flat " jumpers" permitted comnection under the bottom of such
doors. Vibration measurements were made using a damped 4dy-
namic vibration pickup associated with the apparatus already
described.,

All spectra have been plotted in terms of sound energy’
per octave. In the surveys made with the filter set, these
data were obtained directly simply by adding the insertion
loss of the filter as a correction, Where only harmonic
analyses were obtained, correction factors depending upon
the band width of the analyzér, the type of spectrum and the
octave involved,were applied. The overall level obtained
at each stetion is plotted on the left hand side of the page
and 15 indicated by a dash with the associated station num-
ber, Along the boitam of the page, the frequencies of the
various harmonics of propeller, engine and exhaust are in-
dicated by dots. ’

»
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Fig. 1.

Filter set,

sound frequency analyzer, and

automatic recorder.
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The goneral charactor of tho apectra of the sirplanes
tested discloses that most of the energy lies in the frequen-
cies below 1000 cycles per sccond, reaching a maximum at ap-
proximately 100 cycles poer sccomd, This is @éspecially true of
specetra taken at s$tations near the plane of the propellers,
whils those teken at stations in tho rear of the plane remote
from the propcllers show that tho higher frequoncy compononts
become significant, there being no asocustical trcatment to
absorb thom,

A romark shéould be made acbouk the rate of docrcase of
sound level at tiiec high froquencies., Data taken in a B-18A
and o XPBY~5A indicédte that the rate of docrcase is slightly
greater in the B-18. In fact, the PBY has the smallést rate
of decroasc of all four, aond this wus the only plane not
treatcd with acoustical materisl, The conclusion must be that
the higher freguencics arc being attenuated or absorbod in the
trcated cabins, A comparison of the PBY and the PBM shows
this differcnce to be from 5 to 8 db. for frcquencics above
approximately 200 cycles. While & to 8 db., roduchtion may not
scem an encrmous amount; the inercasc in comfort and greater
cese of conversation in the trcated plane Is sirikingly ap-
pareni, to the observery -

To iliustrabe the Increase in high frequencies in the rear
of the plane, comparc stations I (pilot), page 75, and 17 (rcar),
page 87 for the PBM=-l. At station 1, the level begims %o
drop after approximatcly 150 c¢ycles, whereas at station 17, the
spectrum is esscntially uwniform to 700 cycles., At 100 cycles
the lcvel is about 6 db, higher at station 1 than at station
17, while at 1000 cycles it is 10 db, lower. Such a diffcr-
éntial mckes the character of the sound at the two stations
entirely different. .

The various factors that contribute to the spectrum aro
propeller noise, enginc noisc, exnaust noisc, and aerodynamic
noise, In the forward part of the planc; the propcller and
enginc noisc are most disturbing, because their frequency com-
poncnts are low and quitc intense., In the rear of tho planc
the aerodynamic and cxhaust noiscs arc more cvidcent, as thoy
are not completely masked by the lower frequency noisc of the
engine and propcller,

With so many sources of noisc, it is incvitable that under
certain conditions beats will occur. Possibly the most obvious
beats that occur in multiple motor planes are thosc duc to the
motors being out of synchronism., If it werc posszible to ac~
curatcly control this synchronism, significant rcduction in
vibration and acoustic levels could bec rcalized, if the pro-
pellers werc properly phascd, Beats can also cccur between,
say; the second hormonic componcnt of the enginc and the
fundamental componcnt of the propellcr. Using o thrce blade
propeller and o 11 to 16 gear ratio, thc fundamental of the

e
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propellier is st Two c¢ycles higher than ths second harmonic .

<
of the engine. This beat will always -be present under all
conditions of flight, &nd in addition %o producing a fluce
tuating sound level, causes unnecessary vibration of the fuse-
lege. A more favorable gear ratio should be chosen, say 3
to 2. i

c..:.

|

In Report Ho, 2474 of the Douglas Aircraft Company, the
effect of the 3 to 2 gearing on sound and vibration in a DC-3
airplane is discussed, Excerpts from this report follow:

Purpose of Report.

To measure the effect of 3 to 2 geaxlng on the
sound and vibration in a DC-3 airplane as compared
with the standard 11 to 16 ratioc and the dynamic
suspension mount,. ’ .

o Y N W A PN e G I SO I M el o L ST N

Results and Discussion, .

It will be noted that the average wibration velo-
city 1s 9 db. less than that for the 11 to 16 gear
ratio and 7 db, less than when equipped with the d¥y-
namic suspernsions A comparisci: of the sound level
tests shows a 4.4 db. improvement over the 11 to 16
f gear ratlo and a 338 dbi improvement over the ‘dyna~
P mic suspension installation. This improvement may
, be considered even better than shown by these figures
P when it 1s stated that no beat exists in the sound
i or vibration.. On an sirplane equipped with the stan-

dard 11 to 16 gonVing, the beats cause a plus and .
ninus 5 db, change in level, . . i

y The beat 1s the result of a difference in the

! frequenciess of the sound and.vibration caused by the

I passage of the propeller blades past the Tuselage ;

- end the vibration and resulting sound 'of the second

order of engine unbealance. With the 11 to 16 ratio i
this difference is approximately 2 cycles per ;

' second. With 3 to 2 gearing both of these sources '

have the same frequency s8¢ ne beat can occur. Iow-

i ever, duec to the fact that there are still two se-

i parate sources emitting.sound and vibration of the

same frequency, there may be an addition o® can-

cellation depending upon the phase angle between

! the two sources, It is believed that the large .

i reduction in sound and vibration levels is duve to

this e¢ffect. Through some chance the propellers

| on the planc tested wore indexed with rcespect to_ the

: © crankshaft in such a monner that the phase angles
of the sound and vibration from these two sources
were 180° apart and cancellhtion resulteds

L
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Conclusion.

and vibration-in ths cab The rsactions of all
the observers on board during the test checked the
measwred results. The improvement was sSo- Ol}'ﬂS tanding
that it is believed that a detailed study.of the in-
stallation should be made, This study should include
tests showing the effect of indexing of the prepeller
and the effect of the englne mount characteristics

on the sound and vibration in a plane equlpped with
the 3 to 2 gearing.

These tests she\ a large decrease in the sound
Py P PO
Liie

This seems -tc be a definite method of rcducin~ the sound
level and the structural vibration level without adding wecight.

We have had no chance to experiment with a procedurc that
could be folldwed in indexing a propcller, but it seems rea-
gonable that it could be done at the airplane factory. A
sound lovel meter could be placed, say, at the pilot!s posi-
tion, and the propeller adjusted on tho motor shaft to such
a position as to producc nminirmm sound level. The removal of
the 2 cyclec beat that occurs when & 11 to 16 gear ratio is
uscd would be of considerablc advantage from the psychological
point of view and the elimination of dctrimental vibration in
the fuselage ax well as the reduction of the sound level.

Our measurerncnts and thosc of the Douglas and Bocing Alr-
craft Companies indicate that the propeller noise can be re-
duced by increasing thé minimum scparction of the propeller
tips from the fusclage This, of course, is a des1gn problem
for the aircraft on~1noers. Howecver, it prescnts suchh acou-
stical and V1bratlonal advanteges over the closc scparation
in prescnt usc that thc rccommendation of incrcascd separation
mist be made and should be given definitc considcration.

o~ ot—— a2 oty

Several analyses were takon to comparce transmission of
sound through windows with transmission through the skin, All
such comparisons indicate that the windows have much lcss
attcecnuation, especcially where they are thin and large. The
highest sound level (131 db,) obtained in thesc surveys was in
the XPBY-5A, the microphone being held two inches away from a
thin plexiglas window ond directly in the plane of the propel-
ler. The pilot unfortunatcly, sits with his head only about
10 inches in front of this perticular window.

A great amount of informcotion is contained in thcse re-
cords; howover, we¢ have not had sufficient time to study the
records in dectail and present such results in this rovort.

It is rcasonable to conclude that the levels measured arc too
high for men to be subjected to for long pcriods of time and
rebain good cofficicncy. In cddition, the present acoustical
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:reatments do little good at the lower freguencies,

At present, measurements are being mcde under our dirsc-
tion at the propeller tsst stond ot VWright Field which will
give data relating the ncise made by a propelier to ,its piteh,
r.p.m, and horsepower, I} is plamned thot we devise some
means by which a sound level survey of the exterior .of a fuse-
lage can be conducted. Such data, together with the propeller
test stind data, would serve as a starting point in predicting
sound levels in a plane prior to its construction. A detailsd
study of our present data will be made to determine what are
the principal components of the noise in each comparbtment,
what is the source or sources of such components, and what is
the variation of these components in any compartment gas a
function of time, For several spectra, loudness numbers will
be computed and tabulated. If it is possible, we would like
tc obtain data on variation of soind level with altitude ond

tempercture in pressurized cabins,
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The following Flight daka apply to the next six pages of
graphs, The exhaust frequencies shown on these pages are the
second and fourth harmonics. The fundamental and third har-

-3 e |

monics were omitted and should Ts includsde.

Type Plsme: B -~ 184, :

lotora: 2 - 9 cylinder \Wright Cyclone.

Gear Ratio: 11:16, three blades.

Propeller Diameter: 11l.5 feet,

Tip Seperation: 8 3/8 inches., e
Normal_Crgis;ng: i

Ro P, M. = 1850 M. P, = 27.5 inCheS H..Po = 636

Alt, = 7000 - 8000 ft. T = =20°C.
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The fellow o the nextelght pages of
graphs., by L wn on these page re the
second md& Euwﬂn m&:mmik su., LT ﬂw&&_wntm]k ard third her-
morics were cmitied ard sghonid ..z inciunded,

Type Plave: B ~ 378, .

W

oy \W-

Fotors: 4 - 9 cyclinder 5 Cyclonow

Gear Rakioz 9+:3€, Three olades,
Propeller Diamcier: 11.5 fi.

Tip Separdbion: I0 inches.

Hioroe W, ML:WW:Wjﬁﬁl‘wm;;;r.w;.
R. P. H. = 20003 . P. = 32.8 in.3 ¥H. P. = 785.
Co Au Su = 239 mph.; T = -90C.; AYE. = 9000 L.

Mantirwm Crasing:

Ed Pm !»‘»E-r = 2300; M- P-u = 36 m-; H- P— = 935-

‘»mumv “m“mm Ww\um — m%«‘]ﬂt mw‘wm m “WR —_ “‘-““WVM\WM W ‘M‘mm‘mmmw - W\“‘WW ;Wmmtv‘iumn

EBoonomical Gr T

:Ww- EP“W MMM b= HMHMWUW 'w lm W"w —_ M% MMW ‘ﬂw“um :Wmum = ”M%‘ﬁw

an ~ﬁ.m ﬂ'lm S ].‘B? MMMH Eﬂ -_— ”"‘lﬂuﬂm% Mlmm = Qm ﬂ-\bm

‘\»}mu‘mw um“umu \}w\‘uwm = “ﬂ‘vwmw\:m‘“mU'mhm“m‘}m“ M%‘Im‘“ \w umﬂ“\m\m‘»ﬁm”m
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The following Llight data apply to the next eight pages
of graphs. The exhaust frequencices shiovn on these peges are
the second and fcurth harmonics. The frwdamehtal and third
harmonics were omitted and shourd e includcd,

f&pe Planc: XPBY -~ 5A.

Motors: 2 - 9@ cylinder,

Gear Ratio: 9:2, thrce bladgs.
Propeller Diameter: 12 fcet.

| Tip Scparation: 10 inches.

