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ABSTRACT

1. Theories on the dynamics of cavitation are critically
examined, and are found t0o need clarification.

2, The contents of a bubble formed from a submicroscopic
nucleus are agreed to be almost entirely water vapor,
This water vapor 1s shown to be unable to offer decisive
resistance to inward flow during the finite vortion of
the collapse.

3. The effect of compressibility of the liquid is analyzed
in detail, It is found to reduce velocities noticeably,
but does not, in itself, eliminate the anomaly of an in-
finite collapse velocity as the bubble radius approaches
zero, The pressures In the fluid surrounding the bubble
are found to be markedly reduced by the assumption of
compressibllity.

4, Energy is found to be continually transported inward
during the collapse period.

5, The mechanism of rebound‘of a compressible liquid is
examined when the bubble collapse 1s arrested by an im-
movable barrier of finite radius. A shock wave is formed
followed by a tension wave responsible for rupturing the
ligquid,

6. The shock wave is estimated to carry off 47% of avail-
able energy, and limit rebound to 81% of former size.

7. The maximum pressure in the outgoing shock wave is
found to be incapable of damaging a metallic wall when

the point of collapse is not on that boundary.
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I INTRODUCTION

Cavitation 1s a phenomenon which has attracted a
great deal of interest and attention during the last
thirty=five years because of its important effects on
hydraulic machinery, reduction of efficiency of tor-
pedo propellers, and the increase in drag of high speed
underwater missiles associated with cavitation. 1Its
appearance reduces the efficiency of the machine and can
canse severe damage,

The property of ligulds responsible for these oc-
curences is boiling, or the ablility of the liquid to
transform into vapor at localized regions, Thus when
cavitation occurs, there are two phases of the liquid
present similtaneously in a limited space., In the usual
case, masses of bubbles form at one locality and collapse
in another as the liguid moves through the system. This
process ls extremely complicated and not subject to very
satisfactory analysis, though Ackeret (1)% has made a
notable attempt,

The practlical consequences of cavitation cannot
be too strongly emphasized, The direct result of allow-
ing severe cavitation can lead to rapid damage such as on
the propellers of the French blue ribbon ship Normandie,

which needed repair every fourth trip across the Atlantile.

% Numbers in parentheses refer to Bibliography.



A reduction in efficiency accompanies this damage al-
though 1t is unusual for a machine %0 be operated for
long pericds of time in the low efficiency range for the
sake of high output.

However, the price of aveilding cavitation is zc-
cepting a minimum limit to local pressure, or a maximum
linmit to veloecity, depending upon the point of view. This
means that a hydraulic machine must be larger and run at
a lower speed to accomplish a glven duty, Thus the price
of the physical equipment plus the installation space
required all increase, simply because the liguid insists
on boiling if given the opportunity.

There 1s one well known application, however,
where cavitation is encouraged for a speclfic purpose,
Condensate pumps in steam power plants are so located that
cavitation wlll occur at the impeller inlet whenever the
water levzl drops to a predetermined level in the con-
denser. The pump thereby eliminates a difficult and
expensive regulation, controls the amount of water in
the condenser by cavitation, and runs at lower power con-
sumption than if 1t were throttled on the high pressure
outlet line, The fact that damage is quite tolerable 1is
attributed to the low output head of such pumps.

As has been observed frequently, cavitation may

occur in many forms and degrees of intensity. Thoma (2)



was aware that an index of cavitation was desirable and
proposed the cavitation parameter ¢, This parameter
was written for use with pumps, but has the disadvantage
that varlations in parameter occur from pump to pump and
the definitions are not standardized,.
B -7

4 F

7 =

where Pg suctlon pressure of pump
Pv vapor preséure of liquid corresponding to its
temperature
4 P pressure rise obtained from suction to dis-
charge at the best efficliency point of pump

As written for the flow of liguld about a submerged body:

A = M’g-’z
Zry
where Py vapor pressure of the liguid at 1ts temperature
Py static pressure
Vo, uniform flow velocity a distance from the body
Jp ligquid density
Plesset {3) points out that three distinet regimes
of flow are encountered which may be qualitatively cor-
related by the cavitation parameter K, The first regime,
when K is large, is non-cavitating flow which consists

of the liquid phase only, Compressibility effects are



negligible and the principles of analysis are well known,
If K is made smaller a state of flow is attained in
which a relatively small number of bubbles form next %o
the boundary of the submerged body. This is taken to be
the second regime oi flow, where the Tlow pattern es=~
tablished in non-cavitating flow is not apprecilably dis=-
turbed by the presence of a few lsclated bubbles.

As K is further reduced bubbles are formed in
increasing numbers until they merge into a large bubble
mass and eventually form a large slingle cavity. This
latter state, which is regarded as Regime III, may be
called Cavity Flow and involves a major change in the
flow pattern from the non-cavitating regime. If X 1is
reduced more, the cavliity merely increases in size,

Most cavitation ressarch, which has been con=-
cerned with flows whilch cause physical damage, has been
performed in Regime II and extended into the transitlen
to Regime III, Such descriptive terms as "incipient cav-
itation” and "pluming cavitation® have been applied to
the observed phenomena,

The discussion to this point has been concerned
mainly with steady flow of ligquld relative to a single
bedy. It is necessary, however, to point out that the
word cavitation is very broad ln general meanling and has

been used to describe many different phenomena involving



fwo phase regions in liquid motion.

Some examples of various types of cavitation
observed are lis ted below:

2, The cavity formed when a misgile enters the
surface of a body of water.

b. The cavities formed by the trailing vor-
tices from propeller tips and hub.

c. The cavity formed about a high speed body
in liguid when complete separation occurs.

d. The cavities formsd at a vibrating boundary
of a liquid mass.

e. Cavities formed at a rebound of a liquid
impact against a surface.

The studies made in this paper are concerned with
single isolated bubbles, and the vital role of compressi=-
bility in their life history. Hence the results can bs
applied only approximately to Regime II.

This work was engendersd by the Hydrodynamics
Laboratory at the California Institute of Technology,
where the techniques of high spesd photography developed
and used in conjunction with the High Velocity Water
Tunnel made possible the most detailed information yet
available on the phenomenon of Cavitation. These data
have inspired new theoretical work to extend knowledge

of the life history of a bubble.



It was felt that a critical analysis of previocus
work on cavitation bubble dynamics would be a useful
addition to cavitation literature in the English language,
Nowotny (4) published a thorough but brief book in German
on cavitation erosion, whiech has an excellent bibliography.
The David Taylor Mocdel Basin (5) gathered a thorough
bibliography on the subject. However, no analytical
study of previous work on bubble dynamics has been com-
plled, Therefore, the first portion of this thesis is

devoted to a critical summary,.



THE BUBBLE COLLAPSE PROBLEM

I. The Beginning of the Problem

A study initiated in England in 1915 by the Pro-
peller Subcommittee of the Institute of Naval Architects
because of the troubles encountered with warship pro-
peller damage started regearch work on cavitation. The
interest aroused by this phenomenon has not abated in the
lagt few years since no details of the problem have been
golved conclusively. On the contrary, several schools of
thought have been formed, each presenting its individual
theory.

The Propeller Subcommittes was commissioned to
study the causes of severe pitting on the surface of pro-
peller blades. The report (6) published by them stated
that the causs of this pitting was the localized repesated
hammerihg that resulted from the collapse of small cavi=-
ties in water directly on the blade surfaces. This phe-
nomernon was captlioned cavitation, & name which has re-
mained dominant in the literature.

An experiment was performed tc substantiate the
statements made 1in the report. A submerged hollow cone
with its apex completely filled with water was lowered at
a uniform velocity. Its downward motion was suddenly ar-

regted by a mechanical stop, but the liquid inside was



restrained only by small pressure forces. The water there-
fore continued in its downward motion, separating from the
inside surface of the cone at its apex, thus forming a
cavity in this region. Due to the effect of the pressure
gradient, the bubble grew to a maximum size and subse-
guently collapsed.

A metallic plate was retained over a small apsr-
ture at the cone apex where ths inrushing water, closing
the cavity, would strike it at a small diamster cross
sectlon. By this means, the experimenters were able to
shear circular slugs out of plate. Calculations based
upon the shear sirsngth of the plate showed that pres-
sures of the order of 300,000 psi had been exerted on
the plate surface. By the fact that a finlite surface had
been presented to the water, they reasoned that the pres-
sures would be much higher on an infinitesimal surface or
region encountered in conplete collapse. Hence pressures
sufficient to damage most materiale have been discovered.

An analytic scolution to the prodlem was brought
forth by S. 8. Cook (6) and Lord Rayleigh (7) inde-
pendently, propoesing the following idealized problem.
Suppoge a spherical region of a liquid were suddenly
annihilated. If the pressure at a large distance from
the cavity were constant and greater than the presgsure

ingide, then the cavity would close under the influence



of the pressure gradient. Thes solution which results
when the fluild density is counstant and when the pressure
inside the bubble is constant hags a singularity at the
origin, r=o and the velocity tends to infinity as the
radius of the bubble wall becomes smaller.¥* It was

noted that the velocity was independent of abgolute bubble
gize bhefore collapse.

Cook then proposed that an incompressible bhall
be inserted into the cavity and the instantaneous elastic
pressure of contact be calculated, assuming the liquid
to be compressible the moment contact commences. The
pressures calculated approached infinity as the bhall
radius approached zero, since it was calculated on the
basis of the forementlioned analysis.

Though this calculation wag based upon a pursely
artificial hypothesis, the results were =atisfying inso-
far as they showed that very high localized pressures
are feasible in a liguid as a cavity collapses.

Infinite pressures were disturbing, howsever, be-
cause any ohysical phenomenon has a finite limit if only
enough vertinent data can be included in the analysis.
The pressure distribution equations as written by Ray-

leigh for the case of an incompressible fluid are not

#See Section 3:1 for discussion of this solution.
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intuitively acceptable because the high spherical con-
vergence near the origin causes high pressures which are
felt instantaneously at infinity., This produces inordin-
ately high pressures at large distances from the origin,
while nevertheless properly satisfying the condition of
constant pressure at » =00,

Furthermore, the pressures produced in the neigh-
borhood of the bubble wall as 1t collapses led Rayleigh
to state that his original assumption of incompressibil-
ity was violated when the bubble became fairly small, A
calculation considering compressibility is to be desired,
because the compression of the liquid requires energy,
which is then subtracted from the total supply available,

leaving less to form velocity.



II, Review of Previous Research Work of

Primarily Experimental Nature

2:1, Trend of Research after 1919

The work of Parsons (6), Cook (6), and Lord Ray-
leigh (7) demonstrated quite forcibly, despite some draw-
backs, that mechanical action due to closure of cavities
in the 1liquid was responsible for severs damage to
materials used in hydraulic equlipment, Whereas many
theoretical questions were still unanswered, the immedi=
ate practical problem in the years following was to find
materials most suitable for use where cavitation was

expected.

2:2, HNature of Cavitation Attack

Damage to materials was immediately divided into
two categories: (1) Eroslion due to mechanical action
only. (2) Erosion due t0 a combination of chemical
action plus mechanical removal of material,

It is clear that ordinary corrosion will pro=-
ceed at an accelerated rate 1f some mechanical action is
available to remove the products of chemical attack as
soon as they are formed, and thus prevent attainment of
a chemical equilibrium. This process 1s the exact
opposite of corrosion of Aluminum in alr, whose oxide

forms a tightly adhering layer which excludes air from
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further contact with the pure metal. Thus materials
susceptible to corrosion are naturally excluded from
application, since cavitation will surely accelerate the
rate of damage. Recently Petracchi (8) has shown that
reduction in attack can be obtained by use of eathodic
protection methods.,

To show that mechanical action alone is sufficient
to cause severe damage, a large number and wvariety of
tests have been performed where corrosion is infinit-
esimal and thus mechanical action mast account for the
damage. This type of evidence is found in almost every
report, from the earliest investigations by Fottinger (9)
on glass, down to the present day, In fact, some of
the more modern tests of cavitation resistance are con-
ducted with intense action in such a short time that
corrosion does not find time to act.

In addition to these direct tests, mic¢roscopic
examination of the structure of a specimen expossd to
cavitation reveal the effects of mechanical action,
Boetcher (10) reports a work hardening of the surface
layer with the appearance of surface cracks typical of
high pressure blows., Further, he remarks that the rough
and pitted surface suggests the hammering or removal of
tiny pieces of metal., Most investigators of metallic

gamage reach the same conclusions, according to Vater



{11). Mousson (12) bases many of his conclusions upon
the mechanical impact of the liguid, and recognizes the
strain hardenability of a material as an important

factor,

2:3. Test Apparatus

The apparatus used for testing can be separated
into two general classes: (1) Those seeking to repro-
duce cavitation in a form similar to its occurrenee in.a
hydraulic machine; (2) Those seeking to produce an im-
pact of liquid against a test spscimen in order to study
the effects on the specimen and modes of damage. The
devices grouped under (2) were first evolved to allow a
more rapid means of evaluating the erosion resistance of

various materials,
a. Venturi and Water Tunnel Apparatus

The most natural step in studying cavitation i1s
to reproduce it in the laboratory under conditions so
cantrolled that actual effects can be simulated. The
Venturl and/or Water Tunnel fulfill these requirements
guite satisfactorily, the principal distinetion between
the two normally being whether cavitation is produeced on
the wall or whether 1t is produced on a body inserted at

the test section,
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The Venturi with glass walls was the first
device to demonstrate forcibly that mechanical hammering
was the primary cause of cavitation damage. These glass
walls were found by Foettinger (9) to be etched in the
region where the bubbles disappeared or collapsed.

Since corrosion could certainly not account for the
damage, blows of high intensity must have attacked the
glass.

The Propeller Subcommittee of 1915 under Parsons
and Cook (6) employed a Venturi Water Tunnel with glass
walls to study cavitation. The specimen was in the form
of a rod mounted in the center in such a way that the up-
stream snd wag located in the Venturi throat.

Foettinger (9), Schroeter (13), (14), (15),
Ackeret (1), de Haller (16), Hunsaker (17), (18), and
many others have alsc used this type of equipment in
many varied forms.*

The principal digadvantage of a Water Tunnel or
Venturl became apparent from the first. Parsons and
Cook (6) report that the rate of damage is comparatively
slow, even when the throat 1s cavitating quite heavily,
This experience is borne out by subsequent investigators

and was a great handicap in the work of rating materials

*A tabulation of investigators and a few notes
on their squipment ig included in Table I.
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on their ability to resist damage, Studies were made by
Huhsaker (17) (18) to determine the nozzle proportions
producing the greatest damage while Schroster (13)
developed a nczzle-impingement combinatlion which he
claimed lncreased the rate of damage ten-fold, Never-
theless more rapid methods were sought.

Another disadvantage was that an individual
bubble or bubble mass formed and collapsed so gquickly in
a water stream of high veloclty that detalled studies of
the mechanlsm were exXtremely difficult, This inhibited
fundamental studies in favor of more direct practical
results. However, a recent report by Knapp and Hollander
(19) indicates that new resolution is available by means
of photographic techniques offering frame speeds up to
30,000 per second.

. Impact Wheel or Wasserschlag Tester

The Wasserschlag testing machine first used by
Bonegger (29), accelerated the resistance rating of
varions materlals against erosion, The mechaniecal
features are illustrated in Figure I. A wheel with arms
is so located that, as the wheel rotates, these arms must
pass through a small stream emitted from an adjacent
orifice., Thus each time a rapidly moving arm strikes

the pencil of water, a broadside lmpact against the side
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of the stream is produced. Each arm mounts a small test
specimen at the proper point to contact the water stream
and be ercoded Dy these impacts,

This type of tester was subsequently applied by
a number of investigators, the most notable of whom were
Ackeret and de Haller (21), Schwarz and Mantel (22) and
Soderberg (23).%

In these machines the mechanism causing erosion
is vastly different from that in the Venturi tube, Here
a ready made, controllable impact is substituted for the
dynamic impact arising from the closure of cavitises pro-
duced somewhat upstream, The rate of erosion can be
readily adjusted and reproducible test results are

secured at a rate superior to that of the Venturi.
¢, Vibrating Specimen Tester

In his 1935 Progress Report Hunsaker (18)
includes some remarks about a new vibratory methed of
testing cavitation damage developed at M.I.T. In a
subsequent paper Schumb, Peters, and Milligan (24) de-
seribe this equipment (Pigure 2), the operation of which
is based upon the magnetostriction property of nickel as
applied by Galnes (25) to obtain a powerful source of

L tabulation of investigators and a few notes on
their eguipment is included in Table II,
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sound.®

The heart of the apparatus 1s a nickel tube,
supported In the middle only, cut to such a length that
its fundamental frequency of longtitudinal vibration is
in the range desired. 6,000 to 8,500 cyecles per second
appear to be satisfactory to produce intense mechanical
damage. The center portlon of the nickel tube is sur-
rounded by colls connected to an electrical oscillator
capable of producing an alternating magnetic Ffileld of
great Intensity and of the required frequency. When the
oscillator is tuned to the natural frequency of physical
vibration of the nickel tube, the amplitude of motion at
the free ends of the tube becomes remarkably éxtreme,
Since this occurs in the condition of resonance, the
power required to maintaln this state is small,

One end of the nickel tube is then equipped with
a device to mount various speclmens to be tested, and
this end is subsequently immersed in the test liguid.

In its simplest terms, this type of tester pro=-
duces cavitation bubbles because the pressure gradients
available in the liquild are not great enough to permit it
to follow the specimen as 1t accelerates away from the

mass of liquid., As in all sinusoidal motion, the spscimen

*A tabulatlion of investigators 1s also shown on
Table III,
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is shortly decelerated and its direction reversed for
the inward stroke, The liquid boundary, which has been
accumulating velocity in an attempt to follow the specimen,
now rapidly overtakes the piston and an abrupt collapse
occurs directly on the surface. When the acceleration 1is
inward, the liguid is pressed firmly against the specimen
suppressing any tendency for the bubbles to reopen.

Rightmire (26) consitructed a magnetostriction
tester which placed the specimen at the bottom of a
closed vessel containing the liquid, thesreby obtaining
a greater hydrostatic pressure over the specimen, The
Edgerton photographic technique was applisd, and fairly
clear photographs were obtained of the repeating bubble
pattern at different times in the cycle of specimen
motion, The bubbles were reported to form once during a
limited portion of the cycle, and remain closed the rest
of the time, A theoretical derivation of collapse pres-
sures based upon acoustic theory and an observed number
of bubble sizes and locations was made.”

The magnetostriction vibrator was a great boon
to the study of material damage and modes of damage, The
equipment required is small and relatively inexpensive,
Great intensities of collapse can be generated, and thus

erosion proceeds at a rapid rate, facilitating wider

*See Sectlon IIT for fuarther discussion,
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studies.

