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INTRCDUCT ICN

This thesis is a brief discussion of that little-
krown science, scoustics;tc be more exaet, architectural
scoustics,-the science applied to buildings. Practically
no works on the subject have been published sines the day
when it was more a duessing gdame than 2 science. In the
year 189€ appeared the firsi paper on scoustics written by
the late Wallace Clement Sabine,FProfesser of Mathematics
apd Nabural Fhilesophy at Farvard University. Sipee then
severzl othsr papers&havinﬁh%ﬁﬁiished in various magazines,
his entire writinds on accoustics have been codlected and
publisbhed in beok form. These papers comprise the best
treatment of the subject of which T knew. I have studied
them carefully 2nd have used théir material fer a part cf
my discussiocn ( that part dealing with the development of
s method of acoustical investigation together with the
evolution of fermulas ) but in no place have I trapsperted
any remarks cr conclusicns bedily frem Professcr 3zbine's
bock t¢ my thesis. To dc sc would have only produced con—
fusion. 1Ip so brisf 2 pzper as this it hes beep necessary
t¢ condense everything atrceicusly, and T dc net cddim te
heve preduced a work that will aid the specizlist in ac-
oustics, but only tec heve weeded cut the trugh from the
false in ideas abcut the science, comparing the old ideas
with the rew knowledge. The discussion hiis been written
with the intentien of making it intelligible to the crdipary
reade;[”éﬁch technical deseriptien as haw been nscessary
1 bave made in very brief form, Unfortunately, any experi-
mentzl resszrch has beer guite out of the juestion on ac-
aount of the linited time 2t my dispesal, My werk has bsen



confined to presenting the suvbjeet of 2ccoustics in the light
of a2n sxact science, and to illustrating cne of the principles
invelved by analytically scolving a concert hall fer its re-—
verberation. I have not dsemsed it advisable to go inte the
minute detzil of developing fermulas or methods sinece sueh a
discussion would have had to be the werk of ancther, and
would have been pure ccpying froem a text. For example I have
nct discusssd the significance of the number .184 , whieh is
important in determiping reverberaticn. Jt seems npow tc me
that while this thesis extends cver sbcut fifty pages, it

is 2 scanty showing for the pra?aration fihat preceded its
writing, 2nd 2 disgracefully slight topieca:l ocutline of the
subjeet of acousties.

Ne¢ library eand nd bookshop has been able to furnish
me with any satisfactery text or reference bock except the
cne by Prefessor Sabins. Many bocks published before 1E9€
such as thess menticensd in my bibliography, I have found to
be vague ard irdefirite, srd vsvally meaningless apd werthless
g8s far 2s actuel investigation is concerned. Even to-day
meny persons who write on the subject sre not sufficdently
infermed tc mke their werk of gny valus. Ap article ip the
"Musical Quarterly” for the autumn of 1621, by 2 man whe -has
written bocks abcut musicians,entered the field of acoustics
and reverted tc alrmost every formsr prejudice that has been
discarded by recent investigaticn, begur by Frefessor Sabire.

It was my cridinal intention to divide this thesis
into twe parts, the first concerned with acoustics, and the
seconffi with the design of 2 conersts arched reef fer the
concert hall solved in the first pert. To the end that I
might carry out nmy glan, 1 studied thorcughly the theory cf
concrete arches, in thosse bdékks listed ip the biblicdraphy.
Tewards the epnd ¢f this ternm however, it beeame evident
that the concrete desigr could net be finished satisfacter-
ily if the scoustics recived thir jusi: attention. Wherefcere



having cbtained the advice ¢f Frofessor Lawrence, I decided

tc omit the second part ¢f nmy cridgim:l plisn amd to enlarge

the first. I have finished the thsis scccording to this ee-
vised plern ,but I have decided tc include twe drawings mede
with the intention of using them ir desigring the arch. The
first of these ik 2 flcor plan of Steirert Hell as it is tc-da
day; the other is the hall s I re-desisped it with parallel
walls to permit of @ barrel vaulted ceiling.

Fad T designed thevaulted ceiling z new accoustical
problem would have been created wheibh would bave been fiffi-
cult to solve, inasmgeh 2s the zction of vaulted ceileings
is little knewn. Procfesscor Sabines notes in his book cne
case of corrscting the faults of 2 roor which was roofed
over in the marner I have described, u:rd in @hkich the scurnd
was focussed in a line running up the centrz of the room.
Coffering the ceiling cvercame the difficulty, =znd made the
bzll satisfactory scoustically ( Yot Vt. Elscn says that
coffering in a ceiling is 2 bad th ing apywhsre ) Be that
as it mey, it is obvious that hed ny original plan been fol-
lowed, I would have been stranded with not cne of my sub-

jects completed.

The thesis as finally completed consists of two parts,
one 2 generzl discussion of zcoustics,znd the other 2 scluticen
of Steinert Ball for reverberatiocn.
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FART OKE

GENERAL DISCUSSION CF ACCUSTICS

Architectural Acoustics may be defined brceadly as the
science of sound applied tc buildings. Until recently, a2nd even
te-day not infrequently, architectsard engineers, as wedl 2as
scientists and the public, have thought that nething was guits
s¢ uncertain as the accustic properiies c¢f a new zuditorium or
concert hall, amnd thet the only plausible,if not the only possi-
ble solution is refersnce to previcusly built avditor@ums known
tc be good. Such cpinions were the result of deficient informa-
ticn or knowledge of the subject. Always had acoustical prevlems
been attacksd sither guite blindly or with 2 purely theorstical
scientific krowledge of scund itself but without any idea cf its
relation te buildings. When, however, a study was mades starting
at the right end, that is,-the building, and basind conclusioms
on observation compined with the knowledde of scund,it was spesad
ily realized Lthat accustics ceould be treated as un exizet sciemes

The purpcse of investigations of zccustics is tc make
possible the caleulation before construction of the acoustie
propertiss of uny auditorium, a2rd to remove the element cfduess
ingwhich hats so long been the best-jnown method . The best way
to conduct suveh investigations is of course to make them in ex-
isting rooms, bad and good. It is certain that the scienmce of
scoustics is extremely ccmplicated, but egually certain that it
is an exact science. No siwple rules can be made tc govern the
design of halls, but edech one presents ap irdividu:l cayse that
reyuires irdividual scluticn., That is,it cannct be said that if
a hall bhas the preporticed 1:1:2 it will be good, or if it s
plaster on tile it will be bad, or z2gain, if it has an oval shepe
itwill bave proper zcoustics. Nc single factor determines the
guality of @ rcom. All the prcperties of a rocm affect its zc-—
ceustical qualitiesin 2 greater or lesser degree. The shape nc
dcubt is an importent factor, though net nearly se impertant as
commonly suppesed .The construction, materiels, ceiling, seats,
heating ard lighling, wirdows, stage, 21l have their effect,and
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must be considered.

In connection with the derarzl rules that have in the
past been followed in building afsitorivms it is interesting te
eccnsider a few: of the more importart. First of adl are ascme
Don'ts

Den't plaster on terma ccottz, brick or stenme.

Don't build spherical or conical domes ir ceilings,

Don't build circular anglss in corners.

Den't supply bet air in the center in larde amounts.

Don't supply hot zir through the ceiling &n bulkd

Den'tput 2 ventilating skaft in the centre.

Den't put all the lighting in the cenire.

Don't supply cold air through the floor.

Don't streteh wires across the ceiling or slsewhere.

Don't wax a bhard flece.

Scme of these wernings are mest valuable end resascomble,but oth
srs have nc meaning.

In connecfion with the hegiing of z2n avditerium it was
beld that ta admwit beat betweern the stagde and the audience was
very bad, sinece it formed a curtain of heat in the plare of the
prescentium arch that could not easily be penetrated by sournd
waves issuing from the stage. Tc avoid this it wses thought advis-
able to distribute the heating arcund the rcom as much as pes-
sible. Sueh @n arrangement is indeed advisable. Heating sheould
always be indirect,both fer hygienic and accustical resens. Di-
rect besting zs from steam radiatcors is not suitable for large
rooms cf any kind.