‘ Normal Cruising:

2150; I‘I- Po = 25n5 in.; I'Ic Po = 8009

- Ra Po I’AI‘.' =
I. A. S. = 110nmph; T = 1°C.; Alt. = 2900 ft.

Maximum Cruiging: )
R. P. M, = 2500; M. P. = 35 in.; H. P. = 950.
I. A, S. = 130 nmph; T = ~19C.; Alt. = 400C ft.

I. Ae S. = Indicated Air Spced.
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The following flight data apply to the next eight pages
of graphs, The exhaust frocuencics shown on these pages are
the second and fourth hornornics. “hie fvn“emental ancd third

harmonics were omitted and sncoalld Te incluvdcd,

Type Planc: PBI -~ 1.,

»

4

Motors: 2 ~ 14 cylincder (alternate firing).

Gear Ratio: 9:16, three bladcs,

Propeller Diamecter: 14.5 feet.

Tip Scparation: 17.5 inchcs,
Normal Cruising: . .

R. P. M, = 1700; M. P, = 24 in.;

I. A. S. = 130 nmph.; T = -4°C,;
Maximum Cruising: )

R. P. M. = 1900; M. P, = 27 in.;

I. A. S. =-150 nmph.; T = -50C,;

I. A. S.

Indicated Air Speced,

H. :!.:’o = 750, .
Alt, = 5000 ft.

H. P, = 900,
Alt, = 8000 ft.
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The following flight data apply to the next twe pages
of graphs.

Type Plane: DC-3B
Engines: Wright G-102
Gear Ratlo: 3:2, three blades.
Propeller Diameter: 11.5 ft.
Tip Scparation: 7 inches
R. P, M, 1850 .
T?ue'Indicated:iAir Speed: 160 mph.
Mi Pe: 27 in,
H. P. 600 per engine
T° : 32°F
Alt: 8000 ft.
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The following flight data apply to the next two pages of
graphs,

Type Plane: CW - 20 i
Gear Ratio: 9:16, three blades.,
Propeller Diameter: 14.5 ft.
Tip Separation: 24 inches,
R. P. M, : 1900C
True Indicated Air Speed: 180 mph -
M. Pe: 28 inches
He Po: 900 per engine
TC : 40°F .
Alt.: 7000 ft.
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ACQUSTICAL PROPERTIES OF MATFRIALS
a. Introduction. '
The most familior measure he sound absorbing proper=

ol
£
S

e cf

\®)

ties of an acoustical matorial is its "absorption cocfficicnt!,
defincd as the ratio of cncrgy absorbed to that incident upon
the sample when the incident encergy is at random angle. More
reccent studics hove indicated that such a simple concept is
meaningful only in certain idealized cases, and that it is en-
tirely unjustifiecd and offter seriously misleading to consider a
measured absorption cocfficlent as characteristic of the general
acoustical behavior of a material. An absorption cocfficient
has no mecaning " ¥ictever unless the experimental conditions of
mounting of the material, its spacing out from a rigid wall
surface, stc. are stated. Furthermore, such a measured cocffi-
cient is applicable for the materlal only for very similar
mounting conditions., The abllity to absorb sound must be
thought of &s characteoristic of the entire structure, material,
method of mounting, spacing, vacking wall, etc., rather than

of the mateorial glone, Changing the spacing out from the
backing wall from zcro to an optimum valuc may alonc change

the measured cocefficient by a factor of 5 to 20 or more. These
Yoeent studics indlcate that a more general property in deter-
mining the acoustical bchavior of a material is 1ts acoustic
impedance, that is, the complex ratio between the pressure and
the normal componcnt of particle vclocity at the surface. Bo-
cause of 1lts greater gcnerallty and usefulncss, the concept of
acoustic impedance has beén adopted for the present study of
sound absorbing materials. The "abssrption cocfficicnt" is
still a uscful concept, perticularly for approximatc calcula-
tions, but we must realize its limitations, and the fact that
there arc for any given material many such cocfficients.

The acoustic impedance is a two paramcter fuhction (rcal
plus imagincry parts or magnitude plus phasc, ete.) which
tells not only how it did bchave, but also how the matcrial
can be expected to bchave under other than the mocasurod condi-
tions., Furthermore, with a bit of theorctical background, it
enables us to predict how the material or its mounting, or
both, should be wmodificd in order to change the resultant
acoustical properties. In particular, s brief study of acou~
stic impedancc cnables us to specify the definite limitations
due to weight, thicknoess, flow resistance, spacing, etes;

for ony not too complicated absorbing matcrial or structurcs

In order not to lose sight of the relation between the
fomiliar concept of absorption coefficicnt and acoustic impo-
dancec, it will be worthwhile to consider the four most useful
coofficicnts in terms of impedance. Rathor than working with
tho impedance itself, it will be more convenient to divide the -
impedance by the characteristic impedance of air, pc = 42 c.g.s.
units. In usual notation

T ey
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Z/pc =R + § X
pc pec .
WIETE

Z/pc = acoustical impedance in pc units

R = acoustlcal resistance

pc

X = acoustical reactance

pc

p = density of air _
¢ = velocity of sound in air

Now we have the following coefficients: ’
1) Free wave, anyrangle of incidence; . .
2) Standing wave-normal incidence;
3) Standing waves - truly diffuse sound;
4) Experimentally measured.

1) When a plane sound wave stilkes.ia surface of impedance
Z with an angle of incidence, the fraction of the sound absorbed
is given as a function of yD by the equation

a ((;ﬂ) =1 - 12/0c cosfl’»l;z
' 2/pc cos;ﬁ + 1 -

Contours of a = constant as a funcbion of R/pc and X/pc for
normal incidence; i.e. for £ =0 or cos @= 1 are ploited
on page 102, They hold for any other angle of incidence

if 7 is multiplied by cos 2 » This coefficient for nor-
mally incident free waves will be called a,pe

2) Theory has shown that in nearly all cases the initial
rate of decay of sound in a room, when expressed as a rever-—
beration time, is determined by the decay rate of sound .
normally Incident on the absorbing surfaces. The correspond-
ing coefficient for the Sabine reverberation formula is called
the normal coefficient, a,, and is given approximately by the

equation }
oy £ 8 R/pC ) .
" e e
(R/pc)® + (X/pc)® .
Contours of constant q, are plotted on page 111, as functions

of R/pc and X/pe. It will be noted that a, has values greater
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than Gnity, and therefore cannot be a true absorption coeffi-
clent,

3) The Sabine,or statistical absorption coefficient, is
the coefficient which would be measured by thie Sabine methéd
in an ideal reverberation chamber with truly diffuse sound. It
is given by a rather comnlicated equatioin, Contours of constant
d@ plotted as functions of (R/pc) and (X/foc) are almost circular,
and are plotted as circles on page 1iS5. o within + .01, these
coefficients are the same as are given by a( €), if an average
value of cos ¢ is taken as from .55 to .70, depending upon
the magnitude of Z.

4) The values of absorption coefficient measured under
stendardized laboratory conditions and reported by -the
Acoustical Materials Association will be referred to as ap, i, A.
They are chamber cosfficizsnts, characteristic of the
particular rooms, sources, etc. used in their measurement. The
L. M. A, coefficients as published usually approximate the
corresponcing a, for frequencies below 500 c.pesS., and usually
approximate the corresponding®iabfrequencies above 2000 c.p.S.
In the middle range they usually fall in betweon the corres-
ponding o, and G. This shift from an to @ is to be expected
from theoretical analyses. It is, therefore, a simple matter
to go from the acoustic impedance of a material to a reasocnable
cstimate of what i1ts cxperimental absorption coefficients may
be expocted to be. The discrepancies between such predicted
values and measured values are, ordinarily, no greater than
discrepancics betweon values obtaincd experimentally by various
laboratorics.,

b. Eguivalent Electrical Circuits and Design Objectives.

Acoustic impedance is a convenient concept because of the
analogies bectween it and elcctrical inmpedance. As sobtn as
we ldentify the acoustic analogies to clectrical resistances,
condensers and inductances, we can apply familiar circult
theory; and, in many cases when tho acoustic structures have
distributed constants, or when they arc not small conparcd with
a wavelength of sound; we can apply familiar c¢lcctrical transe-
migssion line theory. With the aid of these concepts and using
the mathematical techniqucs already worked out for handling
impedancc functions, wec can norc caslly bridge the gap between
the physical characteristics of a material which determine its
belmavior and the final sound absorbing properties of the
material plus its mountinge.

It 1is well known that to get the most electrical energy

- from a transmission line into a terminsating network, the net-
work Impedance must bc properly matched to the line impcdance.
The analagous linc or charcctceristic impedance of air is equal

to its density times its velocity, that is, pc, and is 42 c.f£.S,.
mnits. Tor a wall to absorb as much incident sound as possible,

pages 109 and 115 show that its acoustic lmpedonce 2 should be

s v K RN S G Y RO TG Y PN T o A et
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properly matched to air, that is, Z/pc = 1 for normal incidence
and Z/pc = 1.5 for random incidence. The following discussion
will hold strictly only for sound at normsl or near-normel in-
cidence, bubt nevertheless probably applies to the majority of
the objectiorable sound in airplane cabins. To inciude varia-
tion of impedance with angle of incidence would complicate
the analysis more than the increase in accuracy would warrant
at present,

The design objective for & good absorbing wall, then, is
that the ratio Z/pc be ncar to unity. If we can rcpresent the
elementsg of the wall structure as parts of an ecquivalent clec~
trical network, wc can from this network calculete the opti-~
mum choice of material, swpacing, ctec., compatible with any
nccessary restrictions of weight, cost, cte. The equiva-
lent network will, furthermore, cenable us to calculate the
transmission of sound through the wall, as well as absorption

"of sound by it.

Analogous to elcetrical resistance 1s acoustical flow re-
sistance, defined as the ratio of pressure drop across a po-
rous material to the velocity of flow through it. This re-
sistance coan be measuréed vy aii appafatus described laters In
a sound absorbing structure a spacing cavity or volume of air
of 4 cm. acts, for low froqugncies, as an cquivalent clecctri=
cal condenser of capa01ty d/pc). For higher frequencics the
reactance X/pc, of such a cavity is given by

X/pc = ~cot 2mnd Eq. (3)
~

A mass of air or other material of surface density m, grams
per cm? which is “pumped" (i.c., moved) back and for%h by a
sound wave acts as sn inductance of rcactance

X/pe = +umy Eq. (4)
pc

Page 117 the acoustic reactance of a cavity of depth 3%, &%,
or 30" as a function of freguency, and page 119 the roactance
of various m fs as a function ¢f frequency.

Cross sections through three possible type of fuselage
structure, together with their equivalent electrical circuits,
arc indicated on page 121 (a), (b) and (c). Following flLter
theory convention, cach scection of the structures is repre
sented as a two-terminal pair. Thus a simple wall structure
has only one or two sections, a multiple layer structurée has
several mere or less similar sections all to be connected in
geries. Vhen the sectlons are cennected in series the impe-
dance, z/pc, which the room “looks intc" to the right deter—
mines the normal incidence absorption coefficient,

e Bt e et b kAot {1000 [y 80 e aanmamati 1 3 ibo
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The c¢ircuits on page 1L are much simplifisd. Actually the
dural skin B has a number of resonant frequencies, and should
bs represented as .a number of parallel series resonant circuits
commected acrosg terminals 3 ~ 4, This part of the circuit
probably represents a fairly high ;ﬁpedancp and d oes not mar-
kedly affect the absorptlon characteristics of the structure.
It will be considered in detail in the section 'on transmission.