It is to be noted, however, that there are some

striking differences between cavitation produced by a
vibrator and that caused by localized low pressures in

flow processes. Since no transverse flow is involved,
the bubbles collapse on the gspot where they were formed,
furthermore, the bubble pattern is normally stationary;
that is, a bubble will form and re-form at the same spot
relative to the specimen, subjecting the same spot to
repeated blows, In the Water Tunnel, individual bubble
collapses are diétributed at random over the collapse
reglon,

There 1s some guestion regarding the effect of
energy input from the oscillator to the mass of liquid
surrounding the area where cavitation occurs. Rightmire
{26) discusses this matier, as do Kornfeld and Suvarov
(27) who observe a peculiar phenomenon called "dancing
bubbles," which detach from the surface of the vibrating
specimen and move erratically through the liquid. This
apparently indicates a forced vibration of the body of
the liquid, but its effect has not been explained

satisfactorily.

2:4., Other Experilmental Work

Some work has been done which does not f£it in



the usual categories but whlich raises some interssting
guestions.

a, oSurface Tension and Adhesion

In the process of examining the effects of sur-
face tension and also the effect of oil in the water,
Van Iterson (28) found that a bubble forms an angle of
contact with an oily boundary surface distinctly dif-
ferent from the angle of contact with a clean surface.
On a clean steel surface, the angle wag measured to be
22%0, but when the surface was heavily greased with
vaselineg, the angle lncreased to 900, indicating much
greater tenacity for the wall.

Van Iterson utilizes this fact to explain
gerious cavitatlon damage which was sxperienced by a
pump which opsrated in olly water after testing satis-
factorily in clean labvoratory water. He suggests that a
bubble which has a small angle of contact may be washed
into the main current of flow and away from ihe boundary,
whereas a2 bubble with a high angle of contact caused by
greasy surfaces will continue to adhere tightly until it
collapses directly on the wall. The second bubble 1s
accused of perpetrating erosion damage, and it is to be
noted that Stepanoff (29) agrees with this contention.

It seems possible that two lines of study could



lead to favorable results. (1) Coatings should be
found which hold the least attraction for bubbles. (2)
Methods of displacing the bubbles away from a boundary
ghould be studied. Perhaps devices analogous to slots
used in aircraft wings would be effectivs.

b. Precompression and Penetration of Materials

Poulter (30) performed some interesting experi-
ments on the penetration of liquids into solids under
unusgually high pressures. If the molecules of the
liquid were not too large, an actual infiltration ap-
parently took place when pressures of 50,000 Atm. were
applied for five minutes or longer.

When he allowed five minutes for the liquid to
enter the solid (e.z. glass), and then suddenly released
the pressure, the material was broken in pieces. If the
time were extended to twenty minutes, sudden release
caused instant shattering. On the other hand, if he
reduced the pressure gradually, no effect was obssrved,
the liquid apparently having time to diffuse out of the
material. It was not clear whether he suggested that the
high impact pressures in cavitation caused demage by a
similar process, but these means appear unlikely in view
of the short time intervals available during the collapse
period.

The most interesting item he msntions, from the



point of view of immediate application, is a protective
treatment which reduced erosion damage., He applied high
pressure for some time to a speclmen immersed in paraffin
0il and submitted it to a vibratory erosion test. This

sucecessfully reduced erosion, but he mentions that the use

of a "special material" producing a layer of adsorbed
molecules on the surface was more effective, No further
detalls are given, but an avenue of investigation is

opened which should not be lgnored,

c. DOsborne (31) conducted tests in which he
studied the pressure pulse emitted from single collapsing
bubbles, He constructed a clossed vessel with sylphon
bellows attached which would increase the volume in the
vessel when stretched by an external force. The stretched
bellows exerted & pressure on the liquid when they were
no longer restrained. Osborne allowed a small alr bubble
to form at the top of the vessel, which was filled with
de=-nerated water, and then expanded the bellows, which

enlarged the pocket and evaporated water into it., At a

given insitant, he released the bellows, and recorded the
pressure pulses striking a pick up in the liquid as the
cavlity collapsed.

Osborne noted a strong correlation between the
peak pressure recorded and the ratio of initial volume of

the bubble to the original air bubble. There is also an
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audible method of distinguishing large ratlos from small,
Above é certaln ratle, the alr has a strong cushioning
action, and the collapse 1s characterized by a "thud";
below, it has a distinet "elink". It 1s interesting to
note that when experimenting at small air bubble sizes,
several of Osborne's pyrex cover plates were broken, and
he had to change to brass,

In addition he notes a periodicity, which he

likens to the perlodiclity found in underwater sxploslons.
d. Shock Wave Cone

The cone type shock wave tester used by de Haller
and Ackeret (21) consists of a chamber which is com-
pletely filled with ligquid., The major portion is cy-

lindrical to accomodate a piston; the other end tapers
conically to a half that dlameter, The piston is struck
regular blows at the rate of 16 per second by an ailr
hammer, and thereby produces a sheck wave which travels
to the other end, is intensified by the conical sectlon
and finally strlkes a test specimen held tightly in
place,

The authors calculate the Intensity of this wave
and then proceed to measure 1t by means of the crystal
plick-up described briefly in Section II, 5, d. Values

of about 6,000 psi are obtained under the same con-
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ditions that damage the specimens severely, Criticism

of these values has been made on the basis that cavita-

+ion cccmred after the reflectlon of each shock wave from

the specimen surface,

2.5, Discussion of Results

a. Resistance of Metals to Damage

The most tanglble direct results which have been
obtained from the squipment previously described are the
relative rating of materials according to their erosion
resistance, Data are qulte plentiful today on this
subject, since many of the investigators guoted in the
pibliography devoted considerable time to thls study.

It is quite remarkable that the ratings conferred
by the various tests agree as well as they do, but of
course the valldity of the Impact Wheel and Vibrating
Specimen tests depend upon that experimental agreement.
Those discrepancies which do exist are minor in nature,
and are sometimes attributable to differences in the
effect of corrosion or metallic crystal structure. Their
primary purpose, excepting the steam turbine blade
investigations of Soderberg (23), has been the acceler-

ation of damage in order to produce comparative results

%See poulter's (39) remarks in Section II, 5, d.
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in the most efficisnt way.

There have been no precise correlations between
erosion resistance and the physical properties of
materials, but some definite trends have been observed.
Resistance increases as the strength of the material in-
creases, a trend to be expected. Schroeter (13) mekes
this observation as does Mousson (12) in stating that
the primary wridbles are Tensile Strength, Yield Strength,
and Patlgue Strength. Excéptions are due to the fact
that other proPerties such as corrosion resistance, grain
slze, and strain hardenability are also quite important.

Boetcher (10) thinks that surface hardness is
very important, and that a thin layer of very great
hardness is preferable, and Mousson agrees. Soderberg
{23) shows high resistance to pitting with very hard
materials and indicates particularly good success with
stellite coating, which is extremely hard, Of course
general uniformity, and lack of cracks and soft con=-
stituents which can be readily removed are necessary to
good erosion resistance., Ackeret and de Haller (21)
observe the preliminary removal of graphite from gray
cast iron before general attack begins.

Most investigations have been made with metallie
materlals, whose modulus of élasticity is very high com-

pared to a substance like rubber. With the thought in
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mind that the greater deformability of rubber would
greatly reduce the stress induced by cavitation blows,
such ceoatings have been proposed by Mousson.% They have
performed satisfactorily for a short period of time, and
then suddenly peecled and disintegrated. Postmortems
revealed that the apparent cause of failure was the ex-
cessive heat gensrated in the layer, Thin layers, whose
heat could be conducted away rapidly, were mach longer
lived than thick layers, so one would belleve that the
new rubbers with high thermaliconductivity would be even
better. A lins of investigation likely to net some
direct results appears possible hers, together with
Poulter's (30) suggestions on penetrating liquids which

seal up "pores”,
. Intenslity of Attack

In the usual case, erosion is mild as cavitation
commences, and increases as the number and size of the
bubbles increase, The rate of damage reaches a maximum,
however, and further increase in bubble volume decreases
the intensity of attack. When Regime III, Cavity Flow,

is reached, damage is generally small,

It 1s a recognized fact that the addition of air

*See discussion on Poulter's paper (30).



will attenuate erosion damage provided some means are
available to allow the air to form tiny but not sub=
microscopic bubbles, However, completely dissolved air
does not reduce damage. Hunsaker (17) reported that,
when he used a2 Venturi with a long throat to prolong the
bubble incubation periocd, the consequent damage was less
gsevere than with shoriter throats. The apparent cause of
this effect is the greater time available for diffusion
of air to the interior of the bubble, which finally re-
sults in a greater cushioning on collapse.

Kerr (32), who used the vibratory method of test-
ing, indicates a variation in damage caused in water
depending upon the temperature, reaching a maximum at
moderate temperatures of 30°C for Brass and 50°C for
Stesl. Mousson (12) found a general incresase in rate up
to 30°C. Kerr theorizes that at low temperatures the
comparatively large air content of water softensg the
blows, while at higher temperatures the relatively high
vapor pressure allows more vapor to form and cushion
the blows.

Notably, there sesms to be much less work on the
damage associated with liquids other than fresh and salt
water, Of interest is Poulter's experiment with absolute
alcohol, which preserved the iron chips removed from the

test specimen free of corrosion. 3Briggs, Johnson, and



Mason (33) study other liquids but are primarily inter-
ested in minimum allowable pressures before cavitation

commences,
c. Pressure a2t which Cavitation Bubbles Form

There is widespread agreement that, in ordinary
clean water, the development of cavitation bubbles to
visible size occurs very close to the vapor pressure at
the existing temperature. Ackeret (1) obtailned especially
nice pressure distributions in the Venturi section uéed
and checked vapor pressure quite closely. EKnapp and
Hollander (19) check these pressures by extenslve measure-
ments on a model in the Water Tunnel, as does Rouse (34).

The new Venturl meters used af the Hydrodynamics
Laboratory have an entrance contour which 1s very care-
fully designed according to the work of Tsien (35) to
minimize the growth of the boundary layer and inhibit
separation, The point at which cavitation occurs is very
close 0 the liguid vapor pressure, and 1s remarkably
reproducible,

In contrast to the ecare taken in more recent
times, some Venturi test sections used in the past have
rather drastic sntrance profiles. In addition, some
investigators such as Van Iterson (28) and Bottomley (38)
apparently did not consider the nonuniformity of pressure

from the boundary of the nozzle to the center line due



to curvature of the flow, Rouse (37) presents the
equations nicely and shows, for steady flow, that the
pressure gradient normal to the streamline is represented
by the following eguation:

% _ it
20~ fr

where n - coordinate normal to the streamline positive
toward center of curvature

v - fluid velocity at a point

r - radius of curvature of streamline

P - pressure at a polint

If the liquid approaching the contraction has
approximately constant energy across the pipe, then con-
sideration of Bernoulli's equation for steady flow shows
there will be a considerable pressure deficisncy at a
nozzle wall which is curved sharply inward, as compared
to the pressure at the center of the nozzle. This con-
clusion is veriflied by a general theorem of perfect fluid
Tlow, which states that extremes of veloeilty and pressure
must always occur at the fluld boundary.

Van Iterson (28) and Bottomley (36) state that
bubbles form at pressures of one~half an atmosphere and
more, and therefore contain alr. These conclusions ars
Pased on calculated values of the pressure at the throat.

Unfortunately they do not show these caleulations, but



from the magnitude of these values and the appearance of
thelir nozzles, one may infer that the effect of flow
curvature was neglected. Bottomley even ignores, without
further explanatlon, pressures of the order of vapor
pressures he measured near the wall where bubbles form.
These anomallies reduce the value of their further con-
clusions discussed under Collapse Theories and the In-
terior of the Bubble.¥®

The conclusion that bubbles form at the liguid
vapor pressure is based upon "normal" conditions of clean
water saturated with air at atmospheric pressure. An
important factor is the time that the liquid spends in
the region of reduced pressure. Briggs, Johnson and
Mason (33) find that when liquids are degassed, their
natural cohesive pressure becomes effective, and they
will stand the considerable negative écoustic pressurs
of several atmospheres. Thig is notably a short tinme
process, and they show that greater tension can be ob-
tained when the tension pulss time is less than twenty
milliseconds.

On the other hand Hunsaker {(17) tested bubble
formatioh over an extended incubation period in a long

throated Venturi, and found the pressure for inciplient

“#S8ce Section 3:3



cavitation was somewhat increased for water saturated
with alr, dus to air release., Thus tiny air bubbles
acted a8 nuclei for the formation of a vapor bubble at
pressures about twice vapor pressure.

Plegget (3) discusses the initial formation of
the bubble, and points out that the present view is that
it is born from a nucleus in the liguid consisting of air,
vapor, or even solid matter. Thess nucleli are frequently
submicroscopic in size, but the abssence of such nuclei
meang that very large forces of surface tension amounting
to about 10,000 Atm. must be overcome to start cavitation
or boiling. Recently Harvey (38) as well as Pease and
Blinks (39) have shown experimentally that water satu-
rated with air also has high tensile strength, provided
it is denucleated. However, according to Plesset and
Pease, ordinary water presumably contains gas nuclei
which are stabilized on tiny particles of solid matter.
The low energy assoclated with the surfaces of the solid-
gasg-liquid system accounts for the ready cavitation of
ordinary water at liquid vapor pressurs.

Harvey and Pease both note that solids may be
classed as either hydrophilic or hydrophobic. The latter
have a low affinity for water, and will always serve as

starting point for cavitation in the absence of gas

nuclei. Greasy surfaces are notably hydrophobic,
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d. Pressures Encountered at Collapse and the

Mechanism of Damage

The greatest controversies in the investigation
of cavitation center about this subject. The entire
process of attack takes place in such short individual
time intervals that only recently has there been an
approach to observations which hold promise of showing
many details of the mechanism, For this rsason, many
hypotheses used in analysis have not been subject to
challenge, and hence a rsconciliation of theorles has not
been possaible.,

At the inception of serilious study of the subject,
Cook (8) and Rayleigh (7) demonstrated by analytical
methods that, within theilr assumptlons, extremely high
locallzed pressures were certain to occur in the liquid.
Iater theorists often disagreed with the validity of the
assumptions, and each followed his individual hypothesis
to a unigue conclusion, some of which indicated moderate
impact pressures of less than 30,000 psi, The conglomer-
ation of collapse theories will be discussed in Section
111,

Those Investigators who used the Venburl testing
apparatus have generally been satisfied with the in-
ductive reasoning process which concludes that high

locallzed pressures must exist because even the strongest,
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hardest materials can be severely damaged., The physical
destruction and itsg pitted appearance, plus the con-
vincing arguments of Cook (6) and Rayleigh (7) have
attractsd a large number of adherents to this theory.

The results of the mic¢roscopic examinations made
by Boetcher (10) and Mousson (12) suggest high pressures
bacause of the metallurgical sffects obssrved. Work
hardening implies that considerable plastic strain has
taken place requlring pressures appreclably greater than
the elastic limit, of the order of 200,000 psi for
hardened steel. Picturss of chips partially removed,
showling exXtreme localized strains, are convinecing, as is
Cook's (6) cone test.

General agresment on the mechanism of attack was
gsecured until de Haller (16) and later Ackeret and de
Haller (21) calculated impact pressures on the Impact
Wheel tester according to the well known acoustic one-
dimensional equations. Their values varied according to
the specimen's linear velocilty, buit calculated pressures
of 14,000 psi to 18,000 psi produced considerable damage
in the tests previously conductied by Schwartz and Mantsl
(20). PFurther investigations by Ackeret and de Haller
showed that the threshold of appreciable damage occurred
at 6,000 psi calculated value.

A piezo-electric pressure pick-up utilizing
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pistons 0.8 - 2 mm in diameter to transmit force acting
through a 1.5 mm hole to the crystal was applied by de
Haller (16) to three different test devices: a Venturi,
an Impact Wheel, and a special conical tester which was
designed to svaluate the damaging effect of shock waves.
The measured values for the threshold of damage showed
pregsures of comparatively low order, namely 4,000 to
10,000 psi,

Thesge published results immediately ralsed a
host of questiong, because they were far below the
endurance limits of the matsrials which had suffered
attack., The conclusions drawn from the experiments by
the authors presented three possible causes for the
erosion:

1. A new mode of metallic attack causes damage.

2. The endurance 1limit to surface stresses is

much lower in water.

3., BSubmicroscopic fissures and cracks allowed

gevere local pressure rises due to converging

gffect on the liquid while at the same time
presenting stress concentrations in the metal
near the surface.

This opinlion on the magnitude of the pressure
impact is also widely held among those investigators who

have used the vibratory tester extensively. Rightmire (26)

calculates pressures of aporoximately 5,000 psi when a
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bubble group collapses against the moving specimen.
Hunsaker (17), in a discussion of a paper by Poulter (30),
contends that the maximum pressures of impact are of the
same order, However, it is not clear what mechanism of
erosion can cause the drastic pltting freguently observed,
except the unmeasurable effect of tiny fissures, as con=-
tended by Gardner (40) in the case of erosion of turbine
wheels by droplets of condensed steam,

Other investigators remain dubious as to the
validity of these low pressure measurements and the as-
sumptlons on which the calculations were based, They
point out that, even 1If the frequency response of the
crystal pressure pleck-up used by de Haller (16) is quite
high, it can measure only the area average of forces
exerted on the 1.5 mm piston., Since the area affected
by an individual bubble collapse is necessarily infini-
tesimal, no indication of the local peak pressures is
obtained. A correlatlion between the measured values and
the microscopie pressures predicted by the one dimension-
al impact theory is not surprising, particularly 1In the
cases of the Impact Wheel and the conlcal shock wave
tester,

The proponents of the high pressure school of
thought such as Cook (41), Beeching (42), and Poulter (30)
contend that the larger effects mask a cavitation which

occurs during the impact process, but which is very
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dgifficult to observe. Poulter, in the aunthor's closure
to discussion on his paper (30), cites a striking ex-
periment which sheds a new light on the cone shock wave
test made by de Haller. The shock waves were produced

by hammer blows in the fashion of the original experiment,
and the erocsion was reproduced, He then applied a static-
pressure of about 6,000 psl to the water 1ln the device,
which 1s equal to the calculated value of the shock wave
pressure, and repeated the test., This time no erosioﬁ
was Giscovered, even though the peak pressure should have
risen to 12,000 psi, The explanation offered is that the
superimposed pressure supressed cavitation occurring-.at
the shock wave reflectlon. Cavity collapse was causing
the damage, as Nowotny (4) also indicates may be the
case,

Thus although the low pressure school has injected
doubt about whether high pressures are necessary to cause
damage, the burden of proof still lies with them, since
only the fissure pressure Intensification and stress con-
centration theory fits previous mebtallurgical data., It
seems likely that high pregsures which are ample to pit
‘any material are created by the collapse of bubbles,
although the impact of droplets with a metallic surface

may cause damage through fissure concentration,
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2:56, Recent Photographlic Results

Xnapp and Hollander (19) reported the preliminary
pesults of photographle observation in the Water Tunnel
at Caltech, By extending and improving the flashing lamp
technique of Edgerion, who took some nice pictures of
cavitation for Huﬁsaker (17) at 3,000 frames per second
in 1935, clear pictures were obtalned at frame speeds up
to 30,000 per second,

The most interesting pictures were taken of
cavitation in Regime ITI on a model with a 1,5 callber
ogive nose and a long cylindrical body. The bubbles
formed were fairly good sized {about .28 in.,max, dia-
meter)} and not crowded, They formed near the bhase of
the nose, and then moved into a higher pressure fiel&
which was practically constant,

This pressure provided the driving force for
collapse, which was recorded in numerous frames until
the bubble disappeared, These data have been compared
with the caleulations of Cook (6) and Rayleigh (7) and
show remarkable agreement, Plesset {(3) caleculated the
growth and collapse curves numerilecally, taking Into
account the variatlons of pressure due to translation
along the model and also surface tension, and obtained
excellent agreement during most of the life history of
a bubble.