The effect of lighting on acoustics depends con the
beat given off, wherefore the rules in use for hesting held for
lighting as well. Ipn addition it has been heldthat gas should
be avoided anrd slectricity employed . Farticularly in feellights
should any sysyem that gives off much bheat be avcecided tc prevent
the formation of the curtain of heat mentioned abeve.

The shape of a rocrn has always been held tc be the most
important factor in acoustica. . This is a cerrect or nearly cear
rect presumption, but iy is not sc simple a statement as it aeem
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A very good room may be of a condemned shape arnd one with the
theoretically perfect egg—cval shape may be utterly worthless
acocustically., Large halls cannct be treated as small cnes, ner
can 2 theatre audtiorium and 2 concert hell be considered ip tle
same way. Scme auvthorities, however were prepared to sa&y with
convieticn thai certain dhapes gave goocd accustics and certain
cther shapes geve bad. The fcllowing sketehes furnish ar exzpple
cf suvpposedly good and bad rcoms. The small circles indicate

the pesition of the source of sound.
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Now it dis true that the gualities of avditcoriums do
fcddow tc 2 certain extent thet tendencies indicated by these

sketches, but it
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probably dve to the fact that 2 pbuilding
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of a peculizar shape has its own peculiar use apd is usually

)

constructed and finished off in the same way . For sxampls,

the last one here shewn is that ccunon Lo cathedrals, where the
worst acoustics wre generwlly found. Their acoustical failure
is however ais largely duve to tbe;ﬁasence of any sufficient ab-
serbing mterial g@s it is te the 2ctudl shape &f the builing.

5

4s will be seen later the sccoustice of a roem depend upcn three

’F:

things,-locudness, distertion,andconfusicon. At present these
terms hiwve nc exact meaning , but will be explainad at the prop—
er time

Sourd reflecters have always been one cf the first re
serts in acoustical difficulty,and bhave been considered very
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a t prepared to cenfirm or deny this theory

but it is mwertain that to be effectual they must be large and

properly pla S
o

el
1

ed . Some of the types of reflsctors in use are

the Flamo,

2
OCnvex, Concave, and Mevable. Th e mest ccoumon are
the concave reflsciors,whéich are made in elliptical, spherical
) erm.., Such sound—ocards may ferm a part of ths
¥ ceiling er the rsar wall
l. The first twe of these are showr in the sketches in
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Fig, 2. It is impertant to note that where socund reflectors are
U 1 be but one positicn of the scurce of scund.
Ctherwise they would have the oppspite of the desired effect.
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In conclusien of the discussion of former ideas cnm
the subject of accustical sclution, it sbculd be s2id that un-
very recently the entire subject his besn treated in ap un-
fortunately one—sided fashier in that it Bas been considerdd wus
only oualitative. It should certzinly be a2 guantitative problenm
as well. The following paragraphs will explaip in scome deatil
how it can be so treated.

[Fig. 3 shows a supposedly ideal auditerium . No such
place exists nor is likely teo be built on acecoubt of the dis-
plsasing aspect architecturally, so it cannot be said thzt the
accustics would be zctually perfect. In fact it is in nc way
cert@in that they would be good without there beindg mede 2 de-—
sign of bbe avditorium which tock intc account the meterials ard
censtruction L]

The manrer cof attacking aschustic.zl problems to—day is
largely the result cf certesin investigations carriedon by the 1
late Prcfessor W. C. Sabire ¢f Earvard University. Fis soluticen
of the probler was his own and it was as dnveluable to the scier
tific world ;s it was unigue and originat. Instead of trying to
resch seme thsoreticizl conclusicons as to whst makes 2n zvditor—
ium gced, Professor Sabine made experiments in rooms beedy of
correcticn unticl be found out wkat impkoved them and therefore
wkat was wrong with them. Be found thit one ef the mest inmpoerte
ant elsmwents was the length of time repvired for a scund to be—
core undiscermnible. This property he called Reverberation.Ilt is
.z phzse of the propsriy of Confusicn. If the reverberatior of w
rocr is too dreat, confusion of articulste scunds is noticeable
-and frejuently acousticetlly disastreus. 1If, on the other bard,
it is tcec small ard the scund dies away tcc quickly) the veice
of 2 speaker’ becomes indistinet, or wusic becomes dry and stac
catc. The decay of residuval sound must take place in cme of two
ways,veitber it is telepkoned tc cther parts of the structure
cr it is transformed intc heat or mechanical snergy by "abserp-—
tien"by the materials of the room. It was upen the apscorptive
powers cf varicus substances, including waglls, furnishings and
wudiences that Frofesscr Szbine made his first experiments.

©



Bvery material bas some power of abserptiorn of sound.
Some bave sc slight powsrs that they are reflectors., In crder
to determine the relative azbscrpitive powers cof varicus susstan—
es, a method of compariscn, cor substituticn, must be empleyed.
By determining the reverberation of a2 rocm first with 2 knewn
quantity of ons material in it, apd then with another 2 relstien
can opviously be set up between their abscrptions. The only
remaining necessity is &%erminihg sore standard . The open win-
dow is 2 perfect abscrbént, and all other abserptive powers carn
pe referred tc it as coefficients, that of the cpen window be-
ing unity. The difificulty is ir mwaking experiments with open
windews, on account of ncises that enter on th most quist of
nights ( daytims is altcgether too noisy for experimenting.).
As an zlterrvative 2 wedium can be used by meens of whichk the
abserption coefficients of substances may be found relztive tc
the medium a:nd then transformed in cne set of expeiments to the
cpen window standard. Felt cushicons have beer the mest commenly
used in this method.

The loudress of scund is ancther importgnt property
to be considered. It has been found that the loudness of any
sound is inve{‘sely propcrticritc the abscrption of & roor . Since,
starting at the source , sourd is abscrbed as it travels away,
it is evident that it will scund less lovd at a dreat distannce
from the scurce thap near it. Sound travels in every direc tien
in 2 sphere. ©n a flat level plain, open an unchstructed, the
intensity decfegasss as the hemi-sphere irereseses. 4n zudience
here would heve tc be close tc the souree in order to hear dis-
tinetly, for the scund, passing over those persons peyr at bhand
wculd be absorbed and those farther awazy would not receive any.
In order t¢ improve the bhearing a sourd board or wall might we
erscted behird the source , or the audience might be raissd, or
a rcef might be bmilt to enclose the plazin, when it would bemome
an Avditorium, and the prcblem cne of architsctural sccustics.
Thus in the modern theatre we find the flcors sloping, balccenies
tc bring the zudisnce ferwgrd and sound reflectors te direct the
waves in the desired pathe. Loudness wust not be confused with
reverberation or with rescnarce. Reverberation hiis zlready besan
expleined. Reson@nce is the growth of a vibrustory motion of an
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elastic bedy under pericdic forces timed to its nztural rayes

of vibration. Rescnance is clesely akin te Interfersnce, the
phenomencn that is noticed when two trains of socund waves ar
riving a2t 2 point frem two dofferent sources, or in ths case
of reflecticn, of cne trazin from = source znd another drem 2
reflecting surfacenwin such 2 manner that a2 ccndensation znd 2
rarefacticn reach the peint at the same instant. In this case
there will be compsrative silence due tc "Interference", Tn-
terference is not sc arnoying as resonancesince it does nct
change the amount of sourd in z rcom,as resonance does, but
merely alters the constituticn of the scund.

Incrder that gocd accustics are tc be cbtazined in an
auditorium, we chserve that:-
1 Scurds must remair lcud epcugh.
2 Simutzrecus compenerts of 2 complex sdund must mein—
taip their relative dmpecriance.

(S ]

Successive scunds ir rapid ssguence of utterance
wust remzin clear and articulzte.

