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DECLASSIFIED 

i~s rEport proaente the r.o8ulte of nn exporime tsl etudy 
of the ~hock producen by a collapoine c~vity in wter. S ~ha stud: 
is aign1.:t'ica t for three fiolda of inve£:tigo.tion: &/ fo" I'\JiE:A 

an lyBiJ, 1nce caviuation is an ,m-portnnt enuse of noice fro~ the 
propellers of ehipe end from obJecte dragged through the · ter nt 
high upeedr.; b) for und~Nnter e,:ploGions, oince theeo e ~erinentn 
reproduce in a1niature the conditions which obtain ehort: eft.r the 
detonation of a CJ1no; enu c) for cn.Vit.!.tion erosion !.:1d t v~tcr• 
ra~ner breaker.a of g'.,.a.s~ cont~inere. 

lt 1a ehown th~t cavite.t.1.on ahoclts are recurron or ul.tiplo, 
th.':3 tine interval eepern.tinB them depending priir.aril~T on he et~e of 
the cavity. Further, it ia sho~n that tru:i abr-~ntneae ond violence of 
the shock, th~ totnl acou~tic energy uroduced ru1d its fre:uonc;v dir­
tribut!on, a~ ell h1ghl7 depeutGnt on the size of tha re 1dual air 
bubble around vhieh the cavity colla~ses. ~he ei~e oft~ tr~bble 
determines the degree of cushioning of the shoe·:; hence tie unclestr 
abL~ cboracteriEtics of the shock, ns measured by noise p oduc,ion 
and mechenicnl deatn\Ction, are mu.ch dir.iinished as the a1 • bu'bble size 
1ncrenees, _nd the predorainant freque~cy of the noise gen1 oted ~hifto 
to the lo-.1e-r frequencies Q.U!!.llt1 tll.tiva rE>lationshipc fo:. the a 
varhi.bleo l".sve been obtained e.s a function of cevi·ty dze (or energy 
content of ~be blow) snd nir bubble aizo~ 
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L A etudy of the coll.e.pt'le of a cavity 
origin~ll~ undortako1 for tho pnrpoeoe of no1oe an.el 
pQrticul r reference to the noiGe produced around pr 
in the tirbule~t l!J.e of M ~uiden.-ator. 6ouno project 
ran.gin~ quJ.~~ent. Since very little ~u.e.ntitativa d 
nature of the Gcouet1e ohocks ao produced were avail 
desirable to 1nvost1gave thorn o.ndor controlled cond1 
their I~porties u1ght bo bettor ~Dderstood and. if 
matho~ for their suppression developed. Such e.n 
been ce>nducted. In tho ~o llov1.ng p.arilgl:'8.phs the 
dElec?'1'tied and t,he rei.ult.J e.ro piea'!ntedo 

2., :i:ue reou t,; of this invEintigaticn ar 
to the 1scuss1on of the oocillntion 01 the gas bubo 
explodod Gine, and to the rechanicel destruction vhi 
checks can oroduce. 

.• -water w.ig 

. ls, \!th 
• "'llei-o and 
• of echo­
a on t,he 

ole, it seemed 
·ono, ac thnt 
:,asib.l.e, r 
tigation has 
ir,:en ts aro 

eleo :pertiner4t 
Tou>1d en 

1 cavita.tfon 

:ii, Tho :qiartmental. apparatus concioted f a. v-saBel 
containing a coni:;'!;ant Qr!Oll,'lt of vatero The volume 0£ this vetms} 
could 't. .-e.ried by c .. c.nc of n brn.se ayl'phon bellows i 1 ono ,r.ill 
i'hus a cavity, U11:1 furmtion of l.M.ch req_1'.irecl s kno¥ 1 amo\lnt of 
sner~~. ruid which contained G kno'l1!! volum~ of niT. co ~ld be 11W.do 
to collapse in the vees~lo Th~ resulting Bhock ~as p.'cted ~p by 
a amsll Q.\lB.rtz microphone, mounted in water ei the;r 1 ide ox· out= 
side th veoael~ ~hio £hook, elnT'lified a~d ~ut on t screeu of 
E. cathode- :-ay osci llogrE.ph 1 'tlafl pl1otogmphed on picture 
-fil ro 111'1 t a r~~~¢l vill~drum c!'lm!lra, 

4o The Amportant pert of th~ apparstue 1 illust~ated 
111 Plat.El L It consisted of a cylindrical glass or b 022 voesol., 
full of eir,frce ia<e.t r, end containing a quax-tz micro hone • .t. 

top-c~ck in the cyl,nd~ical well pormittod the intro uction of 
va.t.er o-r a small air-bubble of knolin volume. In t,ha uce of the 
braes v ssel, the up~ar end WB.3 n die~ of 1;2~ plate ,laas so that 
the int dor could oo ea.aily oi.iearved, The ends of t e cy-Undr1cnJ. 
veoool vere rode wter tight, by rubber e:a,aket11. Two rass plates 
ar..d four 16%1L; 'b·')lt a clamped i;ho cylindor and 1 ts two ndo together, 
!lnd kP-pt the gaaketeci e.asembly tlllder comp1•eoaiono 

5 Toe eylpho:1 liellows and the outlet fo the mic,ro-
pllone \tere at the lower ond cif the cylinder. Tho nrm .ture of ru1 

electromagnet was att~ched to the tylphon ballovs. ens r.icture 
t1as taken. the armatu1·€ ··ns rolea.sed by the same svit h which opened 
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l!lhich opened the Ntter c.f thv ce.m£ra, thutt efnchron dn;r sbock 
.<!nd. pho"tcgraph. Th.r nylrhon bellows and a:rmatu.re .. -er, £urrounded 
b7 a metnl cylinder ~hich served to si.mpo~t tho elect omgn~t end 
to keep ,rater e.wcy f:i.•om the aylphon bellows e.nd or~t "'fl wh6n i.he 
entire aaaernbl7 \....Z.e imt;'er1.1ed in e. b1g tank ( o,ylphor b llow:.1 end 
domi) •• he motion of the s,ylphon bollo~& and armotur ws thus 
unimpeded 

6G Exc(Mt ~hen the two were actually ~n :ontact, tho 
electrom gnet 11ac clectr1calli' iuauleted from thG &.l' \ture, This 
made it poaeibla to record on the photogr~phic film t e stnrting 
ti~e of collapse as datorroinod by the timo when the 6 cctromagnet 
let go of the erlllb.ture, 

?. The r,rtc::ophone consisted of 4 X--cut quartz 
crye~als, eo.ch 12 C'! • by 12 mm by- 2 rru,., connected in ru.lleL Those 
were so rnou."'lted that the faces perpendicular t,) tho Yi t,xis ~re 
Benaitive faceo. They ~are enclosed in a brass d1'U5¼- heped holdor, 
the faces of the drum beitlf; German silver Gheets OaOO O thick end 
12 m~ ep~rt, and th9 sensitive faces of tho crystals e ng just 
behind the drum faceeo Castor oil ~rovided l'l9cbo.n1c contact be­
t~eon the inner faces of the dt'Ul1l and the sensitive~ ceo of the 
orystalao The leakage resistnnce of i,hs microphone ~ lB so low 
(23,000 ohmo), and therefore its time constant (~RG) so sir.all; 
that ita voltage response vas proportional to the ti ~ derivative 
of the impressed pressure vave, Hence th~ oscillogra s represeni 
the vc.rie.tione ofop/k within the l1mitat1one d1Bcusae 1n the 
Appendix. Calibration of the cicro~hone-amplifie~ s 
curve of response which incrnaaed linearly with freq 
agreement with this, Seo Plate .2. 

8~ A Gen~ral Badia 714.-A Voltage Arnplif 
t,he tre:nsient irom the f!ticrophone, and put 1 t on the 
plates of n Gene:rsl 'llatlio 68? BS5 Electron Oscillogr 
carr.ara waa a General Radio 651A and 651A5 1 Cruoera .A 
came~a -a.snot uead in the normal way. Instead, a ei 
film ,-m.fl put on the S"Prockot vhsel, W11ich ~as driven 
from the tcke-,tp, rather ~hon by th~ drive motor. ! 
:film speeds up to 130 fto per sec~ ware attalns.ble. 
was Agfa Super-Pan Supremo. 