Then there appeared a phase in the life of a
bubble which was never before suspected. The collapsed
bubble reappeared and grew to a diameter somewhat smaller
than the original size. This action has been termed the
rebound, and clearly demonstrates that the liquid must
have an apprecliable compressibility at the pressures
egxperienced during collapse, or sufficient energy could
not be stored to cause a2 rebound to go as high as 86% of
the previous siie.

This fact, together with the velocities measured
from the slope of the radius-time curve shows that ex-
tremely high local pressures must exist. Even 30,000
pictures per second leaves an increase in the number of
obgerved points to be desired during the very last stages
of bubbls collapse, when the slope of the radius~-time
curve approaches the vertical. However, the values
measured are as high as 100 feet per second, and there ig
reagon to believe that this velocity continues to in=-
creagse as the radius contracts closer to zsro. If the
sudden impact is calculated by the simple water hammer
equation, the pressure corresponding to 100 feet per
gecond is approximately 6,500 psi, which is below ths
normal endurance limit of most materials.

These results are the beginning of study by a

new powerful tool which offers a wonderful opportunity
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for detalled observation of the life histories of

bubbles under cavitating conditlions.

2:7, Conclusions Based on Experimental Data

a. Damage of primerily mechanical nature is
cauged by cavitation, and therefore a material of high
corrosion resistance may be ssesverely attacked.

b. Tamage occurs in areas where the cavities
collapse, exerting a hammering effect on the walls.
Probably bubbles which collapse a few diameters away from
the wall do no damage.

¢, Rate of attack is low for inciplent cavita-
tion, increases with the number of bubbles formed, and
decreases asg Regime'III, Cavity Flow, is approached.
However, by the time the latter regime 18 reached, the
efficiency of a hydraulic machine is greatly reduced, or
the drag of an immersed body is greatly increased.

d. Collapse of a wapor fiiled cavity can create
a high localized pressure at the point of collapse which
is sufficient to damage the strongest metallic materials.

8. Ralte of damage can be reduced by injecting
air bubbles into the liguid to act as large nuclel for
vapor formation. A cushioning actlon at collapse is
thought to explain this result as well as the reduction

in noiss vroducsd,
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f. In ordinary clean water, either air saturated
at one atmosphere or alr free, bubble formation commences
very close to the vapor pressure of the liguid at the
existing temperature, If small air bubbles already exist
in the liguid or are given time enough to form by dif-
fusion of dissolved air, the pressure corresponding to

bubble growth is increased.



ITI, Previous Theoretlical Studies

3:1, Rayleigh-Cook Solution

The classic work on bubble collapse was done by
Cook (6), who presented a solution in 1917 for the
velocity of the bubble wall, and by Lord Rayleigh (7),
who solved the same problem more completely and ele-
gantly, Considering a spherical bubble in a perfect,
incompressible ligquid of infinite extent, they chose the
origin of a co-ordinate system at its center, and supposed
the pressure at infinity to be constant, If, then, the
pressure in the center of the bubble is zero, or at any

rate constant, the velocity of the bubble wall is:

2 2(B-R) s r7
st SEZR) s R (1)
F /Fr“? 7

where pressure at r =co

pressure inside the bubble

P

i

R Radius of the bubble wall

R, Original radius of the Bubble

i Density of the liquid

The time Integral of this equation may be found
analytically only for the point of complete collapse,

and is written, from the Gamma Function solution:

) rE) ris)
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where 7 period of collapse
The relationship for other times may be written

In the form:

_ n_/i 7
T = 7(/?‘7}/‘?‘)7/&7/;’5:/?} (3)

Knapp and Hollander (19) present a table of the function
77/f2/ , which is also included in Table IV,

’ Lord Rayleigh (17) caleulated the pressure field
surrounding the collapsing cavity by integrating Euler's
equation for motlon of a perfect fluid, When written

for a constant pressure inside the cavity, the equation

is:
P -A g 1 8
= _ <+ RJA, _ L R/R
8-~ 5?/"3’4% 57/#“% R

where r radius to & point

P pressure at radius r

The radius at which the maximum pressure ocecurs
is r = 1,587 R and thus is seen to be in the neighborhood
of the bubble wall,

Tt is to be noted that the velocity of the bubble
wall desceribed by Equation (1) approaches infinity as the

radius ratio ;; becomes small, This, of course, is

o

physically impossible, and it has been suggested that

Several gifferent phenomena might account for a finite
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collapse speed. Compressibility of the liquld, finite
rate of vapor condensation, and finite rate of heat con-
duction could be significant.%

Cook was interested in evaluating the pressure
created by elastic impact when the bubble closed., Since
this pressure 1s approximately proportional to the
l1iguid velocity at the instant of impact, an infinite
velocity means an infinite pressure.

Vihen a cavity closes to zero radius one can
visualize opposite sides of the bubble meeting "head on"
and suffering what is analogous to striking an immovable
wall because of the conditions of spherical symmetry.

To avoid the essential singularity at the origin, Cook
placed his immovable wall at a small finité radius and
called it an incompressible ball, It is possible to
imagine a complete collapse as the limiting case of
collapse on an incompressible ball, as the radius of that
ball approaches zero,

The pressures exerted on the ball by cavity
collapse were enormous when the ratio to the original
cavity size was 0.10 or less., This led many investi-
gators to belleve that pressures capable of severe damage

to any material were possible even if the process were

“See. Section IV for discussion,
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limited by factors not considered in the analysis,

The pressures in the liguid field surrounding the
cavity, which may be found by means of Equation (4), have
many interesting features, The factor whiech is responsi-
ble for infinite velocities is also found here, and
indicates that the pressure at r = 1,587 R and throughout
a great part of the fleld become very large simultane-
ously.,.

Let us suppose that g<<1. Then we may write:

a9
- o) —-— o~ [
eo_/? J 7 7‘4//?.3

If we further suppose we are interested in the

pressure at a point where i =

- K
P&il/—{ﬂ —@_//}%2
=7 I/ R, 77 "5 m e

Thus it is clear that no matter how large n be

chosen, an Infinite pressure wlll be felt the instant
the bubble collapses. Such effects violate the finite
speed of sound and indicate that compressibility must be
considered, Rayleigh stated in his paper that the ex-
tremely high pressures existing in the liguld before
collapse made the assumption of incompressibility un-
tenable, and that a solution considering compressible of

liguids qualities was needed.
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Hollander has presented the results of Rayleigh!s
solution in a very complete form on log paper. These
curves are presented in Figure S

For comparisons sake, Lord Rayleigh calculated the
minimum dlameter which a collapsing bubble filled with
an insoluble permanent gas would reach, 1f isothermal com-
pression were realized, It 1s clear that this size may
be found by equating the external work done by the pres-
sure at infinity, to the energy stored in compression of
the gas, This bubble may be visualized as oscillating
between a maximum and a minimum slze given by the

following relation:

/CD
2 9.4
e 7 //’%f—//

where initial or maximum bubble radius

final pressure of gas
Iecl ¥4

R
R smallest bubble radlus
P
P

pressure at r = 00
Pressures caleculated by this equation are not
nearly as large as pressures found by Cook, This type of
analysis can be extended somewhat by consldering the in-
terior of the cavity to be filled with two components -
water vapor and permanent gas. The pressures exerted by
them may be assumed to be independent, but the temper-

ature of each remains constant for isorthermal com-
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pression,

Thus we may write:
=R +,f?7

where Pv vapor pressure of liguid
Pg gas pressure

We assume that when A= Fp

~ =
g Ty T s
where .»: gas proportion index

By varying»z we may consider a whole family of cases
between 2 bubble filled with pure vapor of infinite con=-
densability and a bubble £i1lled with a permanent gas.

Neglecting surface tenslion and equating energy of
gas compression to work done by the pressure difference,

one can neglect some secondary terms and obtain:

e o = 1B F O of
~ Jm/ﬁ ﬁa‘j

The maximum pressure is, of course,:

F 7
= Ao -~ Ay
Coer =B #m 2 ) Em B (22

A plot of these results for particular values of
a7 1z shown in Figure 4, and it is to be noted that the

indexsn is an extremely critical quantity. As it becomes



less than 0.50, final pressures rapldly bscome exXiremely
largs because of the "delay period" incorporated in the

pregsure function. This effect is illustrated by Figurs
5, which chows the radius through which the bubble must

contract before £ =2 .

The reason for this digcussion is that current
observations by Knapp and Hollander (19) and alsoc Plesset
(3) lead one to believe that the proportion of permanent
gases ineide the bubble is rather small.® Also one is
inclined to believe that the water vapor inside the bubble
doss not deviate far from equilibrium pressure until
interface velocities are of the order of 500 feet per
gsecond. For these reagons, a pressurs versus fi?@ curve
should tend to resemble one for ~» = ,05 where the final
pressure was calculated to be 36,000 Atm. for adiabatic
compression of the permanent gas portion (Figure 4).

This result means that moderate posgitive wvalues
of 2 — 2 which exist during the early part of the
collapss act through a large volume change sincez/:é?ﬂ*/ff
At smaller R, when 42, -/~ 18 negative, only a small
volume change is avallable, and, thus /4 must becoms

enormous to avsorb the kinetic energy in the field. The

polnt whers 4~ = £

=0

, shown in Figure 5, also shows the

surprisingly large ratio of volume traversed to volume

#*Purther discussion will be found in Section IV.
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reﬁaining, for two particular values of .,

It may be argued that the assumptions concerning
the behavior of the bubble contents are not physically
warraﬁted, however, the calculations were made primarily
for illustrative purposes to show the decisive effect of
"delay" in pressure rise as a function of radius, If A
remains less than A2, during a large portion of the con=-

traction, / must be enormous to arrest the inward
IR N .

veloelty.

3:2, Ackereb

BExcellsent experimental work was done by Ackeret
(1) in the Water Tunnel at Gottingen, following Fottinger.
Using a two dimensional Venbturi of gradual profile, he
measured pressures as a function of distance along the
center line of a2 nozzle, At constant water velocity and
varying system pressure, he found pressure distributions
were similar to those caleculated from Bernoulli's
equation when the system pressure was sufficlently high,
However, at low system pressures, he found that the vapor
pressure of the saturated water was a lower limit to the
minimum pressure in the throat.

At system pressures markedly lower than the
critical, where the minimum pressufe in the throeat just
equalled the vapor pressure of the liguid, the pressure

distribution was altered due to the appearance of cavita=-
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tion. The presence of the cavities kept the pressure
constant for an appreciable distance into the diffusor
gsection of the Venturi, at which point a sudden pressure
recovery occurred similtaneously with the dlsappearancs
of the bubbles. The lower the system pressure, the more
severe the cavitation and the more abrupt the pressure
rise.

Ackeret saw in this phenomenon a strong resem-
blance to compression shocks in the flow of gases through De
Laval nozzles, and analyzed the gross effects on this
basis. From the velocity of the liquid and the distance
to the point where the bubbles disappearsd, he estimated
the time of collapse for the cavities to be of the order
of 1/4000 of a second. He then reasoned that the time
interval was so short that the gasses contained in the
bubbles would behave polytropically, and perhaps close
to the adiabatic, He therefore criticized the work of
Cook and Rayleigh, and calculated bubble collapse as-
suming various exponents in the polytropic process eduation,
/’iﬁ%onst.

His results predicted pressures on the order of
2700 times initial pressure and temperatures of 2300° K.
These latter values of temperature excited some criticism
of this work, Consideration in the section on the

Interior of the Bubble (Section IV) indicates that heat

conduction is more effective on water vapor than Ackerst
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supposed, and that the pressure is much more likely to

remain in the neighborhood of vapor pressure until the

final stages of collapse.

3:3, Van Iterson, Bottomley and Surface Tension

As the result of erroneous deductions indiecating
that alr bubbles were formed in cavitating water at pres=-
sures varying from 7 psia to 12,5 psia,® Van Iterson (31)
(32) established the following hypotheses concerning
bubble collapse:

a, The bubble 1ls filled with alr at a pressure
approximately equal to the pressure in the stream,

b, If the bubble volume reduces, this alr offers
no resistance to resorption,

¢, The net force tending to contract the bubble
is due to surface tension.

He then equated the energy avallable from the
reduction of bubble surface area to the kinetic energy in
the liquid fileld, assuming the liquid to be incompressible.
This results in the following equation for velocity:

£ 2
» &£ 2 o= HO—R

Fo A

*See Section 2:5 c.
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where o= surface tension.

In this case, like Lord Rayleigh’s, the velocity
is seen to approach infinity as the bubble closes to zero
radius. Thus all the diff?culties attending Rayleigh's
solution are repeated here by a factor which has here-
tofore besen neglected.

The agsumptiong backing this analysis are open to
challenge, a® pointed out in Sections II, 5, ¢, and IV,
on Experimental Work and the Interior of the Bubble,
respectively. The great majority of experimenters dis-
agree, and consider /; approximately equal to vapor
pressure during the major portion of collapse.

Bottomley (33) enthusiastically accepts these
hypotheses concerning bubble collapse. He regardg sur-
face tension as exerting a pull on the liquid, causing it
to follow and accelerate up to the velocity of sound,
which he considers as the terminal veloecity. These
remarks have apparently been made without recourse to
the methods and principles of non-steady compressible
flow, which clearly indicate that the velocity of sound

is not a barrier 1o higher velocities.*®

3:4, Silver and Heat Conduction

Silver (5%4) developed a theory in which he de-

*Refer to Courant (47), Courant and Friedricks (48)
and de Haller (49).
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pends upon an approximation to the rate of heat removal
during collapse to evaluate an overall average pressure
difference acting on the liguld field during this period.
He apparently assumed that the pressure snd temperature
rise in the cavity are not large, and applied the
Clapeyron equation as if {;gf saturation were inversely
proportional to the absolute temperature only.

He differentiated an expression for the dif-
ferential work with respect to /~ in order t0 find the
pressure which resulted in the maximam energy input.
However, the element of radius that he took to be
traversed to perform that work depended upon the amount
of vapor condensed only, and not upon the motion of the
fluid field, FPFurthermore, the meaning of the overall
average pressure 1s not clear, since 1t is independent
of both bubble wall velocity and radius,

He then stated that the maximum conceivable
pressure would occur if all the energy released during
collapse were stored in compression of the liguid which
is condensed from the vapor originally contained in the
cavity. This portion of the ligquid surrounds the origin,
and at the moment of complete collapse, 1s calculated to

be of radius "b":

j
b = /?,,/_Z!;
y
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where YZ specific volume of liguid at T
v, specific volume of vapor at T

- Since it is at a much higher pressure than the
surrounding water, the liguld ball immedlately expands,
radiating an acoustic wave whose amplitude is computed
according to the well known inverse law.” In particular,
the amplitude is calculated as 1t passes the original
radius of the bubble, /7, , since 1t is argued that this
ig closer than a boundary wall can be located without
completely changing the purely radial flow pattern and
perhaps modifying results seriously.

The pressures which he caleunlates at this radius
are of the order of 20,000 psi, as given by the following

equation:

p= Mpﬂp)/// /p—pm( /J/)

where k bulk modulus of the liquid

Thus he contends that a bubble whilch collapses
one radius away from a boundary wall will emit an
acoustic wave of sufficient intensity to damage that

wall., There are however, a number of questions which

“Lord Rayleigh (43) Theory of Sound,
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mist be answered before these values can be accepted,

a, How muech energy 1s stored In compression of
the liquid field? ILord Rayleigh (1) has shown that the
pressures encountered in the surrounding field are cer-
tainly intense before collapse 1s completed, and require
appreciable compression esnergy.

b. Can the entire energy of the liquid motion
be stored in the immedlate nelighborhood of the origin
the moment that collapse 1s completed? The finite
velocity of sound means that only a portion of the kinetie
energy of motion can be transformed to energy of com-
pression at a given instant, Section VIII shows a de-
tailed study of such a motion,

c., Is the inverse radiation law valid for the
pressures encountered? Wartime studies of underwater
explosions and thelr radliated shock waves show decided
deviations from the acoustic law.”

Work.;n later sectlons demonstrates that these
guesticns may be answered satisfactorily by use of the
Method of Characteristics, and that the values computed
by Silver for the radiating shock wave pressure are high
by a factor of 5.

3:5, Herring Approximate Solution

_
kS

Cole {44), Underwater Explosions.



A solution which considers the effect of conm-
pressibility was presented by Herring (45), but is valid
only to the first order of the ratio of collapse speed
to the velocity of sound. The final effect on the
velocity equation is to add a correction factor to the

Rayleigh soclution:
) K7
. 2 ; 2R -~ A
ﬁ/,+;£/:_ﬁ_fi/_f _]
P jf ,Qj

where a, velocity of sound in liquid at atmospheric
pressure

Wo equation covering the pressure and veloclity
distributions in the field was included.

Since interest in the effect of compressibility
is focussed particularly on speeds equal to and greater
than that of sound, the Herring solution is not of ma jor
interest for cavitation bubble collapse. The exact
solution requires the solution of non-linear differential
eguations, which must necessarily be accomplished by

numerical methods. The Method of Characteristics wasg

developed to meet just such a need.