SECTICE 2 VMethed of Accusticel Trvestigation amd Seluticn

These facters which must be considered ip determind
ing the reverberaticn ¢f a2 rcomr are thecbjects that absorb
the souvnd ,and those that refleet it. Eince the reflecticn of
soubd is msrely bLibe cpposite of its zbscorption ®mt is possible
to consider abscrpticn cnly, leavirg cut cf the discussicn any
eference tc scund-ocaeds, which are used as a corrective.
The three chkief zbscrbesrs of scyrd ir any rcem ars the walls
w:nd eeiling apd floor, the furrishingsgand the auvdience. Any
object brought irtc the room decreases the reverbsration of
the raon in a2 greater cr lesser degree, deperndingd cn the na-—
ture cf the chject. The methed vsed in determinins the absorp
tive power of 2z substance ,as I bave explained previcusly, is
one of substitution. If the reverberation of & rcoem is fourd
by experiment tc¢ be a certain number of seconds and after
bringing irtc the rocn 2 known smount of say felt cushiors,
the reverberation is ther feourd to be scwething less than the



nunber of seconds first determined, the difference must have
been due to the sbsertion of gourd by the cushions. Tt is now
simple tc calculate the absorptive power of the material for
e ¢iver unit, as for exanple a syjvare metre.

Preofesscer Sabine at Harvard University determirved ccef-
figients of absorptien for nmany materidils, spending every cth-
er night from fwelve until five for several years. In th ex-
periments he made he used organm pipes of the piteh 512 vibra-
tions per second,or "viglin C" . Listed belew are sems of the
mere coummon c¢f these ccefficients.

Material Absorptive power per sguare metre

ccupared tc open winddw

Cpen window 1.0€0
Weed (Fard pine) .+ 061
Flaster on weoed lath 034
Flaster on wire lath 633
Cless 027
Blaster on tile 25
Carpet rugs +20
Cretonne eleth Qls
Fairfelt 2.5 em. thick JTE
Avdience per perscn Al
Isclated wan AE
Isclated womun B4

It was desired sarly in experiments to i?ermine s s law
that scverned the decrease in duration cf scound dus to =zddit-
ional material material being breught intc the roem. 2y plot-
ting the duraticr 2s crdinates against the amcunt of absorbing
material units 2s abeissas & curve can be drawn which sudgests
the kyperbola. The squation of suchk an byperbecla as will rep-
resent the time of reverberaticn, the abscrtive pewsrs of the
walls and ptructural parts cf a rocm wnd the abserptive pcweer
of objects brought in will be azs fcllows:i-

(a*+x)s =k
krn which a = abscrption by extranscus cbjscis
¥ = v by the room
t = duration cd sound
k =

-the paramster

®



The vi:lue of k dspends on the velume of the rcom under
consideration. If we let k = KV in whichk case K is a comstznt
fer w1l rocms the value of K is for gemsral purpesss 171

By combining the factoers for the zbsorptiens by the r
r,om and by the cbjects brought in, such as ssats , auvdience,
gurtains, the formula reduces te

at = k
) at = KV
and
-t — _Fx‘v
a

By mezns of this formula it is possible te¢ caleulate,
without the necessity of experiments, the duraticn of residual
scund in zny rcew . The materials and audierce of ary new aud-
itoerium being known befeore constructicn , the reverberatien can
evidently alsc be computed . Scwe auvthcrities say that if the
duraticn of scund is less than two seccnds or more than three
the accustics are‘pretty sure tc be bad. This is 2 pure falla-
cy,a8 will be shown later . The size and use of a room determ—
ine the dssiraspble reverberation and it may be esnywhers from
cne secend tofour without any certainyy of bad szcoustics.

Wi theut going inte the detatls of the thecry of exact
acoustical sclutia wsed in iiermininq apserptive pof?s cf ma=-
terials,I shall discuss briefly the main points upon which it
is based .

It kas been shown thet the intensity of the source
is deperdent op nct merely the mechanical profficiency of the
i

2y

evice used toenmit scund, but alsc on the a@bscrptive pewer of
the rcom, manic that the intensity decreases z2s the absc%%icn
invreases. Thus in experiments it is nece:ssary to have some
stamdard of intersity, and it has been considered wise ic
choose the initial inpensity which is 1,000,CC0 times themin—
imur avdible irtensity.

sizvations can be set vp invelving the formula , = salat
and by means ¢f the "mear free path" of the sound t

wavesb being reflscted zbout the rcem = p an exact
gveclutior of complicated fermulaze resulis..

-



It bas been experimentally determined that the rate
of decay of residval sound is proé?tional to the ipitial in-
tensity,and as we bave already 8cen, the total time required
for complete azbsorption depends both vpon the initizl inten-
sity of the sound and uvpon the velume of the room.

Experimenting with several scources of sound of equal
intensity, ( organ pipes are used because they give z constant
emissior and cease to sound as soon as the air is shut offD,
it has been found by plectting curves to represent the intens-
ity of the sound at any instant after the source has ceased,as
well as by comparing the values obgained fer orme two ,three or
more pipes,that the rate of decay is a logarithmic funection of
the initial intensity, ttat is, that the scund loses its in-
tensity ip a legarithbmic cufve., It is important to note that
in making such experiments it is essential that the sournd being
sritted should rezeh 2 stezdy ceéndition befere shut eff. In
orief , if 2 case is ccpsidered in which eeveral scunds of -
equal intensity are vsed and curves are drawn for the gntensi-
tieszat 2ny instant the crdinates at the peint where one dies
away, of the others, will be multiples or submultiples of the
initial intensity

Since the absorptior of scund is properticnal to the
intensity ( anrd therfore different at each instant after =
scurce has ceased tec emit, bsccming less and less , it is evi-
dent thet if

= intensity at any instany

t = no. of seconds after source has ceased
I = the avg. intensity while the scurce is
sounding

=
I

a2 constant of preprtionality

then .
=gl .
—— = Al
dat
and leg i *# C = At

the constant of integraticn being log I

O,



Thus frem this equaticon we obtain
log I —-1og i = At

by whichk ferrula it is possible t¢ determine the inten-
sity a2t any instant after the scurce bhas ceased.

Tt is pecessary tc fix uvpon a standard of inital in-
tensity, dir order that the law may fit any room. For this
reascn the value

I =1,000,000 i

where i' is the minimum auvdible intensity.

In approaching the exact seolution by whieh it is pos-
gible to calecutlate the growth of sound , ths abscg}ive power
cf objects, and the intensity at any instant it is npecesszry
to consider the valus p , the mean ffse path of reflected
scund waves.

If A again = the rate of deeazy and v the veleceity
of scund;z the absortion and- s the surface of the room; V
its volume

av

== = A

Sp

, av = vkV

p —3 —_— —
As Ast,

: . al i ; .
p is progrticn te the linear dimensions of the
recew , and for any room of volume V the ratic

2

P

e — = M 62

8
¢7 v
Without explaining the processes invelved irn deriving

them,I shall give certain formulas ktkat can be gsed in the ex-
act scoluticn of the values mentioned abéve.
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For the dierminaticn of the rate of growth of sourd as
it approaches 2 séeady cendition,

Totzal erergy in the reom wher in steady conditicn
= pEs

(1) va

where B isthe rate of emission of erergy fecm the scurce.
and B = Vi-les * &t

To deternine K the facter of proporticnality which we have
berestcfore considsred as 171

3.8 w
v A" - 41)
where A' is the rate of deesay with windows closed and A" with
them cpen. Bere w 1is the esbscrbing powsr of a sjivars nmetre ¢
of open windew minus its absorbing power when closed.

From this equaticn 2nd the follewing,

A' w

F-) = v
A" _h 1

the useful equaticr (2) can be cbtained

2 I
% PR e R
13.8

It should be noted that the values of A' ard A" sre found
by means ¢f formula

A = K'-Il

tn“t;

this K npot being the constant of proprticrality of absorpticn
but the factor representing the number of time grexter than -

®



intensity of cne pipe is the intensity of » pipes

There is nc need t¢ 8¢ into the deksils of the theery
apy further than to cbserve these fermulas as we have just dore,
For the investigator wko is to make careful experiments or
calculations in 2 theoretical ard finished manner the equaticns
are invaluvable, but the present paper cannct cover any such
wide pPUrpose..