9o For purposes of timing and vol~age 
stenderd 1000 cycle ~oltagc ~as put t hro~b a microv 
plied to the input to~m1nels of the amplifier. This 
in Just nfter the transient, The rest position oft 
graph £'POt was e. t tho same time shifted by !!leans of 
t~een the ground oido of the amplifier end the lo~~ 
of th0 oscillogroph. Thu~. on the films the transie 
the center of the film, ~he standard signal at thee 
photogm~ha thio battery cir~'1.l1t was broken when the 
ated from ,;he electro.nagnE\t, This ia ehown by a ju 
graph trace tow~rds tho middle of tbe film 8-rld 1nd1c 
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10 For film epeea~ great~r than 30 ft~ p 
drum revolvad more than once whilo the shut~er woo et 
avoid overrunning of the upot trace on the film, c ch 
denser and resistance in ~rallel \i'Sre con..,ectod in e 
» batteries. Thie RC circuit waa eloued whan tho rel 
el~ctrornagnet circuit opened~ The spot then shifted 
of. the exposure giving a heli~al trace on th~ single 

1" sec~ the 
1.1 <Ypen. To 
rged con~ 
:ries l.fi th th9 
yon the 
n the course 
urn cf fill:lo 

11., !r.lhen ta!' tm.ter '11lS put directly into .ho voesel, 
and the sylphon bellows expanded. a fine froth of bub les formed 
througho•1t the liq_uid. due to the reduced preeeu.re.. herefore, the 
water in the veeeel had to be first freed of air, sine otharmae 
it was iropoosiblc to control the size of the air bu.ob e around which 
the cavity collepeed~ Thia w~B done b7 boiling the ~er in the vea­
nel ~or c half hour or more, the steam escaping thro h the atopacock 
in the eideo It vas then elloucd to cool and draw ba.~ ~atnr which 
had aleo been boiled ~ver the oa~s interval. Any res dual bubble 
could then be shaken outo · 

12 The p1neh~cock at the outer end of th rubber tuba, 
beyond the glass ctop-coek, WS.6 to bold a voter resor·o1r in the 
tube for cooling shrinkage or other losses. Soo Plat l. Th~ p1nch-­
cock neorest the vaegal prevented the rubber tube tro I collupe1n~ 
~hen the sylphon ,aao expanded in order to fo?'l'l a cav1 yin the voeeel 

13. With such proparation, when the nrmat eon the bel­
lo~s '1!1811rst nulled dovn with the ~1ngero, a d1st1n·t 1n1t1&1 re­
e1stence ~aa felt, renreaent1ng the slight tension w~ ch tho water 
could i,ueta1n, Thio -rP-eistance suddenly gave w.y vi t It he formation 
of tbe cavity, the force thereafter being very nearl n constant 
(atmospheric preeoure)o If the sylphon bellows ~ere •eleaeed slowly. 
l!I. minute bubble (diar:eter less than 0~3 mm for :fr~Rhl r boiled lirater) 
wae to b~ se~n at the s1te of the cavity. It "'8-t rel &sed eith~r 
from tho wnter or from the ndeorbed gasses in the me .l or gl.e.ss of 
the ve6~el. If the armature were again pulled down, he initiAl 
re~istance wa.e no longer felt, the force increa81ng r .p1dlf' but con­
tiuuouel~ ton nearly constant value. See Plate 3 •. he bubble 
likewine increaaed continuously in size. If one wait d until the 
aciall bubble rediaso~ved 1 the initial resi9tance again be felt. 

M. Thi:; sm-11 bubblo represented the lo r limit vhicb 
could be reached with thi~ opparatue. Por water vhi in time d1t­
aolvud moro eir, either through leaks or from largsr tir bubbles 
introduced deliberately throug.i~ the ctol)-cock, this .nim1:un bubble 
could be 2 mm in diameter. Hence no observation coul be rnne vi.th 
a smaller air bubble without reboiling. 

15e It ia believed that air bu~bl~s aoout 
or less a~e c?mrncter1st1c of those which are present 
tion chocks. where the cavity forms and coll&pseo in 
for much air to dissolve out due to the decreased pre 

1 mm in diameter 
in true cavita­

time too short 
au.re. :Saker ( 1) 
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--hn de crtbed ~.t,c t: to.• ... ha~wr. brel.'knge oP glaas con 
ly a cavL ts.ti on p en-,r.-J!lnon. Ho ,1a.e able to bu;:-r., gk 
filled with liqu .. d b., v~olant .y acc~lerating thooo i 
when tl:e liquid. i e "'left bahind11 burst the Jar on co. 
v&s fo .. n the pre ,ant exper11!':911t trot ths gless vc 
a he:'.lv pyre:i:: bo'" tli wi h ro.l ls 1/a• to 3/16" tbiclc, 
sin& r mlat'it,y \lhen the air , u'bbl<>s wflrEl about , m;i 

less, d ending &oru~ hs~ on tho amount of onorgy relc 
It wae -Ot: thia raasc?1 that the bress vessel vith the 
end \!O built. ~bic \13.n batt r able to m.thctwn the 

in r, c cent\ 1-
jru·a r~rtially 
co.vi ty formed 
:>sing. It 

ir.a.d~ fret:' 
with depreE 

dl eter or 
d n the 'blo.t 

J. 12" pl.D. te e;loss 
ocl 

16. ln ~he obao:rvotion of a cavitation oh ck, he follow­
in l'}J'Cc dure wae l!U'l.onted. The riize of the e.1.r bubbl. and the d18tance 

- through ~h1ch tho e\"rlet,J.re r.;ov d ttero caasured, thus -terc1n1ng the 
meeh.a.ruc 1 anorgJ to be relea.BGd. The arr,.ature was t n pulled. 'ba.ck 
tote f cc of the r~ectronlagnet. which ~us ju.at atro enough to hold 
1to \'11 l the drr..m ard i"il.£:i • volving et a oteady r&t • th camera. 
shutter· e snnp~cd, and BiTl!Ultaneouely the electro· et let go ~h~ 
oocillo reph m>ot w then shifted ond & ata.ndord si 1 from the 
microvo1te~ photogrcp o Finallf, the size of the a bubble ve.u ro­
:noas"lr d. though the niocee of lt llnd to be she~n to et.her ag.:;1n with 
the icl owe sli~htly e,roanded by hend. 

l'? Tho m0."1':!urei. !Jhes of thl!!I e.ir bul bla, 
the ahock, agreed fairly woll even for omall bubblea, 

e) the 1'a.sure :ent .. -a.a rede imm6dicte ., after tho 
shock, and 

t:1fter 

b) the ater had not much air d1osolv.d ln it , or 
tho bubbles ., arc large ( great-s1· t ITT 25 cu • ...:;}). 

If the ter had c,nstdorable a!r dissolved in it, ad 'tional air 
which h d disaolved out vhile tho bellowe was ox-pe.nde lllc"l.dti th'! cecond 
sg-olu.u, re0 oure oomc,ma~ uncertain, tut with care and. u:igmc11t 3at1s• 
factory agreement wcs ohtaillllble. 

18. The vo 1.u.r:.e ;ro.r computed on tho assu.mp ion the t tho 
bubble .~a ophoricnl if omall. or olliptoidal with rae sured ux~s 
ret1o if fwttenco.. 'lh, -;rolume of larger bu'llb).ea vas nm.nurcd 1n (:he 

· cylindr c.:11 tube 'lear the glass c:toi.;-c:ock. s~e Flnte 

19. Ob..,crvationo were made undo1· tha foll 'b!.ng conlitiona · -

a) Brnoe veoool im::iersed in ~ater4 P ni+.ion 
vfrticsl. Uicronhone 1ndde n?:ld o ·teide. 

b) Brncu vessel in air. Poo1t1cn ver 
horizontnl. liict'opnone 1naid.a. T 
:-un at one r.o~gy of blo~ onl~, to 
tt.e effet?t of th<? shB:pe cf the cav 
the vertionl uouit1on. the cavity 
ohn:ped., ne t,1s section of an orm1g 

ica.l ar;d 
1..i W'1£ ll. 

de'.·ormin · 
t.y In 
eu vedge 

tu a 
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10 > t . 1 .1. (., t v of 
o. 1.oo thin slnb thie c10~ 

a segment of a circle. 
tecticn of ihich ~ss 

c) Gl!uai vst:1sel 1.n sir. Position vert1 1. Micro­
phon~ tnoido. This "eri~s ttna taken o test the 
effekt or vesecl rraterisl, and to ent blish of­
fo~t poorly determ1ned by ~revious m ~<:\U~ea~ 
Tbeoc drLt.a are ths .l!IOCt homog£neo110 a d complete 
over the ronge covered. Th~ r.avity\S c~eucent 
shap~d, owing to the bulging ·upwn~d o the bottom 
of the bottle frou. which the vt:sssl ~ .e uo.de~ A 
series of oscillogra.ms illustrating t era cases 
sre g!.~•cn in Fla.tea 16, 17, 18, :-s. d 20. ifli,~y 
ere arranged in order of decreasing b .b'l>le Gizo. 

20 From theee photographs t.he following easurements were 
~ade Yith a Bilger t-ravelling rn1c:r-oscopel 

a) The scala!in mlcrosec./mm (x) snd rnil !volt3/~m 
(y). 

b) Tne t1m(I of rhe oi the first peak, o the in­
terval :from a point whore the deflect ou \$.5 

first appreciable, to ths first 0 prin i,:>a111 

pealc. The first point '7:e.e ne.tu.re.11.y ome~hat 
indeterminate, the initial riea bein rather 
grsdual. It is eet1rua.ted~ ho~ever, . t t the 
deflection boceme appreciable at abo l~ of 
t¾t, maxi.mm, if' one takes 1/'1 of the t ace 
width as tbs least apprec1~ble deflee ·ion. 
'fhe 'tlidth of the trsco tms about 0.1 r!!!ll. and 
the atlwm deflection was usually be ~-een 2 
and 4 m;:;:i on the filmo 

c) The timo int~rval between 1/i maxi 
and the 0ilrlmum. Thi 0 was adopted a 

d) 

criterion of tb·e time oYer which moe 
in.1 tie.l ri6e took place. 

