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ABSTRALOT

This report pressnts the resulte of an experimegisl siudy
of ths shock preduced by a eollapsiag cevity in water. Sgeh & study
is significant for three fislda of investigation: a) for|noise
snalysis, since cavitetion 1s an important cause of nolse|from the
propellers of ships and from objects dragged through the geter &b
high ppesds; bh) for undarwater explosions, since these efperimentie
reproducs in miniature the conditions which obiain shortly aftsr the
detonation of a mine: end ¢) for cavitzition erosion and the water-
kammer breakege of glass containsra.

or multiple,
he gize of

Iz 1 shown thst cavitation shocks ars regurren
the tise interval seperating them depending primsrily on
the cavity. PFarther, 1% is shown ihat the mbruptness and| violence of
tbe shock, the totsl acoustlz energy produced sad itz Trefuency dig=
tribution, are &1l highly dependent on the size of the re idual air
bubble around which the cavity collapees. The sige of this budbls
determines the dezree of cushioning of the shoek; hence
sble sharscteristlies of the ghock, ns measured by nolise
and mechanical destruction, are much diminished as the ai
{ncreases, =nd the predominant frequency of the nolse ge
to the lewer frequsnciea. Quantitstive relatiomsaips fo
variables have baen cbtained as & Tunction of cavity siz
content of %he blow) snd zir bubble sizs.

bubble size
ratad shifts
theas

(or energy
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IRTRODUCTICH

: 28 & atudy of the collspae of & cavity water was
originelly underialten for the purpoees of noise analgeis, with
partiouniar referance to the noisa produced around prgoellers znd
in the turbuient weks of sn undsrwater socund projsctdgr of echo-
ranging esguipment. Sineca very little cuantistative & on the
nature of the acousiis shocks so produced wers avellgble, it seemed
desirable to investigeste them undar contrelled condi@lions, sc that
their propertles might be deitsr understood snd, if gomeible, &
method for their suppresslon developed. BSuch an inveetigation has
beesn conducted. In the following paragraphes the exparimenis ars
degeribed and the rezulig are pregented.

%o the dlscussion of the geeillation of the gas bHubblp around an
exploded mine, and to the mechanicsl destruction whidh cavitation
shocks cen produce.

2. The regults of this investigation arialso pertinent

APPARATYS

3- The experimentia) apparsius consisted pf & vaasel
conteining & constant amount of water., The volums of] this vesasl

could ba varisd by meane of a brass sylphon belicws one wall,
Thus a cavity, the formetion of which required a knowh amouat of
energy, and which contained & knewn volums of air, cohld be mede
to collapse in the vessel. The resulting shock was pjcked up dy
a small gquartz microphons, mounted in water sicher inpide or out=
side the vessal. This shock, amplified and put on thp sereen of
a cathode-ray oscillogrsph, was photographed on motioh picture
Tilm with & revolving-drum camera.

4, The important pert of the spparstus if illustrated

in Plate 1. 1% comsiaved of & cylindrical gless or bfses vassel,

full of sir-fres water, and containing a quartz micr ne, £
stop=cock in the cylindrical wall permitited the introfuction of
witter or a smell sir-bubble of known volume. In ths g2 of the
brass vessel, the upper end was a disc of 1/2" plste flass so that

the interior could de easily observed. The ends of
vessel were made water fight by rubdber gmskets. Two
and four long bolis clampsd the cylinder and 1ts two
and keépt the gaeketed asssmdly under compression.

rasg plates
nds together,

6. The zylphon bellows and the outlet fof the miore=
phone were &t the lowsr end of the cylinder. The ture of an
slectromagnet wae attached to the sylphon bellows. :ien & plcture
was taken, the armature was released by the same switgh which opened
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which opened the shutter of the cemers, thus synchronjzing shock
and photegraph. The sylphon ballows snd armature werp spurrounded
by & metal cylinder whick served to suoport the slectfomngnet and
to keep water sway from the aylphon bellows and arpatpre when the
entire assembly wae immerssd in & big tank {sylphon bpllows ead
down). The motion of the sylphon bellows and arssturg was thus
unimpedsd.

6 Bxcept when the two were actually in pontact, the
electromagnet wae elscirically insulated from the armpiurs. Thie
mada 1t possible te record on the photographic film he atarting
time of collepse as dstermined by the time when the ejectromagnst
let go of the armaturs. '

s The microphone consisted of 4 XZ-cuy] quaris
eryatals, sach 12 mm by 12 mm by 2 mm, connected in pprallel, These
were so mounted that the faces perpendicular to The Ijaxis were
sensitive faces. They were enclosed in & brass drus-pheped holder,
the facee of the drum being German silver shests 0.C0R" thick and
12 mn epsrt, and the seansitive faces of the crystals peing just
behind the drum faces. Castor oil providsd mechanicsfl contact be-
tween the inner faces of the drum and the eensitive fpoes of the

- grystals. The leskage resistance of the microphone wps so low
(23,000 chma}, and therefore its time constant {=RC)] so seall,
that its voltage response was proportional to the ¢isp derivative
of the impressed pressure wave. Hence ths oscillograp
the varlationa of 2pfo¢ within the limitetions discusse
Appendix. Calibrstion of the microphone~amplifier syp
gurve of response which increased linearly with freq
agreement with this, Hee Plate 2.

8. & Genarzl Radio 714-A Voltage Amplifi
the trensient from the microphone, and put it on the
plates of p Genersl'Radioc 687 B85 Electron Oscillogra
camers was & General Radlo 6514 and 651A8 1 Camers Sap
camera was not ueed in the normal way. Inetead, e sipgle turn of
film wves put on the sprupket whesl, which was driven
from the teks-up, vather tham by the drive motor. I
film speeds up to 20 ft. per sec. were attainebls., 1
was Agfa Super-Pan Supreme.,

pr amplified
horizontal

dlibration, a
ofi ter and ap-
jag switched

= pacillo-

} vetieries bew
ential side
gpnears in

9. For purposes of timing and voltage
stsnderd 1000 cycls voltage was put through a mlcros
plied to the input terminals of the amplifier. This
in just after the tramsient. The rest position of
graph spot was at the sams time shifted by means of
tween the ground side of the amplifier and the low pgf
of the pecillograph. Thus, on the films the transien
the center of the film, the standard signal at the edge. For some
photographs this bPattery circult was broken when the pramaiure separ-
ated from the electromegnet. This 1s shown by a jumg of the oseillo-
graph trace towards the middle of the film and indicaites the instant

T 4 -
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at which poligpase begen.