5:6. Oza Hemigpherical Cavity

In 1945 Oza (46) presented a solution for the
collapse of a hemispherical cavity seated on a plane

surface. During collapse, he assumed that the bubble
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tocok the shape of an oblate spheroid whose crosgs

gectional shape was elliptical. The major axis of this
ellipse wag coincident with the plane surface, and did not
contract. The minocr axls was perpendicular to the sur-
face and contracted under the influence of the pressure

at infinity until the elliptical trace desgenerated into

& straight line at the moment of impact.

In observing bubbles in the vibratory apparatus
by Rightmire's pictures, Oza found reduction of contact
diameter to one-third the original diameter. This he
egtimated would increase his values by a factor of 9.

The collapse is somewhat different in a water tunnel.
Knapp and Hollander find complete collapse of a bubble
on a model wall proceeding with not great deviation from
hemlspherical symmetry, and final collapse apparently
occurs a small distance above the wall.

Oza showed that a velocity distribution at the
bubble surface which was proportional to ths square of
the normal digtance away from the surface of the wall would
produce the elliptical shapes approximately. He then pre-
sented the egquation below which purported to represent
the kinetic energy in the entirs liquid field, assuming

incompressibility:

g ,,¢ )1 149
AL =7pa O/Z/CT 225

a St =204 b n 58 4 2(5'4 - Zj
- 7= —
* 5‘0/ b/az~éz// L 7“Z'b¥
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where

(Y]

radius of hemisphere and constant major axis
minor axis of ellipsoid of revolution

U  velocity of surface at minor axis or the

"pole" of the oblate spheroid.

Apparently an error was made in the computation,
for negative valuss of kinetlc energy are caleculated in
the vicinity of g:{j. This is, of course, physically
impossible. Therefore the value of U computed at the

time that &4=0 or impact occurs on the wall cannot be

considered valid, '

3317, Rightmire Bubble Mass

According to his unpublished thesis written in
1941, Rightmire (26) observed messes of bubbles forming
and cbllapsing in the repeating pattern against the face
of his vibratiﬁg specimen., Photographs taken by the
flash technique enabled him to examine these bubble
groups and analyze them into individual bubbles whose
centers were located. Seventeen and more were identified
in various cases,

He assumed that the motion observed was a forced
vibration of the liguid induced by the moving specimen
in the form of spherically radial motion about a set of
sources which were the bubble centers observed experi-

mentally, Therefore he took the amplitude of motion to
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be inversely prdportional to the radius from each sourcs,
and superlmpesed the motions to find the impact velocity.
Ths net result was a calculated pressure of approxi-
mately 5,000 psi,

This study may be challenged on the question of
the dependence of velocity upon radius in spherical
motion., The sonic approximation depends basically on
the assumption that the motion of the particles is small,
In this case, the amplitude of the motion should be com-
pared to the radial distance from the individual centers,
which is appreciable for any collapse phenomenon,

In addition, the frequency of the motion was
taken to be the same as the frequency of the vibrating
specimen, This 1s true for elastlc undamped systems in
forced vibration, where each portion of the systen
execubes 1ts motlion in phase with an exciter. However,
the bubbles were observed to exist only in a minor
portion of the cycle of specimen motion, Apparently the
natural period of motion for the bubbles was considerably
smaller than that of the forced vibration, since they
appeared briefly, and were suppressed the remainder of
the time., For these reasons, the small figure of 5,000
peil calculated is not satisfying.
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3:8, Need for a Solution Valid at High Velocities and

Pressures

Lord Rayleigh (7) noted that, as a bubble col=-
lapsed, extremely high pressures were produced in the
liguid surrounding the cavity, He felt that the pres-
sures were sufficiently high to invalidate results when
the bubble had shrunk to small radilus ratios., PFurther=
more, the assumption of incompressibility immediately
introduces the effect of infinlite sound veloecity. As
was pointed cut previously,* the effect of the high
spherical convergence near the origin is felt simultane=-
ously at great distances, which is not possible with real
fluids,

If this effect 1s examined from the point of
view of energy dlstribution, the result is equally dis-
tressing. OSince compresslion of a lignid is always
agsoclated with potential energy, the large veolume pres-
surized would certainly contalin more ensrgy than was
available from the work of the pressure forces if the
pressure distribution were assumed to be the same as cal-
culated by incompresslble theory. Thus compressibillity
must be admltted to determine the error assoclated with

the incbmpressible-solution.

~See Seectlion 3:l.
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Ever since the introduction of the De Laval
nozzle, students of fluid mechanics have been imbued with
the idea that supersonic speeds can be obtained only in
converging-diverging nozzles. This statement is per-
fectly correct for the case of steady flow, where sonic
velocity in the narrowest portion of the throat is the
limiting factor.

Unsteady flow is, on the other hand, an entirely
different case. The theory of one dimensional unsteady
flow has been quite thoroughly studied,* although the
methods are not popularly known, The problem first
attracted attention in "Interior Ballisties", - -
questions of the procegses and flows that take place in-
side a gun barrel during firing. It is well known that
the missiles fired often reach velocities higher than
the velocity of sound in the medium immediately behind
themn.

Limiting velocities exist, in straight tubes,
which may be visualized as the velocity the gas particles
would take if all the thermal energy were converted into
velocity in a single direction, and the gag density ex-
panded to zero. It is to be noted, however, that thess

limiting velocitles do not exist for converging flow.

*Courant (47), Courant and Friedricks (48) and
de Haller (49).
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Bottomley (36) states that the velociby of sound
in water limits the collapse velocity possible in the
closure of a ecavity., The solution obtained in Section
VII considering compressibility shows that such is not the
case, If limiting veloclities are to be found, they must
be derlved from the finite rate of thermodynamic processes
at the interface between the interlor of the bubble and
the surrounding fluid,

Knapp and Hollander (19) show beautiful pletures
of successive rebounds of a cavitation bubble which is
acted upon by a pressure field which is nearly constant,
It is quite clear that such a phenomonon mast be as-
sociated with liguild compressibility, and any detailed

study of it must consider non-steady compressible flow,



IV. The Interior of the Bubble

The most perplexing problem involved in bubble
collapse theory is the interior of the bubble, and its
effect on the surrounding liguid. The first question to
be answered 1s whether the interior consists entirely of
water vapor, and if not, how much alr or other permanent
gases are present,

Some further guestions to be answered are the
following: (a) How rapldly is heat removed from the
cavity? (b) Are the gases compressed, and if so, adia-
baticaily; isothermally, or polytropleally? (¢} Is the
condensaticn rate of the water vapor rapid enough so the
pressure deviates only a small amount from equilibrium?
(d) The velocity of sound in the vapors is certainly
about one-guarter or less of the velocity of sound in the
liguid, What is the effect of the shock waves which

necessarlly form in front of the advancing wall of liquid?

4:1, Contents of the Bubble

It has been clearly established by Knapp and
Hollander (19) and Plesset (4) that only waber vapor can
enter the cavity in appreci;ble guantities during the
growth period. Since in thelr case this growth time is
only about 0,002 seconds, it is difficult to imagine

dissolved air diffusing more than a tiny distance.
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Knapp calculated that the partial pressure of
air 1n a bubble is only 0.,0004 Atm,, if the air is assumed
to have been released from a spherical shell next to the
bubble 0,001 inches thick., A normal air concentration of
27 by volume is assumed in the ligquid since the water is
saturated at atmospherlc temperature and pressure. The
resulting air pressure is only about 1% of the vapor
pressure of water at 72°F,

Plesset (3) mentilons that he has carried out an
analytic solution of the diffusion problem in collabor-
ation with P, S, Bpstein, and found the rate to be so
slow that it does not contribute appreciably to the air
content of the bubble., These conclusions are corrobor-
ated by the fact that the pressure recorded when a cavity
. cOVers a pressure tap in the water tunnel corresponds
closely to that expected from vapor alone.

Thus it is ssen that the total air content of
the bubble 1is nearly the same as the alr content of the
naclens from which it developed. TUnder normal conditions
this nucleus is small, and the ailr content is certainly
small compared to the vapor arising from subsequent
expansion, On the other hand, liquids which have been
deliberately aerated presumably develop most of their
bubbles from exlsting air bubbles much larger than an

ordinary nucleus, Thus their air content is greater,
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and a certaln amount of cushioning is to be expected at
collapse, accounting for the diminution of damage found
experimentally.

Van Iterson conbtends that alr offers no resistance
to collapse, but the preponderance of investigators dis-
agree, The considerations on which his conclusions are
vased have been shown to be doubtful.*

The alr content to attenuate damage, Jjudging from

e

previous calculations,% would necessarily correspond to
an alr proportion index at least.»z = 0,25 where,g;:};ﬂ%nqy
Special cases do exlist, however, when diffusion must
account for the inereased alr content of bubbles; e.g.
the long throuated Venturi tested by Hunsaker (17) which

had an unusnally long "incubation" period.

4:2, Latent Heat of Evaporation

When evaporation takes place, heat must be sup-
plied te drive the liguid inte the vapor state, the re-
verse belng necessary when condensatlon occurs, In the
case of cavitation, the main body of the fluid is the
heat reservoir, from which heat is taken for evaporation,

and to which heat is returned during condensation., As

+3ge Section 2:5, c.

*8ee Section 3:1.
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Knapp and Hollander {19) explain graphically, this means
that the temperature of the vapor must be somewhat less
than that of the main stream after the bubble has grown,
Likewilse, the btemperatures during the final stages of
collapse must be higher than that of the main stream.

It is wvital to know the order of these temperature dif-
ferences in order to evaluate the magnitude of devia=-
tions from equilibrium conditions.

Plesset (3), by considering the magnitude of
thermal diffusivity, the time of collapse measured from
experimental photographs, and the heat reguired to cone
dense the vapor included in the cavity, arrived at a
mean temperature rise of & = 1,7°F for the layer
affected,

It seems possible that the local temperatures on
the interface between the cavity and the surrounding
liguid might be much higher, because of the extreme
velocltles encountered in the latter stages of collapse,
With this in mind, the calculations shown below were
made to find the order of magnitude of such peak temper-
aturés. Methods similar to those of Plesset were
utilized,

In a heat conduction problem, one of the
commonest boundary conditions is that the temperaturs

gradient at a stated point shall be great enough for a
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certain rate of heat transfer to be realized, During
bubble collapse the temperature gradlent at the liguid-

vapor interface must be large enough to conduct away the

heat released by vapor condensation., The following ex-
pregsion is an approximation to the necessary value:
£RL

#

yeée =

where 7 & temperature gradient °F per foot
# conductivity of water
I  latent heat of evaporation
j? vapor density
R  velocity ft/sec of bubble wall
Upon substitution of the proper values for water,
thls gradient is found to be 1.15 x 10% A degrees F per
foot, which attains extremely large values at high
velocities,
The thickness of the layer through which this
tremendous gradient is expected to act may be estimated
by means of the thermal diffusivity and the time remain~

ing before collapse is completed.

5=t

where J - thickness of the layer
D  thermal diffusivity
t time remaining until complete collapse
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Therefore, the order of the maximum temperature

to be expected at the bubble wall is:

Gy = (78 &

whers &

RN

temperaturs rise at the interface, where
maximum value must occur.

If the values for the case to be considered are
substituted, the temperature is found to be gquite modest,
and agrees remarkably well with the computation made by
Plegset (3).

77 = .001 seconds total collapse time from Knapp

and Hollander (19)

t = 17 x 10-4?’remaining time for ;§:=10

D =1.75 x 10" £t%/sec thermal diffusivity

R = 480 £t/sec

These data result in a value of é%a% 9°F, ag the
maximum value, which compares very well with the 1.7°F
mean temperature previously mentioned. Therefors it is
justified to dispense with further consideration in-
volving temperature rise,

It is to be noted that these calculations fully
neglect the effect of convection which is in the complete
heat flow equation written below, and will increase re-

moval of heat when ﬁ is largse.

99_ 2 =
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4:3, Effect of Finite Condensation Rate

Although it seems clear that thermal diffusivity
is rapid enough to restrain temperatures to values of the
game order as those in the body of liquld, condensation
effects must be examined to find whether sufficient mass
can be ligquified to keep pressure rise low,

When a liguid and its vapor are in contact,
there is a constant exchange of molecules from one sgtate
to the other. Equilibrium is the unique point when the
mass transferred from the liquid to the vapor equals the
mass deposited from the vapor into the liquid. This
rate of mass exchange has been estimated from elementary

kinetic theory, and is:

Y
Emr 87

where ) mass rate of exchange per unit area

M Molar mass

B Gas constant

T Absolute temperature

Plesset (3) utilizes this value to estimate the
collapse velocity at which pressure and temperature in-
creases should cause appreciable deviation from equilibri-

um, It is clear that if the bubble wall advances into

the vapor at a speed which is the same order as the
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speed assoclated with the mass exchange rate, the local
vapor pressure will have to double, roughly, in order
to deposit sufficient vapor molecules into the liquid,

Assuming that the vapor equatlion of state is
like a perfect gas, Plessel ealeculates that ths bubble
wall can advapce at a velocity of 500 feet per second
before pressures are expected to double because of con-
densatlion effects. The veloclity equation is shown below
with the data used in the calculation,

. g7

A= = 480 Ff/)’ec:.
i

where T = 532CR

However, the pressure inerease arising from this
source cannot act as a great deterrent to high collapse
velocities, since it is naturally measured in terms of
the vapor pressure of the liguid, which is only ,027 Atm,
at 72°F. By examining the resulits calculated from the
hypothetical vapor~gas mixtures shown in Figures 4 and 5,
it is clear that enormous pressures are required to stop
inward accelerations, Values of -é% of 100 are small
compared to those shown, but are probably larger than
pressures avallable from finite condensation rates until

veloclties in excess of 5,000 feet per second are reached,



434, Shock Wave Phenomena in Vapor

Study of unsteady compressible flow reveals that

whenever a piston advances into a stationary tube of gas,
a shock wave will form where the influence of the piston

ig first felt. When the surrounding liquid closes in on
the vapor cors at velocities greater than the velocity
of sound in that vapor, shock wave of some intensity may
be expected to form in front of the ligquid wall.

The maximum pregsure rise which is to be ex-
pected acreoas this shock wave is equal 1o the stagnation
pressure corregponding to the velocity of the in=-rushing
ligquid wall., Actually, the pressure will be somewhsat
less due to entropy increase across the shock wave, and
the Tact that the ligquid is absorbing the vapor at a
finite rate, Therefore, the pressure rise is on the order

of:

where 4 P pressure rise across shock wave

At a2 collapse velocity of 5,000 feet per sescond,
this pressure rise amounts to only 4 psi, Dbecause density
is go small, which is surely negligibls. If the densitiy
had previously been increassd 100 fold, this pressurs

would still be small compared to the peak local pressure
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in the liguid fieldqd,

4:5, Conclusion

The conclusions to which the foregolng studies

lead are ltemized below:

a, Under normal conditions of clean water and
no aeration, the interior of the bubble consists of 99%
liguid vapor.

b, ' Thermal diffusivity 1s so effective that
temperature rise is not expected to increase the pressure
égainst the bubble wall appreciably.

¢. The finibte rate of condensation will in=-
crease the pressure by a factor of about twice the vapor
pressure at speeds of 500 feet per second, so that at
very high speed say 5,000 feet per second, a pressure
riss of the order of 20 Py would be necessary to deposit
enough mass in the liguid.

d. The shock wave produced in the vapor is
entirely negligible,

e, The pressure rise effects listed are equal
to the vapor pressure btimes functions of the velocity
and are therefore small in magnitude until velocltles
on the order of 5,000 feet per éecond are reached, |

£, If the inward velocity were reduced, the

pressure rise effects depending on velocity would also
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reduce, leaving only the accumilated compression of perma-
nent gases. Accumulated compression of water vapor would
tend to dissipa te rapidly.

g, By the time high velocities are reached, so
much of the original bubble volume has been traversed
that only astronomical pressures would suffice to halt
the flow.

h, The above statements indicate that something
akip to complete closure must occur. The extremely
large velocities in the last stages of collapse must
be arrested in a very short distance, resulting in an
impact-like phenomenon,

i, The mechanism of halting the flow is not
clear, but the local pressures are certainly extreme.
Possibly other factors, such as asymmetries, become of

primary importance in these final stages of collapse,



V. Problems to be Invegtligated

Since it is agreed that compressibility is of
necessity important in flow of a liquid when high velo-
cities and pregsures are encountersd, there are two
particular phasesg of cavitation bubble motion where a
detailed study of the fluid motion by means of the sxact
theory of unsteady compressible flow would be a con-

tribution to present knowledge of its history.

5:l. Collapse of the Bubble

In view of the shortcomings of incompressible
theory which have previously been pointsd out, it would
be valuable to analyze a collapse where the boundary
conditions are identical with the Rayleigh Solution. It
should be noted that, after the first part of the collapse,
the pressure against the bubble interface is always neg-
ligible in comparison with the peak pressure at r squal
1.587 R, in the finite regime of motion. Therefors,
constant wvapor pressure is approxXimately the correct
boundary condition for a pure vapor bubble during all but
the arresting period of the collapse,

Data would be compared with the incompressible

flow for some of the quantities listed below.
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a, Velocity During Collapse,

Since compressibility would necessarily reduce
pressure gradisnts and absorb some of the energy availe
able from the work of pressure forces, bubble wall ve-
locities wounld reduce. How great is this reduction?
Does the velcocity of sound limit collapse velocity? If

not, does another, higher limit exist?
b, Pressure Distribution and Peak Pressures,

Compressibility uLdoubtedly is the cause for
lower pressures in the liguid, Also, 1t has been shown
that the pressures calculated at great distance from the
origin by incompressible theory are necessarily in great
error during the latter portion of collapse, How

strongly are the intense pressures in the nsighborhood of
the origin felt farther out in the fluild field?

¢. Energy Distribution.

It has been suggested that radiation of energy due
to the high pressures near the bubble wall would reduce
the veloecity of contraction decislvely. An evaluatlon of
this radiation would be of importance to the development
of an approximate theory.
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5:2, Rebound of the Bubble.

Compressibllity is undoubtedly responsible for
the reversal of the inward velocities of collapse, but
the sequence of events that takes place has not been
studied.in detail., One point is of interest; what role

does the spherical divergence play in rebound?
a, Effect of Spherical Divergence.

In a stralght plpe, rebound does not occur until
the shock wave of compression reaches an open end, and
the rarefaction wave reflected there returns to the impact
surface, In the absence of friction forces the mass of
liguid in the pipe between the rarefaction wave and the
open end moves away from the 1mpact surface at the same
speed as before the sudden arrest. By the time this wave
reaches the impact surface, all the velocities have been
reversed. In the absence of an open end, however, no
reversal can occur,

In the case of the spherical bubble in an infi=-
nite compressible liguid striking an immovable spherical
barrier, no "open end" exists. If rebound can be analyzed,
then, it must be directly dependent upon the spherical

divergence for its exlstence,



~76=

b. Shock Wave,

A sghock wave will be emltted by impact presgsures,
and will decrease in peak pressure ag it radiates. How
rapidly does this peak pressure reduce? Will it bs
capable of damage to metallic boundaries of the order of

one radius, R

o 2VaYy from the point of collapse?