Up to the present I have considered cnly the physical
agspect of the problem of acoustics. Net less impertant i the
psychclogical side . What makes good acocustizs 7T We can now
iiernine the reverberation, the intensity and the lcudnsss of
sound ,but what dc these nmear T The znswer is that these quan-
tities must be giver & gualitative mewning. When we say ths re-
verperaticen is two seconds,that pumber should mean either goed
fair or bad, but in deciding we must a2sk what is the sound and
whet is the hall. Music ard spezking are guite different in
their needs, as anycre will attest whe hes entered a theatre.
Speaking on the stege is usuvally heard distinctly anywhere,
while music is denerally indistinct,muffled or staccate.

Musie reauires greater reberberation and LESS rescnance than
the speaking veoice. Resornance is gdererally disastrous to pely-
phenic music.

It is necessary to formulate some gerersl rules for
the desirable reverberaticn based on the reverberation in halls
now in existence and known tc be gocd . .Fith the resulting fig-
ures in mind 4§ is ther 2 quantitaive problem ,how to get the
proper value in 2 new hall.

The phenonmencn of reverberation is easy in this way te
control, When we come t¢ interference the problem is azgain both
guantitative and qualitative. Ths problem is attacked in an en-
tirely different way. Insteed of methematical solutien there
is ip use 2 method as interesting as it is indenious. That meth-
od is cre which entails the censtructicn of swall medels of a
preposed hall , and photographingby electric spark the passade

®



of sound waves sent out frem = source in the position which

it would ceccupy in the actual zvditordum. Several of these photo-
&®draphs can be taken cone after- the cther until 2 series

will tell accurately the exact action of sound in the bhall

in any cre plane section. Fhotographs can thus be made of
reflection of sound in the vertical section ofr in the plan

and any alteraztion that weuld diminish echos or improve the
hall cotherwise can be made with little or no coast.

I insert here a series, or twe series of suebh phcte-
graphs made of the Scollay Bquaee Theatre in 2c¢sten. The left
hand three repressnt the sction of scund in an auditerium de-
sigeed in a2 sketchy way, and the other three the action in the
theatre &s built, after improvemernts were mede.In the criginal
section it is easy tc see the poer accustics that would have
resulted if the tbeatre bad been built accerding tec the plan.
Scund wave 1 is the oridinzl wave from the stage sourge, and
wave 2 is a reflection from the arched ceiling. By followirng
these waves throush the thres diagrams it will be evident that
en echo would ccctr in almost any part of the house, but worst
of a2ll in the first balcony, wherethe second wave would arrive
just toe late after the first tc reirforce it,and yet still
strong enough t¢ be easily perceptuble as 2 distinct sourd..
The other miner waves zre also of = dangercus character since
they would tend to prodvce 2 muddled scund of confusion, a
seriss of slight echogs, perhaps.

As redesigned, the menacing: arch was resmoved; and the
effect is at once appsrent fNave number 2 is here an inconsew
quent little affair tihat is scarcely discernible from th other
rinor reflectionstlat exdst,and it wculd have no appreciable

effect con the quality of the acoustic¢s.

I redgret that time has preverted my 2pplying this
method of determination tc the hall I have chosern to sclve,
but have had to be content with selving thereverberition.






In concluding the discussion it is intersting to
cbserve that the intensity of sound itself from 2 given source
is dependent upcr the abscrbing power of the rcom, and the
absorbing power is dependent on the intensity, s¢ that the
twe are inextricably dntertwingd.. The paramter of the hyper-
belic lew is (k) depends on the value of the intemsity at
any ipnstant 2s well @s @n the iritial intemsity.

Variation in Reverberatic, with Variation
in Piteh.

It has been determindd that the abscrbing power of any
substance varies with the piifch of the scund.In many casss it
is gdreater feor high pitehes thar for low.Thus the reverberation
varies, and inversely as the absorticn. For high notes, there=
fore, it will in gdenerzl be less than fer low, a2 fact whick
ray account feor the larder number ¢f violins than double-basses
in the crchestrz.fjile their intensity may be the same, the vi-
clin tcnes are mére quickly absorbed fbarn the tones ¢f the
bass, and therefore seen less lcud.

There is nc apparent law controlling the variaticn in
absorption by all materials, sach one following its own in-
cliprations.At present there are no scisntific means of determ—
ining the irregularities bub experiments. Still this methed is
guige satisfactory, of tediocus, an d coefficients can be found
in the seme way a2s they were for the ncteC=512 . Some substane-
¢ces, which may have a mere or less regular surfacs, even such
good abscrbents as felt of cloth mey act differently because
sound waves are relected off in one reflection, while a person
with clothing may abserb it much mors quickly cn account of
the irregular surface of his clothing and the large numbr of
swall reflections that takeplace befcere the scund deaves the ¢
clothing.

In Pabt II of this thesds I shall consider the
matter of variztion in reverberation fully in relaticen to the
scluticn of Steirert Fall, and shwll ther give the necessary
ccefficients of all the materia!s vsed ir that hall. Tt dees
nct ssem necessary tc gucte such others as are in deneral use

@)



There are left a few factors that enter into an
acoustical problem,which T shall treat very briefly here.
Cne of these is the effect of air currents. It is certain
that the attempt boc send scund out to the audience by msans
of introducing ventilating cpenings at the fronmt of & hall
is of practically no effect.The effect of vertical currents
caused by temperaturs difference will pot be detrimentzl un-
less they are local and of & strong character. Uniform varik
tion is nét harmful. The row of lights that are vsed at the
edge of the stege cf & theatre are therefcre likely to be z
harnful factor.

I have not treatdd theatrs acoustics in themselves
as sepzrate from the science as applied tc &uvditeriums in
general. They dc however present peculiar problems arising in
the nature of their construction, the stage with its sxtremely
bigh ceiling, if it can be called suech, and the arrangemert ¢
of the avditeriuvm tc permit the best seeing by the avdience,
as well .zs many cther characteristies make the scousties cf
a theatre a difficult problem, #nd cne seld am sclved satisfact-
erily, if we ccmpare them to concert halls.

A manper of the zbsorption of sound by the viscesity
of the air has beenr shown tec be 2 neglgible factor and needs me
conment .

Sound is telephensd througl @ sturcture thecugh its
members, 8w is thus lost in mechanical ererdy. Many substarces
such as weed cee most of their abseorbing power tc the yislding
of the body as a whole rather thap to actual abserption into
itz fibers as heat This sort cf abscrpticn is cbviously a2 tramps
formaticn of scund intc mechanical erergy. Telephoning from
one member to ancther or from @ rember such as a door to the
surrounding air in an adjoining room id@ a subject little studk
ped, and to my knowledge no published work confeins anything
av: ilable for use here.

The abscrption of scund by a2 substance is not always
indeperdent of its pesition in a room. Felt cushions pl@%d
against the wall will not act the smne as if sprezd out con ibhe



e area exposed is alsec impertant, and that part of =

tha: is adainst ancther ebject cannot be included in
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It is very difficult to say whether or not any def-
ipite conclusions can be dr%ﬁ from the discussien here term-
inated . In so brief form as the precblem is treated in this
thesis almwest the entire subjeet matter is comnelusicn. But
it is worth while summing up the principzl metheds of acous-—
tie selutien.

RBefore cornstruction any auvditcriuvn can be determined
with regard e
. E+¥
(1) Reverberation, by the formula t = ——

-

a

(2) Interference,confusicn and reflection, with their
triobutaries,such as echc, by the photographing of
medels in twe cr mere planes

In designing a concert hall #r theatre ,its prcﬁ?ticns
ard shape cannct be determined by any fixed rules at present.
Reasor and at least general reference to existing =muditoriums
are the orly duides.It would be foclish teo build 2 hall whose
heighth exceeded its width in the retic €:1, but it cannot be
said, on the otker hand, that a hell 75 ft. wide must bave 2
beighth ¢f 50 ft.

