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CHAPTER 1
INTRCDUCTIOR TO FPROBLEM

 Accustics was one of the first iéxéaé&n and, a8
2 pure sclence, possesses a unigue satisfsction for
the researcher becsause of the comereteness of the fun-
damental assumptions.l However, until the 1870's,
scoustics remalined a pure sclence and acoustical con-
siderstions by englineers and architects were practically
unknown. During the past thirty-five years, however,
there has been a rapid growth in the intereat, both
soientific and popular, in the subjlect of acoustios.
Acoustical treatment of bulldings by Judicicus selection

of asterials for their sound sbsorbing characteristics
has bDecous & rule rather than an exception. The dis-

oovm of tho thomuu otroet w&th tho rnulnu do-

volepnat ct‘ m vacuus mc m given tho researoher
2 powerful method of amplification and measurement of
minute alternating currents involved in the atudy of
sound, snd recent experimental date {often conflioting)
has glven the srchitect and engineer a masa of dats and
empirical laws on whieh to base socustical design.

1 gir James Jeans hys :
sorees AL Jomne, B e ot puga







¥any early suditoriums were bullt with very

little attention given to the mcoustical properties of
the bullding matsrials. A good example, which 1s well

' knom thrcnghout the world, is Carnegie Hall which was

designed by William Burnet Tuthlll in 1801. He used
only the lengths and duration of Sime of sound wave
travel, and gave no thought to the scoustical properties
of the materials themselves.®

Nuch of the undesirable characteristic of nolse,
which may be defined &s undealrable sound, may be
eliminated simply by the proper selection of sound
absorbing materials. When s sound source operates,
sound waves travel radially from the source. VWhen
these waves strike a surface, Their direction of travel

is changed and, depending upon the ability of the

carrao- to anzp.u m m uthu tho amua wave,

the intensity is reduced. MNost of the cousmon building
saterials are notoricusly poor sound absorbers, i.e.,
excellent reflectors as shown in the following list:

. Materisl = Absorbs (%) Refleots (%)

Flaster 2.5 97.86
Concrete 1.5 98.56
Wood Paneling 8.0 97.0
Glass B.Y 97.3
Carpet 20.0 80.0

2 W, B. Tuthill, *Practical Acoustics,* copy of
-nnpuhltme sanuseript secured from John Well, graduate
student.
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From this lias 1t is obviocus that only a small
part of the scund energy is absorbed at each ccatact
and the remainder is reflected back into the room, in-
‘ereassing the overall sound intensity within the room
a8 a first effect. Thus, within a room with a contin-
uous sound source, a listsner will receive many re-
flections from the various surfaces in the room. The
total loudness, or intensity, will depend upon the
location of the various surfaces and the amount which
¢ach surface reflects to the ear, that is, upon the
absorptivity of the material.

The acous.ical trestuent of a room consists of
spplication of sound sbsorbing materisle in a
sufficient guantity and with hlgh sbsorption coeffi-
clients so that the socund will die out gulickly after it
is produced. It is ;mnlu Wud that the rever-
beration time (time for noise inteneity to diminish to

171,000,000 of ite original velue) for an average
residence should be approxisately one-half second,

while auditoriumss should have reverberation times in
the order of one to one and ome-half seconds in order
to aveid a flat or desd acoustical quality which is also
undesirable. Correct sound treatuent will resuli in a
liu roon with a c‘uri.tr m ‘distinctness of &peech and
. muslic which insures sasy, effortless hearing.
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it is outside the scope of this investigation
te go into detalls concerning physiological accustios,
but 1: la ‘necessary ta xnclndc & hrier ﬁincusgigq in
order Yo lmpart an appreeistion of the renges of values
of intensity and frequency encountered in acoustic
WOIka."

The humanr ear 1s s sengitive yet extremely
rugge€ corgan. It iz ozpsble of responding %o a fre-
guency rsange of ten cclaves (twenty cycles per second
to twenty thousand cycles per second) and will per-
ceive and tolerate scunds of intensity of the ratioc of
one %So cone-irillion. The responge of the ear 1a not
proportioned to the intensity; however, it is more
pearly proportioned to the logarithm of the intensity.
Therefore, a logarithmioc scsle hae been chosen to
‘express acoustic energles and iatonsities. The baslo
unit is & decibel (db), which is equal to a nolse
level of 1 x 10™9 ergs/en®-sec.

The 1ist given on the following pege indicates
the wide range of sound levels perceived by the
average human ear.

3 muoh of the data in this section has been ob-
Salned from H. Fletoher, “fpecech and Hoaring,® D. Van
Hostrand Company, Inc., Hew York, 1620.







Noise Level
{db) Fhysical Intensity Example

1 Rustle of a leaf
10 10 whieper at § feet

o

. 80. . 100 Very guiet room . . . .
S0 1,000 guiet office
40 10,000 Subdued conversation
26 100,000 Bausiness offige
60 1,000,000 Ordinary conversation
70 10,000,000 Busy eity traffic
20 100,000,000 Boller factory
&0 1,000,000,000 Pnoumatic arill at 10!
100 10,000,000,000 Hydraulic prees
110 100,000,000,000 Alrplans prop at 10!
120 1,000,000,000,000 Air rald siren at 10°
130 10,000,000,000,000 Threshold of painful

sound

In order %o be rble %o apply the proper scoustical
correction withoutl axcesslive exparimentation it is
neécessary to koow not only the eoefficlents of shsorp-
tion for the correstive materisls, dut also an spprox-
iuate value for the exieting materials ip the room %o

be corrected.
I. THE PROBLEM

Statewent of the problem. Scund sbsorption co-
efficlents of verious bullding materisle have generally

been deterained by the reverberation or scund cshamber
method which was firet devised by ¥Wsllsce Sabine, River-
bank Laboratories. The reverberation time Sechnigue

u m aaly aetm acenptn& by msuueal xam-zm _ :
Assoglation, but there 1s no guestion that the W







&

is subject to conslderable error snd uncertalinty. The
pericd since 1925 has Deen Xnown a8 the "bhattle of the

goefflicients® becsuse of the variety of asvsorpticn o=

o lidenticsl ams

e

o & % % B 20 s 2 2% & i F
efficlents asglignes

PR

P
&
%
»—py
=
-

8 by different

L

sound chaubers.® Absorption coefficients exceeding

1.00 were commonly reported by well desligned Sestin

&

: £ ; 5 K
laboratories.® The leading manufactarers of acoustical

ared an arsistioce and decgided to

RGO

pt the reverberation time methods and, furthermore,

% wyar) Fomox ¥ % pee fe e vabu s 2% L E PP
single testing chaunber as the ‘official!

determining absorption coefficlents.
The reverberation method utilizes a special
chamber with highly reflective walle. Ususlly the room

is compleSely isclated from bLullding noises and & call-

bration of the sound chanber amounts sisply to deter-

mining the total sbeorbing power of the room in its

7

£

condition for tones within the desired fr

&

rin 3~

range. The asbasorbing powsr of the room is Then
remeasured using & standard test panel {(usually seventy-

Y

two aguare feet) of the material under study within the

o«

mber. If z and b sre the total absorbding power of

Journal of the Aconstical Socletly
.-

et -

of America, 2:38,

B I e

;Mi,ﬂ Jﬁ

®







7
the room, first empty and then with an sres of 8§ square
units of absorbing materials introduced, then (b-a)/s
is the increase in absorbing power per square unit af-

fected by the materisl. If the test material replaces
a surfsce of the empty room which has an absorption
coefficlent of Ay, then the absorption coefficient of
the material in guestion is

The measurement of A} and Ap may be asccomplished
in various ways. The early chambers had & person or
persons of normal hearing mseasure the time delay of a
sound of known intensity and freguency within the sound
chamber. Professor P. E. Sabine found that a pure note
from s pipe organ snd an average of seversl husan obe
servers produced very accurate results in the reverber-
ation method.® Modern laboratories utilize acourste
decibel intensity meters and messure the noise level
2t regular time intervals after a sound 1s produced.
for ecourate rssults, however, the setup can be very
elsborate snd, conseguently, very expensive.