The heig;Jt cf the first ma.xilDWll !nm 
The chc,ice of the first •principal 1 

was usually clear cut, even though m 
tationa often 1m.:nediatel1 preceded 1. 
firot- principal maximwn was ~.lways o 
highe~t - thout;h not necessarily the 
1u1 s ~le.nee s.t the oscillograms vill 
These measurements yere taken only 1 
vhore t-he microphone wna 1ndde. 

e) Th£: total ti~ ot collapse-. from 
o! rel~ase_of the ar:nature to fi~st 
These ~-ere maun only for the gl~ss 
ai!'. 

lmum 
or crepi­

The 
of the 
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f} 111 tma intGrvcl b~tveen tho firot a~ 
second big eho~k. Where ahocka of ra _CJ!llY 
difforont t;,vt>e ~p~eared1 the second a of 
the aama typG as the fiiat ~s chosen or 
thie mBaourcment • e.g .. gee No. l, P te 19 . 
Ku.lt~ple chocks w~ro lesst common for ~cvi­
tioc of lo~ ~norgy and e~ell eir bnbb a. In 
ganolnl, how~ver, the presence of ~or thi;.n 
on~ ,.hock -~ac the rule rather than th e:i::cop­
t1on. 

g) ~"be ratio of the e.t:1J)li tu.de of :::he eec ,d. 
shock to that of the firnt~ 

h) Meaoure~ of the relative 1ntens1ti~o 
characterltitic vibrations preaont~ T 
distinct characteristic ~ibra.tions ar 
vo.blo in thb oacillograme. of per!ode 
10,000 m1croneconds, T2~410 - 530 mic 
and ~3~ 20 microsecondeo 

An attempt \-"a& made to deternine the 
rms prosaure r,e-pr~sente~ in these oac 
'l'h~ ~voruge 1n1t1Ql ~mplitudo 1& mil! 
those ,,1 bratione ve.s estimated for tv 
of dntn (gl~83 vessel in air. brass v 
~atvr) for which approx1t.ilate17 the sa 
one1·gy t:!8.c. released in the shock:~ 

21. 'l:he c.bc,vc Jll1'Jaeurements, determining t 
ebo~k, are considered ns functionti oi the indepenc.tmt 
E. V 1s tbe volume of the air lrubblf, in cu mm. and J; 
content of the shock &8 determined from the intogr~te 
of tl~e 'bellowso If E h in ergs x 10b, E 1~ -also app 
e12e of the cavity. in cu ctl. 

220 Thi! oicropbono-Al!!plifier system wae c 
-pa.rison with etanciara nicrophones calibrated by the l3 
Labvratoriea. For the low f~eqw,ncisa (lee& than 100 
tro~gn~tic sound 301u·ce (3) ~-a.a used~ for the high, 
~rojGctor. Tho microphone \i:le held edgewiee v1th re 
sourcs, the sruoo orientation 1t bad relative to the 
the ca.Ubration of t,he oystem ic g1 ven a.s if for no g 
£t-a.~dard microphone '!r.'8.S connected to the input of an 
cppropriata corTcctions duo to tho amplifier &nQ its 
t:1erc e.pplied. 

23~ The sign of t.he def.lect1on of the enc 
for o conden1:1a.tion 1P.ave \rs.n determined bf photographi 
due to tuppinG on a pail of water, the microphone bei 
For varioue or1entat1one of the microphone the direct 
deflection was th~ Geme. and indicated that the 1n1ti 
the cavitation ahock, !nnide and outside the .~ssel, 
dene~tion, or the ~aoo as in the case of tapping on t 
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4 An u1 .. o tne enorg~ e p nocd 
the nrm tm-~ !rom th eloctrow. ◄gnet was determined by 
the force-diatanca fur.ction for the armature. Thie w 
meaouring the hcldine, force for various thicknesoea o 
tween the orw.atu~e and pole face. The work expended 
be negligible comuarcd to that of pulling the bel~o~s 

IV. DISOUSSIOB 

n p l 1n, 
ietsur1r..g , 

n done by 
psyer ba­

as found to 

25 The diacuna1on will be divided into tree p~ts 

(A) A general deecri~tion of the shoe so 
(B) A discussion of the graphical res ~ts. 
(C) A di~cunsion of the extent tv whi h the 

observations can be repreeented b theory. 

26. To tho enr there was a marked differe 
thove ehocks with an cLp-t1recie.blc sir 1,ubble (more th 
and those ~1th a amal! one (1 cu mm). In the first c 
was e dull thud, in the latter a sharp click or clonk 

27. Examination of the oscillograms also 
chs.ngo in their charo.cteristtco vi th dh1inishing size 
For air bubbles vith volunea 100 to 500 cu mm, the tr 
a oerieo of eingla w3ve: • (see sketch). vhieh after 2 
merge into a &imple ainusoida See Plate 16, WoA2. T 
5000 - 10000 microoeconda, essentially the same as th 
ehocke. Thie ia an u.ndarlying structure which persis 
stl".alleflt, bubble, and rneasureirente indicate tha.t 1 ta 
millivolts actually increese& olightly ~1th diminish! 
she. See Plates ;_4 and 15. it 1e relatively less a 
shocks with -smaller c.ir bubbles, since other ls.rgeT s 
-periods, Tl. ar.d 1j- , appear &nd may mnsk: it. Since t 
amplifier wao cut down for the smaller bubbles, this 
pears to become negligible in t,hie caoe. 

28~ For air bubblos 10 - 150 cu lllDI in vol 
principal mode becomes prominent, T2'Z' 410µ~ecs fort 
and 530 microseconds for tne braoa onea For tbe same 
the h1gho1· frequency modee beco~ ,~ore p~onounced vi t 
energy, as is to be expected from ~he f&ct that the t 
lens. (Sec pe.ra.gr&ph 33). 

ce between 
10 cu amt) 

se the sound 

bo111s s ma?'k:ed 
of the air bubble 
ce io init1elly 
or 3 cycles 
e -period is 
interval between 

seven to the 
.li tude in 

' 
air bubble 

parent 1n the, 
M1Ctures of 
e gain of the 
scillation ap-

e, the &ccond 
e gle.ao veesel, 
si~e air bubble 
increasing 

a:e of rho 1c 

290 F~r e~r bubbles 10 cu mm in volume th third rocde of 
osciHo.tion aplles.ra. For tt.es0 bubbles the clanking ound 1c cotice= 
nble. T3 is probabl) a normal mode_ determined prirnar ly by the s118.pG 
of the vessel. since its we.ve length in water is comp rcble to thu 
line~r diioonsions of the . veeaei. The ot.her two a~ p obably mecbsn1.­
ca:, the longer one being associated with the inertie. of the water, 
atmosuheric preeBure, ~nd tho low stiffne3s factor of the sylpbon bel­
lows. 
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0 I <' t , .. men t~a t vf 1 c 
oecillogTa s or~ r:,.ro'Portioual to?i,)'J+, U-e cru>i.ce of 
au A, of sketch 1 for exainplo. ~ivlng the ~nd cf coll 
Justification, espec1oll1 for the larger air bubbles~ 

-r L~~---1-·-, 

1 

fl th 

It would seem more correct to chooee the ~o1nt Bast end o: col­
lapee. Cuch a choice would seriously modify the mene1 :ad length of 
ti~ fot.• colln:pse Ifovcirthel~os, 1 t ie believed that · he structure 
of the sketch is a c!mracteri otic of the vessel rathe than cf the 
shock itself, end that the point A gives a better det minntion cf 
the end of collapse than E. ~he etructure persistc, ,. ment1onud be¥ 
fore th1i:>ughout all the shocks. and 1:f' the point B . e choeen as 
the end 1~ collapse for th~ larger air bubbies, it wold have to be 
used for ell of them, out of conoistency. However, t disturbonce, 
ao 1a ob~iou~ from the occilloGrsms, is initiated P.t e instant A, 
or firet peak. By Ba cousi~erable damping of the hi er modes of 
oacilation hao nll'eady taken place. For e:tSmPle, ee Plate 16, 
Noe. 13, 14 and P1ste 17 Nos. l, 2, 3, end 4 Theref seem, 
more 1·eC?.sonable to pick chu end of collapse at the ti the 
dtsl.\.,.rb,mce evidently begins, at the first peak, I. .• 

31 Anothe1 chi•re.ctoristic :fee.tut"& of th~ ~ shocks h 
thnt th~Y ere repeated, the interval depending, as ~1 1 be shown> 
on the s\ze of the CB.\"ity. Tbere is. moreover, a acr of double 
oultipl1c1ty .Between the pri nc~pal shocks, which re ro~ent the 
oscillation of u,~ cavity, there are often little sho xs, B1Ya¥s of 
high frequency cocroonenta rogardloss of the ty-ce oft~ µrincipsl 
shocks. See, for cxa!J.Ple, Plnte l?, Noe. 2 e.nd 3. T ?1 probably 
reprecent cevitat1on atother FArta of the vessel tban the location 
of the air bubble 

32 It !o interesting tbat repeated shock 
for the very smallP.st air bubbles, Fer such b~bblea 
bility cf the 11m.ter o~comes 1Arportant although the ga 
ctill neglig~ble compared to t~e hydostatic pressure. 
44 and 1-p:pendix, Thue for the very ~malleat air ·t,ubb 
e1):ect tr ... preaen~E: of g8s 1n the ce:,i ty to ha ...... a li tt 
the nat~I~ of the shocko That oscillations or mu.lt,p 
occur urder these conditl?ns bears out the e.xpectat1o 
inveet1, ~ion. (2) ~he formstion of repeated shocks 
favored by the fact thet the collapse takes '):)lace st, 
of a clovid ;esecl, sot.hat gravity and pressure act 
the t:.wne direetion in reforming the cavit;y. 