The shock wave appears to be a prinecipal cause
of the dissipation of energy in the rebound process. How
much energy is radiated by thils shock wave? VWhat is the
ratic betwesn rebound size and original sizs, considering
radiation to be the only form of energy loss?

¢. Sequence of Dvents,

What general seqguence of events takes place in
the liquid during the rebound process? What 1s the cause
of the difference in appearance between the original

bubble and the rebound bubble?



VI. Compressible Plow and the Method of Calculation

When a study of unsteady fluid flow is contem=-
plated, the assumption of compressibility must be
carefully considered in the majority of cases, The ex-
clusion of compressibility means the assumption of an
infinite velocity of sound, i.e., a local perturbation
l1s felt instantly throughout the fluid field.

Whereas there are many cases when the dimensions
of the £luid volume are small compared to the velocity
of sound X the tlme interval studied, such is not always
trus, and sach case must be decided on its merits.,

It is natural to assume comprssibllibty where ex-
treme pressures are expected or local velocities may ex-
ceed that of sound, As the classic solutions clearly
indiecate, all three conditions are found in the latter

stages of bubble collapse.

6:1, Equation of State

Since compressibility 1s to be inecluded, 2 clear
evaluation of it must be provided which will cover a
wilde range up to sxtremely high pressures, The state of
all media can be described by a function relating the
pressure, densidty, temperature, entropy, and internal
energy., It is a known principle of thermodynamics that

only two of these varlables are independent.
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In studying an ideallzed problem, heat conduction
and viscosity may often be neglected, which is tantamount

to assuming isentropic processes for each particle, This
assumption will be made for the flow of water in bubbls
collapse, which means that the pressure may be given as
a function of density alone. This relation is often
known as the "Eguation of State!", and will be so called
in the remainder of the paper, even though it differs
from the strict thermodynamic¢ definition.

An eguation recommended for use with water by
Courant and Friedrichs (47) (48), as well as Cole (44),
and applied 1n the computations is stated below:

2 rh = C'jor

where pressure of water

a constant equalling 3,000 Atm, for water

P

)i density of water

B

+ exponent equalling 7 for water
C

a constant
This is called the modified Tailt eguation, and
hag been widely used for caleulations of shock wave
phenomena in water Including pressures up to 50,000 Atm,
It is partiecularly adapted to this use since the
constants change very little when the entropy varies,

and therefore the calculations are simplified., Xirkwood



and Brinkley (50) use it in studying underwater explosions,
and Cole (44)7offers a nice discussion of its merits.

Measurements have been made of the adiabatic
properties of salt water by Bridgman and Gibson, as well
as Penney and Dasgupta (51) who present the following
values for the constants:

B = 3010 Atm, B = 2900 Atm,

S = T.15 g = T4T
Results of these itwo equations agree within 2% up to
80,000 Atm. for salt water.

However, the simplicity of the original equation
together with its wide previous acceptance for fresh
water has led to its use in the following studises.

Some data on the adiabatic compressibility of
water at one atmosphere, and on the isothermal compres-
8ibility of water at high pressures are available in
Dorsey (52). The values of compressibility computed
from Tait's equation are presented in Table IV and
compared with experimental data at constant tempsrature,
This agreement is regarded as satlisrfactory since.the
temperature rise is only 100°C when a pressure of 30,000
Atm. occurs through a shock wave.

The velocity of sound for water may be calculated

a8 shown beslow:

_ v (Prg
/ S
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where a velocity of sound

FPor P equal one atmosphere, the velogcity of
sound is 4,790 feet per second, which agrees very well
with measured velocities., It 1s to be noted that the
velocldy of soand is now a funetion of one variable only,
since adiabatic processes have bsen speclfied throughout.
This veloclity 1s seen to increase with pressure, accord-
ing to the following equation which is presented in
Figures 6 and 7,

@ L+ B
%o /-+£i/

where A dimensionless veloclty of sound

%

AN
I
|
I

a, vVelocity of sound at one Atm,
The energy per unit volume of walter may easily
be computed as a function of the pressure by integrating

the equation for work done by the pressure fofces.

f+B///79+5 / 7~5} 7

This equation may be integrated by parts, but un-

fortunately, the two parts are so nearly equal that the
acecuracy is destroyed. ‘Therefore, this egquation was inte-
grated by Simpson's Rule, and plotted in Figure 8 for the

lower range of pressures to indicate the form of its
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variation with pressure. As would be expected, the

curve is nearly parabolic in shape,

8:2, Eguations of‘Motion

The equations of fluild motion are well known, and
are derived from the most basic physical laws, However,
a few remarks will be included because of the comparative
lack of popular knowledge on unsteady, compressible
flow.*

The differential equations are derived on the

basls of the four statements bhelow:

a, Conservation of Mass

b. Newton's Iaw

¢, The condition that changes of state are
adiabatie,

d. Eguation of State for the fluid

In the case of water, and probably most liquids,
the equation of state is usually presented in a form for
adlabatic compression, When the Eulerian form of ex~
pression, which examines the velocities at given points
in the inertial co-ordinate system, 1s used, the follow-

ing set of quasi-linear differential equations are

*Consult Courant and Friedrichs (48) for a com-
plete discussion.
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derived from the above tenets,

AR 4 +-}§ v P=0
i
57 + WpP) =0
P + B _Cﬁr =0

*

In general, these equatlions are very difficult
to solve, but methods have been presented for partic-
ular simplified cases, BEven then, it is unusual when a
solution in terms of elementary functions can be found..

In particular, the mathematical theory has been
worked out gulte well for the case of one dimenslonal
unsteady flow, where the fluid motion depends on one
space/BO-ordinate, say x, and time only?% By use of the
equation for the velocity of sound, the dependent vari-
ables may be reduced to two: veloclity « and density £
The differential egquations are hyperbeliec in nature, and
are therefore amenable to the method of characteristies.
Facile mumerical integration is possible in principle,
if not in number of steps required or accuracy to be

maintained, Closed analytical solutions can be found

*A bar over the letter v indleates a vector quantity,

##0ourant and Priedrichs (48) offer a complete deri-
vation, de Faller {(49) shows a brief derivation,
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only in rare cases.

At every point in the =X, t plane the -hyperbolic
nature of the equations is responsible for the exisgtence
of certain directions with special properties.

Suppose that x () and t {f) represent a
curve in the x, t oplane, and therefore%%}/%ﬁi ig the
slope of that curve at a point. If a linear combination
of the two differential equations of motions is made, it
is possible to find parameters such that u and JP will
combine to derivatives in the same direction which is
known as a "characteristic" direction. If that direction
is the same as the slope of the curve,%%- %;% s then two

golutions for the characteristic dirsction are found;

2 x It
5% T (i + a) 75
DX 2t

5% = ﬂz—-a)-jg

These two equations specify different slopes for
each point in the X, t plane and therefore they deline-
ate two families of intersectlng one parameier lines
which form a2 network., It is now natural to designate
new parameters o and /5 to indicate the positive and
negative families of curves, in such a way that/5 is
constant along a plus line and o is constant along a
negative line, We now rewrite the above equatlions in

the clarified form:
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or )¢
Qq’ —(5(7*4}9—;
Jx It
9; —(6(—(2} 2—;

Two more equations are derived from the con=-
dition that characteristic directions exist, which hold
along the charateristic directions only. Note that the
eguation dependent upon < holds along < characteristic
lines only, and vice versa, Here they are written as

applied to spvherically symmetric flow.

du a J &z« 2t
ZIR I A
du a 9{' ad

)
We now have four eguations, associated in palrs,

to deseribe the fluild motion. From the form of these
equations, one may well change the conceptual relation=-
ship of the quantities, « and s are very logleally
regarded as curvilinear co-ordinates while u, P s and
t are considered to be the dependent variables,
Observation of the first palr of equations shows
that they have a beautifully clear physical significance:
the slope of the characteristic lines represent the speed
at which a perturbation is propagated through the fluid
relative to the inertial co-ordinate x, Thus the term



" u+ a shows the "absolute” velocity of a wave proceed-
ing in the direction of inecreasing =x co=-ordinate,
while n ~ a is the velocity in the opposite direction,
As yet, one more step remains to present the
second set of equations in & form most suitable for ap-
plication, This may be accomplished by use of the
Riemann Invariants, which reduce the equations, in the u,

a plane, to straight lines modifled by a divergence

term,
du 2 Ja Z2aa It
L R S = p'e FPa ¢
Ju 2 Ja Pae  Jt ,
/e -1 s X 98

It should be noted that equation of state of the
exponential form, which includes the Tait equatlion, has
been assumed to evalunate the Riemann Invariants,

These equations dlctate the formation of a second
network in the u, a plane, Each characteristiec line in
the x, t (space-time) plane has a corresponding line
in the u, a (velocity-velocity of sound) plane, diec-
tated by the corresponding egunation in the second set.

A complete solution may then be represented by
the networks in the two aforementioned planes, which are
often known as the Plane of Wave Propagation and Plane

of 8tate, respectively. It is 1o be noted that the
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solution thus obtained 1s exact insofar as the original
assumpbions are met and the caleculations are sufficlently

accurate,

6:3., Dimensionless Variables for Calenlation

In order to present the solution to a problem
of fluid motion in the most general form, 1t is desirable
that as many of the varilables as possible be measured in
terms of physical units pertinent to the problem. Thils
procedure has the merit that 1t not only presents the
data in a form of clear physical significance, but that
the range of varlables come within convenient numerical
range.,

These variables are defined below with brief
notes as to their physical significance of one unit.

— Time regulred for a sound wave to travel from
the origin to the original bubble radius when
the liguid is at atnmospheric pressure.

A= ﬁ% Radius of co-ordinate system., Original bubble
radius at 1,

U= ﬁé Velocity in terms of velocity of sound at one
atmosphere, (Not a Mach number)

A= 7. Veloclty of sound in terms of velocity of
sound at one atmosphere,

&= & Radlus of Bubble Wall in terms of original
bubble radius,



Y
11

24
27 Veloclty of Bubble Wall in terms of sound at
4l one atmosphere,

‘ZO

614, HNature of the Solution

The type of problem most amenable to the use of
the Characteristics Method of calculation is known as an
initial value problem; namely, glven the condition of
the fluid at a certain set of corresponding points in
the x, + and u, a planes, plus the boundary condi=-
tions, calculate the subseguent history of the fluid
motion,

The nature of compressible unsteédy flow 1s
clearly presented by two concepts. The first is the
"Range of Influence," which 1s the region in the x, t
plane subsequent to a particular point 1 and included
between the plus (+) and minas (-) characteristic
lines which pass through that point, An illustration is
shown in Pigure 9.

The disturbance caused by pressure and velocity
at the point in question obvlously cannot be propagated
through the fluld at a2 speed greater than the local
speed of sound. Thus the region outside the triangle
bounded on two sides by the plus and minus character-
istic lines cannot be affected by conditions at point 1.

This is often expressed by saying, "the point n cannot
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know about conditions at point 1."

In a similar fashion, the "Domain of Dependence”
is the original data (initial conditions) whose wvalues
affect the velocity and pressure at the point of interest,
say Point 2. By the same reasoning as previously applied,
this data must be included between the plus {4) and
minus (=) characteristic lines passing through point 2
as illustrated.

Clsarly, as time elapses, more and more original
data affects the values at a particular point in the
field., Conversely, a finite set of initial points can
supply a solution for only a limited portion of the motion.
These facts have their beneficilal asspects, since the in-
fluence of a given point of initial data on a point in
the field is "diluted" strongly as the network is
developed. For this reason, isolated errors do not in-
validate more than a smwall reglon of a solution.

In general, the characteristic lines in elther
the X%, t plane or the u, a plane are not known at the
start of the solution, but must be laid out and caleculated
from the slopss as the solution progresses.

It should be noted that the existence of such
Domains of Dependence and Ranges of Influence is inher=-
ent in the nature of wave propogation, In equilibrium

states and subsonic steady flow, however, all the points
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of the medium are interconnected, and the equations are

elliptic,

6:5., Method of Calculation

Four Equations have been obtalned to describe the
motion of the compressible fluld by means of a network
in two planes, the x, t+ and the w, a, which will be
known henceforth in their dimensionless nomenclature as
X, Z and U, A planes respectively.

For convenience in calculation, the normal co-
ordinates qﬂ/g are dropped, the eguations then being
written as finite difference equations, Thils 1s per-
missible because only one independent varlable appears
per equation, However, a designation must be retained
to indicate which line 1s Dbeing considered, One con-
vention which has been widely adopted names the wave
proceeding in the direction of increasing X co-ordinate
2 plus (+) wave, and the wave proceeding in the direc-
tion of decreasing X co-ordinate a minus (-).

The equations as used, then, are written in the

following form using the notation described:

d¥) B AU
d A b AU
—_ = - A = —
77/ ¢ 4A4_= Fal — > 4Z
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It is seen that the slopes in the X, Z plane
are determined by U+ A or U = A, Each line is de-
signated by a number or letter, and the intersections
are thus named according to the lines passing through
them., By convention, the plus (+) llne is always
mentioned first and thus the point B, 7 1is the inter-
section of plus characteristic line B wilth minus
characteristic line 7.%

Each polint in the X, Z plane has a corresponding
point in the U, A plane which indicates the velocity
and veloecity of sound at that point. Both the plus and
minus designation as well as the nomenclature for inter-
sections are carried over to the U, A plane for
clarity. To find the velocity and sound velocity at a
particular intersection on the X, Z plane, it is only
necessary to look up the same intersection on the U, A
plans, It is teo be noted that a point on the U, A
plane representing veloelty and scund velocity may cor-
respond to several points in the X, Z plane, but the
converse 1s physically impossible,

The calculatlions are performed point by peint
through the portions of the field which are of interest,

“Pigure showing a collapse solution illus~-
trates the principle.
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starting from selected data at Z=0, The process 1s
iterative at each point, but fortunately converges guite
rapidly. The graphical nature of the work and the iter-
ation make the computation self-checking. As the history
of the flow is unfolded a pattern 1s created in the net-
work of linés drawn in the X, 2 and U, A planes,
and any irregularity of more than minor importance stands
out immediately. Furthermore, the nature of the Reglon
of Influence Indicates that the effect of an isolated
-mistake is soon diluted and is covered by the correct
values within the Domain of Dependence,

To illustrate the method of caleculatiorn, let us
suppose that the points (1, 7), (2, 7) and (2, B8), as
shown in Figure 10, are known, and that we wish to cal-
culate the valnes of U, A, X, and Z at a new point
known as (1, 8), The sequence of steps found most sate
isfactory is given below:

2, Estimate the values of U, A at point (1, 8)
from the U, A plane, Once the pattern is partially
developed the calculator can become femarkably accurate
in his predictions,

b, Caleulate mean values of U, A Dbetween each
of the nown points (1, 7), (2, 8) and the new point
{1, 8) using estimated values at the new poilnt,

¢. Calculate mean /;}2 = U+A from point
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(1, 7) to new point (1, 8). This 1s the egstimated
average slope of the plus (+) characteristic, By use
of a drafting machine draw this slope on the X, Z dia-
gram,

d. Calculate mean /5%%[ = U=A from point.

(2, 8) %o new point (1, 8). This is the estimated
average slope of the minus (-) characteristic., By use
of the drafiing machine draw this slope on the X, 2
dilagram, The intersection of the two lines is the new
point to a surprising accuracy.

e, After noting the values of X, Z at the new
point (1, 8), calculate.dza_, 47 and the mean values
of X Dbetween each of the previous points and the new
point,

f. OCaleculate JAV,_= M—/;—;fand JA_ = @%'U from their
respective mean values and lay out as shown in the
illustration,

g. Draw /;,—{;%TL = -3 and/%_: F from the
points determined by J 4. and 4 4_. The intersection of
these two lines gives the calculated value of U and A,

h., Compare the calculated value of U and A
with the estimated value, and repsat the entire process
if agreement is not satisfactory. The diagrams should
be checked for regularity of pattern,

A sample calculation sheet is included in the
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appendix to show how the computations were carried for-
ward., It was suggested that a purely numerical method

of iterative calculation should be used, but this amounted
to more work than the graphical means. The best time

which could be made consistent wilth accuracy was fifteen
minutes per point,

Attempts were 2l1s0 made to do the computatlion by
means of the Differential Analyzer at UCLA or the IBM
punched card machines at the (Fop Wind Tunnel., The
former was not adapted to do the problem, except by com-
plicated repetitive means which would have tied up the
entire Analyzer aﬁd staff for at least a week, The
latber was not investigated completely because the ex-
pense would have amounted to about $1,000,00,

The Analogue Computer staff examined the eguations,
and found it would be unable t© accomplish the task,
There were no sultable multiplliers avallable nor could
the high accuracy required be obtalned,

Since all pressures in the computations appear

as the dimensionless veloecilty of sound, A, the accuracy
required is beyond anything except digital type com-
puters, For example, when P = 100 Atmospheres,
A=1,0120, In all the numerleal work, the velocity of
sound was carrled out to at least four digits after the

decimal,
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The accuracy of the results 1s dependent upon
the 1lnterval chosen, as well as the accuracy wilth which
the numerical and graphical work is carried out., To
check the interval size required, duplicate caleculations
were occasionally made with half the uswal interval. If
the results checked well, no alterations were made, In
the progress of the calcuwlation it was found necessary
to reduce the interval several times as velocities becams
great and spherical divergences (£A5) also became large.
In some cases 1t was found that the intefval was smallesr
than need be,

The temptation to use an interval larger than
required for good accuracy was great, since the number of
caleulations required is proportional to the inverse
square of the interval,

A1l numerical work was done on a desk calculating
machine and all graphical work was done on two drafting
tables simaltaneously. The lines were laid cut to a
large scale with the aid of drafting machines., hngles
were thereby drawn to an accuracy of plus or minus 5
minutes. Since very large scales were used, and the
intervals were kept quite small, it 1s estimated that
most caleculations are good to four significant figures.
In regions of rapid change, this may be reduced to three

signifiecant figures,



VIITI. Bubble Collapse

A solution was plannsed for the bubble case where
the boundary conditions on the fluid motion were identical
with the Rayleigh solution. The pressure inside the
cavity is considered to be constant and equal to the
vapor pressure of water.

Congiderabls sffort was expended in the attempt
to find an approximate means of integrating the equations
of motion, A numerical solutlon was deemed satisfactory,
provided it involved appreciably less computation than
the Characteristics Method, while retaining sufficient
accuracy at high velocities. No solution was found which
would meet these requirements.