Actually, the comuerclal tests are run on
scoustiocs)l materiale using the reverberation method

é
: iy P. E. Sabine, Acoustlics and Architecture,
ne&ru-mn Book Mp;my' fs ARG.gy i’a%"m. ) .""E'."'"'
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because an absorption coefficlent 1is obltained which is
usable for sll peseible angles of sound impingenent.
Pue to the extensive equipment necessary for this
sscond method for determining absorption coefficiente--
the stationary-wave technigue.

The staticnary-wave technlgue utilizes & sound
source, & tube to direct the sound waves so that they
strike the sasple in a norsal plane, and a probe to
pilck up the pressure or veloelty of the wave at differ-
ent points within the tube. This %echnigue has the
advantage of simplified and lnexpensive equipnment, small
acousticsl sauple reguiremenis, plus accurste and
reproducible results.

the object of the thesis iavestigation was to
design and make avallable to the Nechanical Engineering
Department of the University of New Nexico a simple and
inexpensive mathod of determining at least the relative
absorptivity of different bullding materials. It was
hoped that a thorough investigation would provide some
basis of cosparison between the stationary-wave method
used in the research, and the more commonly accepted
reverberation time method.

-~ Importance of the study. It is Telt by the in-
vestigetor that the study has a practical application
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as well as & theoretical usefulness. In the first
instance, with the rapid growth of the clty of Albu-
querque, with its atiendent growth in bullding con-
struction and with the lack of an acoustical lsboratory
of thie nature anyvwhere in the vieinity, it is felt
that the eqi ipment will be of much use t¢ locel bullders
and menufacturers. This was borne out by the interest
expresssd by local bullders during the resesrch and by
a reguest for investigative work from a manufacturer

of bullding sile.

In the second instance, the equipment as set up
could provide further opportunities for future graduate
students in the fleld of acwistical research which is
8till relatively unexplored. The guestion of correla-
tion of therwal conductlivity coeffloients (U) used in
heat transfer and absorption coeffiolents (x) is still
éncésiorad; &8 wili‘ai ianj 6tha§ iiﬁi bhiﬁoicna4 £
problems closely allied with acoustical propertiss of

materials.







CHAPTER 11

THEORY OF STATIONARY-WAVE TECENIQUE

A8 an ald in visualizing the chtionary—uu
phenowenon, let us consider & string of finite length--
in our case, the length of the alr colusn from the
loudspeaker to the reflecting or absorbing surface of
the phmgor.l Let us suppose the siring ls fastened
at both ends so that two boundary conditions are im-
posed. The string can be fastened to rigld supports a
distance L ems apart so that the amplitude Y must alwaye
be zero at x = ¢ and at x = L. The important effect of
the terminating boundary condition is %o require that
the motion of the string be periodie. A pulse--or a
condensation and rarefaction of the alr colusn--started
at 2 = 0 travels to the second support at x= L in a
time (L/C), is reflected or projected. If the supports
are rigld or perfect reflectors, the shspe of the second
reflection is identical to that of the originsl pulse,
and the mosion 1is periodic with m period egual to 2L/C.
The simple harmonic motions of the string may be con-
sldered as two sinusoidal waves Braveling in opposite

1 p. M. Morse, Vibration mnd | xum-uzn
Book Company, Inc., Hew YOrk, L9048, p.
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1l
directions. The wave length of these waves is egual
to ¢/f. In the special case where the amplitudes of
the two waves are equal {a perfeet reflecting surface),
stationary wavee. At certain peints the two traveling
waves just cancel each other, and the smplitude of the
8tring is zero. These points are called the nodes.
They are epaced equally slong the string & distance
¢/2f apart, two for esch wave length. Halfwsy Detween
each pair of nodal pointa ias the part of the atring
with the largest amplituds of motion where the two
traveling wavee always add their effects. This portion
of the wave is c¢called an antinoda or loop.

Singce we have stated that the amplitude (Y) is
2ero at x = L, » 1inited number of fnquennn' will
result in standing waves 80 long as mo _I.qn;th L is
ﬂxolﬁ.' m: in‘ iré" bmun onlr ihou frequencies
which have nodal pointes at x = L will et up standing
wvaves. The dlatance hetwesn node points muast be I, or
L/2, L/3, ete. The allowable freguenscies are, thera-
fore, ¢/21, 2¢/2L, 30/2L, ete. The lowsst stationary-
wave frequenoy {G/2L) 1s called the fundamentsl fre-
quency of the string or aiyr column. B8y varying L or

~the length of the alr column, any number of fundamental

frequencies and an infinite number of standing waves
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may be established. This 1s accomplished in the
stationary-wave device by moving the acoustic sample

plunger to give the fundanental frequency or one of its

overtones prior to sn sotusl measurement.

The above discussion was limited to two dimen-
slonal analyses, whereas wave motion in air ie three
dimensional and infinitely wors complicated than the
wavee dlscussed hsretofore. Accordingly, the investl-
gaetor decided %o limit his study to the motion of plane
waves of sound and further limited %o normal incidence
egeinet the scousticsl material. Waves traveling inelde
2 tube of uniform cross section will Pe plane wnvee as
long me the wave length is equsl to or longer than
1.707 tises the tube dlameter.®

Appiication of stationary wave Sheory. vhen &
train of progressive waves, P (Figure 1), within the
tube and of smplitude,p , woves in a poeitive drection,
all points of the wmedium In the path of the waves move
through a distance Z2p a8 shown by the shaded portion of
Figure 1. %¥hen the sound energy within the wave strikss
the surface S (Figure 2), the energy is divided into
three porticas; namely, the incident, reflected, and

- 2 payleigh, Theory of Sound II, Cambridge, 1896,
£nd Eaitiom, p. 181. g o ool vy

-







Sound Source Test Sample

: Bounding Tube

/ . 3 /Plunger
P
N
= I e
5 e

- {

Y SSI W SRY  RE (i [ S A S . W |

Probe & Plckupl

Figure 1: Baslc Elements of Stationary-Wave Device

Figure 2: Pressure Variations Within Bounding Tube







14
abeorbed energy. The fraction of absorbed energy is &
property solely of the surfece exposed to the mﬁuﬁ.
Actumlly, the souné energy 1s r.unipatad by the frietion

............................

‘between the wave snd the porous absorbing surface and

is chenged into hest energy. Additional energy is ab-
sorbed by the mechanlesl vibration of the absorbing
gsurface and ite mounting.

The reflected wave of asmplitude.r (r.{gurc 2) will
travel in a negative direction, and the direct wave and
refleoted wave will meest and combine as illustrated.
Some peints in the medium will then move through a
greater or lesser distance than originslly, as shown by
the shaded area in Figure 2. The maximue amplitude at
the sntinodes (where crest meets erest) will be p £ r,
and the minisus spplitude at the nodes (where the orests
oﬂp mt m tmghn of r) will be p -7 .
| The coefficient of sound absorption is a funotion
of the intensity of esound and, mntoro. of the sguarse
¢f the pressure or saplitude of the waves. If the in-
tensity of sound in the direet wave is (kp}g and the
intensity of the reflected wave is {kr)2, then the co=
efficient of reflection 18 P = r2/p®,

If the maximum smplitude or pressure of sound
_x‘; called ¥ and the minlmum pressure 1s called N,






Pz (¥~ M2/ (unf w2

The sound sbsorption coefficient () is the
fraction of sound not reflected, or:
Xzl-p=l-(H-M2/(usfme
S otz 4N / (X £ W)R

Hence, to find the coeffieient of sbsorption of
a matarisl, & mesne must be provided to establish a
train of sound waves of constant frequency and snmpll-
tude, to cause this traip of waves tec be reflected from
the sanple under test, ané to scourately messure the
e X L m -na nmzm aamd pﬂunm ot tha ruunmt

stnimry vave.