10, For film speeds greater than 30 ft. ppr sec. the
drum revcelved more than once while the shutier was st]ll epen. To
aveld overrunning of the gpot trace on the film, a chRrged con=
denser and resistance in parallel were connected in e§ries with the
B batteriss. This BC circult was closed when the relgy on the
slegtromegnet clrecuit opened. The spot then shifted In the course
of the exposure giving & helical trace on the single furn of film.

EXFERIMENTAL PROCEDURS

11, Y¥hen tap water waa puit directly into
and the sylphon bellows expanded, a fipe froth of bubj
throughout ths liquid, due to the reduced pressure.
water in the vessel had to be first freed of air, sing
it was imposaible ¢ control the sigze of the air bubb)
the cavity collepeed. Thie waes done by boiling the
gel for a half hour or more, the steam escaping throu
in the gide, It was then zllowed to cool and draw bal
had aleso besn boilad over the same interval. Any res
could then be shaken out. |

1 the stop=cock
- water which
dusl bubdle

12. Ths pinch=cock at the ouvter end of thé
beyond the gless stop=cock, wes te bold a water reger
tube for cooling shrinkage or other losses. See Flatp 1. Ths pinch-
cock nearest the vesssi prevented the rubber tube frofp collapsing
when the sylphon was expsnded in order to form & cavijy in the veseel

rubber tube,
oir in the

e on the bel-
t initizl e~

13. With such preparation, when the armatip
lows waas first pulled down with the fingers, & distin
gistence was felt, renresenting the slight tension whjch the water
could sustain. Thie resietance suddenly gave way with the formation
of the caviiy, the force thereafter being very nearly]a constant
(ataospheric pressure). If the sylphon bellows were felessed slowly,
a minute bubdle (dismeter lsse than 0.3 mm for freshl} boiled water)
was to be seen at the site of the cavity. It was relpased eithsr
from the water or Trom the adeorbed gasees in the metRl or glass of
the vesasl. If the armsturs were agalin pulled down,
ragictance was no longer felt, the force imcreasing r
tinuously to a nearly constant valus. See Plate 3.
likewlse incrsased continuously in size. If one walipd until the
smzl)l hubble rediesolved, the initial resiastance coulfl again be felt.

14. This small budble represented the lowpr limit which
could be reached with this apparatus. For water which in time dis-
sclved more air, either through leaks or from larger glr bubdbles
introducsd deliderately through the stop-cock, this mfinimum bubble
could be 2 mm in diamater. Hence no observation coulf be made with
a smaller alr bubble without reboiling.

15. It is believed that alr bubbles about| 1 mm in diameter
or less are characteristic of thoses which are present| in true cavita-
tion shocks, whers the cavity forms and collapses in B time Yoo shor®
for mch air to dissclve out due to the decreased prepsure. Baker (1)
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has described the watsr-hammer braskasge of glmas cont
1y a cavitation phenomenon. He was able to burst gia
filled with liquid by vioclently accelerating them. T
when ke liguid was "left behind" burst the jar on o
was found in the present experiment thet ths glass w
a heavy pyrex botile with walle 1/8" to 3/i6”® thick,
ging regularity when the gir bubbles were ghount 1 mm
less, depending somevhat on the amount of enargy rele
i1t wae for this reason that the drass vessesl wiih the
end was built. Thiag was beiter able to withetand the

inars, essential-
= jars partially
5 caviiy formed
lapaing. It

sel, made from
urst with depree=
¢ diamster or

end in the bDlow,
L/2% plate glass
shoek.

16, in the obgerwatlon of & cavitation
ing procedure was edopted. The sisze of the air bubbdl
through which the zrmzture moved ware measursd, thus
machanical energy to be relsased. The srmaturs vas ¢
to the face of the eluctromagnet, which was Just stzro
iz, ith the drum and film reveolving at a steady ratp, the casera
shutter wee smapped, snd simultenesusly the eleciro ot let zo. The
oscillozraph spot was then shifted and 2 standard siggal from the
microvolter photographed, Finally, the sige of the ajr bubble wae re-
measured, thovgh ths pisces of it had to be shaken tofgesther agzin with
the hellowe siightly expanded by hend.

ek, the follow=
pnd the distance
steroinlng the

n puiled back

£ snough to hold

17, Tha measured sizes of the air dubble.]before and after

the shogk, agreed fairly well even for smell bubbles,|provided:
: a) the measursnent was made immedistely sfter the
gshoclk, and

») the water had pot much air dissolvi
the bubblas ware large {greater tl

d In 1t, or
25 cu.am).

If the water had conglderable alr dissolved in 1t, edfitioral air
which bad dissolved out while the bellows wae expendef madé the second
voluome meggure somewhat uncertalin, but with cere and Judgment satie-
factory sgresment wes obiainable,

18. The volume woe computed on the assumppion that the
bubble was spherical if emall, or ellipsoidsl with melsured axis
ratio if flattesned. The volums of larger budbles was|measured inthe
* gylindrical tube near the glass gop-cock. See Flate |.

19, Obgervations were made under the follpwing conditicnsi-
2) Brass vessel immersed in water. Faltion
vortical. Microvhone inside and oftside. L. i, fon
The snsesiiire el Yiste  add  Aalnd =yl ?h.q.-w EEa P2 'f»-z'ir'ﬂf_ "‘;N)”“N" w5
s vwa oile
b) Brass veesel in air. Position verfical end
herizontal. Hicrophone insids. Thin waes &
run at one energy of dlow only, te]determine
the effect of the shape of the cavjty. In
the verticsl poeition, the cavity yes wedge
shaped, as the sectlon of an oramgp. In a
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horizontel pasifion, Lhe cavity hud tRs form of
a long thin alab the cross section of J¥hich was
a segment of & cirecle,

¢) Glase vessel in sir. Position verticdl. Micro-
phone inside. This series wes teken fo test the
effect of vessel material, and to satgblish ef-
fecte poorly dstermined by previons m@asures.
Thesa data are the most homogeneons agd ccmplete
over the range covered. Ths cavitywmj crescent
ghaped, owing %o the bulzing upward of the doitom
of the bottle from which the vesssl wis mede. A
geries of oscillograms illustrating the=e cases
are given in Plates 16, 17, 18, 19, agd 20. They
are arranged in order of dscreasing bRbtble sige.