In conelusien I shall queote literally a2 passage frow
a2 lecture given at the Scrbeonne by Frefessor Sabine %-

"In nco other domdin ( than acousties ) leve ph ysicists dis-
regarded the conditions intrecducdd by surrcunding materials, b
but in scoustics these do not seen to have recived the least
aftention .If nmeasurments are made in the cpren air, cver 2 lawn
as was dore by Lerd Rayleigh in certain experimernts, is dus
ecnsideration given t¢ the fact that dmets=n the surface has an
abgerbing power for sound of from 40 tc €0 per cent 7 Cr, if
inside 2 buiding, as in Wien's simidar expreiments, is allow-
ance made for the fact that the walls reflect froem €3 te €€
per cent of the socund ¥ We need nct be surprised if the re-—
sults of these experiments differ from one arciher by a €actor
of more than a2 hundred.



It would be no mere zbsurd to carry ocut photometric
reasurements in a roem where the walls, ceilind and even tkhe
fleor and tables ccnsisted of highly polished mirrors,tharn to
maks measurements on the irntensity,er or the quartitative arp-
alysis of sound,under the conditicms ir which suveh experiments
have almost invariably been made. It is neot astonishing that
we bhave been discouvraged by the results, and that we may have
despaired of seeing accustics occupy the pesition te wheich it
reghtly belondgs ameng the exact sciences.

" The length of the waves of light is ®o small cem—
pared tco the dimensions cof a2 protemeter that we do not need te
concern curselves with the phencmenz of interference while
measurind the intensity of light. In the case of scund, howsver
it must be quite a differsnte matter:

"

In order to show this in & definite waznoner, I hawe
measured the intensity of scund in all parts of 2 certain lab-
cratory rgom. For simplicity, & symmetrical rcom was selscted,
apd the scurce, giving a very pure tcns , wes placed in the
center. Tt was fourd that, near ithescurce, evern at the scurce
itself, the intensity was in reality less ihan 2% a distance

of five feet from the source. And yet,the clever sxperimenter
Wien, and the nc less skillful psychologists Wundt and Munster-
berg have assumed Bnder similar conditions the law of varia-
picnsof intensity with inverss square of the distamce. It makes
cne wonder hce they @ers 2ble to draw any corclusions from the
gexperiments.

" Net only do the walls reflect scurd in suvebh a2 way that
it beccmes many times mere intense than it otherwise would be;
ard not only dees the interfesrence ¢f scumd exist to sweh an
extent that we fird regicrs of maximum ard regicns of mininmum
socurd in a rocm; but even the total guantity of scund emitted
by the scurce may be dreatly affected by its position with re-
gard to interference systems of the rocom.

" This will be more readily understced if illusteated by
20 incident drazwn from the actual sxperiments. A special sert



cef felt, of strdrg absorbind power, was brought inte the rcem
ard placed on the floor. The effect was twe-fold. First, the
introduction of the felt increassd the abscorption of the socund
and thus tended to dimipish the total iptensity of scund in the
roon,thecreticacly 1¢ 2 third of its previcus valuve. But sctua
arily it had the contrary effe¢ts the scund became much louder
th2n before.The feld was dc placed on the floer as te shift the
interference sysiem in the room, znd thus the reacticn of the
sound vibrations in the rocm upon the scurce itself was ,cd-
ified. The scurce was a vibrating dispbragm at the base of &
rescnating chamber. In the first location the source was a2t the
node of condensaticn, where the motion of the sound whick had
scecunulated ir the room chincided withk that of the diszphragm.
In the second case however, the viorations of the two were oppp
site;ihe diapbhragnm was a2ble te push upen the z2ir, and zlthough
the amplitvde of itz metion was scmewhat rduveed by the reac-—
ticen ¢f the air uvpepn it, the emmitted sound was leouder.

1

" Neturally these tw O pesiticps in the interfermpece sys-

ted, ard they show sxceptional reac-
wever, in the cass of 2 very complex sc
rgence in +the reactions ¢f thke roem on
the dofferent components of sound would be prebabls.

curd, a comparable div

"It is thus necessary in quantitative research in
scoustice to take account ¢f three factors: the effect of re-
flection by the walls on the increase in the total intensity inm
the reoom; the effect ¢f interfersnce in gresatly sltering the
distributicn of this intsnsity; and the effect of the resaction
of the sourd vibraticns in a rcom upcn the scurce itself..eee "

+ O+ 0+ O+ o+ 0+ o+

Fsre we enter a field known to few =znd known by fewer.
The development of acoustics as an sxact scisnce has just pegun.
I shall now procesd to exemine and solve, so far as reverbera
tien is comncerned, a coneert hall of known excellent quality
Steinert Fall, T regrst, that time does nbt permit phbetoegraph-
ic investigatien of the interfermnce system.
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TEE SCLUTICN CF TEE ACCUSTICS CF A CORCERT BALL

The hall T have chosen to sclve acoustically as an illus—
traticn of the methods explained in Part Cre of this thesis is
one of the firest guality in both speaking ard music. It is 2
swa'.l hall situated in the basswent of the Steinert Building,
known as Steipert Eall. This avditorium is fertunstely protect—
ed from extransous sounds by its sifvation under the strset
level.Cn the 228t side thers is the bassment o¢f an ¢ffice build-
ing, cn tke nerth is Boylsten Street; cpposite is nething but
an 2llsy, while on the west the only pessible disturbances are
frow the passage cf wadens or trucks through a swzll side strest
paved with ceobblestenes., Such insulaticn gdives zny avditer-
ium 2 great 2dvantade in zccustic s.

Above Steirert hallyp or the first fleor of the build-
ing is the pianc and phoneograph sales-rcom o¢f VM. Steimert s
Sens. The framind cf the floor is steed beams and sirders . Bs-
tween it ard the ceiling of the avditcrium is zn air space and
=rw= T pelieve, some insulating material, though I have been un
able to deternine certainly-either its existence or ifs naturs.

Steirsrt Fall was ccnstructed in an endeaver tc ob-
tain perfect 2ccustiecs, and as far as 1 have beep zbds tc find
out frem any scurces whatever, received nc exsct or zpproxim—
ate scluticn befcre it was built. It was, then, designed with
all the existing ideas vupen the prcolem in mird, 2rd zs for its
success,] have been tcld that Frefessir Sabins, whoe made sxperi-
ments din it at different stages in constructiwon stated that
it was the scscond best avditorium in existence. Whether these
words ars the ones used by him is deoubtful, but T am inclirned
to believe that the guctztion hzs gained much ip enthusiasm
since its utteramnce. Frofessor Sabine was not ¢diven te makind
gver-assertive statements. Still, ghereis rc denying the merits



cf the bhakl. It has been my own experisnce that there is no de-
fect ir its acoustics either in speaking, or in any kind of mu-
sic that it car be vsed for. The pienc ard the string guartet
can be enjoyed to the fullest extent 2nd singind is unusvally
pleasing in the new fawous hakl. Cne c¢f the wost fortunate fea-
tures of the acousties is the abssnce of any need for crzs's
ears 1o bscome " zcclimated " to the sound before it can be en-
joyed. I can perbaps make my meaning more clear by mentioning
the conditi @ that bas possibly beern noticed by many persons

in Sympheny Ball, in Boston, that makes it necessary to listen
te 2 violoncelle for ten or fifteen minutes befors the ear be-
comes able toc appreciate its tore. ( This is also true to z les
ser degree in the case of a soleovitelin, and even 2 pianc.) In
Jordan hell, a similar difficulty extists tc 2 slight degree.
2ut in Steipert Fall the difficulty is asbsent.

n

The avditerivm is of ths eddg-oval shape, but the resr is
continved in rectansuvlar form bevond the limit c¢f the curved
perticrn. As can be seen freom the accempanying drawings the coval
is fermed by twe cirecles or semi-circles of 15'-5" and 1&'-6"
radii with their centers 1&'-E" apart on the longitudinal axis
cf the ball. Bbhe rear pertion is encleosed in walls tangent
te the 1€'-8" circle but slightly converdind sc as tc preserve
to some dsgese the general cval shape. This convergsnce is made
possibls without any wzste of space by the acute angle between
RBoylstorn &nd Cerver Streets. The stage is at the smeller erd
ard is semi-circular of radius 7'-C"; its ceiling is mere near-—
ly an ellipscid than 2 hemisphere and serves to reflect the
sound that strikes it in streight lires t¢ the zuvditorium.