Heshods within the statlonery-wave Leshnigue.
¥ithin the stationsry-wave method there are many dif-
ferent variations of technigues. A rather complete
survey of the various poesibilities has been given by
L. L. Bersnek.® A few of the most lmportant of these

-~ 3 .4. L. Beranek, the
oaxgg of m“xza:‘tﬁl 9L Hhe ooustical







as desoribed by Zwikker snd EKosten?® are:

a) Constant length method, measuring msximum
and minimum pressures in the tube;

b))  variable length method, measuring maximum
and minizmum pressures at the sound source;

¢) varisble length method, measuring curve
widthe of pressure at the sound source;

d) variable length method, messuring the elec-
tricel impedance of the sound scurce; and

e} short lsagth tube, measuring the pressurs

and veloeity at the souree.

The method finally selected for this investigas-
tion was the first mentioned. It is & relatively
simple setup and is not d4Aifficult to operate. From
April 1850 to August 1850 the second method, wherein
the tube length is varied and the pressures are measured
at a constant point in the tube, was attempted. Long
oxperiununoa wi th dlum&nmg nmxu mvod thn
the movement of tha sample within the Sube to different
locations affected the scoustical lupedance of the ar-
rangesent 80 that the input asplitude of the sound
source could not be kept constant with the signal os-
cillator available. Since August 1500, all measurements
were made by exploring the wave fronts with & movable
probe while maintaining a constant Tube length. This

- 4% g, Zwikker and C. ¥. Kosten, *Sound
Kateruh.' Elsevier Publishing Company, 1049, p. 88.
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technique nullified the need for numercus power ampli-
tude corrections $o asccount for differences of the

acoustical lmpedance of the alr colunmn.

Definition of terms used. It is felt that a
definition of some of the acoustical terms used in this
report will be of advantage ln understanding the work
to fellow. Because of the difference in definitions by
various researchers, the followlng definitions are taken
from the jimerican Standard Acoustical Terminology, 724.1-
1861, published by the Aserican Standard Association.

Sound. An alterstion in pressure, stress,

“particle displacement, particle veloeity,
:::i;‘?mch is propagated in an elastle

Accusties. The sclience of socund, including
ction, tranamission, and effects.

Holse. Neise 18 any undeaired sound.

Wave th. The perpendiculsr distance be-
E‘f’% wave fronte in which the displace-
nnt- have a difference in phase of one

couplete perlod.
W wave. A wave in vhich the
reC of displacement at each point of
the medium 18 norssl %o the wave front.
Transverse wave. A wave in which the direc-

“tion of displacenent at each point of the
mediunm is psrallel to the wave frent.

Stand nﬁa. Periodic waves having a
tlon in space which is the
~result ot interfarence or progressive waves
of the same freguency. Such waves are
charascterized Ly the exiatence of nodes
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{zerc amplitude) and sntinodes (maximum
anplitude) that are fixed in space.

Reverberation. The persistence of sound at
& given point after direct reception from
. the source has atopped. - - - - - . - . .

Reverberation time. The time required for
8 Found energy density, originally
in a steady state, Lo dsorease after She
source is stopped to one-millionth (80 db)
of ite initial value.

sound intenaity. Average rate of scund
eneryy isaitted in a specifled direction
through a unlt area norsal to this direc-
tion. Commonly used units are the erg per
second per sgquare ocentlimeters or wailis per
square centimeter. (One declibel repre-
sents an energy flow of 10-16 watte per
square centimeter, and doubling the inten-
81ty of any sound corresponds to an inorease
of spproximately 3 db). Sound intensity 1s
proportional to the square of the preasure
or asplitude.

Sound power of source. The total sound energy
: rmﬁww the source per unit of time.
gonmonly used unit is esrgs per second, but
the power may be expressed in watts.

%; The complex ratic of a forge-like

q {voltage pressure, temperature,

ete.) S0 & relsated velosity-like gusntity
{current, velooity heat flow).

Acoustic lmpedance. The complex ratic of the

“Tsound pressure on & surface to the flux
{volume veloeity) through the surface. The
acoustie impedance is anslogous with eleot-
riesl and mechsnical fmpedance. The oON-
monly used unit is the acoustiesl obm.

Fand tal tone. The physicsl component in
B %.&ma wave corresponding to the funda-

mentsl fregueney.

Harmonie. A partial component whose freguency
18 an integral multiple of the fundasental
freguenay.
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Qetave. The interval between two socunds having
& basic frequency ratio of two.

Sound Absorption. The process by which sound
energy 1s dhed in passing through a
medium or in striking a surfsce. . (Practically .- .
all scund sbsorbing surfaces owe thelr ef-
ficiency %o s highly porous surface. The
eir inside the pores of the material is set
intc vibrstory sotion by the incldent sound
waves and 8 fraction of the sound wave energy
is Sransformed into Leat aws: by the
friction of this motion.)

Sabin., A messure ¢f the sound absorption of
& surface. It is the eguivalent of oune
square foot of a perfectly absorpiive swr-
face. (Usually cousidered as one asguare
foot of an open window where no sound would
be reflected.)

Sound W gosfficient. The fraction of

T inei sound energy absorbed by the surface
&t each reflection frow the waterial upon
which it impinges.

Agoustic interferometer. An instrument or de-
Vice '%W veloeity (or pressure)
of sound waves by observing the variations
of pressure in a standling wave establlished
in the wmedium between a sound scurce and a
reflector, as She refliector is moved or the
frequency is varied.

Sound probe. A device for exploring a sound
“Tiel t significantly disturbing the
field in the region being explorsd.

Sth Edition, Jelotex Corporation, 1&1’}%.%!%







CHAPTER III

REVIEW OF THE LITERATURE

m firet person t use the sltationmry-wvave
method of mezsuring sound sbeorption ccefficients was
J. Tumel of Vienna in 1902. Tuma's observations were
entirely aurel. By meens of listening tubee, he ob-
served the relative loudnese of scund in the zaxisum
and minimum position in = plpe closed by sbsorbent
materiszls. Hie actual results were very mesger, but
the method hes remgined relestively unchanged up to this
date.

Hawley 0. Taylor® in 1015 used & tube 115 centi-
meters long and nine centimelers sguare. He used an
organ pipe with s series of Quincke tubes (branch
rnonatou} to ann!.uu thc mu as & -ouna

souree. A glun tube was una. 28 the mbc for ex-

ploring the standing-wave system. This wss connected
with s delicately Lalanced Bayleigh &ise whoee defleo-

tions were taken &8 & measure of relative pressures at

1 J. Tuma, *"Eine ¥ethode zur Verglelchung von
Schallstorkung ---%, d. XK. Adad. d. Yessenschaften,
Vol. IIX, Pt. BA, 1808, pp. 402-410.

2 5. 0. Taylor, "A Direct Kethed of Pinding the

~ Value of Materlals as Sound Absorbers," Physical Beview,

2:870-287, July-Decembder, 1813.
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the mouth of the exploring tube and gave the numerical
values for ¥ and N (Chapter II, p. 15).