20. From these photogrephe the following peasursments wers
made with a Hilger travelling microscopei

a) The scale in microsec./mm {x) end mil}ivolts/mm

(¥).

b) The time of rise of the first peak, the in-
tarvel from 2 point where the deflectjon was
firet appreciable, $o the first "primpipal®
peak. The first polnt wee naturally pomewhat
indeterminate, the initial riee Deing| rather
gradual. It is estimmted, however,,
deflection became appreciable at abo
the maxizum, Af one takes /4 of the

the maxinum deflection was apually b
and 4 mm on the film.

e) The time intarval bdetween 1/6 mexi deflection
and the smaximum, This was adopted ag s fair
criterion of the time over which most] of the
initial rise took place.

d) The height of the first maximum in mifilivolte.
The choice of the first ‘principal’ imum
wae usuvelly clear cut, even though mihor crepi-
tatione often immediately preceded iff. The
first principal maximum was slvays one of the
highest = though not necessarily the fighest,
as & glance at the oscillograms will |shew.
These messurements wers taken only iy cases
where the micrephone was insids.

&) The total times of collapse, from the [instant

of release of the armature to firet .
These were mads only for the glass gel in
alr.
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£} The time intsrval Dotween the firat s
escond bilg shock. Where akocks of rad

the sams type as the first was chozen
thle messurement - e.g., sece No, 1, Pk
Kultipls shocke were lesst common for
tion of low emergy and small air bubbdle
gensral, howsver, the presence of mors
on® shock wae the rule rather than thé
tion,

g) %She ratio of the emplitude of the eecgy
ghocic t¢ that of the first.

h) HMessures of the relative intensities d
characteristie vibrations present.
distinct chsrscteristie vibrations ard
vable in the oscillograme, of pariocds |
10,000 microuweconds, Tp=410 = 530 micy
and Tge 20 microseconds.

nitial
1intlons,
rolte of
groups
ssel in
total

An attempt was made to determine tha

Tme prégsure represented in these asc
The average initial smplitude &n mill
thase vibrations was eatimated for itwd
of data {glass vessel in air, brass v
vater) for which approximately the sane
epargy was releaged in the shock.

2l. The avove memsurements, determining tHe nature of ths
shock, are considered me functions of the independent jvariables V and
B, ¥V is the volume of the air bubble in cu mm, snd B |is the snergy
econtent of the shock se determined from the integrated force function
of ths bellows. If ¥ is in srge z 10%, B 1e ulso appfosimatsly the
slze of the cavity, in eu em.

22. The micropbone-amplifier system was ¢
parison witk standard microphoness calidrated by ths B
Laboratories. Y¥or the low frequenciss (less than 100
tromegnetic sound source (3) was used; for the high,
projector. The microphone was held edgewliee with res
sourcs, ihe same orientatiom it had relative to the sl
the calibration of the system ig given as if for no g
standard microvhone was comnected to the input of an
appropriate corrections due t¢ the amplifier and its
wers spplied.

Rochelle salt
dect to the sound
ock. In Figure 2
in, since the
mpiifier, and
npui impedance

23. The algn of the deTliection of the oscfllogrsph spos
for a condensation wave waes determined by photographigg the transient
.due to tapping on a pail of water, the microphone beigg in the peil,
For varicus orientations of the microphone the directfon of imitisl
deflection wae the seme, and indicsted that the initigl wave from
the cavitation shock, inside and outside the vessel, §as one of con-
denasation, or the =ame as in the cese of tapping on tHe pail,

P T DECLASS!=IE™
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24. An upper 1limit ¢ the energy expended
the armeturs from the eleciromsgnet was determined by
the force-distanc® function for the srmature., This w
measuring the holding force for various thicknesses o
tween the armature and pole face. The work expended
be negligible compared to that of pulling the bsllows

in pulling

. DISCUSSIOR
25. The discussion will be divided into t

{&) A general description of the shoc
(B) & discussion of the graphical re
{€) & dlacusaion of the extenti to whi

cbaervations can ba represented b

(&) Genersl Descrintion of the Shocks

26. To the sar there was m marked differe
those shocks with an appreciable air bubble (more ¢t
and those with a small one (1 cu mm). In the first c
was & dull thud, in the latter a sherp click or clank

27, Exzamination of the osclllograms also
change in their charzcterisiics with diminiching eige
For #ir bubblss with volumea 100 to 500 cu mm, the tr
a series of single waves, (see sketch), which after 2
merge into & eimple sinusoid. See Plate 16, ¥o.2. T
5000 - 10000 microseconds, essentially the same ss th
shocke. Thie is an underlying structure which persis
smallent bubdle, and meazsurementis indicate that its
millivolts actually incresses slightly with diminishige
sigze, See Plates 14 and 15. It is relatively less =&
ghocks with smaller eir bubbles, since othsr largzer s
periods, . and T3 , sppear and say mask it. Since
amplifier was cut down for the smaller bubbles, this
pears to become negligible in this case.

of the sir bubble.
ce is initially
or 3 cycles
e period is
interval beiween
s even to the
litude in

air bubbls
rent in the

scillation ap=-

28, For air bubbles 10 - 150 cu mm in volgme, the second
principal mode becomes prominent, Tz= 410 msecs for the glass vessel,
snd 530 microseconds for the brass one. For the same|size air bubble
the higher frequency modes become more pronounced wlth increasing
energy, as ie to be expected from the fact that the time of riss is
less. (See paragreph 33).

third mode of
cund is potice—
ly by the shape
rzble to ths
bably mechani-
af the water,
the sylphon bel-

29. For sir bubdbles 10 cu mm in volume ¢
oscillation appesrs. For thess budbdles the clanking
able. T, ig probably a normal mode determined prims
of the vessel, since its wave length in water 1ls co
linesr dimensions of the wessel. The other two ars
cal, the longer ome being sssociated with the inertia
atmospherie pressure, &nd the low stiffness factor of
lows.