The acoustic impedence of a porous layer of thickness J?
em., against a rigid backing, is given as Z/pc in (&} -6n page”
121, It is approximately the impedance of a resistance and con-
denser in series. This network has been derived theoretically
and corroborated experimentally on small samples. This resis-
tance is approximately one third of the flow ves&stance, n[ PC,
(r = sneci ic flow resistance) and the capacity is given Dy
P[/pc where P is the porosity of the material. Thé porosity
is the ratlo of the volume of the voids in the material to
the total volume of the material, and is very close to unity
for most light and porous materials as used in airplane acoustic
treatments.

The cquivalent network of a single 1ayer of porous material
spacced out a distance & from its backing is given in (b). Here
the resistance Ry 1is approximately the mecasured D. C. flow re-
sistance, the condenscr €3 represcnts the spacing cavity, and
the inductance I, the swfacc density of the material., The
rcason for this shunt inductancc across the resistance’ 1s clear
if onc keeps in mind the analogy between elcctrical curront and
acoustical particle welocity., Alir can be foreced into the
cavity condenser cither by teing foPced tThrough the material
(resistancc bianch) or by moving the material itscelf (indue-
‘tance branch). At low GHOEgh:fTGQHanl‘S sound pressure on the
inside facc of the trcated cabin moves the abqovbing material
rather than pumping air through it, and as a result the encrgy
dissipation and sound absorption are both small,

These two cquivalent networks are typical; more complicated
absorbing structures can easily be built up. . In general, the
most complicated siructure is represented by ladder-typc sec-
tions connected in serics. There is a shunt capacity for cach
air space, and a scries inductance for each massive layer, with
a series condenser if the massive layer has stiffness., An im-
pervious layor has no flow rosistance cloment across it, but if
it has internal damping therc must be a resigtance in series
with it. Thus, the simplest rcprescntation of the dural skin
end braces is & simple scries 01rcuit of resistance, induc-
tance and c¢apdacity. As an exampie (¢} .on page I21 rceprosents
two layers of spacced porous material with a third non-porous
layer facing off the structure. For exact represcntation over
a wider frequency range additional clements must be included,
but the approximatc networks given hercec are adequate for the

present problem,

e T e




Ele acoustic behavior of most common airplane materials
can be reasonably atcurately predicted from the simple mea=
surements of flow resistance and surface density. From a
design viewpoint the initial 1imiting factors are uswally the
maximum allowed cavity depth, maximum allowed weight. of sound
ebgorbing material and simplicity of removing the absorbing
treatment, - Consideration of the equivalent circuit (a) on
page 121 and absorption coefficient curves on page 109 show
that a single layer of material directly against the fuselage
skin can have very little absorbing power at low freguencies,
because the reactive component of the impedance is much too
large. The only effect, and it may be significant, of such
a layer, is to cut down on transm1331on'tbrough the panel by
helping to damp oub panel resonances.’

For the next most simple structure, a spaced material,

"the maximum absorption is limited by the cavity reactance at

low frequencies, It is clear from the contours on page
109 that for a2 given reactance (Z/pc>1), the optimum absédrp-
tion is obtained when the resistance and reactance are ap-
proximately equal. To choose a material for maximum absorp-
tion at givon frequency, we must calculate the optimum fiow
resistance {nf = R) for the given reactances of C énd L
{allowed mass/area) to give the optimum absorption,.

The equivalent network for a spaced layer of absorbing
material will be recognized as a section of low-pass filtex,
Sound of low encugh frequency will pass through the "absorbe
ing" section without absorption, and then will cither pass out
through the fusclage shell, or will be reflected unimpeded
right back into the room. Since thec shell is usually a high
impedance, recflcction usually occurs and the wall structure is
thus scen to be a very poor sbsorber at low frequencics. One
dosign - ° - ‘. then 1s to push this c¢ffoective filtcor cut-off
down low cnough to include the predominant frequencies in the
objectionablec socund. PFurthermorce, since the shell is a Fairliy
good roflector, the abscrption must be obtained by encry dis-
smpation in the ebso crbing layor. Twe or more soctlons are,
ideally, desirablc, but usually involve both too much weight
and too much space, If a wide band of frequencices is to be
absorbed, scveral sections arc nccessarys. The first layer
should be.spaced out from the skin (or an idcal rigid back-
ing plate) fer cenough to be "tuncd" to the highest frequenw
cies to be absorbcd. The next-~layer should be spaccd out
far cnough in front of the first to be tuncd to the next
band of froquencies, and so on. While an cxact analysis be-
comes difficult, very efficicnt wide range sound aosdrolng
structures arc obtalnable ‘where sufflclent space is avail-
able and weight is not a limiting factors -

A study of sound .agbsorbing structures may be made from
two points of view, It may lecad to an understanding of the
limitations and defects of present designs, or, secendly, it

i
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may lcad to new and more e¢fficient acoustical treatmonts. We
shell consider both aspects, limiting ourscelves at firat to
the absorption of sound clircady inside the cabin; and later
treating transmissich of external sound into the cabin.
Finally, suggestions will bo given as to the proper weighting
to be given to these two factors in estimabing the overall be-
‘havior of the complote structurec.

0f the possibilitics investigated thus far, the structuro
best suited for the acoustical trcatment of dirplancs appcars
to bo onc or more layers of porous matcerial spaced out as far
as practicable from the fusoclage skin such as shown in (b) and
(c) on page 121, Each layer may be complex, howover., A layer
of glass or kapok wool, covered with a porous trim matcrial,
for cxample, would constitute a2 singlec laycr with flow rcsis-
tance cgqual to the sum of the flow résistances of the two com-
ponents and surface density cqual to the sum of thce densitics
of thc wool and@ tloth.

In thic deslgn of o simple spaced absorber, there arc four
acoustical wvariables to be considercd; spacing cavity, flow
resistance and surface density of the meterizl, and the fre-
quency characteristics of the objcctionable sound, as well as
moisturc and firc rcsistant propertics, cost, durability. cte.

Mecasuroments indicate that the most objcctionable frecgquency
componcents in airplanc noisc arc usually around 90 - 130 cyclos.
Te be specific, let uws assume that the optimum cbsorption is to
bec obtained for a frequency of 110 cycles. The overall design
of” thio planc, lect us say, limits the cavity spacing to 3 inches.
Eg. {3) and page 117 show thc impedance 6f the cavity at this
frequency is (in X/pc units) about ~6.5j. Consideration of
rage 109 shews that for a rcactance of 6.5, the maximum possible
absorption cocfficicnt, is about .26, and ( as is true for
all largec reactoncos) toaggtain this maximum valuc, the resis-~
tive component must be about cqual to the reactive component,
actually about 7. Right hore we scc the first limitation on
obtaining a high absorption cocfficicnt at low fregqucncics,
that is, in the cavity depth allowed., If a 6% cavity were
allowed, an app of .48 would be obtainable at this fregucncy,
with a corrcsponding resistive component of about 3.4

Returning to the 3" cavity, for optimuh absorption, at
110 c.pes. We want an impcdence of (7-6.5j). The real part
must comc from a flow rcsistance of about 7, which has shunted
across it a roactancc from Eq. (4) of +jum . From the tables

- pc .
giving flow rcsistances, Felter's 1/2" White Folt would bo
suitable, cxcopt that its shunt inductance at this frequency
(mp = .1 g/em?) is only (+1.7j). The rcsulting impedance of
the structurc is about (0.4 -~ 4j) so that by no means is op-
tirmmm absorptien achicved. To moke this perticular felt ofw
foctive, it must be "loaded®, perhaps with cxpanded metal or

lm_si\um_-;l!;l; Q__-nmmm i o i R i

.
. el
-




126

ud

heavy screening. to incrcasc its surfaoco donsity to bo at
least eqgual in nmagnitudo at our choson freguency boe thé flow
resistongo. That is, the density should be et least 0.5
groms/cm® in order to achicve optimum absorption. Exanining
the circuit s ows thet a given frcequency some shung rcactance
across the flow rcagistance 1s helpful, becauso it valancos ocut
part of the negative spacing rcactance, This is truc, howcver,
only ot the Xower acbsorption cub-off froquency. Rather than
lood such a thin material, it would be better to use a thicker
matorial with lowor flow re¢sistence per unit thickness; such
as two or threc inches of glass wool, Tho rcason for this is

that at higher frequencics the sproading out of tho dissipo-
tion glves loss sharp rcsonances and 2 noré uniform absorption
charccteristic, -

Woight is tho sccond practical limitation in the design

of low frequcncy absorbing structurcs. The nccessary surfade

density of .5 g/cn® for optimum rosults at 110 cyclos is T e
about 1 1b/ft2, which is prectty heavy for airplane trcatment,

With a 6" cavity, thc corrcsponding density would be about

11 oz/ft% at 110 c¢ycles. In othor words, for 110 cycles we E
con obtain about twice as much absorption with two-thirds as’
rmach woight of material mercly by changing the material spac-

ing from 3" to-6%, The nocessary woight for the beét absorp=-

tion at 55 cycles for a 3" spaecing would be a 1b/ft®, and thé

moxinum absorption would be only half as great, i.c., ape = 415,

The cbove cxormple scrves to point out the limitations of
present weight andspacce restrictions on obtaining optimum scund
absorption at low frequencies. The tuble of densitices and "flow
rosistancos show that very few of the matcrials as now uscd arc
suitable for optimm sound absorption. MNost of tho felted ma-
terials have too Xow a ratic of surfaco dcnsity to filow rcsise
tance to bec useful at low frcquencics; while riost of the glass,
riineral and kepok woels do not have sufficient flow rosistance
unless used in mwltiple layers. We refrain from listing .
"absorption coefficicnts® for the materials, because, as has
been pointed out carlicr, the absorption is not a choraéteris~
tic of thic matorial alone but of tho complete structure.

Another scerious limitaticn lics in the method of mount~
ing the spaccd material, particularly where it is desired to
ubkilize flow resistance with R/pe groater than oneand to have’
the material ¢asily rcemovable for inspections onid cmergenciese
For if the nmaterial is mounted in small pancls with snap or
othoer fasteners vwhich do not cffecctively seal the edges, air
will be "pumpcd® through the cracks rather than through the
matorial, thus finding a short-circuit path across the ro=
sistive element of the equivalent circuit. It is suggeated
that the moterials be ncunted in zos large pancls as prac- A
ticable with further investigation on rnicthods of cffectively
closing up the joints. Possibly a "zipper" fastcner on the
trim cloth covering would provide a sufficicently good scal,
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vhile snap fastenors attach tho moteriols to thoe fuselago strubs,

As a cheek on the theory a large number of raterials were
tested spacod out at various distances from a rigid wall. The
valuecs of the acoustic impodances of thesoc structurcs are tobu-
lated in the graphs on the following pages, Photographs arc

shown in Figs, 2 and 3, page 129, of part of the apparatus usod
to make these measurcrents,

v
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Fig. 2. Electrical components used in acoustic
impedance apparatus.

Fig. 3. Apparatus for measuring the
acoustic impedance of 8" square samples.
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- PANEL TRANSMISSION

Se Introduction .