In 1926 & papcr was published by Eckhardt and
ghrislerd® eovering a modification of Taylor's method.
The sound source was a loudspeaker, supplied with al-
ternating current from & vacuum tube oscillator. Thelr
tube was made of brass snd the exploring tube was Sers-
inasted by & telephone receiver. The potential genera-
ted in the receiver was amplified, then rectified be-
fore being led into 2 galvanometer. Eckhardt and
Chrisler found that due to diseipation of energy along
the Sube, there was a continuous inerease in the values
of both the saxima and minima with increasing distance
from the closed (sample) end. Thus, the direct wave
diminishes in smplitude as it approaches the closed end,
while the raflcutod unvc cinxnilhlt as 1t rccoaos fron
:h. rtrloctxng :nrracc !b ancount for thxs 0rroct.
Eokhardt and Chrisler derived the following expression:

- w4 R - W
gl ¥ AN - 3_2._'1

Bz - N is the difference between the pressures

measured at two successive minima.

3 2. A. Bokhsrdt and V. L. Chrisler, *frans-

‘mission and Absorption of Sound by Some Bull Eater-

inls,* Bureau of Science Paper 526, Vol. 21, 1
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The next important work done on the subject waa

that reported by Dr. E. T. Paris.? He carried out in-
veatigations on the absorpticon of sound by acoustioal

plutera uung 2 hot-wire uerophonc (EMF, due to
slight resistance changes) to meamsure the intensities.

A. H. Davis snd E. J. Evans®, working together
2t the Natlional Physical Lsborstory in Englend, ob-
tained some accurate results with & stationary-wave
setup guite similar to those already described except
for s loudspeaker sound source mounted on thelr tube.
Thelr work was conducted with great care to experi-
wental details, and revesled the odd phenomens of de-
crease of sbsorption coefficients with increases of
sanple thicknesses beyond a certaln point.

Probably the greatest American contribution to
the science of scousties was sade by Dr. Paul E. a.uu“ '
of murbank uhoramrx. M work included uﬂdin of
both the reverberstion time and staticnary wave methods.

Recent contributors to the general science of
sound absorption measuring include two Dutch sclentlets,

¢ ¢ 7. Paris, D. S0., "Om the Stationary vave
Hethod of Kumxn; Sound Absorption,® Proceedings of
lhe Physical Scelety, 3I8:1274, 1827,

5
A. H. Davis and E. J. Evane, Procesdings of
- Roysl Seciety of London, Series A, vu‘."‘ﬂ!‘"t% &

€ p. £. Sabine, loc. eit.
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C. ¥. Kosten and C. Zwikker. Thelr work reviewed the

efforts whloh had preceded them and included a very
rigorous mathematical approach to the field of umoues
in general, snd to sound absorbing materials in |
partioular.”+8

An interesting variation of the tube method was
devised by E. C. Wente? of Bell Telephone Laboratories
in 1828. The method has becowe known ae the acousilc
lapedance technigue. Wente's analysis was brsed upon
the snalogy between parsicle veloeity and pressure in &
standing-wave syetem and the curremt and voltage in an
electrical transmiesion line. A4 tube three inches in
diameter and nine feet long was filtted with a movable
piston upon which the acoustic sanple was mounted. Ine-
stead of wmessuring the saxious and minisum pressures at
points in a mbo or rxm Iensth. the pruiun u a
single polnt near She constant asplitude source was
meacured for different tube lengths. ¥ente's method
gave the absorpiion coefficient in teras of the maximus

7 Zwikker and Kosten, op. cit.

8 g, w. Xosten, "“Absorption of Sound by Josmted
Porous Rubber ¥allecovering Layers,® }%ml_!or the
Acoustical Society of Ameries, 18:4 . 1948,

=

, ® g. ¢. Wente, Bell System Technical Journal,
01"16‘ lm







and minicur prossures measured neay the souree &a

follows:

The accustic lumpedsnos method has been utilized
by & number of recent experimenters. L. L. Beranekil
in 1640 amade some excellent uessurements of the acoustic
impedance of varicus commercial bullding saterials.

His work demonstrated the adequacy of the theoretical

aonnection beltween the acoustic impedance and absorption

coefficient as employed in usual preetice. R. K. Gaatn
and 0. X. Mawardil® introduced short-tube acoustical im-
pedance methods in 19047 and 1948, respectively. Thelr
methods indicated a practical procedure for use in the
field on acoustical materials for whioh the absorpiion
is due %o the surface and not ¢ mouating effects.

In any scoustie lupedance or stationary-wave
tube neasurement, what 1 actually measured is the ab-
sorption coefficient for normal incldence. Accordingly,
& resl preblem existe in ascertalning the overall

10
iety of ime L 1_9;.._. 18:14,%4&&“"&&

11
ot mrmn\:;m, Qook, Journsl of the jcoustical Soclety
____gou:'n{' w&mu'wumm&&
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reverberant, or randem incidence absorption coefficlent
from the normal incidence coefficient. An lngenlous
mathematiocal approach to this problem was devised in
1950 by Albert Londonld of the National Buresu of
Standards. His method, which will be diascussed in re-
lation to this investigation in a later chapter,

yielded results whioch closely agree with the reverbversnt
coefficients of a number of materials.

The latest published literature on sound ab-
sorption reviewed by the investigator was by ¢. M. Harris
snd §. T. Molloy in January 19562,1% They reviewed the
general status of the theory of sound absorption with
particulsr sttention to the relation between absorpition
coefficients determined by the tube methods and the
sound chamber or reverberation method.

13 A. London, *The Determination of Heverberani
Sound Absorption Coefflcients from Acoustlc Impedance

mw«ggwamwwn

1% 5 . Harrls and ¢. 7. Molloy, "The Theory of
‘Sound Absorptive HMaterials,® Journal of the A e
Soelety of America, 24:1, 195%. == jmmue







CHAPTER IV

DESIGR AND CONSTRUCTIOR OF APPABATUS

.................................

The intant of the invesilgator was to combine
&% many of the good points as posalidble from previous
work with the limitations of esconouy and space saforoed
by the conditions within the Mechanioal Englnasring De-
partoent. Wherever poszlibls, aguipuent was designed
and gonstructed on the 2pot, and where electrical equip-
nent wes not available wi Shin the Neparisent, 3he
Eleotrical Engineering Departuent was in sany cases
willing to help. Additionsl assistance was obiained
from the Indusirial Arts Pivision which made thelir
facilities avallable for initial construction and
sanple preparation.

As in the prcuou zamtmuon. m prl.ncxp.l
'partn of tho sgmm m:xm of & smmdmg tube,
sound source, and a pressure plokup. As 1llustrated in
Figures 3 and 4 on the following psges, the sounding
tube was constructed from a ten-incoh (inside dlameter)
heavy-duty steam pipe, nine feet and eight inches in
length, with flanged connections om each snd. The tube
wvas salveged from pipe renoved from the old stean
pl:nt at m wm:t: orm Maa. m ﬂnm :
ends served as supports for the sound soures tnm a)_
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Figure 5 - - Loudspesker Mounting Details
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The tube was supported Ly wooden blocks which carried
the ioad to a specially constructed support table. The
tube had twe imperfections; namely, & feirly rough in-
side surface and & two-inch branch connecilon noar the
source which was sesled Ooff by a block of solder. Un-
doubtedly, these flaws contributed to scue extent to =2
é.ut-crt;.aa of the original sound signal.

A Hewlett-Fackard audio oscillator, Model 2008,
was used a8 a variable amplitude, variable frequency
sound source. The mazlwum power oubtput of ithe nscllh-—
tor (one wait) was fed %o a lten-inch permanent msmt
speaker used o minimige distorilon and 60 gycle hum.