(.B) _GrE,til}i,c!ll Ann.lYfil._. 

spne<>r even 
he c:ompressl­
preseure is 
See -pnregroph 

"O OD2 'lfOUld 

~ effect on 
"shc.:ks etill 
of a previous 

h pro'ba.bly 
he u-pner end 
n the fluid in 

;~~~ Tne time of rioe of th~ fh-Bt 100.:.dmum from 
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are plotttd in Plates 4 1 5, 6, 7 for thA cases there i dicated~ 
Tha convergence of th~ t~o curves is 1nd1cat1v~ of de ·eaeing 
"ebruptneac" with increasing volums of air bubble. Fa tho times 
for the lnot 4/5 of th~ ehock there is a barely perce ible ehift 
of the curves from one value ofE( e enargy released i ehcck) to 
the next It is too uncertain to shov in the total t es of r1Ge 
By ts..~ing the intercepts of curves of different~ vit lineo of 
constant bubble at~e, and plotting logarithmicslll, t exponential 
dependnncs on E canoe obtained- The curves ere suffi iently deter­
minata to do tbir! for bubble shes V =- 50 cu mm to V 600 cu a;m, 
and give the time for lost 4/& of peak~ 

-0.321 +o 555 ->Oo234 +O o5 
c1t V c C1E ~i} 

for the glass vessel in e.ir. For the br&se veeuel in i1a.ter thic 

time is -0.432 ..o.452 ... 0.020 (Yl +o.45 
c~ v c cz1, ~~ 

For som ~urnoses the r.econd form of the n~ove tormul 
sinco. when the q,J.O.ntity V/E ie. conatant. we can oona 

' analogy t? the detonation of a mi.no. that thfl cavit1e 
by "explosives" cf tbo snme "chearlcal compoe1tion~. 
the _mportance of the relative size of the sir bubble 

I cized, since the exponent of Belone 1c omall 
I 

1u ~aeful; 
'er, by 
are produced. 
this form tif 1 s empha-

' 34 The plote of the totsl time> of collap (given by 
'the inst.ant of reloa6G of e.r,r_at,ire and point A of the ::itructu.re in 
Sketch l of par-e.graph 30) Rre g~ven in Plates 8 and 9 Expreeeing 
byE cu mm, the equivalent volur.ie in cu m:n of a c~vit whose l)ro• 
duction required :Z ergo. (usit1g p e 106 ~!I. /cm ) • t ~111 be 
obsened that whflr, the ratio V /E C'I.. mm is lees than a certain valu.e 
{! ~ -0.005) the tiioo of collapse becomea almo t in~ependent 
(E cu mm ) 
of the ai1 bubble size~ This ia to be ~xpocted Y-hen 
sure is comparable to the hydrostatic pressure over 
co~red to the to~a1 tin~ of collapse. It ~ill be 
Section C thnt tha ticts of collepee coll'Jl')uted under 
~ill be in ngreemnt ~ith e:xperimsnt. 

e g&o pres­
ume short 
ovn later 1n 
is ElGSUl!lptiCD 

35~ Te ti •e of collapse sa a function of r.nergy end 
r the t1~ interval ~et~~en ohoc.~s are plotted on Plate 10. using 

onl) thoee ~ate ~ho~e V/Ecu ~ 0,005; i.e. where tho pyrox1n:at1on 

!OECLA SIFIEO 



DECLASSIFIED 

i t .. .. ! ,:,, ox .. ~ te I y ttof1 • 

~f ong e~s t.e conclusion thEi.t 
e rc5,.1.lta of the osc11lll.t3on 

t.e a o1 in ·cates thst the poriod vaTioe o 
1n in a ree,;:cr t w1 th the theory for cac1. ~ l 

d•u.m (;,) the v Lldity of applying th i.n, 
to a vesae of f1&1t d1m~na.one will be discu 

fhe two curves re not quito narallel, probab be• u 
Te,tor ng fore of th bal1ows was not quite constant, 

3G !lue plota of the 1n1tiel ampl1tud,a aa 
of oner ;y 
caoe of 
u.11• 

and bub .P i~, are 61ven in Flates 11 atd 
1 ~ b~ass v sel immersed in vntsr. and tne gl 
efore, by t king the int roepte of the aiffo 

Ah li1es of on t,nt bubble size. and pl~tt11 
dependonce on Z cen be obtained, The rosul 

"urve 
cally, 

Gkea ve el in air -1· :t .. , ne 

Bran v e el in w. t(lr 1~) oc 
\.e1 .,,M/,.'/ 

";• 111 Plo.t 6 end 13, tre results obtain 
l 1n bo~h e~tical and horizontal PO~ition 

1" " ·e r ult i d1eate thnt t.he amplitude and t1 
-.axi ilJU ore. \:' th n thP. l m1 ts of expn-ime 1 t ind ·p nd 
ah pc ,f the ~~~lty Rov~~e~. for the horizont~l poe1 
wP.cr t e cnvity vas in tie aha.pc of n thin slab, the 
wes more 1rreg-~1s~ tt.e.n foT tta vertical position. as 
did not colla?ee 1 o £ piere. ~ee Pla&c 19, 

vessel i.1 
n• energy 
loe;ari threi­

s are 
I -0 '#,rt 

( !!"· ~ 3 'V) 1 lF 
::C'fc-.,..o~off) \3'> 

d wi tl". the 
.n ai:.- are 
0 to firEit 
nt of .}1e 

O!' in 
nitisl rise 
f the ee.-i tr 

~6 P'or pu.rpo~es of eati1r.at.1ng the ir.1 tinl rms -preR--
eur"'s of thn noia• nrodue o.. 'b~;' ,:,heee eho,..ks na a fu: ct .on of fre= 
q,.wn~y the aver~ 1n1 ol &l!rplit~dee of the threa pr.ncipel 
oscill&t1,n whicJ spne red v~re uaEttred. corrocted 1 the oicro• 
phone c 1 ~ration curve, nd p~otted 1n Plates 14 e.nd b As le 
evld-er1t from the :,raphe tl1e r"le pr~oeuree of all t~r f-re;i_ucuc1'!!e 
tncreaa as th< b~hble ~i~e decreases Th 1ncreaoe 1 more ·pro­
nou.nc~d for the hlgi.£r frequenc1~11. Also• for e.ny gi n l ttbbl 
nise. th re 1& more noio st luv freq~enciee than at 
data fo. F to lS \13 e taken 'from e. different ru:i 9 ro 
Pl tee . :.nd 1~ '.i.'bi e rUll i~ 'DlottPd ln Plc.to~ 13 ( 1 i3I' c:urvis' 
and 5 , sn1 seems to if~ r Jligbtly from the other d.fl i fo~ the 
glas v a~el in air 

39. if th:l above dtitn ere con~ertod tot 
by a uari~g the n'Dpl.t ~ e.nd by tcking into account 
.ate :cngtn ,-,f t 'l"nic h o d1 frequency produce!, t 
tion d effects woul be even morG pronounce~, since n 
the ,;,sc 1 log~e. ~. th, bi 1. fr<:.que.ncy noioc l!t-mpo out 
the loi: 

cl energies 
· he :Pi ro.d 

c.bovo men 
1. s cat n frcn 
eter thnn 

diminish" 
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t> ~ e s e~ "" • r N• pr J..i..! p :t 1.1.: :1.3 • and t\ oode..., 
one prc,a.ucea prilll.9.r ly 11'2. The second has been 1:::no from many 
observat1one on undo w-~ter noioe. and ic one reason lr the uae of 
the a1J.peraoni c rc.ther than i:.he au<U.o frequency range n widerwuter 
sound ~~-r. 4-uantit tiveLy, the data of thtA report re, of course, 
pe~uli r ~o the eppa atus. Q.ua=..1totivelyt they may b expected to 
holo. generally 

41 The ratio of the amplitude of these ,nd ehock to 
thet of the first ebowcd no .oe.rked correlation eithe 'tfit.b enerc;y 
content or air bubbl si~e The meao was 0.65, the ge fro~ 0 ~ 
to l 2. 