Oone of the most irperitant ways zf attacking the problem
of sound reduction in alreraft is to rcduce the transmissa
ability of the fusclago walls., In order to agttack this problem
Intelligontly, it is nccessary to set up sonce sort of experiment
which will measure the transmission of a pancl both with added
materials and without. In the past the standard method of méa-
suring transmissicn has been to nount the panel in a wall sc-
parating two rooms. A source of sound is them placed in onec
rocen and an "average" prossurc over the face of the panel dotor-
ninod by necasuring the output of oither one rotating microphone
or the commutated outputs of a scries of microphones placed at
various points. Elaborate methods are employed to approximate
a diffuse sound ficld in the source roor., The sécond room is
usually well trecated acoustically such that standing waves are
somewhat suppressed. The sound level in that room is measured
by the sane rncans as for roon l, The simple thceory says that
if the avorage sownd level is nmecasurced in each of the two

rooms the Transmission Loss of the panel may be defined as fol-
lows:

Transmission Loss = Iy =~ L, + 10 Logyo(S/Ag)

where

Ll = the average sound level in decibels in room 1,
the source roori.

L2 = gverage sound level in decibels in rocm 2; the
’ receiving roorie

S = total arca of sound transmitting surface

A2 = total absorption in room 2, A- neasured in
somcé units as S.

It has long becn rOﬂognzzed that the usc of such an experlncnt
lcods to large inaccuratics, This follows because it is in-
possible to obtaln, especiclly ot low frequencies, a truly
diffuse sound ficld in roori 1 over the face of the test panel
and it is difficult to cstimate the true absorption or to
ncasure accuratcly an "average" pressure in room 2. Descrip-
tions of this method and ways of reducing these crrors have been
presented by several investigators of the National " Burcau of
Standards,

be Apparatus
To avoid these difficulties and to permit careful cexanina-~

tion of the pancl to scc which portions of it transmit sound
niost freely, 1t secmed to usc advisable to devise an oxperiment
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On page a sketch of the experimental apparatus which we
are now using is shown. It will accommodate sections of
fuselage in sizes up to four feet squares The panel under
test is mounted in an horizontal position in a frame and
sealed in place such that no air can circulate around the
edges. A bank of sixbteen loud speakers dcts &s the driving
source of sound and is placed as close to this panel as possi-
bles The large number of 1loud speakers plus their proximity
to the panel tends to build up & uniform pressure owver the
entire face of the primary side, The secondary s8ldé of the
panel is terminated by a kapok filled tube eight feet in
length an subdivided into a number of small cells such that
transverse standing waves can rnot exist below a certain
limiting frequency. This kapok filled tube acts as a very
highly absorbing termination and essentially takes away all
the sound transmitted through the peanel. . If, then, one
measures the pressure on the primary side and the pressure on
the secondary side. one gets a measure of the transmission
of the panel for the definite case of a termination whose
impedance is known. It is quite obvious that if the panel
were terminated in some other manner reflections would take
place and a different pressure would be recorded on the
Secondary side. One advantage of our experiment is that the
properties of the termination are known and are reproducable
in another laboratory. Thus we have eilminated ons important
gsource of error by doing way with the indeterminate treated
room 2. A second advantage is that this apparatus gives us
a more definite knowledge of the pressure on the primary side,

The photogrephs shown in Figs. 8 to 13 give the sitructural
details of the experimental set-=up. The sixteen loud speakers
shown in Fig, 6 are screwed into a supporting frame. The side
walls of this frame are four inches thick and are filled with
beach sand to prevent sound from the backside of the loud-
speaker from getting around to the front. A number of micro-
phones are mounted in the space just above the loud speaker
to measure the sound pressure at various points over the sur-
face of the panel., Fig. 7 shows a section of fuselage cut
from a Douglas DC4 airplane mounted in a frame and placed
ove? the bank of the loudspeakers. Tie two braces seen in
FPig. 6 just inside the outer speakers are added to the set-up
when this particular small section of fuselage is used and
bolted rigidly to the frame around the section. The frame is
approximately four inches deep and is filled with a layer of
1.5 inches of beach sand to reduce the possibility of sound
transmission from the loud speaker through it to the termina-
tion above. To further reduce sound transmission through
this particular panel, the outer eight speakers are usually

oo imten {0 0 o ot
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Qieconnected, 4 larger panel bulilt by Consolidated is shown
in Pigs., 8 and 9, ¥When testing nnls, the two braces on the
speaker baffle areé removed and the sixteen loudspeakers used.

Structural details of the highly absorbing, termination are
seen in Pigs. 10 and 1l. The "egg-crate" construction is con-

tinued to the top of the tuwbe, except that the number of squares

is reduced, The termination is designed bto have low inpubt im-
pedance up to about 1000 cyclés, as can bec seen from the mea=~

surements plotted on page 18l. Microphones for measuring the

pressure of the transmitted sound are mounted in Sceveral of

the squares; two of the cables can be seen in Fig. 10.

A chain hoist is used to 1ift the termination or the
frame when changcs arc being made. The total weight of the
termination is about one thousand pounds. The weight of a
pancl and sand filled frame varies between onc hundred to two
hundred pounds.

"An automatic recording apparatus called the Audiograph
(Fig. 13) 1s used to plot directly sound pressure in decibels
versus frequcncy. The outputs of the different microphones
are connected to sockets in the sides of the wooden frame and
termination and any one can be cennected to the Audiograph. A
sample record taken with this apparatus is shown on page 183,
In taking this curve, the output of one of the microphones in
the source side of the panecl was held constant and the output
of one of the microphones in the termination corrccted to thé
Audiograph. The Audlograph curve is, thereforé, a direct plot
of the transmission of sound through the panel.

cs Experimental Results.

The analysis of the transmission of sound from the outsido
of an airplane fuselage to its interior is a very complcx probe
lem, "and one which does not yicld easily to mathematical treat-
mente A typical construction of the fuselage 1s that of a thin
dural skin sirétchoed over formers of various shapes and sizes,
If such a structure is set into mechanical vibration in some
way, i1t will show a number of resonances at which the amplitudo
of vibraulon, for a fixed dr1v1ng force, is much greater than
at other frequencies., In particular, if a sound ficld of con-
stant pressure is applicd to one side of a scction, or panel,
taken from a fuselage, thc sound pressure measurcd on the oppo-
site side of the panel is found to fluctuatec widoly as the
frequency is changed. At cach frequoncy for which the pancl
has a mechanical resonance, the drop in sound pressure through
the panel (transmission loss) will be very much lecss than at
other frequencies. At a resonant frequency the transmission
loss through the panel depénds upon the area of the panel
vhich is vibrating at that resonancc, and upon the mechanical
damping which is in effect, The rcsonance of the panel which
has the lowest freguency is generally the one which has the

mmm-nlnm-mlmlimulm
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nsmission less, Tho froquency of this lowest réso-
lependa upen the shape and size of the scction of panel
which is vibrating, as woll as upoil 1ts construction, In
goncral, a panol will show a grcat number of rcsonznces,

some of them sharper and of grcator magnitude than others,

'Da
'U )

In view of this complicated bohavior of the pax 91; it is
daifficult to apply a voery thorough mathematical troatment to
it. 1If only low frequencies are considered, wherc the reso-
nances arc well separated, it is possiblo to draw an electri-
cal gnaloguc for the panel. Such an equivalent electrical
circuit is shown below. Each Fesonance of the panel may be

EITINC [ VYA

L Gy Ry
é) P R2420 ANV, |
In n’Rn
P LR 0004 MM Ro'% P

’ 0

represcnted by a series resonant electrical circult conteining
inductance, capacltanco, and resistance. Obviously, thore must
be a separate electrical resonant circuilt for each pancl re~
sonance, and if an attompt is made to carry this analogy to
the highor frnouoncics it becomes unwicldy. If the transmis-
sion loss for the pancl is lmown as a function of frequency,
values for the elomcnts in the equivalent clcetrical circuit
may be computed. As dlscussed In the portion of this rcport
on acoustical metorials, similar cquivalcnt olectrical cir-
cults may be sct up for materials added to the insidé of tho
panel in an effort to incrcasc its transmission loss, Com-
bining the circuits for the pancl alonc, and for the added
material, gives a circult for the panol and matorial together,
from which the rcsulting performance can be predicted.

——— —

O

Thus far, in thc course of measurcments, data have been obe
tainod for the two foot by four foot panel bullt by Douglas,
the forty~two inchcs squarc pancl madc by Consolidated; and
an experimental pancl thirty-six’ inches by forty-two inches
mode from & strip of shcet dural. The Douglas pancl has thin
sheets of mica comented over the wholc interior surfacc of
the skin, and is typical of the construction uscd by this
company. The Consolidated pancl is of cspecially sturdy con-
struction used in pressu;izcd cabins, This panel has-2 win-
dow ten by fourteen inches set into its coriiter, Tho cxperi-
mental ponel is made of a sheet, of dural, .04 inches thick,
and is mounted so that its shape may be varied from that of a

n_-—-unmmallnn;muuuhmlm
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Fig.11. Highly absorbing termination.
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Fig. 12. Materials with snap fastener mountings.

Fig. 13. Audiograph,
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flat sheet to that of the arc of a circle of any desired radius.
It 1s supported around all of its edges, but no additional vrac-
ing has been added to it.

In measuring the transmission loss through these panels
a sound field of constant pressure is applied 'to one side of the
panel, and the sound pressure measured on the'other side of the
panel is plotted direczly as a function of frequency. Inasmuich
as the input pressure is held constant, the output pressure is
directly a measure of the transmission loss through the panel.

On page 187 is shown a curve of the transmission loss for
the Douglas panel. Al so plotted on this curve are data taken
by Johns-Manville on this same panel using the two-room method
ceseribed previously. Their data were taken using a warble
tone source, and, therefore, their points are plotted as lines
representing a frequency band: The agreement of the two sets
of measurements is surprisingly good. This panel shows only
one main resonance, at 140 eycles per second, at which frequency
the transmission loss is only four decibels: At frequencies
considerably higher than this resonance, the transmission loss
becomes twenty-fivé to thirty decibels, It is clearly seen
that the continuous frequency nmethod of measurement is advan-
tageous because the J. M. tests completely falled to indicate

the resonant frequency.

The Consolidated panel has almost twice the area of the
Douglas panel, and has longerons every six inches in one di-
rection, and ribs every fourteen inches in the other direction.
The result of this congtruction is to break up the dural skin
into a number of small arcéas separated by rows of rivets fas~
tening the skin to the other structure. Each of these small
areas tend to show an individual resonant frcqucncv, dependent
upon its size and upon the tension of the skin. If ths pdnc;
is excited by a sound field on one side, end the amplitude of
vibration of the varlous areas of the panel is gauged, it is
easy to locate certaln areas which resonate at specific fre-
quencies. The entire conter of the panel is resonant at
about eighty~seven cycles per second. The areas just to one
side of the center resonate at 170 cycles per second, while
those just to the other side of the center resonate at 240
cycles per second. The smaller arcas around the edge of the
pancl show still higher frequency rcsonances, Page 189 shows
a curve of transmission loss for this Consolidated panel, and
shows thé threc lowest frequency resonances which have just
been described. Again, the loss at the lowest frequsncy re-

sonand 1is only about four decibels.