The oscillator had a fregueacy range from 20 ops to
20,000 eps with & callbratlicn accuragy of twe per cent.
The speaker was mounted on one end of the tube with the
use of a *C" glasp and a woodsn support so that the
spesker gcould be resmoved for lnspeotion of the tube,

The sanple was mounbed on a wmovable plunger con-
structed as shown in Plgures 6 and 7. Two six-foot
seetions of 1-1/2 inch pipe served as the plungsr rod.
The sections were 'uaﬁaatad with a coupling and an
scourate inch and centiueter scale was scribed on the
pipe S0 indicate the dietance to the face of the
plunger. The clossly-fitting plunger oonsisted of itwo
one-inch thick plywood discs, ten inchee 1in diametler,







Figure 6:

Sample

1/16" Steel Plate —

1" Plywood —___'_—-\x\

/
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separated by a 6/B-inch thickness of hair felt. A
1/16-1nch steel plate was sorewed onto the inside face
af%glmrh.wv:»umttmplﬁcuaaw
fect reflective surface for appsratus cslibration.

Variations of air pressure within the tube were
picked up by a midget esrphone-type dynamie plekup
mounted on N upright end of a 1/4-inch probe, ten feet
in length, which was :  through a 3/8-inch hole in
the sa=ple and plunger. wires from the pickup were
pulled through the pipe and connected to the input side
of an amplifier located outside the tube. The midget
pickup selected for the investigation wes manufactured
by Sonotone Corporation® for m1litary use in World
War II and hae the followlng charscteristiocs:

1. Resistsnce - - 256 ohms

- = B0G0 obms
3o : = = 100 %o 3500 ops
4. 1) é‘h-*l/ﬂlﬁﬁh
5. 2 /2 inch

The plckup was permanently mounted on the center-
line of the tube with the 1/8-inch dlsphrags Mac'
facing the wall of the tube to record mnme statie
pressures,

1 ﬁ;‘» Pu:m, g:t 21... '»cui;ms of n&:;
Earphones for Military Use : o & Acoust
Soclety of America, 18:348, e%% ﬁti“""
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Probably the most dAiffioult snd persistent

problem in the construction of the apparstus was the
provision for s slumple but acourate amplification system

plekup readable on a voltmeter. Initisl attempts $o use
the ssplifier built into a laboratory oscilloscope
failed, and an amplifier bullt by Professor G. B. Bliss
and loaned by the Electrical Engineering Depsriment
proved to be unsatlisfactory due to high distertion and
insufficlent amplification.

An attenpt was amade to measure the sound intensi-
ties directly by use of a sensitive decibel meter manu-
factured by the Western noémo Corporation. The amp-
lifier stages of the meter proved to have sdeguate
auplification snd socurate step selection, but the
decibel aeter stage indicated umrts&nmulu (hq to_
the logarithsio scale. The method vas discarded in
favor of a more successful technigque described below.

A sensitive amplifier which had besn constructed
by two graduate students for thelr own thesis investi-
gation was used next in the investigation. The pickup
leads were connected directly to the amplifier, mmd the
output ileads from the amplifier were connected to an

ROA vaceua-tube WolSseter. This methed proved to be

very satisfactory, but before the spparatus ecalibration
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could be completed the amplifier ceassd to function and,
desplte extensive repalrs, n¢ further sstisfactory re-
sulta were obitained from 1%, LT e S

?hc mu{ oﬁéﬁa;m acuud pressure instrusenta-
tion resulted from & use of the amplifier stages of the
Western Elsciric deocibel mater in conjunction with a
Heathklt vacuum-tube voltweter as shown in Figure 8.
This method proved very satisfactory beosuse of the great
sensliivity of the anplifier and 1te freedom from 9x-
ternal hum or background noises. Several ranges of
anplification ware avallable, and they were used to ad-
vantage in keeping the wltage gensrsted by the sound
pressure level in the tube on a readeble section of the
voltmeter scale.

A Du¥ont cathode-ray oscilloscope was wired in
muucl with the voltmeter and proved & grest aid in

determining the saximum and winimum pressure points
¥ithin the standing-wave front. A visual observation
of the auplitude of the wave form on the oscilloscope
greatly reduced the operational tias of the investigation.
In summary, the spparatus could best be desoribed
by refersnce to the coded components shown in Figures 3,
4, 5, 7, end 8, and by the code key shown on the follow-
~ing page.
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Sound Source - Audio oselllator,
30 - 30.&06 GPI

Loudspeaker -~ Parusasnent magnes,

10=-inch
somzd&ng Tfube - Heavy-duty steanm
pipe, 10-inch
Sauple = Acoustic material
under test

Hovable Plston - Steel snd plywood
mounting platform

Piston Plunger - 1-1/2 inch steel
ripe, calibreted

Pressure Plckup - Midget earphone

Pressure Auplifier - Amplifier stages,
decibel meter

Eonitoring Oscllloscope - Dudont Model
#2744

Yaouum-tube Voltmeter - Heathkit, 1.5,

18, 30, 180 volts full
senle.
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CHAPTER V

The original intention, as previously mentionasd,
'mummmnnnwwmm'
mmmmammm With the piok-
plunger was noved into and out of the tube, and the sup-
litude of pressure was measured within the tube. when
Shess azplitudes were plotted against the plunger posi-
Sion, & variety of curves were produced wilch wers very
irregular. Even at the lower frequencies, sucoeeding
nuﬁmuﬁﬁa&umnﬂrw’um“p—
litudes. It was later deduced that as the plunger was
forced inte or out of the tube, the acoustisal lmpedsnce
varied so that the oscillator whish operated at oconstant
muuwmmthmmmuhvd
within the tube. It 1s quite possible that this first
‘Bethod could have been even more convenient then She one
mumua-m«mmwm
oould have been ssoured in order that the scund level
within the tube could have been kept constent.

Hateriale and samples used for calibration. The
test materials used for the calibration of the statiocaary






wave deviee were all secured from the Celotex Corpors-
tion through ¥r. Jay Grear, loeal distributor. The
materlals included Shree of their perforated Acoustie-
 gelotex mmta{im 0-1, 6;4. and 0-8) and two
acoustlic plasters bearing the trade names Nuffletone
and Fissuretone. CUomplete inforsation, inoluding ac-
ceépted absorption coefficients by the reverberant
method, was avallable through the Acoustical Haterials
Association whioh represents mejor manufscturers of
agoustle materials for the purpose of furnishing

on acoustioes.

investigstion of mound pattern. The mext step
was the sxploration with the wse of a probe, the plunger
mmmmnummtammmm

txu,m»mmm-w.
are 128, au.'aeu. 1024, and 2048 ops which corrsspond
to froquencles one octave lower o Shree ootaves highor
than middle © on the musical scale (288 ops). There-
fore, a complete exploration of ths tube was made for

1 ascustical Bateriels mua. *Sound Ab-
amua Goefflcients of Architsctural Acoustiesl Hater-
- %mm by the mum

utm







each of these freguencies with the plunger reset for
each frequency change %o & polnt of tube resonsnoce, and
with a2 sasple of Qelotex 0-0 mounted on the end of the

plunger. The results from this test are shown on the
following pages on Graphs 1 through 5. In each case
the plunger setting was noted, and the voltage asplitude
was plotted against the plunger dlstance measured from
the sample end of the tube. Before esch run was made,
the wollage measuring spparstus wes carefully set to
zer0 with the osecillator om, but with the amplitude gain
turned %o zero. A study of the graphs revesled s
ploture of the pressurs variation within the tube after
Sthe atanding wave was established, but more important,
1t revealed the uniformity of that variation within the
length of the tube. Por the most part, the varistion
up %o 1024 ops was very reguler with unifors sets

the test run at 2048 eps vhere the curves were very ire
regular and there could be compuled from the dsta listed
an slmost innumersble group of absorption soefficlsats.
This break in continully was higher than 1%
secmed 1%t should have been according to Zwikker and
Xosten whe referred dirsotly to the work of Rayleigh in

froeguency that the wave length 18 greater than 1.707
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times the dlameter D of the tube, only plane waves ocan
travel in the tube.*® yith a Sube dlameter of 25.4
centizeters and a weve length of scund at room Seuper-

ature of 343 meters, this l}hauld 1isit the usable
frequency to about 800 cpe. This was borne out some~
what Detier in subseguent tests.

| Investigation of effest of pickup position
¥aristion. At the higher frequencies seversl polints
of maxisum and minimusm pressures were picked up by
®oving the position of the probe to different pointe
torcughout the tube, and it was Shought well %o ine
vestigate the effect of such & voristion upon the abe
sorption soefficlents inwvolved. Orsph 6 on page 45
indicates this variation for Celotex O-4 measursments.

w“mmwm-&mmn
average of five different sets of saxiswe snd sminimun
showed some variation. The width of the band was nod
sxcessive until it reached s Trequency of around
2000 ops although, obvicusly, limited accuracy could
hmﬁdummmumnm“wu
Mm.