42 Tho rorr.m.la for the totel time of co a~se (2) qf t/
3 sphe~icel cav1ty in an 1nfi~1te medium io T~l/2 l.13 Ff13. v;;l6E 

In thft ese of collapoe in the presence of rigid bo Cariea, the 
tims if. somewhat 10?1.ger, but the eorrectioue i::re cma.l when tho dis­
ter.ce t1 the boundary is larg9 cor-pared to tht d1cienE ,ons of the 
ca~it~ In the case of the colle.poe in a eylindrics vsesel, ve 
:iay apn ·ox1mate the eond1tiona 1n either o! •~·,;o ways, as suggected 
in .. ltet~h 2 

Actual 
Caee 

, •etch 2 

A. B 

APPROXI!U..TIONS 

ln caee A, ve replace the Bct\11l.l cor.dition by a coll~ se 1n n rec­
truigul~r trihedral angle~ Thon the formnla for th~ 1 finite mediuo 
would be multiplied by a. and by a clllBll correct1on ! ctor !or the 
walls. In case B the collapse is repre~ented as taki!g:o1ace in a 
rectangular dihedral. The forQu.la for the infinite dium vould be 
multipl1ed by 4 1 and c.i &om~whet le.rger but still sma~ correction 
factor for the d1aturh1ng bcundarioo would be used. herefore. as 
e. formu·e. 1,1h1ch is expcct.ed only to be correct in ord 1· of magnitudo 

~ -~ L T ~ b )< f: )( /,l'j!j f;.. f..c,1' E"'"J 

'l'h1c is plotted in Pl.ct;e 10 for p.,.. -::. 101,. dy,-.,es / ,.,, 4 

The egreement 1a ao eood ns ~ould be ~xpected ~ithout more refined 
conoidere.t1on (such as increaaing the pressure to 11 w for the 
~tiffneee of the aylphon), snd shove thnt the neglect of compresai­
biUty and gne -preeau.rc. effects in nmall air bnbl:leo 11 juetified 
1n ealculnting the total time cf collnpse. 

4~. lt does not ascm possible to rf!l)resen, th~ observed 
,:artatione ofi!'/Jt with the assumption of inc;ompreeeib Hty, nor does 
1t re~rnnent even~ fair fi~at npproximation using a ue.si-~ccustic 
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t). G,f. 0 Fl u4S1<! ... ('l_)' .. hcO'!'j 1 r colln.p a tok n· 1 
co!!l":'re2 tb111ty ~.ne beon wo;ked out. However, the 
theory cnH be t:.i;ed te verify the nrevlom. statem"'n t, 
sma.lle• t air bubbles, the gas -preseure effecto are n<i 
~&~el to the co1rrnreeaib111ty effectG in th(> ~-atcr. C 
effe.:?tc r.ire important ,,hon the velocity of collo:pso ~ 
soun1. Gss preosura ls e!gnlficant whon 1t equal~ th 
pressure. It 1s therefor9 deaired to cnlc~lat~, on t 
the lnr ,r,pressible th~ory. th.e velue of .Y. :!or ~h 

Ecu mm 

' C.~O )UTI 

mprePBiblE) 
~t for the 
• 1g1 ble com-a 
r:press1b1l 1 ty 
u.olR thA.t of 
hydros ts.Uc 

a bAs1s of 
ch the velo-

city of collspse equsle the veloc:..ty of aound at the •,~ i1rntant 
t}\..at thr gas 'l):ressurc eq_U£ls the hydrostat:i.c prensu.re. :!fbr vahtE e 
of V/E cu mm IUUC~ sC1!'11er than this, one can expect t cavitation 
shock t, b~ much tha seT1 e2 if no air atoll ~re pr ent. 

V 
44 It 1 rhovn in the Ap~endix II that t valW3 of 

5 Sxl0-:7 'l'ima for B -13xl03 cu mm. (E~l x 106 orns) cu mm 0 

• V --~ 0 00?'} cu ~.in. i'l1 ie 1a at the very lowest limit f observation. 
See H t'Jre 20, t~o. 1;5 

45. One ca.n aleo determine th~ value of V for ~hicn 
E -~u mm 

the r.J&X11l!Ulll velocity of collapse oqualg tt~ veloijity r sound. (See 
Apncndix 11), This value is V/E cu mm= 2.8xlo-v. r example, 
V:::28 cu Ill!!! tor E:,,1ox106 ergs. Thia 1e well w1 tl1in t range of 
tt.e rxperlmentsc For valueti of V/Eca mm mu.eh larger h&n this one 
uo1.ud expect the 1ncomprees1ble approx1me.t1on to be v lid in dac­
cribiog the mction in dotail. Holi!l~er. attempts so f have boen 
,msuccessful in ::::-e")reisenting ty the,ry the variation , (?>p/~t or tho 
time of rise with E or V. The disagreement .cny be et ribute~ to 
th~ rlis~urting effect of the boundaries, turbulence ai:~ instability 
<lurin~ collanae. a fin1te r1'lte of con.denss.tior:. of too ~ate?' vapQr, 
or some other unkno~u t"eason. 

V • CONCT,USION'S 

46. c~~it~t.ion Ahocke are mu.1t1~le. end t 
between shocks in nrarUcteble on th~ basis of -thoory. 

interval 

4?. '~he ch.sra.cteriat1cg of the pressure 'II e produced 
by 1:3 ce, 1 to. 1.ion shock are d-~onden t on the siz.e <t! th csvi ty. and 
eo1Wcia~l~ on the air babble it contains. The ~ak p naure deri­
vative r.nd the tim~ of r1se ·to its mximum are r~pTce table in the 
form C J•mvn i'he ct>!.racter1stic:s of th~ w&v& nre re ttively ) ees 
uencit1ve to tha ~lapc of the cavity, and for the two ~asea of this 
experiment, to the ll>$ter1e.l o_f tho wall a e..~ainst vhicl the collG.pso 
';a.ice r. p .. s.ce .. 

DECL sn=u;n 
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500 ! t bas now to be shown that the microphons re,w 
opoade to the time deri~ative of the pressure wvcA Thin can bo 
aho~~ quite genern.lly whon certain conditions are fultilled, and 
may be useful 1.n the intf'rprete.tion of oscillogre.ms from microphones 
whoec d1:-ect celibrotion ie not. practicsble, To do this consider 
the eff£ot of impressing a unit. or step pr~esure wave on the micro­
phone. T~o types of disturbance are set \lP· 

{a) Meche.nical disturbances. If there are no large 
cechan1cal systems coupled to the crystals, theso disturbances n.a.y 
be expected to die out in a tima co.uroarable to the time for the 
preesur vnve to traverse the dimensions of the crystal n few times. 
sine€ with each trav6rsal a good part of the en~rgy will be rerad1-
ated in~o the wter. 

('b) Electrical diaturbanceso Those die out in a 
t1mo determined by the duration of the mechanical d1sturbnnce, and 
by the capacit&nce and nhunt resistance of the microphone and its 
cable. 

51. Iet h,U) be the electric response of th~ micro-
phone~ d.uo -;o a unit impressed preoaure wave 1 end neeume that 5,<-e) 
•s appreciable only over th3 interval t ~Oto t =t, Then. for an 
aroitrnx-~ impressed pressure ':laYe P<~)the derivative p'tr:)of which 
doe a not vary much over an interval f,, the response of the micro• 
phone 1s appro:d103tel;y proportional to p'r,t;J 

52. To ohow this and obtain the degree of approx1• 
tion. it follows frot'l Dulirur:el's theorem that, vhereec-eJ it the 

response to an arbi ~rary impreneed wave pltJ. 

E(t)::: p(u).f'rH:) •· [/ ;,r!:. -Ai f>'O.) dA (I) 

Now the only contribution to this intogral which ls appreciable is 
over &n 1nter-io.l E,. o.nd Gince p ( t) doee not change much in such en 
jnterval, it c&n be wll reproeented b7 a Ta,rlor eer1ee in po~ere of 
<A-•). Hence, nnn\!.mifla/'<~=o. as it will be for any physical v&YS 

e<t->- lo'!"' s,tr-1> c !J',-1:1 .,.r-1-t-Jp''(e> .,.<,i-,t;·~- '"r· ___ ) p '&) 

i 

- ' 

_.,,-r;,~ :"'6-~,r.:1!!1...;~~~;. --~ .. 
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Taking ndvontage of the fact thnt 

"'hti first t1a10 tElrms of ec~ > can be coobined to_e:rp~ose C?•~l 1n termo 
of o. ti , delay and corrvctions depending on r"- f 

e { ) S( ' -~ ,,, - ' ~:; P(r-'fl- (~~-t'J,t (c.J (r·-E>p'rt)r·--) 
,_ G:, 

(l,,) 

Since ett) ts the observed fwiction. it io more useful to have tho un­
knovo function p't-t-f)expressed as proportional to e,'t)plus correct1ons 
depending on etd. 