From the rear wall tc the back of the stage is &3 feet.
The greatest width measurss 42 feet, while the height is, at the
front, 2€'-6¢". The proprticns are then roughly 1:2:3 taking the
beight zs unity. Bbhe beight at the rear is three feet less thin
in frent, or about 23-7.

A single balcony bedins at the circumference cf the
revr senicirels that forms the outline of the main flocr,the
front of the balecry being semicircular in ocutline of radius
1€'-¢", The balcony extends to the rear wadl,and is entered by

2)



Boors, cne at each side. Despite the comparatively low ceiling
of the balceony, and 2 deep beam thal runs a2cress the entire
frent edge, the hearing in this part of the hall is a2s gdood

as anywhere.

The hall is entirely finisked in plaster. The walls
are painted a light color and zround their base rums a2 kidb
parnshied motive meznt to lock like white eremelled woed. The
deception is so well handled that it is necessary to teuch’
the sumstance to believe it is plaster. The white paint is
alsc zpplied with eprual feoree teo 2 series of shallew piles-
ters, .fluted, &@and topped with, I presume, a representation of
the Corinthian capital. Cn each side of the hall a2re three
semicirculir riches of four fceot radius that serve as boxes
but on the sast side cne of these is increased in size and
transformed into 2 rectangular room originally intended to
hold = swall pipe—crgan. Doors leazd from either side of the
stage into the back entrance (ver these decors bhang heavy velour
curtains that have beer in use sinee the dedication of the
ball, twerty-six yesrs adoc.

The main flocr, which pitches crpe fcot in twenty-
five, is of hard pire, a1d is single. Beneath it is a plenin
chamber for ventilation. Under the legs of every chair of the
nain flecor have been borsd three smwall heles . Threought them
all the beat and air enters the avditcrium. Smwall gratinds are
provided om the sides of the chair—legs and the 2ir ccomes irn
very dently in crder that no draft may be noticed by the per-
scns eccupyind the seats. The air ewntering is at the preper
temperature for both heating and vertilatirg purposes. Anycne
whe is familiar with Syeinert Ball widk testify that there is
never zny disconfeort there corn zcccount of stwflffiness or bad
air—draughts. The circulatind system is by a leege fan that
dravs outside air to the heating apsratus and forces it sub-
sequently inte tbe ball. A secord fan was ipstalled to extract
the z2ir but it was found to be nct cnly unnecesszry but un—
desirable, and is never used. The bale ' ny is nct supplied
with the ventileting system of the mairn floor, but is sc swmall
that it needs no more than the nétural zir currents.

€



The ball is,then, a clean-cut avditeriuvm with no im-
portant cbsiructicns, cof 2 good shape ,and with cnly three
important absorbing elements, plaster, wgod, and seats. Tt
will be sesn later that the most important is the last—named.
When fiiled with pecple, they take the place of the seats
and it is nd necessary to ccansider them,

The azrchitect in @rder to preserve the spipit of the
design but four lardge columns to bobd up the balcony. They
gppear on the plans as 1€" colums, but Nr. Richard Newman
assurzs e thgt they are nc mere thap swall brick piers in-
side. Tec so disguise the situation is , leaving out of the
question acoustics, pretty poor architecture, but in zdditien
the columns might seriocusly break up the scund as it rezched t
ther and prevent any hearing in the rewr of ths ball, That
they do net is good fortune. ‘

Lighting is indirect. Arcund the tep of the mouldings
of the avditorium near the ceiling are rows of electire lamps
that carnct be sesn from the seaztis a2nd cbvicusly cannect affect
the zir currents below. & faw focotloghts bave been installed =
since the extension of the stage but not encugh tec injurs the
acoustiecs, &ud siece thepe id really nc Qﬁ%ceriun arch,nc cur-

)

tain of heat could be formad.

The arch under the resr part of the bazleony has no
apparent effect on hearing in that part cf the hall.lt is
swall and its effect would have tc be purely lecal, such as fo-
ecwssineg the scund cn a gingle ron of seats , but aven this
condition dces not preveil . The absence of mny cbstructicns
the plain naturs of thke surfacss ard the few absorbins factors
21l meke for goed accusticsy ard cne other gooed festure in the
design is the lack of dcers c¢r cthker cpenings intec the hall
sxcept from the rear. Thus air currents fron cracks cannot fur
nisbh interference. The cnly air entering the reom is through
the ventilating system.
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Caleculations for finding the zreas of the variocus parts cf the
hall.

1, The stage. Wocden floer.

Girecular part A= 1/2°n7% = 7 sq £t
Front rect. pert € x 14 = 112
Prent segment 1/2 *2=14 = 14

sa fi

203
2. Cther woeden parts
Main floor -
Front semicircle 1/2 wnl5.4%2 = 373 S
Central trapezcid ~ (1€.5 +15.4)x18.67
= €33 833
Rear trapezcid 1/2(40 + 42)-43= 1788 1756
Crgan room fleerl/2(12 + 5.6)-&= 70.4
Cerner 1.5°3 = 4.6 "2
85.0 =
Niehes 5 x 1/2 ™2 = 128, 12¢
Balcony fleor Trapezcid 1/2(4@ + 42)°43=175€
Beduet eirclel/2 m 18.5% = 537
Deduct side juts 1/2(11.5 + &,5)-5.3=0€6
- Net 1213 sg ft
o o1 : Ly L o 5 i - l—| 10g 1115
peglict interseciion oL k e with Dadidl LS50 e
- irnt 0o © 1 | 4076
-126
3250
STAGE abeve of MNaple 263
4153
Doors zs follews:
N¥zin flecer 2-2.5x7 = 48
1-5 x 7 = 25
Raleceny 2-5 x 7 =7%C
Stage 1-5 x 7 = 35
Bexes (niches) 40 approx.  Botal 328 ..,




Areas ip FPlaster

Vain Ceiling

Front circular part 378
Front trapezeid 833
Rear trapezaid 71786
2762 2782

.[:E.‘ l:C!'.}f

tor dus tc arch under b.eleony
=

ec
= 1/4 w7.5% = 44.%
and 8 A 1/2+11+5=27.5
et dzducticn = 16g 1€8

Ceiling urder bakecony

Grecos circ. # trap.area 1756
Deduet semicirels 1/2 m 1€.52= 537

3 &
cylindriical area: = 1/9 x 42 + 42+1= 53
g

Plat ares 11 x 42 = A2
Add.... 78
Ket ceiling area is therefore

2762 + 78 —1C8 = 3€51 sg ft

il
Stage Cylindrieal 7eme1ll= 242
Spherdicaul w72 = 154
Mainp walls
Front circvalr part nrh= n*15,5 x28.5= 129C
t

Dedvet intersecticn witl

nr 'r 1 =
3&C
~-2E¥15.BX 67.% 16 = _ 289 .5
S
30\
Beduct part ¢of cne nighe

]



Peduvet part of onz niche
rectgns. 6.5 X € = 52
cire.s 172 m 4% . = 25
Deduet orgzn r,om &x14 = 112
circ. 172 w42 = 25
Deduct 2 doors 2.5%7% = 35
Tetal deductieons fremw wail ecirculur
588 sz
Mzin wa:lls, trapezcidnl part front
19.6x 26.8 % 2 = 1625
Deduvct 4 niches 4x 77 = L2688
7Ly
Trapezcid, rear part of hall
ddx 25 .8x 2 = 2254
Deduct crcees ssction of balcony twicw
iCg x 2 214
2040
Back wall 43x 24 .5 = 103C
aduct baleconuy imterssction 6.7 x 82 = 282,
a2lsc 5 dcors 154
virlecny windews 7x 3.5 "
4¢6C
Net back wall arsa ... 570.,

QOther arsas.
5 Wiches
spherical mp? 1én
5x 2C1 = 1008
Crgan rocom wad ls

perimeter = 25' "= 25 x28.5
Crgan rcem ceiling
2-1€" ceclumns 2E.5'
2- 22 .C i
2- 10.8

eylindricel nrh= m*4+12 = 151

= SC
201

TL oD (44+43+21)