DECLASSIFIED

= T i)




DECLASSIFIED

oecillograms are proportional todpd¢, the cheice of the first peak,
as &, of sketeh 1 for exsmple, giving the end of collgpse needs some
Justificetion, especially for the larger alr bubbles.

g lj\ == jﬁ\r—'t

30, iz view of the statement that c‘.efler_:iinﬁ in ths

| A
N~ Biketch 1

It would seem more correct to choose the point B as tile end of col-
lapse. BSuch 8 choice would seriously modify the meaegred length c¢f
time for collapsse. Heverthelsss, 1t iz believed thet fbe siructure
of the sketch is a charscterietic of the vessel rathexy than of the
shock i1tself, and that the point A glves a better detdgrmination of
the end of collapse than B. The structure pereists, g mentioned be-
fors, throughout all the shoeks, and if the point B wqre chosen as
the end of collapse for the larger sgir budbbles, it woyld have to De
uvead for ali of them, out of comsistency. Howsver, the disturbance,
&8 ig obvious from the oscilliograms, is initiated at {
or firat peak. 3By B a considerable damping of tha hig
ogciliation has already taken place. For example, seq Plate 16,
Bos. 13, 14 and Plate 17 Hos. 1, 2, 3, and 4. Therefdre, it seems

more repsonabls %o pick the snd of collapse at the tige when the
disturbance evidently begine, at the first peak, 4.

31. Another cheracteristic feature of thede shotks 1isg
thet $hey are repeated, the interval depending, as wi}i be showm,

on the size of the cavity. There is, moreover, a sory of double
multiplicity. BPsiween the principal shocks, which regresent the
oscillation of the cavity, thers are often litile shodks, always of
high freguency componénts regardless of the tyve of tHe principail
shocks. Sse, for exampls, Plate 17, Fos. 2 and 3. THey probably
repregent cavitation atother parte of the vessel than fthe location
of the 2ir bubble.

32 It is interesting that repeatsd shocky spnear aven
for the very smallest air bubbles. For such bubbles ¢he compressi-
billty of the watsr becoses ilamportant although the gad pressurs is
atill negligible compar=d to the hydostatlc pressure.| See parsgravh
44 and fppendix, Thue for the very smalleat air bubbles one would
expect the presence of gas In the cavity to have litt]e effect on
the nature of the phock, That oecillations or mltiple shocks still
occur under these conéitlons bears out the expectatiog of a previocus
investigation. (2). The formation of repeated shocks|is prodably
favored by the fact that the collapse iaskes place at §he upner end
of a cloged vassel, so that gravity and preesaure act ¢n the fluld inm
the same direction in reforming the caviiy.

(3) _Graphical #nalvels

3%. The time of risa of the first maximum] frem
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S ool Jmpy 7o -54:', —(5'5:’&15:
and the time interval froa

2P _ /3 fo 2B ={2

at ﬂﬁ"\'ﬁﬂf y 5'% _(B’E)nnx

are plotted in Plates 4, 5, €, 7 for the cases there
Tha convergence of the two curves 1s indicative of de

"ebruptness” with incrsasing volume of air bubble, Fof the tlmes
for the last 4/5 of the shock there is a barsly per ivle shift
of the curves from one valuve of E( « enargy relessed Ip shock) to
ths next. It is t{co uncertain to show in the total tipes of riss,
By tak¥ng the intercepts of curves of different E with] lines of
sonetant bubble size, and plotting logarithmieslly, thi exponeniial
dependance on B can be obtained. The curves are suffipiently deter-
minate to do this for hubble sizes ¥V = 50 cu mm to V o 500 cu mm,
and give the time for last 4/5 of peek =
=0.321 +0.555 +0.234 +0.58p
CIE v = clm %I}
E

for the glass vessel in sir. For the brass vessel 1n;at,ar this
time ig o

o 0.433F+O.452E 023-;»0.,020 Eg«N.'.‘.h.'!\ﬁ

For some purposes the second form of the above fo
since, when the gquantity V/B is constant, we can cons
“analogy to the detonstion of & mine, thal the cavitis

is useful,
er, by
are produced

by "explosives" of the same "chemical composition®. this form
the importance of the relative size of the air bubble ?} is empha-
rized, since the exponent of %lone is omall.

~ 34, 'The plots of the total time of ccllapde (given by

the instant of release of srmature and point A of the |structure in
Sketch 1 of parsgraph 30) are given in Plates 8 and 94 BExpressing
by B cu am, the equivalent volume in cu mm of a cgvity whose pro-
duction reguired ® ergs, (using p = 106 dynes fem®), will be
obaerved that when the ratic V/® cu mm is less than a fcertalin value

Y ~ -0.008) the time of ccllapse becomes alsmogt independent
E oumn )

of the alr bubble size. This is to be expected vhen §he gae pree-
sure is comparable to the hydrostatic pressure over a|time short
compared to tha total time of collapee. It will de wn later in
Section C that the times of collepse computed under this ssgumption
w#ill be in sgreement with sxperimént.

35. The time of collespse ss & function of jenergy and
the time intervel between shocks are plotted on Plate |10, using
“oniy those deta where V/E ., &5 0.005; i.e. where the gporoximation
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neglecting the gse preesurs 1s valid, J% will Ys cbeegved that ths
time intarve) Yetwsen shocks i@ eporoximately twice thg total bvime
of cellapse, This strengihens the conclusion thet the fsuccesslve
shocke sre actually the results of the osciilaticn of fne caviiy.
Horegver the glope indicates that the period varies spgroximetely

¥ Elfs; again in egreement with the theory for csclliligtions 1a an
infisite medium (2). Ths valldity of applying the inffuite medium
theory to & vessgel of finite dimensione will be dizcusded in Bec-
tion C, The two curves are not qguite parallel, probably because ihe
restoring force of the bellows was not guite consiant.

28. The plots of the initiel amplitudos a3
of enargzy and bubble size, are given iv Flates 11 and
cage of the braes vessel immersed in water, and ithe g
air. As before, by tsking the intercepte of the diffe
surves with lines of constant dubble sige, and plotiinm
cally, the depesndence oo E can be obtained. The resul

ant enargy
logarithml-
8 ars!