Tests are still being made on the special experimental
panel, and no curves are given at this time. If the dural
sheet is left flat, and supported only around its edges, its
lowest resonance is too low in frequency to be measured with

j-n-ummhmu-;-mnm
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avallable apparatus, but is evidently about five or ten cycles
per second. With the panel in this flat shape, the transmis-
sion loss is negligibly small at resonance. Above this lowest
resonance, the transmission loss increascs almost uniformliy
at the ratc of six decibels per octave. This is typical of a
simple rosonant systom operating mass-~ co;trolled above its
resonant froquency, for in such a caso the mass reactance in-
creoases directly proportional to frequency. If tho simple
panel is bent into the arc of a cirecle of forty-cight inches
radius, the lowest resonant frequency 1s raisod to soventy
cycles per sécond, and mony additional resonances arc intro-
duced, so that the performance of the pancel 1s greatly com-
plicated,

One manufacturer (Douglas) has reocommended that thin
sheet mlca be cemented to the indide of the dural skin of the
fuselage in order to damp its vibration and reduce the trans-
mission of sound through the panel. In order to test this
procedure, the Consolidatod pancl was used, and shecet mica
was fastened with U. S. Rubber cement to several areas of
the skin. The mica used consisted of mica flakes, held to-
gethor with some rosinous material. Its thiclkness was ,015
inchos, and 1ts weight was 0.1l7 pounds per sguere foot, As
descrlbed previously, certain rcgions of this panel had been
located which had a very definite resonance at 170 cyclos
per second. It was to these areas that tho mica was firsc
cemonted, making no changes to the remaindcer of the panel.

It was found that with ths mica iIn piace upon those regions,
the transmission loss was not affgcted cxcept for frequencies
near this 170 cycle rcsonance, At this poak, tho transmige-
sion loss was incrcased at least 8ix decibels as shown on
pago 181, Following this test, similar sheets of mica were
added to other portions of the panel, but in no case werc the
results so benceficial., The general conclusion may be drawn
thot the addition of mica is usoful in incrcasing transmise
sion loss for the panel if thc mica is applied to arcas of
the skin which vibrate at thelr resonance in the manner

of a membrane with clamped edges. If the rogion of the
panel to which the mica is applied vibrates as a whole, so
that the skin does not bend appreciably as it vibrates, thon
the effect of the mica is only to shift slightly the resonant
froquency. Mica is useful only insofar as it may damp the
actual bending of the dural skin. It was observed that over
a period of some two wecks the increase in transmlssion loss
due to the mica became slightly less. This effect might be
ascribed to a drying out of the cement used to hold the

mica in place; and leads to the belief that probably the °
material used to hold the mica in place is very inportant,

At the present time, intensive moasurements on various
materials used in the acoustic trcatment of airplanes are
just getting underway, Precliminary curves on a very few
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materials are shown on pago 195. It is hopod that in the ncar

futuwre tésts may be madé on a number of materiglq, placod

next to the skin of the pancl and spaced out & few inches from
it. Measurcments.will be carried out on some of' the more
compllcated constructions cons1st1ng of several Woterials, as

well as on the simplc structurcs of one matorial only. It is

also intondod to carry investigations further on tho experi-

montal pancl, adding various bracing ribs to 4t in tho monner
nsEisn, and dotorminines what offects onchh

-~ 2t
(o34 UJ Sical oonstrusiisn ty Sl

addition introduces,

In regard to the quieting of the inderior of an airpianc
it would scem that a most fruitful ficld of chdcavor would be
that of finding some wuy to damp the low frequency rescnsncos
of the panels. Thesc rosonances, with thelr accompanying
small transmission losses, occur in tho range of frequencles
in which propeller an enginc noises are most predominant, so
that very low attenuetion is provided for this nolse, IT
some way could be found of nullifying the effect of these
low freqncrcy rosonances, very desirable results should be
obtainied. This aspect of the problem is being pursued.

d. Theoretical Trecatment of the Sound Level Inside an Acou=-
stically Treated Cabin.
The equivalent circuit for a section of fuselage with a
thickness £ of absorbing material mounted a distance 4 from
the outer skin con, to o first approximation, be drawn as

follows:

: _.42 Co R2 ! Ll !
: Luud#m&h i i
! l ' |
T
‘ ; an;gy4PWMNvJ : : R =1
d) 1’ Iz Cz Rgj : Ry H o
[ : ]
P ; i 1 P
P 2 ! o
: 1
| i |
! 1 ) !
C O O :
1]
Sourcc ; Dural Skin | Acoustical | Terminotlon
licterial
The transmission loss for such & ztructure is defiined aos

T.L, = 20 log (p/p,).
The assumption that the terminating impedance R, is unity 1s

ik
J
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reasonable as was shown on page 181, Actnally. in tho case

of an airplane cabin, standlng waves will be met up and the
alr load resistsnce oxi the inner well will be differcent from
one p¢c unit.” Any exact evaluation of this input impedance
to the room would be far too complicated for calculation,

Let us assume an enclosure with uniform walls of trans-
m"SS"'v":‘.-y % und doserption coefficic nt ¢ for the inndr faces

placed in a uwniform sound field. <7 is defined as the fraction

of the sound encrgy incident on the external surfdce of the
wall Which gets through to the interior of the cobin., Then
if we furthcer assume the sound within the enciosuré to be
diffuse, the sound cncrgy density, I, inside the e¢nclosuro
is well known %o be related to the sound cnergy density, I,

outside the cabin by the rclation i

b

B = ()
T T + O
o}
An olternative form of expression is that the Sound Level

rm
Reduction inside the cavity due to the walls is

Sound Level Reduction in decibels = 10 log (cha )

On page 197 is a plot of this equation, giving contours of
constant Sound Level Rceduction as a function of absorption’
coefficiecnt and cither transmissivity or transmission loss,
The plots shows seveoral points Immedictely. With zero absorp-
tion, the sound level within is just the same as the sound
lcvel vithout, rogardless of tho transmission loss, With
zero transmission 1oss, cven 100% absorption can give only a
3 decibel reduction in sound level. Furthormore, it is the
fractional decreese in transmissivity or fractional incrcasc
in absorption cocfficient which counts; cﬁunglng the obsorp-
tion cocfficicnt from 0.5 to 1.0 brings about the somé in~-
crease in sound lével reduction as changing it from 0.25 to

0.5, or ,05 to .1l.

n

This sound level reduction factor suggcests itself as a
single figure of merit which, as a function of frequency,
could bec used to evaluate on a rclative scale various types
of fusclage treatment, As such it can bo useful, but it
must be used with great caution, becnuse of the assumptions
and limitations in its derivation. In the first TJZLaco‘,~
we do not have diffusc sound cither inside or outsids of an
airplane fuseclage. In the interior standing waves &re cor-
tainly excited to some dogreo, and propeller noise,; wh
propellor clegrance is small; undoubtedly acts as a lo=-
callzed source near the sides of the fuselage, Until ex-
porimental data cen toll us morc about the pressurc distri-
bution inside the cayin for a very narrow band of frequen-~
cies, that is, to what cxtent individual normal modes

contribute to standing waves in the cabin; and more about
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the pressurc distribution outside tho cabin, it is not safc to
or advisable to combine o and 1 into a single figure of morit,
it seems far better to considor the sound insido the cabin

as largely made up of travelling waves, for the most part
entoring the cabin from regions noar the motors or propcllers
and leaving it from other perts of the fusclage. From this
point of view, in computing total noisc rcduction, % is the
important factor in areas near the propeollers, and o is the
important factor in arcas ¥fart romovod £ron- the dourées of
Sound, Just what rcleative weights should be given to the two
foctors; then, cen not be stated until mofe is knovm about

the sound distribution in airplanc cabins.
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WINDOW TRANSHMISSION
a, Introduction

Because windows arc numcrous in any type of aircraft, it is
important that their acoustical traonsmission characteristics
be investigated as part of a rescarch program aimed toward ro-
ducing noisc levels. Many papers on the attenuation of sound
by glass have been published but the data prescented have re-
sultcd xrom considerations of large windows such as are used
cither in broadcasting studios or in railway pullman cars.

It has gcncerally bepn assumed that the fundamental rcsonance
frequency of such windows is below the audible range and hence
need not be consideéred. A very different situation exists when
the windows are of the order of 12" square, In this cosc the
fundamental resonancc frcquency is usually botweeén 50 and 209
cycles and the largest amount of sound transmission occurs at
this frequcency. Alsq; mcasurements show that the important
noise componcnts of Hoth the motor and the propcller lie in
this frcquency range, Hence it is of particular intereost to
know just what thickness and construction of window must bo
used in order that onc may achicve at lcast as good sound rc-
duction as is obtained from the surrounding scction of fusc-
lage. In this investigation thc transmission of windows
renging in sizc from eight to eightcen inches square {or
rcctangular) made of different matorials and of diffcront
thicknecss is considercd. This investigoation docs not include
in grcat detail the transmitting charactcristics of window and
fusclage combined, but rathcer thosc of the window alonc, which
fact demands that the cdges of the window be held rigidly. To
accomplish this, the window is sct in a heavy gfromo whiich is
rigidly supportcd in a brick wall, Thc sound transmitted
comes through the window alonc, the brick wall and the frame
being rclatively immovabic,

Early c¢xperimenters nounted their windows in a wall scpa-
rating two rooms. A sourcc of sound and a microphonc wcre
locatecd in one room and a sccond microphone for measuring
transmitted sound located in the other room. The diffcrcence
betweon the oubtputs of the two microphones was used as a
mecasurc of the transmission of the window., Difficultics woere
cnecountered in using this technique since the standing wave
pattern sct wp in both rooms duc to rosonances introduccd un-
¥nown factors of such importance that frequently ncither the
driving prossurc nor the transmittcd encrgy were dectorminable
with even tolcrable prccision. Various devices and tcechnigucs
such as rotating loud spcakcrs, rotating microphones, and
warble toncs werc cmploycd to cut down thesc inaccuracics
with varying degrcos of success. To avoid thesc difficultics
in our investigation, it was decided to bulld an apparatus
which epplics a uniform sound pressure to the primary side of
the window and to conduct the sound radiatcd from the sccondary
side into a highly absorbing termination such that little or




no resonance effects oxist *o
mieasuverncribe, To thi rpCs

was evolved
b, Experimental Apparatus

A cross-gsectional sketch of the apparatus is shown on
pageo 203, and photographs arc shéwn on pages 205 to 21l.
The window* (single or double) is held in an 2luminum franme
which in turn is mounted in a concreto-filied steel frame
rigidly fastencd to the brick wall. The sound is genoerated
by four loudspcakers which arc mounted about 1/2 inch from the
first ponc. This arrangement serves to produce o uniform
sound pressurs over the ontire ponhe., The opposite sido of the
window opons into a2 cetton filled tubc which serves to absorb
clmost completoly the transmitted sound. A microphonce is
mounted on each side of the window to mecasurce the magnitude
of sound pressurc on the two sides and the ratio of their
outputs expressed in declibels is used as a neiésure of the
transmission loss of the structure under test.