It is to be noted that the approximations made
in most high velocity theories are not applicable here,
This was brought out forcibly when the exact solution was
computed, Velocltles exceeded Mach number 1.0 while
presgures attained enormous values on the order of
15,000 Atm. in the rsegion studied. This resulted in
density inereases of about 30% and dimensionless veloci-
ties of sound equalling 1.9, For these reasons, the
velocity of sound could not be assumed approximately con-
stant, nor could the density.

Farthermore, it was not possible to make any ap=-

proximations concerning the velocity distribution, bhe-
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cause the term in the continulty equatlion whieh expresses
the rate of change of the density became relatively quite
important., A plot of the velocity distributions obtained
is shown in Figure /J, and it is seen that the deviation
from the inverse square law for incompressible liguids

is considerable., A large portion of each distribution
curve is exponential, but the exponent 1s variable during
collapse and no approximation of this nature was found
useful,

The clever approximate method of solution for
the propagation of a shock wave in water worked out by
Kirkwood and Bethe {53) was not adaptable because the
conditions were to0 different., In their case, 1t was
possible to consider the effect of waves moving in one
direction only, the result of the other waves being ap-
proximated by shoeck jump conditions only.

For these reasons, it was concluded that the only
satisfactory solution would have to be exact, particu-
larly since speclal interest lay in the region where
velocities are equal to that of sound and tremendous

pressures are encountered,

7:1, Boundary Conditions

It was decided that the boundary conditions
should be identical with the Rayleigh solution with con=-
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stant internal pressure. Aside from the desirability of
direct comparison between an incompressible and a com=-
pressible theory, this cholce can be defended on the basis
of Sectlon IV on the interior of the bubble,

In addition, surface tension was neglected, The
resulting tension is egual to the vapor pressure of
water at 72°F when the bubble has a radius of only 2.65 x
1072 inches. This amounts to approximately O0.2R, for
the 0.14 inch radius bubbles observed by Knapp and Hol-
lander (17). At approximately this size, the velocilty
beconmes considerable, and thus the surface tension would
tend to counteréct any pressure increase in the vapor at
the bubble wall due to finlte condensabllity,

Admittedly, surface tenslon would apparently be-
come important for bubbles whose maximum size were less
than about 0,01 inches in radius, but here the tobal
energy assoclated with a single collapse 1s comparatively
small, about 1/2400 of the larger bubble., It will be

shown later that the shock wave emitted from a collapse

is not capable of doing materlal damage at distances
greater than one bubble radius from the point of collapse.
Thus, for a bubble of less than 0,01 inches radius, the
range of damage would be severely limited and probably
the presence of boundary layers would insulate the wall

from shock,
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The pressure at infinity was assumed to be cone
stant, This does not agree with the data from the CIT
Water Tunnel, but the differences are small enough to
warrant error for the sake of maintaining a strict cor-
respondence to the Rayleigh case.

This pressure remains as one of the independent
paramebters in the solution. However, it exeris no in-
fluence on the essential character of the solution ob-
tained, lower values merely posiponing high pressures
"and velocities of the liquid until smaller bubble radii
are atbtalned. Therefore, the selection of a particular
value does not prejudice the nature of the result as
long as A -~ AZ>o0 which is naturally required for col-
lapse, The same remarks would apply to the selection of
a value for P,

In order to correlate with data taken from the

CIT Water Tunnel the following values were chosen:

B, = .544 Atm, A, = 0.999937
Py = .027 Atm, A3 = 0.999857

Only the latter value is used in the character-
istic portion of the solution, specifying the condltion
2t the bubble wall. This boundary condition appears as
a horizontal siraight line 1n the U, A plane of state.
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7:2, Initial Conditions

Since the Characteristie Line Method is normally
applied to find the subsequent history of fiow given the
initial conditions, the logical place to start would be
at the maximum dbubble size, Thers 1s, however, the
problem of completing a solution within a reasonable
length of time.,

In this solution involving wave propagation, a
modified time scale suitable to the problem has been
adopted, namely Z=e,t/R,, one unit being the length of
time required for a sound wave to travel the radius of
the original bubble size. It is then easy to calculate
the total Rayleigh collapse time in terms of 2Z:

}/‘ll_
;: 0.9/5 f7, E-F - a4 = [ F(7+8
R Z [ =, s
421
— = &+ 8
p 0. 915 (/+8) = 155
&7

Thus the work involved would be at least equi-
valent to starting with initial data from r= R, out to
r = 188R,., The tremendous amount of work lnvolved may
be more readlly appreciated 1f one calculates that the
time remaining, according to the Rayleigh theory, after
a bubble has passed R/R,= 0,08, This time is only
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0.183 wunits of 2. Yet this point iz the beginning of
the region requiring precise examination with the exact
theory.

For these reasons it was clear that the best re-
sults were to be achieved by employing the incompressible
theory fOf the major portion of the collapse, the exact
compresgible theory being applied when velocities and
pressures bscome -appreciable with respect to compres-
s8ibility effects. In this way more effort was expendsd

examining the regions of particular interest.

The Rayleigh solution was then written in terms
of the dimenslonless variables to be employed throughout

the analysis:
2

§ = £ B-F J

3 J’//-,*—B)/aj—ij
= - / / 474 /
LN Ry

vhere the variables uged are defined in Sections V, 3,

and Appendix 1.

The selection of a starting bubble size ratlio, Q,
for the compressible solution was made on the basis of
the above equatlions for the boundary conditions selected.
The radius chosen for the application of the compressible
theory was @Q=0.08 where é::0.179.

Since the velocity distribution in the flow field
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is takén as proportional to the inverse square law up to
this point, all other veloclities are considerably smaller
with respect to the veloclty of sound., At this bubble
gsize the maximum pressure is found in the surrounding
field at X=1,587 @ and was calculated to be 159 Atm.
This corresponds to a dimensionless velocity of sound

A= 1.0223 and a density ratio f/p, = /. 0074 .

From these data it 1s clear that the error caused
by the assumption of incompressibiliiy is very small
throughout the greatest part of the field. However, the
error i3 magnified at the bubble surface due to the
effect of convergence, and this point must be considered
specifieally.

The Herring (45) solution for bubble wall veloc-
ity is considered valid up to the valune for Q = 0.08
which is é = 0.185, The differénce between the Rayleigh
value and this is not seriocus, since it applies only to
the reglon immediately at the bubble wall, whereas the
results of a Characteristic Line solution depend upon
the accuracy of the inltial data throughout the entire
Domain of Dependence. In this particular solution, the
Domain affecting the velocity of the bubble wall was
found to extend to X = 0,26 or 3.25 bubble diameters
into the surrounding field., In the ensuing solution,

the Characteristic Line solution is seen 10 be nearly
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tangent to the Herring solutlion where the two intersect,
ag shown in Pigure 12.

The results in the range where pressures and ve-
locities bécome extremely high 1s therefore not invali=-
dated by what appears to be an 8% error in initial con-
ditions because this error applies to only the worst
point in an entire set of data. It is regrettied, how-
ever, that the Herring solution is contained in a War-
time reporit not generally availabdle, and thait is con-
cerned only with the bubble wall velocily, giving no
pressure or veloecity distributions. It does not appear
in the Taylor Model Basin Bibllography report {(5) on
Cavitation published in 1947, which is usually complete.

Given the initial data at Q=0.080 out to
X=0.32, the computations commenced by arbitrarily
establishing Z=0 1o correspond. The values for U
and A at selected points in the Domzain of Dependence
were then calculated and plotted in the U, A plane,
this being then the 2=0 locus. The computations were

carried forward by the scheme explained in Section 6:5.

T35, Symmatry

Complete spherical symmelry was assumed through-
out the studies, although cavitation normally occurs in

the neighborhood of a boundary. It would seem ag if the
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presence of a wall next to the bubble might cause con-
siderable disruption of symmetry, but photographs of
bubble histories taken in the Hydrodynamies Laboratory
show remarkably little distortion from the spherical

shape, Distortion does occur when conitraction is nearly

complete.

The assumption of symmetry is particularly im-
portant in the latter stages of collapse, when enormous

pressures and pressure gradlents are caleulated to exist.
The cause underlying these pressures is the dynamic con-
dition whereby the liquid between the pressure maximum
and the bubble wall is being accelerated at the expense
of motion farther away from the origin, The net result

is that a finite amount of momentum is being transferred

to a smaller and smaller mass which moves at higher

velocities,

In the Water Tunnel at Caltech, the cavitation
bubbles observed photographically are formed directly on
the surface of the model, and remain in contact through
most of their 1life histories. Their general shape is
spherical, down to the "latitude" at which the model sur-

face is intersected. The usual angle of conbtact with

the surface allows the bubble to be somewhat more than a

hemisphere.

This extreme pr&&imity of the model surface would
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geem o be sufficient cause for disruptions in symmetry.
Observation indicages that the agsymmetries due to the
presence of the model are unimportant, since the dig-
tortion which does occur in the last portion of collapss
geems to be caused by an adverse pressure gradient in
the dirsction of flow.

However, it is felt that the simplification of
complete symmetry does not obscure any major effects,
except possibly in the final stages of collapse, when the
inward velocities are arrested. It is this region whigh
is as yet unknown, and which sesms destined to remain
obacure for some time.

734, The Solution

The solution for the bubble collapse asg it ap=
pears in the X, Z (wave propagation) plane is shown in
Figure 11 which is folded in the pocket in the back. The
Domain of Dependence for the ensulng compressible com=
putations in shown along the axis at 2= 0, and was cal-
culated out to X=0.32. It is to be noted that the
bubble wall, which ig designated by peint O, has alresady
reached Q= 0.080. The subssquent history of its location
is given by the boundary line which ascends from point O,

The individual Characteristic lines are desig-

nated according to the number or letter assoclated with
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the data point on the boundary from which the particular
Characteristic line emerges. Plus Characteristic (1),
for instance, commences a2t point (1) and runs upward
to the right, indicating a wave moving in the plus X
direction. Likewilse, & minus line emerges from the same
point (1) and runs upward toward the left, indicating
a wave moving in the minus X direction.

The computatlons were made for the intersections
of the characteristic lines, and each point is therefore
designated by the number or letter assoclated with the
two intersecting lines. The convention was established
that the plus designation is always mentloned first in
speeifying a particular point. Thus point (4, 11) is
the point where plus characteristic line (4) meets
minus characteristic line (11),

The calculaéed values of U,A, X, and 2Z for
each intersection are to be found in Table V arranged by
means of the deslignating numbers, or letter and number,
These points are grouped according to the plus character-
istic on which they occur. Thus point (4, 11) is the
eleventh point %o be found in the fourth group.

The boundary condltion of constant vapor pressure
inslde the bubble 1s applied when each mlnus character-
istlec line reaches the bubble wall, Here then, values

can be caleculated which serve as data for new plus
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characteristic lines which subsequently propagate the con=-
ditions felt at this point out into the flow field,
These lines are designated by letters to distinguish

them from the lines which emerge from initial conditions.
Therefore point (A, 1) is the point where minus charac-
teristic line (1) meets the bubble wall and where the
pressure must equal vapor pressure, All subseguent
points on characteristic line (A) have been directly
affected by the boundary conditlion at the bubble wall,

It will be noted that after Q= 0,080, the
roglon of the flow field farther out than about X= 0,26
cannot affect the velecity of the bubble wall because the
minus characteristie line (13) shown in Figure 11
emerging from X= 0,26 at 2=0 does not reach the
bubble wall before complete collapse occurs,

It will 2lso be noted by the plus characteristic
lines that in this latter stage of collapse the high
pressures experienced in the neighborhood of the bubble
wall camnot be propagated far out into the surrounding
field before collapse 1s completed, This is also shown

by the energy distribution curves to be discussed later.

7:5, Discussion of the Results

In general, the velocitlies and pressures calcu-

lated for the collapse of a bubble in a compressible
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liguid are reduced from those calculated from the in-
compressible case, ag would be expected intultively.
The reduction of pressures 1ls very marked in the latter
stages when pressures are on the order of 1/10 of those
calenlated from incompressibile theory.

The calculated velocities are also substantiale
ly reduced, though not as markedly as the pressures, It
is of particular interest to note that the velocity of
sound does not serve as a barrier to higher velocities

and no upper limit is prescribed by the theory employed.
a, Velocitiles

The velocities calewnlated for the bubble wall
are presented Iin Figure 12 as a function of the bubble
wall radius, Q. The Raylelgh solutlon and the Herring
solution are also shown, as well as the ratio of computed
velccitiles,

The veloeity at @ = 0,08 was assumed %0 be
equal to that of the Rayleigh solution, compressible

effects being taken into account from that point onward,

The veloclties computed considering compressibility are
seen to deviate slowly but definitely downward from the

incompressible. When Qipne = 1,00, Qgopy = 0,685 or the
incompressible velocity is 1.45 tlmes as great as the

compressible,
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When Qeomp = 1,00 the lncompressible value has
increased 1.74. The veloeity of sound does not detber
the bubble wall from higher velocitles, Observation of
the curve shows that the tendency toward higher velocities
28 the radius is reduced 1is marked, and does not lessen
much as supersonic velocities are reached,

The fact that sonic veloclty does not limit the
speed of a compressible fluild is well known,* It has
been shown that a limiting speed, known as the escape
velocity, does exist for a compressible fluid flowing in
a straight pipe. However, in a converging section, the
pressure and velocity of sound are increased by the
narrowing crogss section, While a portion of the flunid
is pushed ahead at increasing velocities, the remainder
is decelerated., In this way, momentum and energy are
transferred to a smaller and smaller mass of fluild as the
collapsé progresses, and ever increasing velocitles are
therefore to be expected.

Examination of the Wave Propagation Plane (X, Z)
Pigure 11, shows that the minus characteristic lines are
st1ill able to reach the bubble wall after sonle velocity

has been obtained. Therefore perturbations within a

¥ Courant and Priedrichs (48)
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limited distance can be expected to drive the velocity
higher,

It is alpo sesn that, unlike the case of a
straight tube, the plus characteristic lines are
propagated outward in the field, even though some delay
must occur when Mach number is greater than 1.00. The
reason for this behavior is the fact that the veloecity
is an inverse function of the radius. As the perturbation
travels away from the bubble wall along a plus character-
istic line, it eventually reaches a region whers the
veloecity of sound is higher than the inward velocity of
flow. The slope of the characteristic direction then
changes to pogitive, and the line moves away from the
origin., Characteristic line (X) is a good example of
this effect.

Extrapolation of the veloecity versus bubble wall
radius curve in Figure 12 leads to values of é==7 at
Q=0.001, barring any extreme prassure increases against
the bubble wall. Since this velocity is 33,500 feet per
second, it is effectively infinite and the origlnal as-
sumptions must be invalidated. However, it 1is hard to
see how the pressure inside the bubble could be effective,
gince the extrapolated value of the pressure maximum in
the liquid, reaches 7 x 10° Atm., as may be seen From
Figure 15,

The velocity distribution is calculated for the
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liguid surrounding the bubble at several different times
corresponding to different bubble wall positions. The
curves are shown in Figure 13.

For an incompressible fluid, the veloeity
distribution may be caleulated from the cohtinnity
equation alone, and is proportional to the inverse
square of the radius, When the fluld is compressibls,
the cmbinuity equation 1s no longer directly integrable
due to the variable density. Therefore the deviations
from the inverse square law are a measure of the impori-
ance of compressibility.

The velocity distributiocns in Pigure 13 are
plotted against radius on log~log paper, and the slope
of the curve is thus equal to the exponent of X that
the digtribution follows, Calculated slopes as low as
=1,34 are shown, which demonstrates considerable de-
~viation from the incompressible value of -2, The trend
illustrated Indicates that even lower slopes would be

found during the latter stages of the collapse,
b, Pressures

The same general character of pressure distribution
is retained in the two cases, but pressurss are much
lower for the compressible liguld., Flgure 14 presents

the compressible and incompressible pressure distri-
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butions plotted as P/P,xs Tor each case respectively.
Each exhlbits a strong pressure rlse from the bubble
wall back t0 a maximum point, It should be remembered,
however, that the ratio of maximum pressures between
incompressible and compressible solutions is 7.9 for
the time selected,

It is also interesting to note that the location
of the pressure peak is approximately the same in the
two cases with respect to the bubble wall radius Q.

The peak is sharper in proportion for the compressible
case than it 1s for the incompressible,

After the point of peak pressure, the relative
pressure for the compresslble case decreasss more
rapldly than the incompressible, which gives the pressure
peak its‘sharper appearance, The farther one moves out
into the surrounding fileld the smaller the compressible
relative pressure becomes with respect to the
incompressible, This is to be expected from two
physical interpretations; first, compressibility means
that energy can be stored in the form of pressure, and
only a small total amount is avallable; second, a finite
rate of wave propagation means less pressure travels
outward.

The relative magnitudes of the compressible and

incompressible pressures are illustrated by Figure 15,
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where the maximum pressures are plotted as a funetion of
tubble wall radius for each case, The compressible peak
pressure starts deviating markedly from the incompressi-
ble the moment Characteristic computations begin, and
continves as a straight line on log=log paper. The
slope of this line is 1.91 as compared to 3.00 for the
incompressible pressure.

The ratios obtained between peak pressures
become very large, reaching 9.6 at Q = 0,010, and
continue to increase as the bubble collapses, Thus a
marked diminmution of pressures is predicted during the
collapse period.

The general history of the pressure distribution
in compressible flow 1s clearly illustrated by Figure 16,
where the pressures in the surrounding field at several
bubble wall positions are plotted as a function of
radius X, After the peak pressure has passed, the
pressure at a particular value of radius, X, is seen to
continue increasing as the bubble collapses, buib gt a
slower rate, eventually reaching a practically constant
value, In the meantime, the maximum pressure polint has

continued inward to higher and higher pressures,
¢. FEnergy Distribution

During the collapse period energy ls continually
belng transported inward toward the origin, Flgure 17
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shows the sum of kinetic and potential (pressure) energy
as a function of the dimensionless radius for several po-
gitions of the bubble wall during the latter stages of
collapss,

IT the energy within a particular radius X 1is
examined, it is found to increase as the liquid flows
across it., On the other hand, the size of the sphere
which contains a certain amount of energy may be calcu-
lated by integrating from the bubble wall outward. The
size of the sphere which contains 40% of the energy avail-
able from the work of pressure forces,(%%‘fiﬁg”ﬁfis ghown
in Figures 17 and 18. Ag the bubble decreasmes in size,
its radius decreases raplidly until the bubble is very
small. Then the decrease becomes less rapid, and appar-
ently tends to the limit X=0.051 as the bubble goea to
Zero.,

Judging from the shape of the energy curves com=-
puted, this curve ig typical of all constant energy plots.
Bince the mass of liquid near the bubble wall becomss
very small, extreme velocities are to be expected.