- +0.9%0 -5, 954 . 2k -0 g5
Gless vessel in airi2?) o Amplitwde=C; £V *TRGET Y
i?tm ?-
o et ~2.459 FEays 19
Brase vesssl in wateriy2p) oc Amplitnde = C E ﬁ‘:}' it ¢ g r_g_ 7
(2£) ¢ v {
\E‘fm 2

ar. In Plates 6 and 13, the resulte odtaingd with the
hrass vessel in both vertics)l and horizontal positions]in alr are
given. The repulip indicate that the amplitude and tlge to first
maxigum are, within the limite of experiment, independgnt af the
shape of the cevity. Eowever, for the horizontal posijion, in
which the cavity was in the shape of = thin slab, the nitisl rise
was mors irregulsr than for the vertical position, as f the cavity
d4d not collapse in one plece, SHee FPlaie 19,

36. Por purposes of estimeting the inltial
sures of the noise produced dy these shocks as 2 funcy
guency, the average inivial amplitudes of the three p

rmE preés-
on of fra-

neipal

oscillations whieh epneared wers messured, corrected by the =iers-
phone calibretion curve, and plotiad im Plates 14 and §5. A= ls
avident from the graphs, the rms pressures of all threp freguencies
increase a8 the bubble sigze decreases. The increase i more pro-
nouncad for the higher frequencies. Also, for any givpn bubble
sigze, there is more nolsc &t low frequencies than at gh, The
date for Plate 15 were taken from s different run fromf that of
Plates 4 and 12. Thig rum is plotted in Plates 13 (ldyer curve

and 5, amd seems %o differ slightly from the other datgh for the
glpgs vessel in alr.

39. If tha above data were converted to tqual emergies
by sguaring the amplitudes sand by takiag into account fthe apnroxi-
mate length of train which each frequsncy profuces, tie above men-
tioned offects would be sven mors pronounced, since ag is seen from
she oscillogrems, the high frequency noise damps cut fneter than

the low.

: ”»
40. The incresse of high frsquency noise for diminish-

ing bubble size end the predominance of low frequency

high fraquency in savitetion shocks, are facts to be grpecied from
ggefioua investigations. The firet indleaiasgytwm p shoclk
e more high frequency components tha R he, ofe. wepping
L EZIFIED
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on the veseel wilh & wetel rod produced primarily Tz,
one produces primarily Tz, The second has been known] Trom many
observations on underwater nolse, and ie oné reascn fhr the nse of
the gupersonic rether than the audlioe frequency range jn underwater
sound gear. Quantilatively, the data of this report pre, of course,
peculisr to the gppavetus. GQualitatively, they may expected to
hold gensrally.

and & woodea

41, The ratic of the amplitude of the secpnd shock to
thet of the first showed no marked correlation eithss] with energy
zontant or air bubble size. The msan was 0.55, the rpnge from 0.3
bo 1.2

(€) Agresmsnt of OB th Theor

42, The formula for the total time of co
spherical cevity in an infinite medium is T=1/2 1.13
In the cese of collapss in the pressnce of rigid bo
time le somewhat longer, but the corractions gre anall when the dis=
tance io the beundary is largs compared to the dimensfone of the
cavity, In the case of the collapse in a eylindrical] vsesel, we
may aporoximate the conditions in either of ‘wo ways,|as sugzested
in Sketeh 2.

apee (2) of &
“5l6pi/3
/A Doo E"'/,
ries, the

&«
‘(-\__/{ ""Q‘. | "S&" *cet.ch 2
Actual A =

Cese APPROXIMATIONS

In case A, we replace the sectual condition by a collspse in & rec~
tangulsr trihedral angle. Then the formuls for the inite medium
would be multiplied by 8, end by & small correction fhotor for the
wails. In case B the collapse ig represented as takijg vlace in &
rectangular dihedral. The formula for the infinite mpdium would de
multipiied by 4, and a somewhet larger bui still smel} correction
factor for the disturbing boundaries would be used. Fherefore, ss

e formuls which is expected cnly to be correct in crdgr of megnitude,

T == éxi_zfd3rft K% E&

Thig is plotted in Piste 10 for p, = /6% dymes ffn™

The sgreement is as good as would be expected without|more refined
considaration {such ss incremsing the pressure to allrw for the
stiffness of the aylphen), and shows that the negiect]|of compressi-
bility and gas pressure effects in small air budbles fz Justified
in caloulating ths totel time of collapse. .

the obgervaed
1ity, nor does

43. 1%t doee not s=em possidble to represen
variations of3p/d¢ with the assumption of incompressib
it represent even a fair first approximation using a

ECY SSIFIED
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thecry. Hoa setisfectory theory for collaspse takling 14io acocount
comoresgibility hes beon worked cut, However, the ing
thegry can be used to verify the previous statement 1
smellest air bubbles, the gae vpressurs effecta are ne
parad to the comnreesidlliity effecte in the water. 04
effects are important when the velocity of collapse &4
sound. Oszs pressure is gignificant when it eguals th
pressure. It is therefors desired teo caleviate, on ti
the incompressidle theory, the value of ¥ for wh
Bou mm

city of colliapse eaquaies the velocity of zound at the

that the gas pressure egusls the hydrostatic pressure
of V/B cu mm muck smeller than this, one can expect tHs
shoek to be much the samz se if no alr at all were pré

igible com~
rpransibilivy

hydrostatic
@ basis of
ch the velo-=

ame instant
Hor values
cavitation

44. 1t io shown in. the Appendix II that &l
el £

= 5.5x107¢ Thns for Ecu £ =13210° cu mm. (B213 x 10° ergs)

bl |t

cu. mm
VW 0.0072 cu mm. Thie is at the very lowest limit gf observation.
See Figurs 20, Ne. 173.

45. One can elso deteramine the value of ¥ for which
the meximun velocity of collapee equals the velogity gf sound. (See
Appendix 11), This value is V/B  gq = 2.8x107° . . For example,

V=28 cu mn fr BE=10x10° ergs. This 1is well within the range of
the experimente. For valves of V/Eyy mm much iarger @han
would expect the Incompresgible approximation to be valid in des-

cribing the motion in detail. However, attempts sc fgr have been
unsuccessful in representing by thesry the varistion qf 3¢t or the
tima of rise with E or V. The disagreement mey be etfributed to
the disturbing effeet of the boundaries, turbulence agd instabllity

during collapse, a finits rate of condensation of the
or soms other unknown reason.

sater vapor,

. CORCLUSIORS

46. Cavitetion shocks are multiple, and t)f interval
between shoeks is predictebls on the basis of .theory.

47. The characterisiics of the preasure € produced
by = cavitation shock are dependent on ths size of thdl cavity, and
eapecially on the air bubble it contains. The paak piessure deri-
vative and the tims of rise ‘to iis maximum are répressntable in the
form G E™S, The cheracteristics of the wave are reiptively less
geneitive to the shape of the cavity, and for the iwo fases of this
experiment, to the materizl of the walls against whici the collapee
takes place.
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8, The nolee’ genervated decressss as the bpbble gige
increas9s, the dimianticn being more proncunced for high frequency
poles, and for all elzas nf air bubblee were low fragubncy ncise
is prosent than high. The geaeral affect of the air bgbble is
merkadly to cushion the shock, and to mitigate its noigs producing
und destructive gharacteristice. This fact suggest the introduce
tion of gas Dubbles into weier at points where the suppression of
cavitation nolse or eroslon would bds desirable.

o iy = f,__,-c.r 9 4 P i cangal .