Details of "the stecel frame in which the windows are held
are seen in Fig, 14, The framo is constructod of 5/8" steel
plates in the form of a recctangular "doughnut® four inches
thick, Thc spacc inside the stcoel plates 1s filled with con-~
crete and thé entirc unit cemented into the 12% brick wall as
scen in Pigs. 14 and 15. The aluminuwa frame 1s shown in '
Fig. 17 and slips inside this stecl doughnut: It is so con-
structod that it will support cithcr one pane of window
material or several pancs poporated by from 1% to 8%, The -
four loud speaker units driving the window cre shown in Fig.
16, These units fit insidc the aluminum frame and arc sce’
parated from the glass by a distence of approximately 1/2%,

A crystal microphonc is calibrated rclative to a microphofie
placed in the terminating tubec on the opposite side of the
window., If the nicrophone outputs are cxprossed in declbels
their difference is a measure of the attenuation of the win-
dow, Wo shall cxpress this dlifference as o Transmission
Loss defined by the cquation

T. L. = 20 logjg p/p0

where p is the sound pressure on the primary side and p_ is
the sound pressure on the secondary side of the window. The
eight foot torminating tube is shown in Fig. 18, It is sub-
divided into four channcls such that cross recsonances do not
take place at frcquencics below about 800 c¢ycles. This tube
is fillecd vi th looscly packed cotton and acts as o highly
absorbing termination of known impedance. The clectrical
apparatus associated with the measurcrment can bo scen in
Fig. 19, Tho loud specakers arc driven by a beat frequoney
oscillator whosc output is continuously variable over the

v L o om0 I 1 SN 0 MY O R

i




IR P RN R P 0 e o e

1 ¥ 1
0

T e e e i e e e — .

T

4]
o)
&2

i Q374 3LIYONOO ‘BNVYL 133LS

: MOCGNIM

TV MO8

o =

e g\\(\“(l .
et e Lltig

PSS

NOLLOD HLIM Q34

PR 1Y

L Ce ™~
il L Gt

S3INOHJOYOIW

a3 4 3L3¥ONOD .\.us_qm.._ 73318

JNVHd  WANIANTY

SYIMWYIALS
Aw:o..._

T00M  MO0d
HLIM  a371id

TIvM %0148




.

't!’i'-.&‘q

L

A

e A

»
e

_t'

Fig. 15.

Frame mounted in wall.
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Fig. 18. Loudspeaker driving unit.

Fig. 17 Aluminum frame for holding windows,




Fig. 18,

Eisht foot cotton-filled terminating tube.

Fig. 19. Electrical apparatus.
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froquency ronge from 20 to soveral thousand cyclos by neans

of o motodor ettachment. Two tcchniques of nousurcnent ore
possiblic, First, thc prossurc may be held constant on tho
primcry side and an aubomatic recorder wsod to record the
output of the second riicrophone as the oscillator sweeps through
its frequency rangses The recorded curve is thus a diroct nea-
sure of the trensnission of tho windew. Socond, the curvos
ugy be taken point by point by sctting the oscilictor on 2
fixed froquency and com‘aa“r'ing tho outputs of the microphones
dircetly, the differcence botween their rcadings being tho
transmission ioss &t the froguency. Tho fiFst motiod was TSOQ
during the prcliminery measurcnents to locato sources of orror,
vhilo tho latter and morce accuraté mcthod was usod to obtain
tho date mroscnted in this rcport,.

PR | RO,
v ALV UL ‘7

The cffoctivoncss of 2 givon window insgtallation in pro-
vonting the transmission of sound dopends on the rotericl from
vhich the window is made s on thc dimcnsions of tho window , and
on tho momnner in which thic window is mounted., PFor o window
with firmly clampcd cdges, for instanco, the acowtic charac-
teristics shoald bc determined by the dimensions, thce Young's
modulus of tho matcrial, thc Poisson ratic, and sonc qumtlty
spceifying tho dissipation of cnorgy roquired to doforir thc
window. Though thcso proportios should dectorminc the transe

nission qualitics of thc window, it hos long beon considercd
inpossiblc to dorivo from theonm an oxact mathomatical cxprossion
for the aceustic attonuction, In tho past, rmony simplifying
assuptions hove boon nmode and with theso assusptions it has
been ':)stiblo to prodict an approximatc mathona tical expressicn
for the behavior of the window,

In this investigation it hos been found that the acoustic
proporties of a window can or‘nvonion‘tly be snecified by give-
ing olement sizes in on cloetrical circull to which, for the
purpesc of cclculation, the windew nmay o considered cquivalent,
The equivalent cdrcuit for the w,.ndor.' and neasuring cpperatus
used in this work isc

Ia 2
~ 02050, —] F—AWWMA—
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where p is the sound pressure appllcd to the window and p Pg

is the sound pressurc transmitted by the window. Pressures
arsé tc be mcasurcd in dyncs per squarc centimetor and
acoustic particle velocities are o e measurcd in centi~
meters per socond. R, is thc kndéwn specific acoustic, im-
pedancs of the torminating tube. The window is eaulvalent

to a group of scrics resonant circuits connected in parallel,
These resonant clrcults represent the various possible modes
of mechanical vibration of the window, and as was expected, .
it ha= been found that that part of the circuit (R and™
G4 7 whtek corregponds to the gravest mode of v1bra%ion of the
window is most important in detcrmining the low frequcncy

attenmation characteristics,

The data presentod in this report are sufficiently ac~
curato to permit calculation of the element sizes from the
attenuation curves, Near the fundamental rcsonance fre-
quency, the impedances of the elements corresponding to the
higher modes arc sufficicntly high to be neglected: The
elements corrospoading to uhe Tundamental resonance may be

calculated from the formulas

(1) Ry = (108/20 - 1R,

(:—‘) Ll o ipur‘-‘: _
- 21 AL Ro
Iy (2xnfy)®

where N is the number o6f dec¢ibels of attenuvation at the reso-
nance frequency, f, is the resonance frequency, Rﬂ_lS the
termination impedaﬁce, and Af is the width of the resonsiicé
------- in ecycleg per second three decibels down from the re-
sondnce pecak. Flements for the higher order rcsonaneccs have
not as yet been calculated.

One of the purposes of this investigation is to obtain
dgta Trom which the acoustic properties of any window suit-
able for use in aircraft may be predicted., Since the acoustic
properties depend on the dimsnsions, the material from which

.t/.av
the window is made, and the mounting conditiens, it is ne-

atn

cessary to determine cxperimentally how the equivalent cir=
cuit elements depend on thesec things,

d. Meesurements on Single Windows

at many measurcments have been made on 10% x 14¥

i gre
windows of wariouns meterials and thicknesses. 1In order to
study the offect of clamping conditiorsmeasurements havs’

been made on windows with edges bound in 1/16"% thick rube
ber tape and firmly clamped and on many of the same windows

i
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froguecncy range from 20 to scveral thousand cycles by ncans
of o notor ettachucent, Two tochnlquos of nousurcnent cre
poasible, PFirst, thce pressurc may be hold constant on tho
primary side and an autoratic recorder used to rocord tho
output of the second nicrophone as the oscilldtor sweeps through
its frequency range, The recorded curve is thus o dirocct mea-
sure of the trensnission of tho windew. Socond, the curvos

ray bo taken point by point by sctting the oscillator on 2
fixcd fréquency and comparing tho outputs of tho microphones
dircctly, the diffcronce betucen their readings being tho
transmission loss ¢t the frequoncy. The first mothod was uasd
during the preliminary mcaosurcmcents to locato sourcos of orror,
vhilo the latter and morc aceuratd method was uscd to obtain
t@c data proscnted in this rcport.. -

cs Thoory

Tho cffcctiveoncess of a given window installation in pro-
vonting thc transnissicn of sound doponds on tho ratericl from
which the window is mado, on thce dimonsions of tho window , and
on tho menner in which the window is mcuntced. For o window
with firmly clampcd cdges, ior Instanco, the scoustic charace
toristics should bo dctonminod by thc dimonsions, the Young!s

[N TN, W Ll v a1 iy

modulus of tho .u.uuv:..x.ﬂ.l, thic Poisson .v.uou.., and soumc Humxuib.y'
spceifying tho dissipation of cnorgy rcquircd to deform tho
windowe. Though thoso proportics should dectormince tho trons-
mission qualitios of thc window, it has long been considerced
Jﬁunqq1h1o to dorivo from thenm an oxact riavthonatical oxprossion
for tho ncoustic attonuction, In tho past, nany simplifying
assuwptions have beon node and with tlicsc assuiptions it has
boon possible to prodict an gpproxinate nathonatical expressicn

LR - %
.f._QJ.“ tha uc.ﬁc‘l\r 4.0.\. ﬁg, thy W4 ndO'»'

In this investigotion it hos been found ﬁh 1t the acoustie
rroporties of a window can convenicntly be cifled by giv-
ing <lenient sizes in o slcctrical civeult to whzchj for the
purposc oF ctleculation, the window may bo considered vquivalont.
The cquivalent circuit for the wi ndow and ricasuring apparatus
used Iin this work is
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without rubber tape, Some of these curves are presenbod on the
following pages. Experimental points have not been shown below
the first resonancc on most curves. This is for a reason which
s explained in a later sectiom of this paper and d oes not in-
dicate that accuratc measurements were not made at these fre-
quencles. ,

Perhaps the most gtriking thing about the curves is the
ver% small attenuation at the fundamental recsonance peake
In terms of the elements In the equivalent circuit thls means
Thatv the resigtance R, 1s very smail, .In othor words, thore
is very little dissip&tion of energy In tho window.

The first sheet of curves, page 217, Dermits an oasy
comparison of the acoustic qualitics of 0.069" Plexiglas
ond five«ply "Safetce Glass 2-1", The dotted straight lines
at the right hand side of the page arc calculated on thc as-
sumption that tho window bchaves as an inductance I, =g,
wherg e=1s the weight per unit area of the window in gm/cm.2
Previous investigators have mado this assutiption in calcu-
Iating the attenuation produced by windows at frequcéncics
well above the fundamental resonance frequoncy. For the sake
of brevity, curves calculated on this basis will be called
sigma~law cufves. It 18 Seen that at Tfrequencies ncar 1000
cycles the measured curve for the thin Plexiglas window' fits tle
sigma«<law curve closcly. The curve for the hcavier window
does not agreo so well with the sigma-law prodictions at
these frequencies but it may well be that tho agreement would
be better at higheor frequencies. All the mcasurements which
have been mado to dateindicate that thin windows follow the
predictions of the sigma~law very well at high froguoncies
while thick windows show apprccisble departurces., The superior
attoenuation given by the Safétee Glass is largely attributable
to its greatoer weight. (The Safetee Glass window weighed
960 grems as comparcd to 188 grams for the Piexiglas.) Windows
of the same weight but of different materials do not show very
remarkable differencos in acoustic propertiess To illustrate
this point, the curves on page 219 arc shown. One of the
curves 1s for window glass and the other is for a Plexiglas
vindow of approximately the samc weight. The welghts per
unit arca, g—, are given in the legends of all curves. Plexi-
glas shows slightly more damping at the sccond résonance peak
but aside from this tho curves arc quite similar.