1005

840

poe=

19

510



Beam at edde of bazlconmy 4m*1&€ approx 22§

Deduction, decr te niche west side frent

ez —_— e

s

rtainy over doors by stage
2-% x 2.5 curtains 3ft a= 42 sq ft
2lzss, balcony windows 24

]
-
Feavy velour cu

Addendz, Flas:ter 2 juts in balcony 8x§
o8

o
o

Deduet stade deor

Summery of zreas of varicus materials

Flester 10,820 3gq £t
Weod,pine and maple 4,374
Yelour 43
Glass 24

PP STy

CAILCUIATION CP VOLUME CF TEE EaLlL.
Stage cylimdricazk part 11.5x 77 = g€88.0 ea ft
sphericwl part 4/3ﬁ3.52Xl/3=d 44,8

3

—
1

g

¥ain part of Rszll
PFront semicircular part 333x2€.5 = €S00.
Front trapezcidal €33 x 26.3 1¢66C (see note)
Rear trapezecid 1756 x 25.6 45000

Dedvct gclume of balecony oB§6x42 = 44EC

front part .25%1E.5%x]1/2 x2 =248.5

il

Tctal beale, oy vol. 4252 + cu ft
Veolures cf riches
b ¢f cylinders =.12' pr = 4!
eyl. V= 1/2 mxd42x12 = 301

spher = 4/3xmx43® = gy
3&¢& ;
5% 368 = 18200 cu ft 12C0
Crdan rcom
Volume = 75 x 27,56 = 2065



N A e 12 R
Jeduction, Juts Ob

Summwary of

Main Eall

Yolunes.

Front semi circular 9g00
Front trapezcid 16660
Rewr trapezceid 4500C
Stage £31
Niches 18€0
Crgan room 2065
76,458

edvetions

Ja.lcony

i ahde

5,122

Tetal net Volume ..osiueealy, 334

Toluvme = 7§234 X.02633 = 2020 cubic metres.

cu ft



CBLCULATICN CF ABSCRBING FCWERS

These ccefficients of abscrption, per squaremetre, the
cpern window taken as & standard , will be used

Weoed 08l
Flaster B33
Velour «23

Glass G2y

The hall contains seats for 573 perscns, 400 of which are

in the main floor and 173 in the balcony
For plain ash seats the ccefficient .CC77 is gener-

ally vsed, and for uphclstersd ssatm the value .28. The sesats
in Steinert hall agrepeither the cne nor the octher , but are
half way betwesn, wherefors it is rezsonabls tc compute a ccoef-
ficiert half wazy between these twp. The coefficient thus cb-
tained is 1€ .

The calculations of the duraticn of residval sourd
based on the zbcw@ values will be made for the hall empty, full
and twe—thirds full. The reswvits cbtzined will shew th reverb
beraticn for ore piteb comnly, thet cf C above middle €, or
O of 512 vibraztions per seccnd. The absorbind powers cf mater
ials varying greatly with the piteh, 2s explaiped Leretofore,
it will then be
note desired. I shall make the computations fer seven notes,
from C .64 to C, 4088&,

Below zre the abscilicns ef the materials present in
Steinert Hall when empty:-

recessary tc make new calculations for every

the seven C's

Heed B6l x AC8.5 = 24 .F
g0 5

Elaster .033 x1C15.C =

Velour .23 x

Glass 027 x 2 .23= .C8
e

0
1
(5)

W =

Sgzts 1€ x 573 = 81.8
K»¥
Fronr these values by the fermula + = -—a

it is possible tc determine the reverberation for the hall
for the piteh ¢= 512



The tsble beslow shows in detail the methoed used to sclve
the ball fer the piteh C=512

Vateriazl g Ft Sg V Cesff. fbscerpticn
Woed 4374 4Q86.5 L0811 a4 8
Plagter ice20 1¢18.0 JB33 ‘ 23 .5
Telour 42 3.2 28 W&
Glass 24 228 E2Y 0B
Sezats S73seats 6 8158
151 .0
K-V 164X 2C20 .
t = a - 151.0 =2 ,2C seconds

Ead we comsidered that the plaster was on tile rether
thar on wire lath, its ccefficient wcould have been.C25
and the totezl sbsorption= 25.4. In this ecase the hall would

tave tad amn absorption of 142.%
i Jdea_x_202C _

142 .8

[A]
€
(L]

It is unlikely that this condition existsy and my cenclug:
sicn iz berne cut by the clese proximity of the t: 2.20 te
the time experimentally determined by Frof, Sabire, of which
experiments I have a2lready spcken,

The above calculations zre here veried by assuming the
tall fwll of pecple. I shall hereafter regleset the absorption
by ¢lass as inconseguential. With the hall full, it is reason
able tc consider some of the flcor covered sc as to cut down
its absorptiorn materially. Therfore T shall take irto zccount
only 21100. sovare fset as having any effect on the reverbera-
tion. In making the calecuvlations for the hall it is evident
that it will be within the limits of the accuracy of these
cemputatiens to vse the sduwe value, sirce it is more than
lifely that it r&s been cbserved before neor thet the sudiernce
is: the most impert. ot abserptive agent in 4oy ball, This is
the more trus the laper the hall;*in Sympheny hall, the 2bsc
serption due to the 2udience is 25 times that of the next 1
largest sbscerbing material ir the hall.

®



Reverberation with the Ball filled.

Vateriuzl Sg. Feet Sg. M. Coeff. Abscrpticn
Weood 2100 185 061 11.2
Flaster 10820 1018 23 33.5
Velour 42 3.2 «B3 B
Audience 573 persons 44 262.,0

TCTAL L
298.3

Reverberztien with hzll twe—thirds filesd

Woed 2lco 165 .C€1 11.¢
Flaster 1082C 1015 033 32.5
Belcur 42 3.8 .23 .
Avdience 3€8 persons 44 1¢6€.0
Seats 1€1 seats i 30.86
TCTAL 244 .9

The valuss of t for the above cases ars:
hall filled t = g o [ s |
twe—tbhirds: Tt = 1.353

There is s¢ slisht a difference beiween these two values
as tc ipsure dood accoustics even wher the ball is cnly
partislly filled. The ear of ceritical musiczl cbservers
or lisyeners désect & differerce of a tenth of 2 second
or less, but this does nct mean that sueh perscns would
call the cne conditicn gced and the other bad. Indesd, one
might be neither better nor worse than the thher.



Variatien in reverbsesration with pitch.

Since, 2s 1 have explained, the absorptive power of zny
substance varies with the pitebh of the scund, it is desirable
to caleculate the effect on the reverberation in Steinert of
this phencmenen. 1 shall tazbulate below the coefficients ard
apsortiens of the several factors previcusly ceonsidered for
the single note C=512, for severn C's froem =64 to C=408¢,
taking three separate cases, (1)the ball empty (2) the hall
full of people and (2) the hall twe—thirds full of people

The pitehes of the seven ncies to be considered are zs

fellows3—

Cs= ¢4 vibrations per second

Cp,= 12&

Ca= 258

G, 812

Cs= 1024

Ce= 2048

C;= 4026

Table I. Fall empty.
Fa. =]
1 -

NVaterial Sg. M. Coeff. Abscrp.| Coeff. Abscrp.
¥eeod | 4C6.5 084 26 .0 .088 39 .8
Flaster 1C15 .0 C4E 48,7 020 20 .3
Vs lour 3.8 2 o2 23 5
Seats 572 seszts 14 £0. 14 80.2

TCEALS 155 .8 141.2

m ~
Vs 4
Material Ceeff . Coeff . Absorp.

eod .CE .08l 24 ,E
Flaster 024 24 .4 L33 38.:5
felour A 2 ad o5
Seats 15 €60 16 21 .6

DATRLS 143.8 151.0
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Table IV centinued

Ezll two—thirds filled

Piteh | Abscrpticn t in seconds
s &4 158€ 2 .208
0¥ 1238 188.5 1.710
Cs 258 220.5 1.8C8
Cq 512 244.9 i.383
Cs 1024 258..7 1.3C8
C, 2848 257 .4 1.288
Cs 40286 2825 13638

I have ceonstrucred three curves to give 2 graphical
representation of the conditions just determired, zpd it will
be rewzdily seen that the points fall pretity generally con
smocth curves., The peculiarty of the curve for the dall empty
is thwet 6t hwis the lgwest reverberaticn, and corresperdingly,
the hipglkedt sbsorption of scund not at C, but :zt Cp. This sur-
prising irredularity is net a2 freak with this avditorium, but
is characterisic of many octhers. I skell insert here a draph
of the reverberstion expsrimentally recorded for the Jeffersen
Fhysical Leboratorym in which it is easy to see a like ps—
culizrityi in the curve for hall when enmpty. Teo diermine the

(o

cause, we my censult the table cf absorptions, Table 1. Eere

it is at orcs evident that, the absorpticn due the seais re-
maing practicully constintfor the first three notes, that of
tbke walls decrsases sharply from C; to C, and the effect cn the
reverberation would be far greater were it mot feor tkﬁ fact
that at the same time the abscrpt¢ca by the flocrs and ct her
gocder parts of the hall inecreases rapidly, tending tc counter-

~

act the effect ¢of the plaster.