43, The errors lavolved ian the uss of a ti
tive mlerophone and imperfect asmplifier can dDe estimatpd quite
generalliy, and suggest & technigue useful whan the exapt calidre-
tion of the microvhone is difficuit
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APPENDIX I - Microphone Calibraticn

ED. It has nov to beghown that the microphons re-
sponde tc the time derivative of the prsssure wave. This can be
shown quite generally when certain conditlons ere fultillsd, and
may be useful in the interpretation of oscillograme from microphones
whose direct celibration is mot practicable, To do this consider
the effect of ifsmpressing a unit, or step pressure wave on the micro-
phons. Two types of disturbance are set up:

(a) Mechanical disturbsnces. If there are no large
mechenical systems coupled toc the crystals, these disturbances may
be expected to die out ia a tims comparable to the time for the
pregsurs wave to iraverse the dimensions of the crystal & few tlumes,
since with each traversal a2 good part of the enmergy will be reradi-
ated into the water,

{v) Blectricel diaturbances. These dle out in s
time determined by the duration of the mechanical disturbance, and
by the cepacitance and ghunt resistance of the microphone and its
catle.

51. Let &,(¢) be the electric response of the micro-
phone, due to e unit impressed pressure wave, and assume that §,(¢)
te sppreciable only over the interval ¢ = 0 to ¢ =¢,. Then, for =n
arbitrary impressed pressure wave p&)the derivative pltgiof which
does not vary much over an interval¢,, the responss of the micro-
phone is spproximately provortional to p'y-

: 52. To show this and obtain the degree of approxi-
mation, 1t follows from Duliamel‘s theorem that, where €(c) is the
responseé Lo an arbitrary impressed wave pa),

E(t)= proyd uey # f;* S0t —A) pltA) A )

Now the only contribution to this integral which is appreciable is
aver en interval€,, snd since p’ (i) doee not chenge much in such en
interval, it can be well reprecsented by a Taylor serles in powvers of
(A =t). Hence, assuming poj:o, &8s 1t will de for any physical wave

)= [~ §te-2) [ plrei wed-t) plie) +A=23" p"¢e)
a

""(f“t)g e)s -« ss-
o AW J 4 )

Let t-A=x , dx= -dA

i @ -
()= —p (=) J‘; 5;('1_}::!..'; - p”!’e) ftx f,(ﬁr)dﬁ

o M s
> X" a,t% v .
= I X0y 4 PC:”‘ jt 38, txydy - ---1(3)

' — =15- Co DEC!_EST'F!ED
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For t>¢, the integrals are essentially the womsats of 4 o) dance
axpressing

—

[ 6ee by 57

where
L1
S = -r¢ J} -’5) d"
Cleyz S(plest - Fplte) « 7> p"e) - S PR ) %)

Taking advantage of the fact that

— )

== 4 —“' t
P'(t'}")-" plte) - Tp e = T pow - ?’ﬂrfji"-" (s7)

The first two terms of €¢+) can be combined to_express €'¢) ia terms
of a time delay and corrections depending on 7°-7 .
- ' = — " =z —-5
COI250p'te-C1 » € -F ) p"ray — €2 - E)p'tert---) (b)
0 ©
8ince €7¢) is the obesrved function, it is more unsaful to have the un-

inown function P‘fc -¥)axpressed as proportional to es)plus corrections
depending one(e).

Taking the derivative twice of the expression for €n) given in (4), one
geta c%s)x5p %), This is substituted in (6), and solving for p’re ~ ¥}
one gets

plle-F) s defeer - H"’;f‘)e"ﬁ) ()

dropping terms of the third and higher order. This expression means

that the derivative of the pressure wave pi/c) =% /drig proportional to

the response éf) of the microphone, or oscillicgram trace, with a delay

of ¥ . The percent errcr may be esiimated from the ratic of the sec-

ond term on the right to the first. For & einuscid, the interpreta-

tiecn thet the response is proportional to the derivativa of the ilmpreesed
wave fails when

gy V(T -T) g
A

(See Para. 54)

53. Congider the csse when the imperfect reepconse of
the msplifier is taken into account., Let the response of the smpli-
fisr to & step voltsge be 1(%t) - é;gt) where 1(t) is Heaviside's
step function and & (t)=l &t t=0, is appreciabdle over a range up to

L, o o

g, -16- DEGHASIFIED
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te &, and is not otherwviase resairicied. Then the combinad response
of the microphone-smplifier system to awmit pressure wave is -.S(t),
whare

A}mc cr,(c-') ( lee) —-5,‘(1-) ”" f:[ 1ee-A)=- S, te —A)]é',‘()) d/

The input impedance of the amplifier is assumed to be taken iate ac-
count 4m &,7¢). It is intended %o show that S, (¢) 1s & function which
becomes inappreciable after & tims &= E+4¢. . Hence, by the enalysis
of the previoue parsgraph, the microphone-amplifier systesm a&leo re-
sponds to the derivative of an arditrary ispressed pressurs wave, pro-
vided 1t does not change apprecisbly over a time &,:=& +¢,

S3ce)= &,t0~ &,¢0) 5-.,!*)4-5,(1}/:- (:fr-A}Aj'(;}JA

A=T

= §i00) - 8,035,404 Sy -500) = Sote NS, 00) /,
= T & A 8, te <) S

(4

S Sere = I 6008 ¢ 1

Consider this func;ion of % to be appreciable in those rsglons where
either factor in the iuntegrand is appreciable. If neither is appraci-
able, the coniribution to the integral is considersd negligitle and
ths function as a function of t 1s conaidered negligible, Consider
the first factor; 1% is appreciabls uwp to & point where its argument
is ¢, . At that point, in the seccad factor t =J=7-¢. Consldered as
a function of t, this 1s significant where t=€ z¢, . oT t=& & , 1.8
as a function of t the integral ie negligible beyond t=e¢qsen - A
similsr conclusion is reached by coneidering the second factor. The
second ig apprecisble up te t ~lzé,, or tokT-€x in the first factor.
The first factor becomes inappreciadle when its argumentlss-¢&, =&, 0r
Y= ¢,+¢.. considersd as a function of t. Hence, the entire function
is negligible past t=¢+6.. Therefore, the response of the microphone-
amplifier syatem ia mleo proportionsl %o the time derivative of the
impreassed wave.