!aking the derivative twioe of the exprosa1on for ert\ given in (4). one 
gets e0<•)~Sp''lt>. This 1a ouoatituted in (6), and eolv1n& for p'/c-f} 
one getti 

I /. - l. ~, 
p(~-f).-:..L-,er1:J - ('f'"-·fJer~) 

r ~ 1.. 
(1 '> 

dropping ter~s of the third ond higher order. This oxp~eaaion meano 
that the derivative of the preuure wave /'ic-J: -;,P/';,r 1o proportiono.l to 
the ree-oonse e(t-J of the microphone, or osc1llcgrel!l trace. vith a delay 
off' 'Ihc ~ercent error may be estirreted from the ratio of the eec 
ond term ~n the right to the first. For a sinusoid, the interpreta-
tion thct the respc,naa ie proportional to the der1ve.t1v& of the impressed 
wave fails when 

'I 7i ,/ -1./ .. < F'J. - =r ,. ) 
~ 

(See Para 64) 

53 Consider the case when the 1mperf~ct reepcnse of 
the acplHier la token into account. Let the response of the ampli­
fier to a step voltage be l( t) - &J t) whEJre l( t) is Beavieide e 
otep function and s;_{t)~l et t~o, is appreniable over a range up to 

--16-
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t ,(.,._r o.r. is not o htni ,e res\.ri.,od Then thci co b1 OQ re >Onse 
o-f: the 1i<"rophonei~sq,li t'ie:r eyst,e;o to nunit pressure waire 1s £( t), 
vh61~ ~ 

~(,t) c J",t o) ( Ir:-) - Si. <-t-} .... {~ [ 1 {-e - ,l.) - ,f._t•t- -;~.(1

1
{ ,I) J ,I 

ThB 1np~t impede.nee of the amplifier is asswned to be ta:cen into ac­
count 1n J,tt-J. It 1a 1ntend0:! to ahow tr.at ~{t) ha function vhich 
becomec inr;.pprecie.ble E,fter c. tlit.-a eJc. €,-,.t:,._ Hence, by the nr.e.lye1.t1 
of tl:;.e previous pars.graph, the mic:i.·ophon8••8-l!!pli:f!er sy1:,tem also re• 
oponia to the dt1ri vst 1 ve cf e.n erbi trnr-y !.mpre sscd proenure bu.Ve, pro­
vided it does not chsnge approciably over &. Ume ~:: t;,, .. <:-, 

0 

•• 

~(t):: [,(oJ - ~,(o} r .• (-t,) ~ .f,0>1:- r:lt" -,n t,'oJ d). 
Asr 

- Ji(o) - J',to) SI, (,cj,.. a,{_r) -t",(o) - /.,ft -.0 J", r)) / 
.I.-...., 

Conoider this func}ion oft to be appreciabl~ 1n tboeo re~ions where 
~1ther factor in the itttegranc. 1e e.pprecbhle. If neither 1e app:-~ci• 
nble~ the contribution to the Snteg:cal is cons~d&red n~gligibla &nd 
the function as a function oft is con0idered negligible . Cone1de: 
the first !~ctor. it 16 apprec~abls ~p to a point whsrc its argument 
is t , At that point , in the oecond factor t .. ,.!::. t'-f;, Considered &.9 

11 f,.inctton of t, th1e is significant vhere t-ti =f2.. ,. or t:E:,t~\. 11 1 .. e 
£1.8 a .t'w,ction of t the integral ie n'!gligiblel beyond b ~,+e--... • J. 
a1m1lar conclus1oa 1s reached by cone ider1ng the second fector . The 
second. ic apprecia.ble up to t - .Ar.€-u or to,.bt"-t~ in the first fector o 
The first f~ctt.13' becolllee inapprecisble when 1tt. arg.unsnt)=:--1 ... •~ , or 
tc t ,-r& ... 1 consider-ed en a function of t Renco, the entire function 
is negligibl~ past t= t,-'f-.... Therefore• the reD1)onee of the microphone~ 
amplHier ayntem is e.lno proportional to the til?le derivative of the 
impressed wave. 

54 These considerations can be used to estimate the 
error committed in interpreting the oscillog1ams as proportional to 
of/'iJ-t: • ua1ng the obeervcd ce.l1brat1on curve of tbe mkrophone. Here 
the impressed wave h ,z. sir.usriid, and the observed calibration is for 
~me values of pre0su:e, naQ voltage ~ Since 

I - '6-

p' t ~ - f J = 7 ( e < -ec ) - , \. - ~ e ··, -r- i) 
J ')_ 

DECLAss·r-·-.;-o 
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then fo r ,c valu~t 

SIi''(::. ? {Pl:>.ii_,J _ ~ri"-:J so_ 4'ii::./'·t,""'- f .... J 
- ---- /+-(el 1e, At-'> ~ 

The VPl u,a of the r1ghC hand t'ide g!.vee the deviat.ion, i f expressed 
in db, of the observed cQlibre.t1on curve f:i:om n otraight line 
(Plate 2) . !f one t aken the de~iatlon at 5000 cyclea uo 2.5 ~b. 
then the above expreee1on gtvcg 

---;_ 

' 
l.. ~= 

I,. --l. --=-

Jor pur,,oae~ of eet1rat1ng the error for the oscillogt&ms, aeou.me tha 
first. pcako to be sinusoidnl • "With a ti!ne of riee frGm 1/-;, to :full 
oiai = 1/4 (1/~) r which ie a fair &ppro~i~stion. 5' 

For example, if the time of riee 1a lOOJeece, (~1r bubble~lo cu mm) 
See plates 4, 5, 6, 7 . 

If the tim:i of" riso , are 50 }(secs the error would be.::. 3~ (air bub­
bles-:::-1 cu mi::) . These figures indicate the limits on the interpretaR 
tion of the oscilloere.m trace ae proportional to ~f/d~ , 'fhe error as 
calculated from assUlJing the a::q,11 fier reeponoe to be l~exp( ••t/-rA) J 

the microphone response to be exp(-t/~) is considerably less than the 
above . !his indicates thet the tioe required for the preusure ~nve to 
traverse the Eic~~phona is not neglig1bie, or that mechanical co~plirl{; 
io the c::-yetal prol~ngs its effective time constnnt. '!'.\ ao msacu.red by 
o. sque.re tifave genera.tor vaa 6 . 7 µ secs. JiC,.,T~ 5 9~ secs. 

55 •ro convert the deflections on the 01,ci llograms 1n 
millivolts to dynee / em2sec, one obould use -~ constant determined fr~m 
the cc.librat1on curve ~ather than one computed from the piezo- electric 
conotant of the crystul and its RC . For the straight p~rt of the c&li 
bration curve. b:, -paragraph 54 S/P/;J.1f"' ~ /e/, i~· 
For 'i = 1000, p:: ldr~fr-'-. one e&n find s~2.13 x 10- ,.,volts/drne/cm2 aec 
corresponding tol€\ equals 15?,5 db belo~ l volt/dyne cm2 61nce 

(P'!-:.ICl5 , a one millivolt deflection on the oscillogra.m, amplifier 
gain zero, corresponds to O 47 x 109 dynesicm2 sec~ or O 47xlo- 3 
atmospheres per 11!1:::rc,sec, 

56 '.1. he rnaxi!!ll.UI! uhydrostat1c" pI'Ct1sure sustained by 
the veaael ae a vholo woul d depend on the integral of the oecillogram 
trace, carried out to the -poi,1t l3 of the sketch {po.ra , 30) . For ex• 
ample in Plate 17 ~ Ho 1, a deflection of 5 m1111volte for lOOOp secs 
mefl.Il~ a maximwn pressure of 2 . 3 atmospheres, approximately This is 
of the order of agn1tud& of resul t s obtained by Baker (1) using an 
electric stress recor~er . Thie maximum pre ssure 1e approximately 
that plotted for the ~lo~est mode of vi bration in Plates 14 and 15i 
s i nce the integral of the oac1llogram ci.epende r,r1.lllB.rily on the magni­
tude of the aloweet mode , 

1s ... 
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5? ~h •uati~n o' moti~1 J fore p~ r1~ l cavity 
1.n an 11 1nL,o rooc\i'IJ~ 1 

where a 1nsta~tmoo• e ~ad1un of cnvlty 

G(a) 

B c total eoer~ ~ 

II! r d1 ua of the ca.vi ty e.t wM.ch the ie.e preoeUTe 
aquele the hyd.rostntic pre'eclu-.:, Thia is oct 
the measured rcdius of th air bubble 1n these 
a:xpericentE, eince the ~xpans1on of the cavi ¥ 
t?ok place ieothe~w;:illy, the collnpa adiabati­
cally. The volUl!leVns meaal!red, and the volume 
V1 referring to the r dius a,, arc rrlc.teo by 

tne formult1 K v V 

( 
V, ) -. !!n-R~ .. 11,; R; 

J ";j 

50 ihe abov9 equation can be ~e~r1tte~ in the dim n 
uior'c s variables 

Q 

Then 

L 
V, 

ec --
.::. "ii Rl 
,> 

.2:­
.J 
• 

59 As is mentioned in paragraph 43, it is d~sired to 
deterrn1ne 
sound, C!t 
p1•eseu.re 

the value of V/B cu mm for vnich d.s/dt = c, the velocity of 
the same instant that the gas preesura equals the hydros~at1c 
This 1a done by plc'.!ing y 1= ..r..'' ( than n=- e.1) dy/dx =- c .Vf/p,.p 
da/dt r) in equation (2) above, and solving for the 
Thie "1. ·,c;_ e'l.moot. 1ndopendentl~ of t 

( aince th n 
value ofu: 

whence, for 

., - 7 

verifying the value quot~d in ~aragreph 44. 