I wish tc return for 2 mement to the subject I briefly
menticned ealrier on this paper, which is the desirzble rsver-
beratien in a2 auvditerium. I said that scmwe autherities claim
that if the duration of residual scourd be more than three sse-
crds or less than twop vhe scouvustics zre likely to be bad. The

r

(=3
=2

s | @
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results bers cbtaired, in the czlculaticns for 2 hall Jrown
to be ¢f the highest quality would sesr to refute any such
calim. Irn all probability the claim was made with a2 special
case ip mird. Cf ccurse the problem of desirable reverbera-
tion is cne of eritical taste, and not of phsical sclution.
Tc say what is desirable cne must first ask: many cuesticns
such as," What is the size of the hadl T What isthe use to
whiech it is to be put,~is it speaking or music T If music,
what kind, pisnc, chamber, orckestra, cheral,cr pegan, and

ip addition, is it Claasical,¥ecdern, or Italisn Noiss-NMakers'
" And there is no end c¢f questions that mwust first be =2
arswered before deciding upor the destrazble reverbsration.

nusic?

I have ccencluded that for my owp snjoyment, judding
frem the peint of view cf a critical appreciator withcut, how—
ever any extensive grammaticzl or rhetoriczl txaining, that
the reverberaticn should be grester in large balls thap in
spzll ( which cordition gererally prevails), and thet for
nesiec it skould be muchk greater than for speakind. For speaking
there is no lew limit except the time necessary tc prevent des-
troying the rich guality of the veoice, aznd of course, it must
nct be &c¢ short tﬁgf:gghdces not reach the ear in its sntirety.

Te say what is the relative desirable reverberaticn
for various kinds ¢f music is difficult in that individual
taste is the cnly criterion .Un any case it should be suffic-
ient tc give that rich quality of tore without which any music
seems dry, brittle and lifeless. It is certain that tcc shert
a2 reverberaticn leads tc more disastrcus results ip the case cof
a pienc thun in the case of an crchestra,becauvse of difference
in the nature of the socunds each gceves forthyp-the pianc a
quickly, disappearing, percussicn tore, and the crchestra cme sus—
tained. Tt is this contrast irn tone that makes the effect of
2 piano playing against s large crchestira ore of the most in-
tereétinq wnd pleasing combinations in music, and ore which bhas
led manry cf the gremtest writers tc dc their best work in pianc
concertos. Yet T am sure a2 ball cannot have at the same time,t



two differsnt reverberaticns for the same piiteh. Since zll the
exact experiments that have besenr made have employsd the organ
pipe it is impossible to say with certainty wheit.her a per-—
cussicn tene has a different treztment by the hall than one of
svstained vibration,but it is not unlikely. Cf ccousre the pianc
string continues teo vibrate for a2 shert time after the key re-
turns to pesition, 2s well as the bedy of the instrument, and
it is'partly due te this pecuvliarity that a lowsr reverberaz-—
tien is desirable in the case of pianc music.

Soms interesting experiments -were performed at the New
England Conservactory of Music in small reooms,used by instruet
crs for pianc lesscns. The results showsd that in the vnanimous
cpinien of several accurate critics the best time for th dura-
ticn of residual scund is in the neigkborhoed of ore second.
The variztion in five rcoms was betwsen .85 seconds zndl.l18.
It shkeould be understood that the rccms were small apd the music
2 scle piazno. Cn the cther hand the resverberaticrn in Sarnders
Theatre, Gambriddge is =.42 secords. In this hadl the Beston
Symphony Crcheslra plays to the greaiest edventade. The music
takes on 2 rich mellow tore without any blurring. Cnly this
sezsen I sxperienced the urprecedented enjoyment cf the per -
formance of the dreatest pisce of Spanish music ever put on
paper, Ravel's Sparish Rbhapscdy .Thke same pisce had been per-
formed in Synmphony rall with equal artistry but the impraﬁﬁon
was not the same. J do rot mean by this that Symphony Fall is
anything but a first-rate concert hall,but it dces nct compars
in accustics tc Sanders Theatre. In Symphony Fall there are
certain ssats or, indeed certain secticns, where hearind is
extremely bad(fer music) In one of thess, Flocr seat K2E or
therezbputs the todre of 2 pianc is very feeble, and againmst
an crchestra is at times almoest svbwerded, and undiiscernible.
It is difficult, if not impossible,to say what is the cause of
such "poekets"”, for the bgll is of 2 simple plan with ne freak
shapes or juts in it, and with 2 regular ceilind. If the pro-
perticns of the hall cause them on account of the manner in whic
scund wave trains are reflected from the walls (so &s to

@



cause two trains tc meet and destroy each octher at one
pcint and reinforce sach cther at another peint) no remedy
could be found without great sxpense if it sould at all.
Prbably phetodraphic investigsation ef a mecdel weould elear up
the guestden,

Tke reverberaticrn im the balls mentioned in this
thesis azre bers ncted for comparison, todether with 2 deserip~
tion of the hzall and its uses.

1. Steirert ball- this case has been censidered fully
heretofere. The hall is vsed for recitals by solo pianists,
vicliinists or even sinders ard unpradentigus speakersz it is
cenmorly enmployed by chambsr wmusie crganizations. The reverver
ation for C-512 is( hadl filled with peeple ) 1.11 seconds
For the hall smpty 2.20 seconks.

~

2., Synmphony Fall. This hall is used by the Boeston Sym—
pherny Crchetrss, by choral societies, and by dreat or pcpular
artists in recital. Speakers use it to their disadbarntege and
tc thet of their bhearers. The reverberztion for the ball filled
is2 .31 sscords, a gery gced figure for orchestral nmusic. The
hall is lerge, seating 257¢ perscns and heving these dimsnsions
length 130 fest, breadth 75 feet and heifth 5¢ fest.

3. Sanders Theatre. The hall is largely of wecd, cf 2
sgnicircudar shape It is used for 211 kirds of musical and
cther events . The reverbsratior empty is 3.42 seconds.

Lkke Sympbony hall in desidn ard acoustics are two bhalls;
the o¢ld Reston MNusic Hall gnd the [eipzid Gewandbaus. Their re-
verberations zre repssctively 2.44 and 2.31 ssconds.

I have net considered interference in Steinert be-—
cause, 2s I have previcusly stated, the methed to be used is
long and delicate in performance, Such an investigation might
gaslly tell why the hall is so gced, and what effect the varic
ous parts of the ball have,-as for sxample the niches, wheih
would seem at first ¢lance to furnish a needless tempteticen
for the sound waves to reflect intc the auvditcerium in a dis-

@9



turbing manner. As a matter of fact they do not have any

such effect, possibly because of their smwall size, but mcre
likely because the bedy of sound waves passing cut from the st
stage passes by them parallel tc the plane of their spening.
This is due tc the shape of the hall. . The general idez that
an edg—ovel is the ideal shape for an avditoriuvm is thus sup-
ported, but Sanders Theatre is even superior tc Steirert Fall
and has an sriirely diffsrent shape.
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