% 0. wikker and 0. W. Kosten, op. eit., p. 86.
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Slmlilar teatls were run with different mlgl
but Calotex U-4 was representative of all of M:
thnnteu. uo others are inoluded in this repors.

Study of effect of plunger position. Vith the
pickup probe set at any fixed position, the plunger

sould be changed in position with a considerable change
in the pressure smplitude reading at the pilekup position.
For this reason it was Thought advisable to investigate
the effect Shat the original plunger (and, thersdy, She
Gsuple position} would have on the coefficients salou-
lated. A fregueney of osclllation of 1024 ops was
selested, and Sthe plunger position varied by two centi-
seler intervals, snd the effect was studied with the
plokup near the sound asource ia the first csse, and

near the sanple in the second. To mmmtﬁzu.
- after the plunger had besn set correctly, the msximus
asplitude was found by novement of the plekup probe, and
then brought up to & velus of 12.45 volts. Thess values
have been plotted on Graph 7. A study of this geaph
indiested that the variation was very ssall, on the

Grder of abous 6% aad, considering the other errors
inherent in the methed, slmost negligible. This smouns
waé reduced, however, by settisg the plunger at the

- - - -
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‘reconumended that this plunger location be one st which
the tube will be in resonance; that is, so that a

maximus pressure will exist at any fixed probe position.

Bffect of microphone plokup on results. The
ttamnry-aun teohnique was derived on the sssusption

that the sound pressure along the tube could be aceu-
rately messwred s% discrete pointa. Actually, the
pressures pilekup diaphragm covered s Tinite leagth of
tube. Ite oultput was the integral of the response over
its entlre surfece to sound pressure along the finite
tube length. Thie pressure varied both in magnituds
and in phase. Theoretical considerations and investi-
gation revealed that only an insignificant error was
introduced by this situation. The only effect was %o
decresse the sensitivity of the neasuring systes as

the wave length becsme comperable with the width of the
sierophone. This effect was not {smportant becauss
trensverse waves would bDe present in the ten-inch dia-
sater tube at the high Irequencles where the wave
length would spproach the width of the microphene, and
the distorted sound field from She transverse waves
would make the sensitivity lose even more insignificant.
Purthernore, as only the rsticsof pressures were used







This factor is one of the real advantages of the

stationary-vave method, the practical significance
belng that accurate measurements can de made with

.....
..............

impossible im the sound chamber or reverberaant method.

Gelibretion curves for several ssuples. To com-
pare the resulis obSained by the stationary-wave method

and the reverberation method, seversl sasples of known
acoustical properties were prepared and ran st standard
test frequencies of 128, 268, B12, 1024, 2048 ops and.

for 800 cps, a frequency which wes of interest becsuse
of Rayleigh's predietion of the usable frecuenciss for

‘the ten-inch dismeter tubs. All of these ssumples were

mounted on the ateel plumger face by She use of a trans-

parent rubber cement arcund the edges of the sanple as

much in sccordance with the recoumendstions of the
Aecustical Hateriels Assoclation as possible.d

Graph © on page 45 and Graphs 8, 9, and 10 on
the following pages 1lluatrate the results of this in~
vestigatlon. On each graph thers is a plot of averaged
test values of "stationary «* {(a ainimun of three
sessureasnts vas nade at each frequency for each sanple)
versus the test frequensy. For comparison purposes, a

® Acoustical Materials Association, loec. ois.

et
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plot of the latest acvepted "reverberation o was also
Ancluded. As indlicated in Graph 10, messuremente on

Fissuretone were discontinued at 1024 gps because of

errstic results which were obiained at higher frequenscies.

Ztudy of spparatus sensitivity. An extensive
‘ealibration was undertaken $o detersine the sensitivity

of the apparatus by artificislly introdueing porosity
%o & plain unpsrforated sample of 1/2-inch Celotex.
This was scoomplished by drilling inereasingly larger
nuabers of 3/16-imeh diameter holee, 3/8-ineh deep, in
regulsyr gsometric patterns and smessuring the lnorease
in absorption coefficlents at various test frequensies.
The perforated ares of the test sample was detersined
, by adding the latersl ares of the drilled holes (Woh)
%0 the original or unperforated area. Oraph 11 shows
- Lhe results of this phase of the investigstion for a
| single test frequency of 512 ¢ps. The plet indicates
that the absorpiion coefficlient ingreased linearly and
sluost direstly with increassed sample surfsce ares.
Hanoe, the inorease in « wag due So surfece absorption
r ¢f sound enly, and the absorption due to the vibration
of the plunger and tube could be neglected.

~ Genersl comclusions on calidbration tests. In
general, the results of the cslibration were better
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than sntleipated, and agreement with work of previous
stationary-wave experimenters was good. Specificslly,
the following eomclusions were drawn.

2.

3.

4.

B.

G

the appsratus, as judged by the calibration
and sensitivity tests, was mn of de~
tersining scourate values of absorption co-
efficients for normal incidence reflection.
The results were reproducible and as
acourate as more elaborate and expensive
stationary~vave setups used heretofore.

Because of She massive walls of the heavy-
futy steam pipe bounding tube which practi-
cally eliminated dlssipation slong the tube,
resultes at low frequencies {less than 200
op8) were more securate than previous setups.

For most of the ssuples tesied, satisfsctory
regults cannot be expected for test fre- ]
guencies 1in excess of B0O0 ops.

The statioaary-wave absorpiion cosfficients

a8 measured were al 1eas than the rever-
beration time coefficiants. This vas ex-

peoted beoause theerstiocal considerations |
indigated that the wean value of the sbsorp- , |
tion covefficlent, if sll engles snd dirveo- :

-~ Bioms were taken in scoount, would slways |

exceed that for norssl incidence.

The thicker CeloSex samples gave resulte
wileh vere more congiatently close %0 the
coefficients determined by the reverberant
wethod.