60 
value of V /E cu 

Equation (2) can also be used to solve for th: 
for whic the llla.Ximl!l:l ~~loc1ty of collapse 1c 

r---
~ cCLASSIFIED 
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(6) substituted in (3) gives 

Yrom this one can aolve cr.. , and get fort~ 1. 40 ths desired 
value of Vf'I, cu €1:l r:r:I'..'= 2 8 x 10-s. verifying the recro.lt quote~ 
1n pa~aph 50 

20 .. 
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0scillograins of shocKs in glass vessel in air - micro;)hone i nside. Vertical :1osition. 
Low energy group. 0 - release of ar:aature or start of collapse. 1 - first s hock, 
2 - second shock, etc. 

B = volume of air bubble. E = energy released in blow. 

n 

1) //52 4-3-42 B = 538 cu ,nm £ = 2 . 45 x 106 ergs. x scale: 12J µ sec/mm,y scale: 1.1 rnlv/nm 

GI ------ -

2) i/51 4-3-42 B = 298 cu rJ!Il i: = 2 . 6 x 106 ergs. x scale : 129 µsec/run,y scale: 1.8 mlv/rnm 

~ _,.. l --. - .... 

L -•~ -•-•-_.0 ... U0 J 
3) i/56 4-3-42 I3 : 180 Cll iilill 4.65 x 10b ergs. x scale : 120 µsec/;nm,y scale: 1.9 :rJ.v/mm 

.1t 

4) 1,:50 4-3-42 
L 

B ::: 81 cu :Jili. ~ = 2.85 x 106 ergs. x scale : 116 µsec /:•~r. .7>' s ca l e : 2 .1.. d.v/::1m 

- o ______ -~,_;-, 

1111 ----f - --=-~ ri 

5) /120 4- 3-42 3 = 46 cu mm !!: = J.82 x 106 eres. x scale: 136µsec/rc,,y sca le: 2. ,3 !llV/;!tnt 
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6) 122 3-22- 42 R • 41.6 cu mm E = 3. 6 x 106 er r;s . x scale : 14lµ sec/mm, y scale : 2 .2 :nlv/ rrun 

~ ~ 

I 

~ ~~ ---' -~ ~ -==== ~ -!r"'.l"P' ~ -- -= ------- .,..--i- --- - -.., __ - - ----- - ----

,,:--;~~ 

7 ) #21 3-22- 42 B • 26 . 9 cu mm .. 
t, • 

~ 

3 . 6 x 106 ergs. x scale : 
q 

57 µ sec/ ulill, Y scal e : 4 . 7 mlv/mm 
") -

,v ~~-

8 ) 1/46 4-3-42 B = 25 cu mm i£ = ) .8 x 106 er gs . x scale : 129 µ sec/mrn,y scale : 5. 3 mlv/mm 

T ·-· cJA. 'I. 
'----

-- y 

~ ,.. __.. ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ..:::.-;.. ~ ~ ~ ~ ~ ~ ~ ~ ~ 

9) #20 3-22- 42 B = 14. 6 cu mm .S = 3. 6 x 106 er gs . x scale : 56 µ sec/11un, y scale: 6 . 3 rnlv/mm 

... , lr ...._ ............... __,,,.-.:::,.-,c:::,,"""=:::.-.,,.....,.,,,.."""~.,--.::::,-.,,--..::;;----~ - -
---

10) //15 4-3-42 r3 = 11 cu mm E = 2.39 x 106 ergs. x scc-J.e: 182 µsec/;;i:n, y scale: 3.e mlv/r:m 

L ;;e~~ - i 
-- -- ---

- - - - - ,,_ _ - - - • "-- - -4 

-=-- -=------~ ~ 
5 ,-~·-· 

FT,_ i i , - a I • 
11) Jl8 3-22-42 3 = 9.8 cu mm E = 3.6 x l0u ergs. x scale: 48µsec/mm,y scale : 10.5 mlv/mm 
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12) #45 4-'3-42 B = 8.0 cu mm E = 3.49 x 106 e;gs. x scale : 124µsec/mm,y scale: 5.7 mlv/mm 

- --- ----- ----------~ -

~:-~ ----- -- __ .• ~---- _"'H: __ -· ----;......;;...... -..__ -- - ---=--_.. ~ ·-

13) //15 '3-22- 42 B = 4.37 cu mm E = 3.6 x 106 ergs. x scale: 58 µsec/mm,y scale: 17 mlv/mm 

-
-~~ --- ~~----,..---r'.:..c-;. ......... _-.,:-- =------- - =-~--~ - ~ ~:..--_.---=- --=----

14) #17 '3-22-42 B = 3. 06 cu mm E = J . 6 x 10° er gs. x scale: 45 µ sec/mm,y scale : 3 mlv/mm 

:;-,.,,...-...,....-..,,"W*r:ft: ....... -1h" 

15) /,11 4-'3-42 B = 2.1 cu mm E = 4. 79 x 106 ergs. x scale: l59µsec/mm,y scale: 31 rnlv/mm. 

16) #11 '3-22-42 B = 1.43 cu mm E = 3.6 x 106 ergs. x scale: 6lµsec/mm,y scale: llmlv/mm 

__ ,,, --~ .. - - ;::=---
c=--~ 

17) '#14 '3-22- 42 B = 0.91 cu mm E = J.6 x 106 ei•gs . x scale: 72µ.sec/mm,y scale: 10 mlv/mrn 
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18) 1/1 3 3-22- 42 9 = 0 . 52 cu mm Z = 
6 

3. 6 x 10 ergs. x scal e: 54 t-,t sec/mm, y scale : 16 . 7 mlv/mm 

19) ;'f-9 3-22-42 9 = 0.22 cu nun 
6 E = 3.6 x 10 ergs. x scale: 59 µse c/mm,y scale: 34 mlv/mm 

.. .. ,... . ' . 'l:. ;l ... ~-~ .. -------, 

20) #2 3-22-42 B-= 0.034 cu mm E = 2.5 x 106 ergs. x scale: 65 µsec/mrn,y _scale : 18 mlv/mm 
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0scillo.;rc1ms ol' sr,ocKs in ::l a ss vcs~el in air. .icro-ihone inside . 
Hi gh .::nerr;y 6 roup . 0 - release of ar :::a ture , or st ... rt of collapse. 
2 - second sliock, etc. 
B = volume of air bubble. E :: energy relehsed in blow. 

Vertical :,osition. 
1 - first shock , 

t -

1) ,/33 4-'J--42 "3 :: 41.J. cu mrr, J :: 1 3. 2 x 106 erR;s . x scale: 113µ. secs/r:un.y scale: 1.7 mlv/mm 

2) r/65 4-3-42 9 = 240 cu .,uJ i :: 12 . 5 x 106 er~s. x scale : 127 µ sec/mm,y scale : 1.7 mlv/mm 

3) ,/32 4-3--42 3 = 1 55 cu mm .:: = 12~3 x 106 ergs . x scale: ll0 µ sec/rnn., y scale: 3. 5 rnlv/ mm 

4) ,66 4-3-42 :' = 71 cu r:lffi ~ = 12 . 1 x 106 ergs . x scale : 126 p.sec/r!lffi,Y scale: 2 . 6 r:u.v/mm 

5) }24 4- 3-42 1 = 39 cu .:un E = 9 . 3 x 106 er~s . x scale: 173 µ sec/mrn , y SCi.ile: 9. 4 rnlv/mrn 
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6) t/31 4-3-42 8 :: 26 cu rrm E = 12. 5 x 106 er gs . x sc;le : 113 t,-t,sec/!llI:l, Y scale: 28 mlv/mm. 

' ,._, ]: lt 
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I 

7) ;/23 4-3-42 n = 8. 5 cu :run 

Gi 

c.l 

£3 ) ) J6 4-3-42 '9 : /+.2 CU .. ~Ti 

~ = 9. 65 x 1,06 ergs . x scale : 165 µ. sec/:nr:., y scale : 2C .-rJ.v /irun 

I C1 

t 'f 

= c;; . 5 x 106 0rc::;s . x scale; 1411-l- s e c/:r4"':1.,Y sc,:_J.e : 16 .rJ.v/mm 
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0scillograms of shocks in brass vessel in air. 3.:icrophone inside. Vertical position 
with wedge-shaped cavity. l - first shock, 2 - second shock, etc . 
B = volume of air bubble. E = energy released in blow. 