In the region near the bubble wall, the pressure
energy stored in the liquid ie small compared to the kin-
etic energy. When Q=0.007T4 for instance, the pressure
energy at the point of peak pressurs is only 9.4% of the
kinetic energy at the same point. The veloclty decreases
80 rapidly with radius, however, that the proportion of

pressure energy is 22% at X=.0804, Between Q =0.0074
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and X= 0.0604, 16% of the total is computsd to be pressure
energy.

The proportion of total energy stored in pressure
form is much swmaller earlier in the collapse. When
Q=0.023, only 4% of the energy is stored between the
bubble wall and X= 0,776 is due to presgsure. When
Q= 0,080, the point where the compressible solution was
gtarted, the pressure energy stored out to 2Z2-0.480
was 2% of the total energy.

It must be recalled that the Rayleigh solution
cannot be considered valid at large distances from the
origin, where the pressure is much less than that com-
puted from the incompressible theory. Therefore, the
energy outside X= 0,48 was not computed., Furthermore,
the Domain of Dependence for the region near the bubble
wall sxtends to only X=0.26 when Q=0.080 and the
compregsible theory ig applied. Thus the snergy far out
in the field need not be considered.

The conclusion may therefore be drawn thatl
energy of compression does not soak up & large proportion

of the snergy available, and therefore velocities ars
inhibited only to a moderats degres. In addition,
snergy is not radiated during the collapse period, but
is transported inward. Any radiation of energy which

takes place must therefore be the direct result of ex-

treme pressures occurring when the inward motion is
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arrested.

7:6, Conclusions

A summary of the results of the study of bubble
collapse consildering compressibility of the liguid is
presented below:

a, Velocities ars less than those predicted by
incompressible theory but sonle veloclty does not aect as
an upper limit.

b, No upper limit to velocities exists, outside
of relativistic effects, unless pressures of higher
order than the peak pressure in the liguid are applisd
against the bubble wall,

¢c. Pressures are much lower throughout the
field than the incompressible theory predicts, par-
ticularly during the latbter stages of collapse. However,
the pressures become indefinitely large as the bubble
radius approaches zero.

d. The maximam pressure in the liquid occurs at
about the same radius as the incompressible solution,
but the pressure decreases much more rapidly in pro-
portion at larger radii,

e, The region affected by extreme pressures is
comparatively small at the moment the bubble dlsappears..

f. No energy is radiated before collapse is
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completed, On the contrary, energy is transported in-
ward, and concentrated in the region immediately
surrounding the bubble wall,

g. The proportion of pressure energy stored in
the liquid remains small until an arresting process
begins: 1i.e.,, until high pressures are applied to the
bubble wall,



VIII, Impact and Radilated Shock Pressure

Cook (8) calculated the pressures which resulted
when the collapsing bubble is allowed to strike an in=-
compressible ball of finite radius surrounding the
origin, The values were based on the velocities calcu-
lated from the incompressible theory, compressibility
being admitted the instant the liquid impringed on the
ball or impaet surface,

This assumption was made Decause the velocities
predicted by theory tended to infinity as the bubble wall
radius approached zero., It has been shown that the same
anomaly exists if the liquid is assumed to be compressible,
like water;

Purthermore, it has been shown in the section on
the interior of the bubble, that the pressures which can
be developed against the bubble wall by thermodynamie
processes cannot be large with respect to the peak pres-
sure in the fluid during the finite portion of the col-
lapse when the bubble is filled primarily with water
vapor. Therefore, it has been concluded that the liguid
motion must continue inward to a very small radius at
high velocity. However, since the origin is the ecenter
of symmetry, the ligquid must be stopped abruptly as it
reaches X=0, producing an impact-like phenomencn,

For these reasons, 1t has been deemed worth while
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to examine the impact of the collapsing bubble against
an incompressible ball, assuming the liguld to be com-
pressible. The high pressures created instantaneously
would propagate outward as a shock wave carrying con-
siderable energy, the peak pressures dropping due to the
spherical divergence.

It is of considerable practical interest to know
whether a bubble which collapses at a finite distance
from a fluld boundary can radiate a shock wave capable
of damage to materials commonly used in hydraunlic
machinery, Stepanoff (29) states that a bubble collaps-
ing in the stream can do no damage to a neighboring wall.

However, Silver (54)% has computed the peak pres-
sure associated with an outward moving shock wave accord-
ing to his assumptions, which include the law of acoustie
radiation, He finds that the pressure realized when
the shock wave passes the radius corresponding to the
original size of the bubble is on the order of 20,000 psi,
and therefore is capable of damage to cast materials,

One can, however, make calculations which are
based on assumptions having more definite physical mean-
ing, and which produce a peak pressure at the shock wave

which is certainly an upper limit to those aetually

“See digcussion in Section 3:4.
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encountered,

8:1., Assumptions

a, Compressibility 1s assumed throughout the
collapse period, and therefore the velcelities used for
computation are somewhat lower than the incompressible
case,

b. Impact occurs against an incompressible im=-
pact surface or ball, the pressure being a function of
the bubble wall velocity only. It is higher than the
pressure which would result if deceleration were to
start 2t the same radlus as the incompressible ball, zero
velocity occuring at a slightly smaller radius, as by
an arresting mechanism involving compression of the
bubble core. This mechanism has the feature that only
the layer of liquid at the bubble wall is affected at
the instant of impact, the effect'being propagated out-
ward slightly faster than the local velocity of sound as
explained in more detail in Section .

The principal difficuliy encountered by this
analysis is the selectlion of a suiltable radius Q; for
the impact surface. PFor thls reason Qi will be kept
as a parameter whose effect will be examined as it varies,

c. Impact pressures are calculated by the

Characteristics Method using the adlabatle equation of
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state for water. The pressure obtained, plobtted as a
function of velocity Just before impact, are shown in
Figure 19. The curve sghowing pressures computed by the
acougtic theory is a straight line, and the Characieris-
tics method solution is nearly parabolic in form, giving
much higher pressurses at high velocities. This is due to
the fact that the adiabatic equation of state decreases
the compressibility of water as the pressure increases.
However, both curves agres at low velocities;

d. Shock wave radiation is computed by use of
radiation theory developed for underwater explosions
during the war. Acoustic radiation theory is valid at
only small pressure increases and when particle motion
is small. These conditions do not apply to the situation
following impact, as Section IX ghows.

On the other hand, the shock wave data computed
for underwater explosions and shown in Figure 20 would
seem to fit the case being studied rather well. In each
instance, a strong pressure shock advances rapidly into
a region of much lower pressure. In the underwater ex-
plosion, energy is being supplied to the liquid by pres-
sure against the wall of the gas bubble created by the
products of combusion. In the cage of the cavitation
bubble, energy is carried across the shock front because
the liquid still unaffected by the impact of closure is

moving inward as the shock wave advances. The net result
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of both energy transfers is to produce a pressure~time
curve at a constant value of X which has approximately
exponential deeay,

In Section IX a detailed study of the motion of
the fluid after such an impact is computed by the Charac-
teristics Method, The pressure-time curve for the im-
pact surface is shown in Figure 295 plotted on semi-log
paper, and i1t is seen to be very close to an exponential
decay.

In the same section, the peak pressure at the
shock wave 1is computed on the adiabatic theory and is
plotted as a function of the radius x, In Figure 21,
Also plotted in the same figure are the peak pressures
as predicted by the propagation theories of Kirkwood and
Bethe (53) plus Penney and Dasgupta used for underwater
explosions, It is to be noted that the slope of each
curve 1is less than minus 1, which is the acoustic value.
The lower values of the Penney ~ Dasgupta and Kirkwood -

Bethe curves can be attributed to the asccumulative effect

of the entropy change across the shock wave which they
take into account,

Furthermore, Figure 20 shows that the explosion
theoriles have been carrisd to pressures on the order of
50,000 Atm, where the entropy change wounld be expected

to produce an appreciable loss. Cole (48) indicates that



=122~

the Penney-Dasgupta (51) solution is to be preferred in
this region, since 1t is a step by step integration

ntilizing the Riemann Invariants,

8:2, The Solutlon.

Utilizing the assumptlons mentioned, the pres-
sures at Ilmpact against incompressible cores of various
sizes were computed, These pressures became very large
as the veloecity of the bubble wall increased, and reached
the astronomical figure of 268,000 Atm. when the impact
velocity reached 2 a,, as shown in Figure 19,

The péak pressure at the radiating shock wave was
then computed as it passed the radius corresponding to
the original size of the bubble, according to the pro=-
pagation theories of Penney-Dasgupta (51) and Kirkwood-
Bethe (53), The computed values are shown in Figure 22
plotted as a function of the radius of the impact sur-
face Qo' The magnitude of the pressures is seen to be
of the order of 200 Atm. even when the impact radius be-
comes guite small, It is to be noted that the pressures
are practically insensitive to the size of the incompres-
sible core.

The data avallable did not permit the extension
of the calculations to smaller impact surfaces, so the

trends indicated on the curves cannot be verified,
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However, it is certain that the energy dissipation at

the shock wave becomes increasingly important at pres-
sures in excess of 50,000 Atm. The Penney-Dasgupta
relation which is to be preferred in this regime, accord-
ing to Cole (49), results in a decrease in the shock pres=-
sure as the impact surface becomes smaller, However,
energy considerations would indicate that an asymptotic
value should be reached. It sesems probable therefore,
that the pressure peak would be less than 300 Atm. as the
shock wave passes r=R,. At greater distances, the pres-
sure would, of course, be conslderably smaller, varying
approximately as 1/r.

Sinece the arresting process at the center of the
bubble was assumed to be impact against an immovable wall,
the pressures computed thereby must be the highest con-
ceivable., Therefore the actual pressure felt at r=R,
as the result of bubble collapse, must be less than that
computed in this sectlon, and damage to metalllc materials

by the radlating shock wave 1s not possible.

8:3, Conclusions,

a, Pressures during the arresting of the collapse
motion must be very high,
b. Spherical radiation of these peak pressures

reduces their values more rapidly than the acoustic
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radiation theory due to Lord Rayleigh,
¢, The peak pressures created by collapse on an

Incompressible ball of finite radius are less than 300
Atm. when they pass r=R,, even when the ball is assumed
to be very small.

d. The pregsures from an actwal collapse must
be Smaller than those computed for an incompressible ball.
Therefore, the shock wave radiated from a bubble collaps=-
ing in a stream at a distance of at least one bubble
rading from a boundary cannot be expected to damage that

boungary.,



IX, Pluid Motion During Rebound

Knapp and Hollander (19) point out that the com=-
pressibility of liquid performs a vital role in the
rebound phenomenon which they observed in the water
tunnel, Whereas it is clearly shown that the reopeaning
of a cavitation bubble which has collapsed is due to the
temporary storage of kinetic energy in the form of pres-
sure energy, the detailed mechanism of this action is of
further interest.

It is true that there exists a fundamental dif-
flculty concerning the events happening inside the cavity
when the bubble apparently disappears. The processes
which account for the arrest of the extreme velocities
cbserved and speculated over in calculations are as yet
unknown, The section covering the Interior of the Cavity
showed that ordinary thermodynamic considerations would
not produce an apprecilable effect in what may be regarded
a3 the observable or finite regime of the bubble col-
lapse. These comments apply when the bubble consildered
did not devélop from an air nucleus of appreciable size.

The discussion in the previous section emphasized
that the inward motion is stopped so abruptly when the
gize ratio, Q, becomes infinitesimal, that it may be
modelled after impact against an immovable spherical

barrier, The pressures occuring at the point of complete
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collapse are purely speculative, since the choice of a
proper size for a model barrier is a matter of dispute.
However, 1t was shown that the peak pressure in the out-
ward moving shoeck wave resulting from the impact is re-~
latively insensitive to the slze impact surface assumed,
if observed as it passes a glven radius,

Likewise, the sequence of events in the fluid
field may be studied by the use of a model with an im-
movable spherical barrier at the center, The character
of the events is not essentially different for various
core sizes. Although this device 1s admittedly arti-
ficial, its properties are strictly definable, in con-
trast to the microscopic, non~-z2guilibrium processes which
must take place in the actual core, and which are at the
present time the subject of speculation,

Some striking similarities may be pointed out be-
tween complete collapse and rebound of a vapor bubble,
and the rebound from an immovable sphere,

a, A pressure which is high compared to the peak
pressures in the fluld field is produced by the abrupt

halt of the veloclty at the bubble surface.

b, The total inward moving momentum which must
be halted and the total energy is nearly equal in each
case.,

¢, No energy is radiated until the local pres=-
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sures rise due to the arresting mechanism,

d., The impact pressure 1s produced so rapidly
that a pressure discontinuity or shock wave is formed
which propagates outward. (Note the distinet "elink"
associated with cavitation dbubble collapse,)

e, The fluid outside the shock wave is not af-
fected until a later time when the shock passes,

f. Energy is radiated to infinity by means of the
shock wave, thus decreasing the energy avallable for
reopening the bubble,

g. Outward radial velocity is created by the re=~
expansion of the compressed ligquid,

h, The cavity reopens when the pressure drops to
vapor pressure or lower,

For these reasons, detailed study of the unsteady

spherical motion of a compressible fluld which collapses

against an immovable barrier was undertaken in the hope
that a better qualitative understanding of the events
taking place in the liquid may be obtained. In addition,
an estimate of the energy radiated by the shock wave was
found, since this was expected to be the major mode of

energy loss,

9:1, Boundary Conditlons,

The ma jor requirement to be placed on the silze of
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the sphere to be selected is that it be small enough to
permlt the pressure at infinlty to perform most of the
work available during complete collapse, and that the
impact pressures be great enough to produce appreciable
change in liquid density. However, the pressures should
not be so high that the equation of state could be
doubted or that losses across the shock wave would be-
come large,

The size selected was 0,10 the original size
cof the bubble, R, where the velocity caused by a pres-
sure difference of one atmosphere is é==0.178. It
produces an impact pressure of 5140 Atm, which is within
the scope of the equation of state, and also produces a
density increase of 15%, which is appreciable.

The boundary conditions which are to be applied
to the [luid after impact has occured are physically
clear. The velocity of the liquid in contact with the
immovable barrier must be equal to zero as long as a8
positive pressure exists at that surface. The question
of the phenomena which occur when the contact pressure
reaches vapor pressure will be deferred to a later

section,.

9:2, Initial Conditions.

The dimensionless time Z was chosen to be zero
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at the instant the liquid contacted the immovable barrier,
The velocities and pressures in the fluid £ield at this
instant were computed from the Rayleigh equation con-
sidering the pressure difference bebween infinity and the
bubble interior to be one Atmosphere, The highest pres-
sure in the field was 157 Atm., which 1s small enough to
warrant the neglect of compressibility effects. The
bubble wall velocity was 0,178,

The values of velocity and pressure at selected
points were then utilized to form the Domain of Depend-

ence of a Characteristics Method Solution,

613, Shock Wave Conditions,

The sudden impact of the bubble wall moving at a
velocity é==0.178 produced an instantansous pressure
jump in the layer of liquid which was decelerated to zero
veloclity. In order to analyze the subseguent motion of
the entire fluid field, the effect of the discontinuous
pressure jump and its rate of propégation must be cor-
rectly analyzed., The theory underlying shock wave
phenomena was worked out by Rankine and Hugoniot, and
stems from three fundamental principles: Conservation of
Mass, Momentum, and Energy.

Courant and Friedrichs (48) point out that the

entropy changes in water are so small that the Conser-
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vation of Energy is automatically satisfied approximately
if the adiabatic equation of state is used. This simpli-
fies the calculations, since changes in velocity and
velocity of sound are then restricted to satisfy the
Riemann equations in the plane of state (U,A),

In general, to completely specify conditions at
a shock front, five guantities must be known: The pres-
sure and velocity in front of the shock wave and behind
it, plus the veloeity of the shock itself., This requires
the knowledge of previous history both behind and in
front of the shock., The following procedure was found
satisfactory in calculating the shock wave at each point
in its trajectory:

a, Estimate the shock wave velocity., This can
be done very accurately, since the velocity is nearly
constant,

b. Caleculate the conditions in front of the shock
wave, where the minus characteristic intersects the esti-
mated posltion of the shock wave, by meang of the Charac-
teristics Method,

¢, Find a point (4,2 ) on the back side of the
shock wave éuch that the plus characteristic through it
intersects the estimated shock wave position at the same
point as the minus characteristic on the front side of

the shock wave.
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d. Calculate the conditions on the back side of
the shock wave by means of the Characteristics Method,
following the plus and minus characteristic lines deter-
mined in the plane of state (Uy A).

e. GCalculate the shock wave velocity from the
Equation of Continuity across the shock.

f. Check the values obtained, and iterate if

more accuracy is required,

934, The Solution.

The solution as obtained from the Characteristics
lMethod is hown in Figure 23, which is found folded in
the pocket at the back. This is the X, Z plane, or plane
of propagation, The shock wave is seen emerging from the
impact surface at Z=0 and proceeding upwards and to the
right as it propagates outward at a velocity slightly
higher than the veloeity of sound in the undisturbed liquid,
It is to be noted that the fluid outside the shock wave con-
tinues to wmove inward ag if no impact had occured, until
met by the shock,

Conditions behind the shock wave are entirely d4iff-
srent from thoge Just in front, except that the en-
tropy 1s approximately the same. They may best be ex-~
amined by means of Figure 24, where the velocity and pres-

sure dlistributions between the impact surface and
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shock wave are shown for several apecific times aflter

impact.

a, Velocities

The first thing to note is that the wvelocity is
restrained to be zero on the impact surface as long as a
positive presgure eXisgits thers. Second, the impact
against the surface produces a pressure riss to 5140 Atm.
and a density increase of 15%. Third, succeeding layers
of liqﬁid moving inward impinge against the already de~
celerated layers, according to the shock wave conditions.

The sum of all these effects are the velocity
and pressure distributions shown. After the initial im-
pact, the pressure immediately beginsg to decrease, caus-
ing a2 decrease in density. Since the velocity at the
impact surface must be squal to zero, the particles 2
few layers out must acquirs an outward veloclty according
to the rate of increase of liquid volume between the
polint considered and the stationary impact surface.
Therefore it ls easy to gsee that the velocity must vary
from zero at the impact surface to 2 maximum outward
value at the shock wave.