54, These considerstlions can be used to estimate the
srror committed in interpreting the oscillograms as proportional to
/¢ , using the obeerved calibration curve of the microphone. Here
the impressed wave is & sinuscid, and the observed calibration is for
rme valuss of pressurs, and volisge. Since

-

] T =
plz-F)= 5 (C(e} = £ SE 1:" e"rrl)

"'f Cie)= Al scnamee = "/t} = -Aw) WT:J o ¥ VT
pPtt) = B sunfawer- 9) pitt)= 2T BCos(fur - )
DECLASS'F'ED
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then for ruse values

ST o S[PATS . amaSP ., 4 yirturt Fae 7 )

s i€ | ) _;?;}-" . L
The velus of the right hand side givee the devimtion, if expressed
in db, of the observed calibretilon curve from & straight line
(Plate 2). If one tekes the deviation at 5000 cycles me 2.5 db,
then the above expreseion gives

- = A -10 L
r .t = D5 x i sSec

For purposes of estimating the error for the oscillograms, assume the
firet peaks to be sinusoidal, with & time of rise frem 1/2 to full
mex = 1/4 (1/»), which 1es a fair spproximetion. 5

For example, if the time of rise is 100/.1 gecs, (&ir bubblesl0 cu &m)
See plates 4, 5, 6, 7.

- ==
fHCe=F ) o™ 74 -io
AT _____‘.N.a,;;;a = ¥3 7a
" (o)

if the time of rise were 50 isecs the error would bez33% (air bub-
bles<~l eu mm). These figures indicate the limits on thé interpreta-
tion of the oscillogram trace me proportional %o 3/3=. The error as
calculeted from assuming the asplifier response to be l-exp(-t/Tg),
the microphons response io da exp(-t/7) is considerably less than the
abgve. Thisg indicates that the time required for the pressure wave to
traverses the microphone is not negligible, or that mechanical coupling
to the crystal prolongs its effective time constant. Ty as measured by
a squara wave generator was 6.7 xsecs. EOTy= 5.9 secs.

55. To convert the deflections on the oscillograms in
millivolts to dynes / am®sec, one should use a constant determined from
the cslibration curve rather than one computed from the piezo-electiric
constent of the crystal end ite RC. For the straight part of the csli-
bration curve, by paragraph 54, J/pian¥ =/fel, .19 _

For? = 1000, p=z fdynefat, one can find 8=2.13 x 10 vclts;‘dyna/cma sec
corresponding tecle} equals 157.5 db helow ) volt/dyne em® , Bince
(P15 , a one millivolt deflsction on the oscillogram, amplifier
gain zero, corresponds to 0.47 x 109 dynes/cm® sec, or 0.47x10-3
atmoaspheres per microsec.

66 . Yhe maximum "hydrostatic” pressure sustained by
the veasel ae a whole would depend on the integral cf the osclllogram
trace, carried out to the peint B of the sketch (para. 30). For ex-
ample in Plate 17, Fo.1, & deflection of 5 millivolts for 10004 secs
meAns a maximum pressure of 2.3 stmospheres, approximately. Thls 1s
of the order of magnitude of results obtained by Baker (1) using en
electric stress recorder. Thie meximum pressure is approximately
that pletted for the slowest mode of vibration in Plates 14 and 15,
since the integral of the csclllogram depende primarily on the magni-
tude of the slowest mode,

—
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AFPERIIX 1% - Digcvssion of the Inguemragslble Hreory

87, The cavation of metion (2} for a spherical cavity
in an infinlte modiun is
arp ﬂﬁ{i&‘)" + W2, Gea)y= E ()
ar 3
where B = instantaunecus radius of cavity
Fﬂ = hbyarostatic pressurs P
K 2
G(a) = gas energy = -o-l= =n o '
3o\ a
3

B < total emergy = 47 R, P
-1

Bo = meyioum rading of cavity J

a3y = radins of the cavity at which vhe gas pressure
aguals the hydrostatic pressurs, Thie is no? .
the meagured redius of the air bubble in these |
experiments, eince the expansion of the cavity
took place isothermally, the collapse erdiabaii-
cally, The volumeVas measured, and the volume f

Vi referring to the radius a&,, are related by l
the forlnnz, i g » 1 v
m———— 14 a g
;wng) :,?.TR'@ Ef_.u.mm
+
58, The above squation can be rewritten in the dimen- '1
glorless varisblss |
}zé— 5 Xa...'.‘?-vl:. . Ler—_-z’—_, & of
R e F L;-"rpa q
ﬂ 2 3 e g =y
1(631) § 3 1 e adl! ' 1“"--: ;

C o {rirman

59. Lg 1s mentioned in paragraph 43, 1t 1s deeired to
determine the value of V/E cu mm for which da/dt = ¢, the velocity of
sound, at the same instant that the gss Eressura equals the hydrostatic
pressure. This 1s done by plscing y =« (then a= 831), dy/dx = ¢ VF/p,
(sincs then daf/dt - ¢) in equation (2) above, and solving for the
value of« ., This gives, almost independently of [

= |
of M E'__L'E_ 2 0,53 210

L. fC"'
whence, for }’ = /.40 {adr)
" -
L 2= o 2z Fswio 7
Foan

verifying the value gquoted in paragreph 44,

60. Equation (2) can also be used to solve for the
value of V/B cu mo for which the maximum velocity of collapse is

r‘. =
5ECLASSIFIED
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the velocity of sound, as mentioned in paragraph 45 The
maximun value of d;-'/d: {or dajdt) is given from

( = g e - ..;."&P 2y
dy 33’ 3 ETE ) .:33: L3
4 dy e = P sc.) 34 -
- (=~ s R, v 0 (1)
from which y N
3_;?:) ?F/ol}
s o r
‘J( ) (-;-’J (%)
LY 4

(B) substituted in (3) glvos
|
— ¥

4 2 (p- Y1 v ] _ pet
(s 2l ()]

¥rom this one can mlvo & , and get, for ¥ = 1.40 the desired
value of V/B cu mp =<'= 2.8 x 10~3, verifying the result quoted
in paragraph 50 . .. €
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# Oycles,

Logarithmic, 2 X
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Oscillograins of shocks in zlass vessel in air - microphone inside. Vertical nosition.