To illustrate the improvement obtained by using a greater
weight of matcrial, curves for threce thicknésscs of Plexigics

-4

re shown on nage 221. These curves chow that the thicker

windows give somewhal better attenuation at the fundanmental
yesonancc frequency, that Thé resonance Ifrcquency is higher
for heavier windows, and that the heavier windows give some-
what better "averagdtattenuztion,

-
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On page 223, a curve for an 18% x 18% Plexiglas window is
shown. This curve 1s similar to the one obtained for the 10%
x 14" window of the same material and thickness except that .

g ~ N 3 4 9
the resonantsd froegquencies aryre much lower. )

The curve on page 225 1is for a Plexiglas window mounted
in an 18" x 18Y panel of 178T Dural, This window was supplied
by the Consolidated Aircraft Corporation. The legend on the
biue~-print which was sent with it reads "ASSEMBLY-FUSE-GUNNER'S
WINDOW ==~ BULK'D 6 to B.F. 6.2", The attonuation character-~
istics are just what would have been cxpceted from the previous
moasurcments. The only important cffcect of the Dural mounting
is to lower the resonance frequency somewhat by adding compli~
ance, In terms of thc equivalent circuit this mcans that L.
and R, have values very near those which correspond to a |
clampcd window made of Plcxiglas of the same thickness ds the
window which was rmounted in Dural but Cl has a somewhat larger
value, - -

The cufve on page 227 is for an 18" x 18" x .04% 1787
Dural pancl, It is diffcrent from the preceding ones in that
it shows rwuch lcss dissipation. The result is that cven tho
high crder resonances give good tramsmission of sound and that
the anti-résonance between the first two resonances is very
pronounced,

Rcfcrence ta the cquivalent circuit for the window and
tormination given on page 213 will show that the quantity
which has bcon called Transmission Loss is not a funétion of
the window alone but depends also on the value ot Ro‘ Furthoer-
more, the effectivenéss of a given window in producing scund’
insuletion will depend on the acoustic properties of the sur-
rounding medium ag well as on thosc of thé window. On the
other hand, the constants Rl, I, C etc, havé the desirable
property of belng dependent only on ﬁhe window. When these
constants and the impedance of the medium into - vhich tThe
window works are known, the problem of calculating the at=-
tenuation of sound due to the window is reduccd to that of’
solving the equation for the simple equivalicnt eircuit pro=-
vicusly givene.

Calculations show that the low frequency response of
windows is accounted for with rathoer good accuracy if the
uquivalont circuit is assumecd to consist only of R., L.
and C., the constants vhich determine the fundamen%al
TOSONEIIcSs This makss it possible to specify the accoustic
propertiecs of the window over the rangc of frequencies

which fs of inkernoshs for .qnu__n_tj_ inanlation in ajirorafh 'bv
giving only thoe values of these three congbtantg, In fl’rﬂﬂ V.

page 2350, constan 8 arce given for various naterials which
have been tested, This table also gives the weight por unit
area of the material, the fundamental and higher order .- -
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resonance frequencles, the attennation at the fimdamental reso-
nance, and the resistance R, of the termination. All values
of resistance are given in 8ynes per square contimeter per

¥ine and the values of L and C are in corrosponding units.
This is to say, 2ll irpedancss calculated from the elemenj

izes given have the units of pressires (in dynés per cnl.
uivided by particle velocity in (cri. per secbnd.)

Investigation of the data presented in Table V shows that
the inductance L., i1s roughly equal to 1.5 times the surface
density < and i% independent of the material and of the lateral
dimensions of the windows This is not inconsistent with o

I ma

sigma«law variation at high frequencies, since, as the frequency

increases, L » etc, tend to make the attenunation less than
would be obtgino from I alone,

The frequency of the fundamental resonance of a window of
given materiol and lateral dimensions is roughly proporitional
to the thitkness and therefore to the weight per unit area of
the window. This means that C4 is roughly proportional to the
inverse cube of & o+ The equIValent cknaoitance of o window
of given lateral dimensions deponds somewhat on the material
from which thewindow 1s made but the nmaterials tested so far
have, for a given surface density, equivalent capacitmnceq
vhich are in the same order of magnitude.

The resistance R, increases very rapidly with increase of
o, approximately a% the square of <. TFor a given surface

density, Lucite and Plexiglas show roughly the same value of

R, while window glos8 shows a lower value ond Safetee Glass
sliows a higher value.

Only a few tests have becn made toward determining the

dopendence of the equivalent ¢mstants on the lateral dimensions

f the window tut those tests whiéﬁ Have been made indicate
that the fregusncy of fundement 1 resonance is approximately
inversely proportional to the ared of the window and that the
inductance is independent of the 1utora1 dinensions, Tiiis
means that the capacibtancéd nust be approximately proportional
to the aquare of the area., It is not to be expected that
these simple relations would hold for rectangular windows
which depart raditelly from being square but such windows are
not in commion ise., Tho measuremcnts which have been niade
scern to indicate that the resistance ls independent of the
lateral dimensions of the window. Morc tTests rust be ma ade,
however, befcre this can definitely be confirmed.

The curves on pages 231, 233 5 235 and 237 show the varias~
tion of thoe condtants of 10" x 14" Plexiglas windows with
surface density. These curves also shdow the effect of binding

the cdges of the windows in 1/16“ tape.
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Table 5,

WINDOWS AT JLOW FREQUENCIES

I

Material _ Thick- o ﬁmmmwmy Binding Ry Iy OC

I'lexiglas window in 18" x 28" x 0,04" Dural.panel.

AY \J ’

Q
o
o

. £y fog N
ness mﬁam éim, ‘ dynes & oty © CeDe 8y ABe
ine  cm, Cll, PKine Cm.=< dyng CoPeSe
3 : 107%x .
Plexiglad 0,06 0,208 A D 6 0.30 13 80 190 1,0
Plexiglas 0125 0,571 A ) & 0.59 2,9 122 340 1,0
Plaxiglas 0,26 0,758 A D 130 1,056 0462 215 650 11,5
Picxiglas 0,5 1,67 A D 460 T 365 800 20,5
Plexiglad 0,06 0,208 A ¢ 9 O0e34 12 70 190 1.5
Plexiglas 0,125 0,404 A c i8 0,64 267 le22 - 240 3,0
Plexiglan 0,25 2742 A C 98 0,97 0,82 178 560 9,6
Plexilglri 0,5 L.67 A Y 490 2 0.15 320 800 21.0
“Plexiglas 0,185 0,355 B D 15" 0,59 1% B0 175 2,2
Plexiglas 0,86 0,757 B D 53,8 1,05 2,33 102 370 6,2,

‘Pyralin Q.25 0,88 B D 40,2 1.40 2,82 80 280 %,0
Pyralin 0.2% 0,88 B , B 18,9 1.02 12,3 45  T40  2\7
TLucite Ol 0,316 A D 10 0,48 4,5 108 280 1.6
Iucite 0,125 0,399 A C 19 . 083 3.2 122 340 2,9
Lubite 0,18 0,533 A c 33 0,89 2486 140 430 4,5
Lustratherm 034 1,48 A D 214 263 0.14 28O = 460 14,7
Sefely glass 0.2 1.2 A c 304 1,65 018 290 800 17,3
Saleten Glass 0.2 1,06 A C 320 1,43 0.24 270 800 17,7

Window glass 0,1 0.628 A ¢ 73 0.9¢ 069y 195 595 8,0.
Dural 1757 0,04 0,28 B 'D 1 Q.02 27 39 104 0.8
X : B D 10 0,65 11 65 130 un\m

, X ~—er, Gonsolidated Alrcraft Windoy No. 4, - 9 5/8" x 13" x 0.1"

w.
a oom

cmekine
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The dependance of the constants on dimensions of the wine-
dow may be surmarized in the following equations:

)

Ll = 1.5 Lo
for sny material and any size.

: 3

Gy = k A%/ g

where A is the area of the window and k, depends somewhat on
the material, R

Ry = kpo® i
where kf dspends on the material,

The last two equations do not represent the best possible
fit to the experimental data and are not intended to be precise,
nut they do serve to give a'rough idea of the dependance of
the constants on dimensions.

e, Double Windows

The concept of equivelent cirvenits is very convenient for
the treatment -of double winhdows. At the low frequencies which
are of interest in this problem the air space between the two
components of a double window may be represented by a capaci-
tance ¢ = d where 4 i1s the distance between the windows in

¢!
centimeters, p 1ls the density of air in gm/cm5 and ¢ is the
veloelty of sound in cm/sec, This capacitance occurs in the
equivalent circuit as shown below,

Iy, G Ry mt ¢l Ryt
O———— 0001, ! { WA —r— 000, i % WWW—~
- Ro é

fhe window on which sound is incident is represented by ILj, Rq,

and Cq. The constants with primes represent the other com~
ponent of the double window. The beneficigl effects of C are

4

ot o v B v e e o DR s i i = 4

i

TR
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ennhanced as the separation between the windows is Zncreased
but it turns out that in practice C has such s iarge impe-~
dance relative to the impedances of the window that its of~
fect is almost negligible. A4 double window made of identi=~
cael panes then behaves veory much like & single window whose
inductance is twice that of either of the components and
vhosc capacitance ig half that of either of the components,
The equivalent resistance of the double window is approxi-
mately the sum of the resistances of the two components. It
is Interssting to compare the behavior of a double window
made of identical pancs with the performance of a single win-
dow Wwhiose thickness is twicc that of either of the compo-
nents of the double window., The resonance fregusney of the
double window 1s the same as that of cither of its compo-
nents and hence roughly half that of the single window, The
cquivalent capacitance of the double window is half that of
either of its components and four times that of the single
window, This means that at frequencics well below the rcso-
nance frequéncy of the double window the double window should
give about s8ix decibcls more attenuation than that which
would be giiven by cither of its componcnts but the single
window should glve about twélve decibels more attenuation
than the double window does, These estimates completely
neglect any effcet of the air spr-e between the components

of the double window and hence areé subjcct to some error,

On page 241 aro shown the experimental curves cbtained for

a single panc of 0,06" Plexiglas, for a double window with
two panes of 0.,06" Plexiglas separated by two inches, and

for a single window of 0,125" Plexiglas. It will be seen
from thesoe curves that the behavior follows very closely

the simplec rules given above,

Because of the possibility of using heated ligquids be~
tween double windows for the purpose of prcecventing frosting,
it is importent that a study be made of the acoustic pro-
pertics of such windows. No experimental tests of this sort
have been made yet but will be made soon. The capacitance €
for a double window filled with liquid should be small cnough
to be completely ncgligible., The capacitance Cy should be
roughly half that for the singlc component panesS {assuming
the two panes to be identical). The inductance L, should be
approximately 1.5 times the total weight of the window (in-
cluding the weight of the liquid) divided by the area of tho
window., Tho value of Ry can not be predicted but it may be
possible to introduce a useful amount of dissipation by pro-
perly choosing the liquid and the spacing of the components.
Tho resonance frequency should be lower than that of the
single window and at low frequencies the attenuation shonld
ve inferior to that which should be obtained with & single
window of the samé weight, Tests will be madc to confirm
these predictions.
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From the data which have bedn pr reseited, it is seen that
the most. troublesome feature of windows Is the poor attenua~
tion produced at the fundamontal rcsonancce frequency. This 1s
very Important beecousc mogt of the noisc in aircraft occurs
within a range of frecgucncies which includes the resonance fre-
gucney of windows now in usc, Thoro arce thrce obvious mcthods
of attack. The resonance f“oqaen<y can be raiscd above tha
rangc in vwaich most of thec noisc occurs or it can be lowcred
to 2 value far kelow this range or somcthing can be done to im-
prove the attenustion at resonance withomt cpprociably changing
the resonance fregquoncy. If thc acoustic problém aloneg could
be considercd, thon thé first solution would bé the casicst
ond the most effective. Raising the fosonance frequency means
increasing the thickness of the window and the thickness of

the Dural panel in which it is mounted. This incrceasés the

attenuation at high frecquencios, at low frequencies, and akt

rosonance peak., Unfortuniately, this soclution to the problom
requiros 1ncreasing'weight of the windows and for that rcason
may not be suitable. It is felt, howcver. that the rapid in-
crcase in agoustic o fectlvoncss of the window With Lncroasc
in weight may warrant using thickor “lPdOVS cven ot the COStT
ol some woight, -