Seneltivity seasuremenis iundicated that the
abserption coefficients measured by the
apparatus increased almost linearly with
the ilneressed surface area induced by
drilling holes in plain specimens.
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One of the advantages of the stationary-wave
method of acoustical testing wes the small size of the
sanple of material tested. For the apparstus herein
described, however, the tester chose a saaple whioh was
representative of the maSerisl in question, and of a

8ize sufficlent So allow the cutiiag-out of a ten-inch

diameter flat eylinder. In the cutting operation it was
found better to cut a 1ittle oversize (approximately
1/8~inch) to assure elose fitting around the inside of
the tube. '

Freparstion. Yo properly mount the specimen, the
stesl Tece of the plunger was thoroughly cleaned and a

- thin layer of transparent rubber cement was spresd unie

foraly %wo inches wide on She stesl face from the cuter
oircunference inwerd. A swall hiole (3/8-inch) was pre-
viously drilled in the test ssnple to matoh the hole
Shrough the plunger for the plokup probe. By experisen~
tation, 1% wes found that i1f the hole was notched to the
outside of the specimen %o allow sssexbly over the probe,
dleassenbly of the probe would be slisminated and the

teat greatly expedited. The preocut specimen was placed
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over the probe and held against the freshly cemented

face of the plunger by two wooden *0% clamps. The

sample was normally allowed to set overnight; however, =
" some tests were run after two hours drying. AfSer the

drying period s wood rasp file and sandpaper were used

%o bring the specimen down te the dismeter of the steel

‘sounting plate.

The smplifier and oselillator were allowed about
twenly minutes 0 warm up completely, slthough only &
émall error was introduced if 1% wae necessary %o begin
testing befors the full twenty minute wars-up period
was compleled. With the oscillator turned on and the
anplitude galn turned to zere, the voltaeter was zeroed
with the declibel meter range linic set at 60 4b.

Test progedure. :lcmumeimm
variation, ths plungsr was first set in & position for
the frequenocy of the test run which would give a msxisus
reading for any position of the plckup. This placed the
tube in resonance for the frequency sslected.
The sazisum pressure point was then seoured by
running the probe swiftly through the length of the Sube
and, with the voltmeter resding at the upper end of its







carefully located at a meximum pressure point as close
%o the sound source as was convenient. The amplituds
dial on the oscillator was then set at the msxiwws =
reading (16 volts).
Sets of maxima and minima were obtained by slowly
pulling the probe ocut of the tube, being very careful

that the sxacot values of thess twe points were obtalned.

Sample test of Firtex. Graph 12 on the following
page 1llustrates the results of a test »un on a sampls
of Pirtex, using the procedurs indicated above.l The
saupls was obtained from the Alba Building Company which
was bDullding tihe new Beverlywood Addition in the Horth-
ssatern section of the sity of Albuquerque. PFirtex was
used as a heat insvlating board asrcund the exterior of
thelr frame-stucco bulldings.
up %o about SO0 eps, after which sucosedisg wets of was-
ims and minims showed wids wariations. Although the
average of from five So ten sete were plotted and ocon-
nected with s dotted line on the graph, they were viewed
with suspicion bscause of the breakdown of the normal

B Apperatus vas apcnm by ©. Y. Lesmon, grad-

uate student, for the Firtex tesis.
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wave patiern which must have ocourred within the tube
at these higher frequencies.
The general shape of the curve 418 not agres
specimens, but the absorption coefficients ss deter-
ained by the reverberation method are shown in the
table below for comparison. These were approximated by
& study of the relaticaships between the two coefficlents
&5 determined for the calibration specimens.

5t. ¥ave Reverberation

Erequenay Sosfficlent  gosffiolent
1za .12 .22
256 08 22
"e - AR e
800 28 .56
1024 .28 -







CHAPTER VIX

CORRELATION OF STATIONARY-¥AVE AED

Sarly sound absorption investigatorsi:®»® raeop-
nized that 1% would be of considerable Sechnologleal
importance if 1%t would be possible %o determine froam
laboratory measuresents on small scoustiesl semples the
sound absorption cosfficients one might sxpeect teo
ueasure on large samples pleced in a reverberant sound
chambsr. Henoe, the stationary-wave or tube method of
deternining the absorption coeffisient has received in-
tenaive theoretiesl and empiricsl study in sn sttempt
te detm an acourate correlation between small tube
and large sound chamber absorption seefflclents. Ua-
fortunstely, the correlation 814 not lend iteelf to
either a straightforward mathesatical or sxperisental
solution. The sclutions to this problez was one of the
subjects that received intenalve study at the Teath

1 5. . maylor, ioe. sis.
? B. A. mokhardt and V. L. Chrisler, log. sit.

A. H. Davie and E. :- m,m ﬂ_‘.’







Anniversary Heellng of the Accustical Soeciety of
America in May, 1939.%

cvund the relationship between the reverbersnt and
stationary-wave absorption ccefficients. draph 13 is
& reproduction of a graph from his beook in which is
sihown ths experimental relationship between the ratio
of reverbersat to stationary-wave coefficient as a
funstion of atationary-wave coefficients at a test fre-
quency of 500 ops. The best smooth swve was drawn
through eleven test measurements. It should be noted
that the experisental points were deduced fros pub-
iished values of reverberant gueffioclents while
statlonary-wave values were measured by Davis and Evane.®
In general, the agreeusnt between data obtalned

nn&wuﬂﬂn hﬁsﬂlmcmmd-wﬁu
expected. Averaged values of seasurenents on Uslotex
unaterials at D12 ops by this investigator are indicated

N ¥ i %ﬁ&&“" 'w-p:.m Discussion on
fooustical Soolety of Ameriss, 11*’“'-” %

Y A mm.wme.unmm

AN TR s 7 g. R m‘.:. ........... ‘rm ;
mwnm 117189, 1830." "
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on Graph 135 for ccapsrison purposes. A limitation in

utilizing the relationahip plotted on this graph exists

becauss ithe experimentsl values of stationary-vave on- _______
efficients determined by Davis and Evans 4id not exceed

0.60; therefore, it was net possible %o check the 0@3!@3

ef sgreensnt of test data for larger values of asbaorption
cosfficlents.

Probably the best mathenstical approach to the
eorrelation problem was recently devissd by Albert
London? of the National Bureau of Standards. His solu~
tion took cognigance of the faot that stationary-wave
or tube meesurements give cocefficients for normal inci-
denee only, whereas sound chamber uneasurenents give
cosfficients for random incidence. His solutioan inveolved
a2 complex integration of the norsal invidence relation~
ship over sil angles from O° %o 180%. He devised aa

eguivalent scoustiec lupedance (Ze) from normal incidence
coefficlents () as follows:

i/éQ-~xg whenoe, sfter
{1). “.1-(1-0!,} &‘&’1&‘:‘

following m&; in-
ocidence coefficient
* was established

(2}, «’=g*[;:au;m-r-j?€|







Greph 14 represents a plot of atationary Xg
versus predicted reverberant (¥ as determined by Zqgua~

with chasber dsta was cbteined for measured reverbersnt
coefficlients up %o 0.85, but because the solution %o
Equation (2) has an upper lisit of 0.88 for reverberant
X, errors of ten per cent were found for highly absorbdent
materisls whose X approsched 1.00. Agsin, for comparison,
the observed stationary X versus agoepted reverberant oK
{as determined from Bulletin XI, Acoustical Haterials
Assooiation) was plotted in Graph 1l4.

Graph 14 may be used To advantage in predicting
random reverberant « coefficients from cbeerved statiocnary-
wave data. Oraph 15 illustrates the usefulness of
London's curve for predicting reverberant o for Celotex
C=-2 (3/4% thiok) from stationary-wave messurements made

by m investigator. glose agreement betwesn prediocted
values and recognlized sound chamber data is indiocated
for low and high Sest freguencies with Sthe maximum
deviation at the intermedliate fregquencies.