Low energy group. O - release of armature or start of collapse. 1 - first shock,
2 = second shock, etc. ;

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

1) #52 4=3-42 Bz 538 cumm I=

2445 x 106 ergs. x scale: 123pMsec/mm,y scale: 1.l mlv/mm

E
n

3) #56 L4=3-42 B = 180 cu mn 5 = 465 x 10° ergs. x scale: 120 wsec/mm,y scale: 1.9 wlv/mn
s

L) #50 4=3=42 B =" 8l cu min # = 2.85 x 106 erszs, x scale: 116 msec/mn.y scale: 2.4 sdv/um

5) #20 4=3=42 3D =Lhbcumm 5= 3,8 x 109 ergs. x scale: 136 Msec/mn,y scales 2.7 wlv/mm
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6) #22 3-22-42 B = 1.6 cuimn E = 3.6 x 10° ergs. x scale: 141pMsec/mm,y scale: 2.2 mlv/mm

7) #21 3-22-42 B =26,9cumm = 3,6 x lpé ergs. x scale: 57 sec/mn,y scale: 4.7 mlv/mm
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8) b L=3=42 B =25 cu mm £ = 3.8 x 10° ergs. x scale: 129psec/mu,y scale: 5.3 mlv/mm

9) #20 3-22-42 B =146 cumm I = 3.6 x 10° ergs. x scale: 56psec/uin,y scale: 6.3 mlv/mm

11) 48 3-22-42 3= 9,8 cu mm E = 3.6 x 10° ergs. x scale: 48 pMsec/mm,y scale: 10,5 mlv/mm
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17) Ak 3-22-42

= 0,91 cu mm

= 3.6 x 10° ergs. x scale: 72psec/mn,y scale: 10 mlv/mm
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18) 13 3-22-42

B=0,52 cu mm

19) #9 3-22-42 3 = 0,22 cu mm

]

20) #2 3=-22-42 B-= 0,034 cu mm

4

3.6 x lO6 ergs., x scale;:

54 pusec/mm,y scale: 16,7 mlv/mm

W
a

= 3.6 x lOb ergs. x scale: 59 pmsec/mu,y scales 34 v/ mm

BE 2.8 % 106 ergs. x scale: 65 psec/mm,y scale: 18 mlv/mm

41881030
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Oscillograms of suocks in zlass vescel in air. decroohone inside. Vertical position.
High Lnergy group. 0 - release of armature, or sturt of collapse. 1 - first shock,
2 = second shiock, ete.

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

l ) ri33 Ii#_3"'&-2

5) il L=3-42

Ba 4l ecumm = 13:2x% .‘LO6 ergs., x scale: 1l13usecs/mm,y scale: 1.7 mlv/mn

Bos 200 cumn B L2455 ¢ 106 erzs, x scale; 127 sec/mm,y scale: 1.7 mlv/mm

=155 cumm 3= 12,35 % 106 ergs. x scale: 110 pMsec/um,y scale: 3.5 mlv/mm

z T - Lo} 6 -
i= P cumm E=9,3 x 10 ergs. x scale: 173 psec/mn,y scale: Q.4 mlv/mm
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165 usec/mm,y scale: 26
e

141 ph sec/mm,

mLv/mm

scale: 16 lv/mm
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Oscillograms of shocks in brass vessel in air, Ifdcrophone inside. Vertical position
with wedge-shaped cavity. 1 - first shock, 2 - second shock, etc.
B = volume of air bubble, E = energy released in blow.
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5) #7 39=42 B= 46 cumn E=11,7 x 10° ergs. x scale: 164 sec/mm,y scale: 6.3 mlv/mm
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8) #33 3~9-42

9) #16 3=-9=42 B = 1.8 cu mn

3 & 42 cu mm

2=11.7 x lO6 erss. x scale:

—
i

123 wsec/mm,y scale: 31 mlv/mm

2= 117 % 106 ergs, x scales 132 |..Lsec/mm,y scale: 32 mlv/mm

bt
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Oscillograms of shocks in brass vessel in air. idcrophone inside. Horizontal
position with slab-shaped cavity. 1 - first shock, 2 - second shock, etc.
B = volume of air bubble & = energy released in blow.

1) #32 3=9-42 B =419 cuam 5 =117 x 100 ergs. x scale: lh3|.:.sec/mm,y scale: 1,7 mlv/mm

2) # 39=42 B =10 cumm E=11l.7 x 10° ergs. x scale: 161 pisec/mn,y scale: 32 mlv,/mm

3) #23 3-9-42 2 =49.2 cumn Z= 1l.7 x 106 ergs, x scale: 152psec/rmn,y scale: 4,0 mlv/mm

e

5) #6 3=9-42 B = 10,9 cu am 5 = 11,7 x 10° ergs. x scale: 130fLsec/mm,y scale: 30 mlv/mm
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6) 10 3-9-42 B = 6.4 cumm D =11.7 x 106 ergs. X scale:

157 hsecs/mm,y scale: 24 mlv/mm

7) #21 39-42 B = 3.15 cumm I = 11,7 x 100 ergs, x scale: 148 psec/mm,y scale: 33 mlv/mm
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Oscillograms of shocks in brass vessel in water,

dcrophone inside and outside (Nos. 8, 11,
12 and 13). Vertical position., 1 - first shock,

2 - second shock, etc.
B = volume of air bubble. & = energy released in blow,

5) /10 12-26-41 B = 11,1 cu mu & = 8,1 x 10° ergs x scale: 52pMsec/mu,y scale: 28 mlv/mm
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B 127 x 106 ergs x scale: 58 pMsec/mm,y scale: 27 mlv/mm
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8) #3 12-29-41 B = 0,60 cu am &= 12.5 x 106 erzs x scale: 63psec/mm,y scale: 47 mlv/mm

w AT \TA\AN c

SAF TV

~11) #5 12-22-41 B = 0.065 ca mu E = 65 x 10° ergs x scale: 72psec/mm,y scale: 26 mlv/mm
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13) #2 12-19-41 B = 0.004 cu mm E = 13,4 x 106 ergs x scale: 81 psec/mm,y scale: 38 mlv/mm