Lowering tho recsonantce froguency mcans making the supports
for the window lcss stiff., This requires no added weight but
unfortunatcly does not result in great improvoment in the
acousbic propertics of the window because of the small mass
reactance of windows now in use, It is possible, howecver,
that some increase in the weight 3? The window bogether
with a deecrease in the stiffness of its mounting might give
appreciable improvement Without much COoSt of weight,

The third possibility is to incrcasc the rcsistance in the
cquivalent circult, This is accomplished by thrce methods:
(o) In the case of Safectee Glass windows, the resistance 1s
increased through the usc of .the dissipation vwhich rcesults firom
the distortion of the plastic filler between the glass panes,
The rclative motion of the glass pancs is s& small; however,
that theé dissipation introduccd is not enough to be of great’
service. (b) Another pos;ibLllty for increasing the attenua-
tion at the resonancé frequency is to couple a Helmholtz re-
sonator to the air space between the Oumpongnts of a double
window. This has the effect of shrunting a series K, L; C

¢circult @cross the capacitance C shoevm in the equivalent cir-

cuit for double windows, If the resonator is tuned to the
resonance frequency of the wihdow it should improve the at-
vepuation at thls Irsguency. This scheme has-been tried and
was found to be unsuccéssiul because of the large resistancé
of thé tube which joins the air spsasce to the lelmholtz reso-

nator. A volume of 960 cm® was joined to the.,twdé inch deep
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alr space between two .06 Plexiglas windows with a rubber
tube one inch in dlameter and about six inches long. The
longth of the tube was adjusted to make the resonance fre-
quency of the Helwholtz resonator coincide with that of the
double window. The attenumation at’ the ”nsonanﬂe frequency
was increased about three decibels, {¢) One other method

of reducing the transmission at the rssonance frequency has
been tried, The center portion of a window moves with an
amplitude which is large compared to that of the other parts.
Por this roazon a small w01ght fastened to the center of the
window has a very large effect in reducing the resonance
fredquency of the window. IL the weight is not firmly fastened
to the windew but is dissipat1ve¢y coupled then a lerge re-
sistance is effecvively inserted in the equivalent circuit
and the transmission at resonance is much reduced. The re-
sults of one test are shown on page 245, The window was

18" square and was made of plate glass. It weighed 1727
grams-and the piece of Lirass which wds dissipatively coupled
to "its. center weighed 176 grams. The resonance frequency
was reduced from 140 cycles to 98 cycles and thé attenuation
at resonance was increased by about 18 decibels, From the’
point of view of a large acoustic Improvement and smaTl re=
quired wei‘hf’fh-~ method scems very promising énd it i8
pronosec nmore tests be made on 1%,

ge. The Accuracy of the Moasureménts

It has not been possible to obtain & single termlination
whose impedance ils that of a pure resistance and is constant
over the entire range of frequency: At Jow frequencies the
impedance becomes highly rcactive and the rosistance tends
to increase. somewhat from the rather constant value vhich it
has at higher frequunecies This means that the measured at-
tenuations "flatten" off at low frequoncies, Two torminations
were tried for the measurcments on 10%¥ x 14" wirndows: One
of these termihations gave an impcdance 22 dynes per cme por
kine which remained essentially constant and pure rosistive
down to a frequency of 30 ¢.pe.s. but showed strong veriations
above about 200 C.p.Se. ¢ other termination gave an impe=
dance of 48 dynes per cm® per kine from about 100 ce.pPes. tC
800 c.peS. When the fundamental rcsonance frequency of a
window was found to lie within the range over which both thé
terminations were good, it was poSsiblie To caloulatc cgulve-
lent constants from both sets of data. As cexamples of the
agreement which is obtaincd from the two sets of data, the

following comparison is give“.
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247
10% x 14" Plexiglas Windows
- "~ Bound in Rubber Tape
T.. el ’
Rl Ly 1 fl‘ RO
gm, /e, 2 djnes g, /em.?  cm,S/dyne  c.p.s. _Gynes
cm, kins , cm, kine
10-Ox
09404 .18 0!64 27 122 48
0,404 29 0,59 3,0 120 22
0,742 o8 0,97 0.82 178 48
0.742 04 3,91 0,94 172 22

Since transmission curves have bceen taken with two differ~
erit values of termination resistance it would be desirable to
present cuwrves which in ssme way average the results of tho
two measurements. The measured attenuation, however, depends
upon the termination used and it 18 not possible to mako a
dircct comparison between the results without making mcasurcw
ments on phasgse as well as amplitude, £n indirect comparison
can be made, however, by calculating the equivalent constants
of the window from both sets of data, This sort of comparison
hus been made in the above table, It is further necegsary
vo show that the window 1§ equivalent to the circuit which has
been drawn. As a step in this dircetion the curves of page
249 are shown. Equivalent constants werg calcuilated from the
experimental curve for R. = 22 dynssiom,. }%inea Using these
constants, Transmigsion foss curves were calculated for both
valués of termination resistance. These calculated curves are
drawvn in on page 249. Thc points shovm arec the experimentd
roints obtained with two terminations. It is seen that the
experimeﬁtal po;nts do not follow the calculated below about
40 c.p+s. This is due to the capa01tutlve rcecactance of the
termination which becomes important at these frequencies,

8ince the impedance of the termination is known at all fre-
quencies, it would bec possible to make rather indirect cor-
rections to the low frequency experimental points, It has
scemed more simple and equally valid to extrapolate the atten~
uation curves on the low frequency and by calculating points
from the measured elcment values in the equivalent circuit.
All the curves shown in this ®eport have been extr&polhtna
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in this way bubt the calculzted pointts have not been shov

<L J
This explaing’the absence of peints on the low fregquency end

of the curves,
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An idea of the importaence of the higher order resonances
can be obtalisd from an cxamination of the transmission curves
showiie When the second resonance frequency lies within the
range of frequencies which is of interest it 18 not permisse
able to neglect the effeocts of Lo, Ryy C,, etcs The cone
stants corresponding to those higher ordfr resonances can be
computed from the data which have been obtained But time has

not boen avallable for meking theso calculations,
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VIBRATION INSULATIOE OF CHAIRS

&, Introduction

The cbjective of the work on chair vibration is to obtain
s much insulation for &irplane chairs as is compatible with
the Sarvices'! mechanical requirements for them, The amount of
insulation practically attainable may be limited by several
factors, viz.: =space, weight, mechanical strength {mounts
should withs tand 8 or 10 G nd the necessity for the pilot
to "feel" his plane to some ex ctent, i.e., mountings must not
be too soft, Under shock excitation the mountings should not
aliow excessive amplitudes. An especial need for vibration
insulation arises in Navy planeés where hend-held navigation
instruments are used, and in Army and Navy planas for precisicn
bomb sighting,

The first problem on this project is to devise a labora-
tory apparatus and systematlic messurement procedure which will’
determine the effectiveness of wvarious systems of wibration in-
sulation of chairs., Once this has been done, the second prob-
lem will be to devise effective vibration insulation systems
for the standard types of chairs used by the Servives, In the
latter problem an effort will be made wherever possible to use
standgrd commercial types of elastic mountings. Final judgement
of the value of suggested chalr insulation systems will, or
course, rest with the pilots,

There are twe fagtors which sirongly affect the Investiga-
tion:

l. The physiological and psychological effects of vibra-
tion, and the nature of their dependence upon ampli-
tude, frequency, and direction of vibration are not

very well known, Some work is being done in PROJECT’
T under the direction of Dr. S, S. Stevens to deter-
mine these effects. Until more specific information
is available, we shall endeavor to provide effective
vibration insulation for the chairs in all directions
and for the frequency range between 10 and, say, 300
cycles per second.

2. The frequencies, ampiitudes, snd phase relations of
the vibratory forces acting on a chair in an alrplanc
can not very weil be predicted, weGous, BhCY Viil vary
With the type of plqne, with motor and prope’ler
u}{‘)e(‘:hu and Types, withh Tiis type 67 L,uu.u., and with
many other factors, This point must be borne in mind
when one is designing a laboratory set-up for apply-
ing vibrating forces to a chair for test purposes,
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Records of chair vibration (with e person in the seat)
made under flight conditions orn the B-17-C, B~-18, and FBM
types throw some light on the above situstlion. In general,
the data which were obtalned on these ships show that &p~
proximately equal amplitudes of vibration are present in all
directions at any of several points on the chalr, with pealks
occurring at moter R.P.M, frequency and prcpeller blaede pad-
sage frequoency and their harmenics. Ian all sasces the smpii-
tudes of components aboveé 200 c.p.s. are negligible in com-
parison to tnose below 200 c.p.S. A somple record from each
of these ships showing a frequency analysis of vibration in
a given direction at a point on the chair is shown or
page 253,

The combination of s chelr and pilot is at once seen to
be a rather complex mechanical system. The chair in itself
can only approximately be considered as a rigid body becauso
of tho flexibiilty of its elements and, in some cases, loose
connections between component parts. With the pillot; who’
forms a second mechanical system of unknown constants (ex-
cept mass), coupled to the chair, the complexity of the sys~
tem 1s further increased,

If the chalrs are to be Insulated elastlically to reduce
vibration, mounting devices for them must provide effective’
insulation for various weights of pilot, for various posit-
ions of the pllot in the chair, and for verious positions
of the seat on an adjusteble chair., Purther, they must give
effective insulation for all possible normal modes of vibrae~
tion of the loaded chalr, since for certain possible modes
of vibration, the mass reaction on the mountings can be very
small, and for others very large. Thls furthsr compllicatesg
the problem of mounting design. It 1s extremely important
that resonances of the system be avoided in the frequency
vange of important vibration compoﬁenns of the airplane in
Tiight, since the amplitude of vibration of the chair at a
resonance may be several times thé amplitude with the chair
rigidly mounted.

b Conclusions on Chair Insulation

The resulits of oxperimsants to date aré primerily useful
in pointing the way toward satisfactory methods of instru- °
mentatior and measurcmgnt, ¥ach of the experimental proced-
ures we huve tried thus far has some drawbacks, consequently
none of them by itself can be nsed as a routine method, From
their shortcomings we-foresee that simplification of the
measuring technique may depend in a large measurs upon the
development of a suitable driving pletform. Presont efforts
are directed toward this objectivee.

Tne use of standard vibration insulators at the mownting

points of chairs may increase vibration problems unless care
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is used In sslecting their position and orientation, Consider
the. situation briexly, The elastlcally mounted chalr has six
degrees of freedom, three of which are translational and three
rotational:; Intercoupling of two or more of these degrees
results in ccﬂbinatlon%}natural modes of vibration. Since-

the mass reaction presentud ©vo the insulators may be very

emall in meny of thaze combinational modes, the insulators

must have corresponCingly low spring constants for motion in
the directions of svresgs associsted with such modes. This
condition is usually difficult to ovbtain in a standard commer-
clal insulator because the spring constants vary so widely
with the direction of applied stress, Usually we know the con-
stants of a mounting only for ons or two types of stress, con-
seguently we are unable to predlict by analysis of the system
what the frequenciss of combinational modes will be, and some
of them may fall within the range in which we wish to eliminate
vibrations To facilitate analysis, thersfore, mounting systems
for the reduction of vibration should be designed in such a
manner that the insulators are stressed onily in directions for
which we know the constants. We can then predict approximately
the bshavior of the system, and such predictions will direct
the course of the experimental work In testing various
mountings with the standard chalirs,
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