" 
~ ..._ _ __,..., Tl 

"""'---- -...../"'....-✓.;-~ ....,,,--,. __,.......__ ~ 0--...,....,___ -./~ _____,,- __,,.,--. ../'- __,.......__ _,........___ ~~,,.--

1) #28 3-9-42 B = 540 cu mm E = 11.7 x 106 ergs . x scale: 143 t.J, sec/mm,y scale: 1.8 mlv/mm 

,.,_,,., ,. " . 
~ • • • ✓ \,,,,..._,.. • . A,f'" ...... _,....,., 1 _""" •-•\, .• • 

~ .!'-..A., 
~ _/ • ./"· ...... ,.,.. •• ,, • G • • ' ,... -"'. ~-../""'. ,,....____/ '· ~ ,/"\._, ""-../' .,/"._ ""'-/ ,.../",. ...-.._,..,·L:•"" ~ 

2) //26 3-9-42 3 = 317 cu mm E = 11.7 x 106 ergs. x scale: 189 µ. sec/rnm,y scale: 1.9 mlv/rrm 

' .. :i:.: - ---- -- -- - ~-· ---.,~---- -- ---· 
_.....-...,___ ,,.,,......._ -._, ,-....._ -·----.. . ---- ---- ,- ,,,---, __ . ------ --· ------- --- -- --- ------ ----- .--·· -.. .. _ _-....__,...-... __.,.,--... ...---...... .....-....._. .---......__,----....., 

3) #19 3-9-42 !3 = 160 cu mm E = 11. 7 x 106 ergs. x scale: 149 >,1sec/mm,y scale: 5.2 mlv/m:n 

• • I "t. 
~ ~ ..--........:! --..__l. _ ......cl, ~~ --...,_ __ . \ ----- • ___.-1 ---- ----.. ..--._ ~ ......_.... ....__- _...-... _...-...,, ~-..__ ~ -- ---..:.. ------ ---- ---- ---· ----- --------- -

4) #3 3-9- 42 B = 87 cu mm E = 11.7 x 106 ergs. x scale: 156µsec/mm,y scale : 33 mlv/mm 

------------ ------J::.../ ,\\'· ~.,...._,._,_~._... ·•-;_,,, __ .,.... _ _,,.,.-✓".i_"\,~.v-...,..____,_ , .. _.,,,. __ _,...,...v'..,...,__,...._ __________ .,. 

----- ......-- -~--........ -----~- ...,...-....__ ,, ------- ------· -----......__ ~- -~-- _......,_ ----- ~-~-~---- --- --------- :---,... ..-...._ . 

5) if? 3-9-42 B = 46 cu mm E = 11.7 x 106 ergs. x scale: 164 p.sec/rnm,y scale: 6.3 mlv/mm 
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6) ,r'l '3-9- 42 B = 25 . 6 cu mm E = 11.7 x 106 ergs. x scale : 123 µ.sec/mm,y scale : 31 inlv/rrm 

..... .,,,.V"'..,.;;.... ___ ., ___ ,.,.,v--_.,;.... _____________ _ 

. :n: 
I ....--..... -....-~ ...... ------------------- _.._ ....---..... -.... ---~-------

7) /19 3-9- 42 B = 11.7 cu mm E = 11.7 x 106 ergs. x scale : 154 µ. sec/!Tlffi, Y scale: 31 rnlv/mm 

8) ri33 3-9-42 3 = 4. 2 cu nm i!: = 117 x 106 ergs . x scale: 84 ,-..sec/mm,y scale : 28 rnlv/mm 

-~----------------~v--------------------------x · ~ . 
--· ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ---- ---~ ...--...... ..-.J, __ ,. ...--.... ----... --.... ---..... ---..J .-.....: --.... ..--...... ----.... ~ 

9) #16 3-9-42 B = 1.8 cu mm S = 11.7 x 106 ergs. x scale : 132 J-,lsec/mm,y scale: 32 rnlv/mm 
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0scillograms of shocks in brass vessel in air. ;,ti.crophone inside. Horizontal 
position with slab-shaped cavity. 1 - first shock, 2 - second shock, etc. 
B: volume of air bubble E = energy released in blow. 

~ .,......___ ,.......... '"'-­----~-' 
1) #32 '.3-9-42 B = LJ.9 cu mm E = 117 x 106 ergs. x scale: 143µsec/rrmt,y scale: 1.7 mlv/mm 

I lt 
---------------~--------------------,..,_--------......,)--~--- -----

2) #4 3-9-42 3 = 140 cu mm E = 11.7 x 10° ergs . x scale: 16lp.sec/mm,y scale: 32 ml.v/mm 

)! 
fA 
=ri 

-;-- . ~ - :i 
. ••, ~-~ --~ ~ ------- """'_ .,---._,/"' _------.___.----: _,/' ,,,,- • ,,.... - ,,-. --r· . "' ?'-, ,_..,.......___,. ..,,,,--. ,,,,---... .,,-. - ...,,,,- '-~ ~ . 

3) //23 3-9-42 9 = 49.2 cu m:n E = 11. 7 x 106 ergs. x scale: 152 t,Jsec/rm~,Y scale: 4.0 mlv/mm 

_____________________________________________________________ _.,,,/',/'-,./" 

,~ -------------....-..----....-..-------------------- :t -----------~------="''--------..... ~---~---.,.---- __,-.. ___..... _,,-...... ...,.-...__ _..-..._ ----._ ._.....,_ ____.... ___,. .---... -----.... ---..... Aar' ■ . ■ A,l!'.TY 

4) #2 3-9-42 l3 = 23.6 cu mm E = 11. 7 x 106 ergs. x scale : 140 f.J,sec/rnm, y scale: 28 ml.v/mm 

------------------------------=::'·· .. ···.,,·'~ ·"v .,__----~--~-----------·•- .......,..__ .,,..,,,._.,..,. ___ ~-------------\ . "I. . ~ . ' .It , 
~ ~ ~ ~ ~ _.....,.. ---- --- ------ ---- ---- ---- ---- ------ --- --- ---- ......___- .._.........,. ~ .....____ '----- l'-'" ..,._____-.,__ --- -......- ---- ---- .-...._ 

5) #6 3-9-42 B • 10.9 cu :nm .$ = 11.7 x l 0b ergs. x scale: 130µsec/mm, y scale: 30 mlv/mm 
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6) ,no 3-9- 42 B = 6 .1, cu mm I: = 11.7 x 106 er,.;s . ,< scale : 167 µ secs/mm, y scale: 24 mlv/rrm 

:i::-.. ,, .,..,...,~..,_..._.,.,,.,,,...,,,.., -................ ~------~ - . -:n:. ---~---~~----- ____, ---- --.., _....._.._---......,--..,__ ----- ....-...._---..__ ---~~------...~------~ .....--...... ............,_ ------ --~.,,-....__~-..---~--

7) //21 3-9-42 B = 3.15 cu mm ~ = 11.7 x 106 ergs. x scale: 148 µ sec/ r:i.'1, Y scale: 33 ,rJ.v/mm 
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0scillograms of shocks in brass vessel in water . :.3..crophone inside and outside (Nos. 8, 11 , 
12 and 13) . Vertical position. l - first shock, 2 - second shock, etc. 
B = volume of air bubble . 3 = energy rel eased in blow • 

..... ' -:r. -- :n 
---- ---- -- .....---! . ~ --- ........• 1 --- ..- >--a . .s-....A. -- --:- __._ -- - -- -- --- ____. -- --- ---- _a.__ --- --- -----

1) /16 1-3-42 3 = 389 cu mm 3 • 13.6 x 106 ergs x scale: 1 54 µ sec/mrn,y scale: 4.6 mlv/mm 

:Ir· ·,,:v, 

---. ~ '-==-- -..:: - ~ -~ ~ -----.... ------- ----- ---- ---- ---- .......,_..... .......___ -...___ -..._ -....._ --.._ .---..... ...--.... ___...., ---- __,-, ----- ..___..,,.. 

2) Ir'? 1-3-42 B = 240 cu mm E = 13.6 x 106 ergs x s cale : 122 µ sec/mm, y scale: 5. 8 mlv/mm 

~w: ............ 9-..::www 
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.3) !r10 1-3-42 B = 80 cu mm E = 1.3.7 x 106 ergs x scale: 65µsec/mm,y scale: 10 mlv/mm 

_I 
,r..,•, "' ~..-...-..---- lr.t_ - - - -

"' - -- --- ' 

:t · -._ -- -- . .-_ 

4) //10 1-6-42 Ba ,30.6 cu :!J!Jl E = 5.1.3 x 106 ergs x scale : 1.37µsec/mm,y scale : 2.6 rnlv/rnm 

5) -#10 12-26-41 B = 11.1 cu mm f:i: = 8.1 x 106 ergs x scale: 521-1sec/r.1m,y scale: 28 ml.v/mm 
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6) / 7 12-26-41 B = 7 .65 cu mm S = 12 . 7 x 106 ergs x scale : 58 j-lsec/ r.un, y scale: 27 ml v /mm 

7) i!- l 12- 29-41 B = 1.01 cu mm :~ = 12.5 x 106 ergs x scale: 68 µsec/mm,y s cal e : 34 mlv/mm 

l lI -~--------~ - --~------------------ -----
8) ,13 12- 29-41 3 = 0. 60 cu mru i = 12.5 x 106 er r:s x scale : 63 µ sec/mm, y scale: 47 mlv/ mm 

-n. -u c!,.._\T \~~\i'\ ~ • 
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9) #4 12-29-41 B = 0.32 cu mm E a 9.0 x 106 ergs x scale: 68 µsec/mm,y scale: 32 mlv/mm 

10) #4 1.2-23-41 B = o.u3 cu mm E = 6. 4 x 106 ergs x scale: 60f.Uec/nm,y scale: 22 mlv/m 

. 11) #5 12-22-41 B • 0.065 cu nm E = 6-5 x 106 ergs x scale: 72.,_i.sec/mm,y scale: 26 mlv/m 
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12) IIJ.112- 23-41 B = 0.034 cu mm E = 7.65 x 106 ergs x scale: 72µsec/1I111,Y scale: 29 mlv/DJD. 

13) #2 12-19-41 B = 0.004 cu nm E = 13.4 x 106 ergs x scale: 81 ~sec/mm,y scale: 38 mlv/mm 
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