The extent of agreement between London's work
and this investigation is also shown in the Tebulation
on page 68 for ome of the Celotex materials investigated

by both cxpwimm
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Celotex C-4 (1-1/4 inehes)

2} 8 ™ (4)
o, K XRev, &

1” : 0.07 . 0.08 . il - ~BE: - v e ST -
286 0.20 0.18 0.42  0.43
23§ 0.8¢ 0O.82 0.99 0.81

1024 C.61 0.70 0.74 0.83

m“ 9.38 0.3’ o.n e‘“

Aversge O0.370 0.394 0.580 0.502

{1) ~ Heasurements of stationary ot by
L. L. Beranek e '

{2} - Heamsuremsuts by the inveastigator

(3) - Reverberant o per Accustical
KEaterials Association

{4) - Predicted reverberant o frow
stationary o of this investiga-
tion mng Londonts curve
{Graph 14

from the above evidence, 1t was the studled

opinion of the investigator that the results of this
theeis research oclosely corrcborated amd supplemented

the sathematical work of Loadon. By supplying scowrats
experimsntal data that supported the theoretical work

of London, the amswer to the problss of eorrelation of
stationsry-wave mad reverberstion-time sbsorption o= i
efficients was brought closer to s practioal solution.




S——



B R S T o T -

This fingl chapter suamarizes all of the work

whioh has been menticned in the preceding chapters and
draws specific conslusiocns relating to the apparstus
berein described, and the sanples which were tested by
the iavestigator. In sddition, other conelusions of a
aore genersl nature are given in the hope Shat they will
be of further use to future investigatorse of the same
or related subjects.

Bunsary. In pursuance of the objest of the probe-
lem solution, She ianvestigator, after a thorough search
of the literature svailable, set aboul to design and

sonstruet a aletionary-wave setup for the seasuring of

building ssterials. It was well realised that the re-
verberation sethod 1s the standard method in use be-
cause of i%s ability to measure the effect of ecund
waves ineldent upon the surfmoe from all sagles of
appreach.

kithin the limits of space and finances, it was
felt that the statiocasry-wave method would prove satis-
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and for providing s worthwhile apparatus for ressarch
t0 the Department for future use of Graduate Students

The method originally suggested by H. 0. Taylor
wes used as the basis of the worls and, by a process of
purchasing, dorrowing, and weking on the spot, the
sguipsent necessary was assexsbled in the research labor-
atory of the Department of Mechamical Engineering. This
included a steam pipe o act a8 & bounding tude for the
sound waves 3o asswre 2 noramal angle of incldence upon
She sample; a scurce of sound which was provided by an
oscillator and permenent magnet Sipeaker attached to one
end of the tube by the use of & *C° clamp and block of
wood; & plunger constructed of plywood, felt pads, and
8tesl atlached to & lomg pipe im two sections to provide

phone for a preesure plokup withim the tube, plus She
Wmsuunmmm:umn
possible to read and interpret She ssall variations in
Sound pressure exlisting. All of this squipuent was used
with the scoompanying accessories auch as electrical con-
nestlions, power supply, oscilloscope for studying the

wave forms within the tube, %ools, ete., in a small
Saction within the fenced-in resemroh laborstory in the
Kechanical Engineering Departaent.
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S8ince it was dessiiwed to arrsnge s comnparisade
twveen the results obitmalned from the method at hani md

............

sooustical materials by She use of the reverberatio:
method, tesis were rwuni om four saaples of scoustical
maderial pronm by tihe Celotex Cospany. The remulls
obtalned were comparesd! with the data which the Actustiml
Haterials Assoclatliom irecommonds in thelr Bulleti: .

Other callibratiitom studies included an lnvestinm-
tion of the sound patiterms set up within the tudbe bya
range of frequencles 'ujpon & sample of Uelotex C~8, 2
study of the effect 0if ®hwe pickup position upon tis b
sorption coefficient :2it wvearious test fregquencies, anl
&0 investigation of tihee effect of plunger position @
the Test results. The e fect of the plekup size on du
stationary-wave pattewrm and observed results was sle
investigated, both thecoretiemlly and experimentally.
AR extensive calibratlicom wms undertaken %o deternine
the sensitivity of the appsretus by iscreasing the e
sorbing surface srea ff the test ssaple by drilling
holes in regular geomettrie pmitterns and asasuring th
inerease in absorptiom ewefficients.

The sxtent of woir-relation between &coepted re
verberant -ul m - Stationary-vave coefficlents ms
investigated in an atGesmpt to eorroborate recent
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ugthesmatical apporoachese to the correlation problea.
Heasuremsnts of absorption coefficlents by previows in
vestigations werce now to the results of thls re
uaréh' and prod.’uetod raverberant coefficlents were
deternined by ma\thezatical treatment of the observed
stationary-vave data.

A recommeinded test procedure was then propeeed
from the experiemnoe of the investigator as one which
would give the beest results in the ncit efficient
aanner with the aavailable apparatus. A complete test
ef a looal bulldiing material was made to illustrate
the test method samd %o indlicate the procedure for pr-
dioting reverbersant coeffiolents from the results ofa

laboratory measwivemnen .

taken was oo larrge for the draving of a large nusber
of specific and rrelliable sonclusions. Howaver, fios
Lhe sxperimental de%a %o date, the following general
conolusions wers (drawm.

1. The apjpmratus was capable of determining
accurate values 03 absorption cosffiolesta for norsa

insidence. The resmwlis were reproducible and coupurdd

‘favorably with thie Meported values obtained by mors

,,,,,,,,,,,,
,,,,,,,,

' )







b
elaborate stationary-wave setups used by other invest-
igators as shown by the tabulation on page 67.

£. HRighsr acocuracy for uam)tn_ bnw
am m m ebmm h“aunor m 'ﬂl,:lilﬂ‘ nof=
absorbing walls of the bounding tube.

3. The present apparatus had a definite fre-
quency limitation because of the large diameter of the
tube, and this limitation varied with the sample under
test. In genersl, confidencs of reliadbility of results
¥as limited %o freguenciee below 800 eps. For sach
individual sample, however, the sound pattern should
be explored for discontinuities and irregulsrities to
oblaln more sonclusive kuowledge of this limitation.

4. Correlation studies between reverbdersat oo-
efficients and ecoefficlents determined by this investi-
gator closely ohscked theorstical mnd mathemstiosl
predictions of the relationslip between randem and
normal incidence absorption.

&. The umethwod of operstion as discussed in
Chapter VI was found to be sstiefactory, and future ex-
’ perizentation should carefully follow the procedure to

insure couparable scouracy.

6. Reproducible test results were obtained only
when the amplitude dial on the Matt-w osolilla~
%or vas positioned between numbers 8 ana 28,
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7. The position of the plunger duwring the test
412 not significantly .froct the measurements baut, for

investigation revealed certain adaptations and improve-
ments Shat would give mors scowrate results from the
atationary-wave spparatus. The following reccusenda-
tiona for futwre modificstion were drawn on the basis
of the bellief that the egquipument has a defiaite value
to the University of Hew NHexico and to the building
industriss of Albuquerque and surrounding territery.

1. Since the usual test freguencies used in Q-
teraining the sound absorption coeffislient inoludes
Values up to 4096 ops, the first recommendation is that
nwmmcrmhmmhmtm L.
effsctivensss of the present eguipment. The sualler
Ltube would allow higher fregueney waves withia the ap-
perstus without disturbing the plane wave pattern neces-
éary for the ecourate operation of the apparatus.

£. The new tube should be carefully selacted %o
avold irregularities and roughness of the imner surfaces
that distort the wavé pettern. For the same reason, the
internsl surfece of the present tube should de ground

or buffed %o reduce the surface roughness.
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3. Were experimental data should be taken, and
it is believed that if the mropser approach is sade %o
the elght members of the Acoustical Materials Assoela-

tion for samples, enough material would be provided So
conetruet oslibration curves for the majority of
acoustical meterials whioh might come %o She laboratery

for testing.

4. Loeal and regional manufescturers of bullding
saterials and local arehitects and engineers should be
uade cognizant of the equipment available within the
Kechanical Engineering Laborstory for performing
acoustical tests om all types of bullding materials.
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