This general shape of the velocity distribution
is maintained for the several times depicted in Figure 24,

It may be noted that the partiecle (liquid) velocity at
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the shock front is zero at the instant impact occurs,
rises quickly to a maximum, and then reduced slowly, in-
dicating that the rate of change of the entire volume
inside the shock changes in the same way,

It should be re-emphasized that this velocity
distribution is possible only because the term in the

continuity equation which accounts for the rate of change

of density is negative, and opposlte in sign to the

divergence of the velocity.
b. Pressures

The pressure at a given instant of time varies
as a funetion of radius from a positive value at the im-
pact surface to a larger value at the shock wave, where
the incoming undisturbed particles are met. The peak
pressure is seen to reduce very rapldly at first, and
more slowly later, being an inverse function of the radius,
This pressure is pletted on log paper in Figure 21 and
compared with the shock wave pressures as predicted by
the Kirkwood-Bethe (53) and Penney-Dasgupta (51) under-
water explosion data. This agreement is seen to be
reasonable enough to warrant its use in the examination
of shock waves peak pressures radiated from tiny impact
surfaces as studied in Section VITI,

The pressure at successive instants of time be=-

hind the shock wave 1s seen to reduce rapidly a2t first
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and then more slowly, A plot of the pressure against
the impact surface as a function of time in Figure 25
shows that the pressure decrease 1s nearly exponential
during a large portlon of the contact period. This is
similar to the history of underwater explosions,

This particular curve shows a feature which has
not been mentloned heretofore. The compression and sub-
sequent re-expansion of the ligquid during rebound phe-
nomena must take a finite, though short, time. The out-
ward radial velocities which have the momentum to re-
open the bubble are developed through the action of the
shock wave, the propagation of which requires time, In
the example solved, the time interval until the pressure
on the impact surface equalled vapor pressure amounted to
Z 0.61l. In terms of the bubble of 0,14 inches radius
studied by Knapp and Hollander (192), this would amount %o
1.5 micro-seconds or 3% of the time between film exposures
taken at 20,000 per second,

This value is negligible but it is of importance
to estlmate its size for smaller impact surfaces, to find
whether it can always be neglected, Dimensional analysis

shows that this time should be on the order of:

e

_é .
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where the rate of spherical divergence

£
7
A, velocity of sound in liquid at one atmos-
phere

thus it is clear that this time is negligible for smaller

impact surfaces.
¢c. Tension Wave

At the time that the pressure is reduced to vapor
pressure against the impact surface, the pressure and
velocity distributions have the same general character
as previously described: 1.e,, they vary from zero at
the immovable barrier monotonically to a peak value at
the shock wave, Therefore considerable quward momentum
has been generated in a veloecity distribution which is
considerably different from the incomprsessible.

Turning now to a particle which 1s located on the
immovable barrier, it has been restrained by the previous
positive pressure to remain at rest. The greatest out-
ward driving pressure which is now available 1is the vapor
pressure of the liguid. However, in ordinary consider-
ations, the liguid 1s considered to cavitate when vapor
pressure is reached. If this were true, no pressure
gradient could exist to accelerate this particle, and it

would remain seated on the incompressible core,

A similar situation would be met with particles
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between the barrier and the shock wave at later times,
The positive value of the velocity divergence dus to the
monotonically increasing velocity as a function of X,
means that the volume of this liguid must continually
inerease with time, Therefore vapor pressure would be
reached first on the barrier and later at finite dis-
tances from the barrier. This effect is propagated at
the speed of sound in the liguid., The locus of point
dropping to vapor pressure is shown in the X, Z plane,

If the liguid cavitated at the vapor pressure of
water, no accelerating pressure gradient could act upon
each partlicle at the time that it reached vapor pressure
and cavities formed. Therefore each would continue to
translate at the same velocity as it had at the instant
of loeal rupture., Because of the fact that the diverg-
ence of the particle velocity would still be positive in
this two phase region, its density would continue to de-
crease, thereby increasing the volume of the vapor
portion,

Kemmard (55) has analyzed the dynamics of what
he has called bresking fronts: i1.e., the interface be-
tween an intimately mixed two phase region and a homo-
geneous compressible liquid, He found that such fronts
could advance or recede only at velocities egual to or

higher than the veloecity of sound in the medium, If the



~-137=

liquid cavitates at vapor pressure, such a breaking
front will develop when the bubble reopens, and the
"interior" region will consist of an intimately mixed
two phase region in which each liquid particle will cone-
tinmue to translate outward at a constant velocity. This
situation probably would continue until the outer regions
of fluid are decelerated to a lower velocity, and many
of the individual particles in the froth catch up with
the slower moving solid liquid,

On the other hand, there is evidence to show that
liquids can stand considerable tensions for short periods
of time, depending principally on the state of denucle-
ation, In steady state oscillation, Briggs and his as-
sociates (33) found that tensions of the order of 5 Atm,
could be sustained. Harvey (38) estimated that tensions
of the order of 100 Atm. had been achieved with his
"1eaky pilston” experiments,

Supposing that the liquid can sustain a moderate
tenslon, a pressure gradlent 1s then avallable from the
bubble wall outward to accelerate the particles which
have been virtually stagnated against or near the impact
surface. The tension due to divergence of the Tlow is
felt first and most severely at the inner boundary of the
liquid. Rupture then occurs at the surface of the im-

movable barrier, and the pressure against the vapor-
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liguid interface rises immediately to the vapor pressure
corresponding to the temperature of the liguid. A grad-
ient therefore exists from the vapor pressure down into
tension of the liquid, which can accelerate the particles
in the neighborhood of the bubble wall, producing a

velocity distribution like the incompressible cage. »

The tension wave mentioned originates at the
barrier surface and propagates outward at the velocity of
sound, the locus of points in the X, Z plane dropping
to vapor pressure peing the same as the case previously
discussed, and shown by the dashed line in Figure 23,

It is to be noted then that a maximum tension must exist
somewhere between the point in the fluid which has just
been reduced to vapor pressure, and the new bubble sur-
face which is moving outward. If this maximum tension
should happen to be strong enough to rupture the liguid
at a nucleus or weak spot a small distance from the new
cavity wall, a secondary cavity could begin to form,

It is seen, therefore, that the ability of the
liguid to withstand tensions for short time pulses is
very important in determining the mode of reopening. If
the ligquid has high rupbure resistance, the bubble formed
on rebound should be clearly defined. If the liguid has
very low rupbure resistance, the cavity should consist of

a frothy, intimately mixed two phase region of vapor and
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liquid particles,

It seemsg likely that, for the tension wave dur-
ations of about a few microseconds being considered,
ordinary liquids would exhibit a considerable ability to
sustain tension. However, it would likewlise be expected
that numerous nucleli of solid particles and gas pockets
of submicroscopic size would also exist in the ligquid
around the bubble wall, These would be incapable of
supporting tension, in contrast to the strength of the
homogeneous liguid. Therefore numerous small secondary
ruptures might be expected in addition to a primary open-
ing.

These conclusions would seem to be verified by
examination of the photographic bubble histories due to
Xnapp and Hollander {19), The original bubble is a cleanly
defined near-sphere seated against the model surface and
it collapses to a point apparently Just clear of that sur-
face. The reopening, which occurs almost instantaneously,
1s of quite different character. The new cavity is quite
irregular, and at first looks opaque, like a cloud of
tiny cavities. As it grows larger, 1t looks more like a
cluster of merged bubblss, pesrhaps a dozen in number.

Thig appearance is retained through its growth to maximun
size and until the second collapse occurs.

The dynamics of such a system is, of course,
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extremely complicated, but an estimate has been made of
the maximum size in the next section‘by means of energy

considerations,
d., Radiated Energy in Shock Wave

One process which is a source of energy dissi-
pation is radiation. It has been shown that energy is
transported inward as long as the pressure against the
bubble surface remains at vapor pressure, However, when
impact against an incompressible core produces an extreme
pressure against the inner boundary of the liguid, radi-
ation can be expected to occur,

It should be noted that the selection of a core
equal to 0.10 R, means that 99.9% of the work available
from the pressure at infinity during complete collapse
has alresady been obtained, Therefore the energy of fluid
motion willl be considered the same as the complete col-
lapse.

The fluid motion which ccecurred behind the shock
wave formed by the impact against the immovable barrier
was essentially one of pressure relief. The dropping
pressure resulted in a volumetric expansion of the liquid,
causing outward radial velocities to accumulate to a
maximam just behind the shock wave,

The time history of the pressure against the
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barrier was shown in Figure 25, where Z 0,81 1is the
time at which the pressure returned to the liguid vapor
pressure., Therefore, the total impulse per unit area of
the barrier, which is available to create outward momen-
tum, has been developed. That 1ls to say, the only exter-
nal force on the liquid capable of producing the outward
momentum necessary to reopen the bubble is the pressure
acting at the barrier from Z- 0 to Z=0,6Ll., After
this time, the impulse is in the opposite direction due
to B, ~Py acting to retard outward momentum.

In other words, once the bubble has started to
reopen, a redistribution of pressures bebween the bubble
wall and infinity could not increase the outward momentum
which is availlable to reopen the bubble. Therefore, it
has been assumed that the energy which remains in the
form of compression of the liquld is carried away by the
shock wave, and the kinetic energy of the outward moving
particles is devoted to the work of reopening the bubble,

The pressure energy per unit radius between the
core at X= 0,10 and the shock wave at X=0,54 has
been plotted as a functlon of radius in Figure £6. Be-
cause the surface area of a shell at a given radius is
proportional to X2, in addition to the facts that the
pressure increasss as X increases, and energy per unilt

volume is approximately proportional to P2, the energy
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per unlt radius appears similar to a fifth power curve.
Thus most of the pressure energy associated with the
shock wave 1s concentrated in a comparatively narrow band
immediately behind i%, The figure shows that only 10% of
the pressure energy is found between X=0,10 and
X=0,39, whereas the remaining 90% is between X= 0,39
and X=0,54., It is difficult to imagine any mechanism
which could capture this pressure energy and utilize it
to reopen the bubble.

When the pressure energy associated with this out-
going shock wave 1s evaluated, it is found to be equal
to 47% of the total energy available by the work of the
pressure difference B, =P, during collapse. The remain=
ing 53% of the available energy is assumed to be devoted
to reopening the cavity, complex though it may be., The
equivalent spherical cavity would therefore be 81% of
the dilameter of the original bubble,

This value 1s seen to be of the same order as the
relative rebound sizes taken from data published by Knapp
and Hollander (19)., 1In that case, the relative diameter
was B6% for the first rebound and 78% for the second,
Tater rebounds were smaller, but one would expect the
greater turbulence of collapse with a cluster-like cavity
to result in greater losses from viscous forces. It

ahould be noted that the measurement of the diameter of
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an irregular cavity is difficult, requires considerable
Judgment, and therefore the percentage of reopening

guoted is not strictly accurats.

9:5. Conclusions

a. Rebound ecan oceur through the compressibil-~
ity of the liquid alone, an immovable barrier acting as
the agent for producing arrest of inward velocities.

b. Considerable outward velocities are produced
by re~-expansion of the liguid which is compressed by im-
vact.

c. An outward moving shock wave is formed,
carrying considerable energy away.

d. The outward moving shock is followed by a
tension wave, which is responsible for the reopsning of
the cavity. The tension produced is the greatest at the
inner boundary of the liquid until the cavity re-opens.

e. The tension wave is responsible for a varying
degres of secondary rupture to the liquid at points near
the center of the new primary cavity, These secondary
ruptures are responslible for the faet that the rebound
cavity is no longer a clsanly defined portion of a sgphsre.

f. The'énérgy radiated by the shock wave is es-
timated to be 47% of the energy of collapse, which would

allow the cavity to re-opsen to an equivalent diameter
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81% of the original diameter before collapse.
g, Time during which the cavity is completely
closed is found to be of the order of one microsecond or

less.,
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APPENDIX I

Definitions of the Symbols used.

SYMBOL

DEFINITION

Velocity of sound in the liquid.

Velocity of sound in the liguid at 1 Atm,
Pressure,

Dimensionless velocity of sound.

Radius of liguid sphere which is condensed
from the wvapor in the bubble.

Pressure constant in Taitt's equation of state
for water.

Specifically defined 1in two equations as the
Universal gas constant. '

Constant in Tait's equation of state for Water,
Thermal diffusivity in water.,

Specific energy due to pressure.

Symbol for a function.

Rate: of: Mass transfep between liquid and vapor
at equilibrium conditions.

Gas proportion index,

Molal mass of wvapor

A number or an exponent.

Pressure, used according to subsecript.
Pressure appearing as variable of integration.
Dimensionless bubble wall position, radius,
Bubble wall position, radius,

radivs coordinate.

Original or maximum size of the bubble.

Time,



SYMBOL

g

@

= = $/R,

v

Note:

~/5/ -

DEFINITION

Absolute temperature,

Veloclity.

Dimensionless Velocity.

Specific volume.

Total volums.

Space or lineal dimensioen.

Dimensionless radius coordinate.
Dimensionless tinme.

Normal coordinate of plus characteristic.
Normal coordinate of minus characteristic.
Exponent of Tait's equation of state for water.

Thickness of liquid layer through which tem-
perature gradient exisgts.

Temperature gradient (vector notation).
A parameter.

Temperature rise,

Bhock wave posgition.

Dimensionless shock wave position.
Density of the liguid,

Pensity of the vapor,

Total time of collapse

a dot { ) immediately above a symbol denotes

differentiation with respect to time, either
dimensional or dimensionless according to the
particular case.
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Tange 1. INVESBTIGATIONS EMPLOYING VENTURIS OR Sarer TumseLs.

Nanme DaTL

Parsons ano Coox(6) 1917

FoTTinaER & | 19141925
Seanmaxe(9)

Acxzacy(L) 1926~1930
DE HaLLER(16) 1933

Scuuona(la)(u)(is) 1934

Hunsaxer(17)18) 1035

Mores on TESTS AND EQUIPMENTY

2 018, VENTURI wiTH QLASS BMLS

TEQY SPECIMEN 1N CENTER.

2 DiN, RATER TUNMEL WITH TEST

BLADE DETWEEN GLASS WALLS.

2 DiIM, VENTURS WITH GLASS PALLS

AND PRESGBURE TAPS.

2 DIM, VENTUR! WITH PIEZ0 =~
ELECTRIC PRESSURE PICK~UP,
2 DIM, VENTURY WiITH SPECHAL

TNP ) NGERENT SURFACE,

2 018, VENTURSE %iTH VARIED PROFILE.

FLASBH PHOTOB. AT 3000/s£C.

fEuARKS

STUDIED MEGHANISH OF DEBTRUCT)OM,

CoLLAPEE IMPACT BLAWED,

SHOWED DAMAGE DCCURRED N COLLAPSE
AREA, ATTACK ON GLABS SNOWED MECH-

AMICAL ACYIOK TO BE PRINARY,

SHOWED MIN., PRESSBURE EQUALS VAPOR
PRESS. HEABURED PRESBURE DISTRIBUTION
AND SHOWED AMBLOGY WITH BHOCK WRONTS

IN LavaL NOZZLE.

NEABURED PEAK PRESSURES OF OMLY

3000 re1.
STUDIED MECHANIBN OF ATTACK aAND

RESISTANCE OF MATERIALS,

SHOWED EFFECY OF AIR DIFFUSION

14 LONG THROATED VENTURI., FOuND
o ;

MAX, DAMAGE (N 21 OIFFuSOR,

FOUND PERIGDICITY 1N BASS CAVITATION,

DL/



TasLe t. (Cowtisuen)

V L

vVan mioon(ze)

u;t:nﬁi )
WM12)
BoTTomLey(36)

fover(37)

KNAPP AND HOLLANDEW
(19)

INVEGTIGATIONS EMPLOYING VENTURIS OR WaTER Tunners,

OaTE

1937

1937

1948

NoTES on TESTS AND EQUIPMENY

CIRCULAR VENTURI WITH SMAPR

APPROACH

2 oM. VENTURY
2 DIu. VENTURI LIKE SCHROTER'S,

2 Din, VENTURI WITH SHARP APPROACH

PREGOURE TRPS OM CENTER L INE,

RECTANGULAR WATER TUNNEL WI1TM

CYL INORICAL MODEL.

WATER TUNMEL WITH CYLINDRICAL
SORKING SECTION, CYL. MOOELS.

FLASH PHOTOB OF CAVITATION AT
30,000 raamcs/secC.

Rruancs

OR8ERVED CAVITATION AY NIOH CALC.
PREBBURE , AND CONMCUDED THAT BUBBLES
CONTAINED AIR, DOUBYFUL VALIDITY.
HICROSCOPIC ANALYSBIS OF NETALLIC

OAAGE,

MICROSCOPIC AMALYBIS OF METALLIC

DAMAGE

CORROBORATED OSSERVATIONS OF VaN

ITERSON, DOUuBTFUL VALIDITY,

0BSEAVED PREGSURE OISTRIBUTIONS
ON MODELS OF DIFFERENT BHAPES FOR

SEVERAL INTENBITIES OF CAVITATION,

OBSERVED PRESSURE DISTRIBUTIONS DURING

VARY ING INTENSITIES OF CAVITATION,
RECCROED INDIVIDUAL BUBBLE COLLAPSE
AND REBOUMD,

L2/



TAGLE 2. INVESTIGATSONS EVPLOYING

Raug

Satmantm.

Honeaorr {20)

Coox {at)

Ganoter, 0. (40)

D€ HALLER{16)

Sopeascre(23)

SCHWARTZ AND

KanteL(22)

OaTE

1927

1923

1932

1933

1935

1937

IPACT  IHEELS OR  WASBLRSCHLAG TESBTERS. -

ROTeEs ON TieTs AND EQuiPmENT

FIRSTY APPLICATION, PABSED SPECINEM

THROUGH WATER STRCAM.

SPECIMEN PASSED Tred un mIST OF

FingE DROPLETS,

CoBERVED ERCSION IN BTEAY TuRs,

RECORDED PRESBURE [MPACT AND
CORRELATED WiTH EROGION B8Y PIE20

ELECTIC PRESSURE PICK=UP,
PABSED HARDENED OR COATED SPECIMEN

THROUGH SATER STREAM,

PASBED GPEC. THROUGH GTREAM,

REMARKS

D1sCOVERY OF RAPID METHOD OF
TESTING COMPARATIVE FROSION

RESIBTANCE OF MATERIALSe.

DauAGE PRODUCED WAS OF BAME NATURE

AS CAVITATION, SPECULATED THAT
ACTICN WAS DUE TO LOCAL CAVITATION,

SPECULATED THAT DAMAGE WAS DUE TO
PRESSUNE AND BTRESE CONC, IN FINE
CRACKS AND F18SURLS.

RECORDED 4500 P81 CAUSING DAMASE

B0% LESS THAN CALGULATED.

FOUND VERY MARD BURFACES, TSPCEALLY

STELLITE FO HAWE GREAT REgISTANGE,

RATED LARGE NULBLR OF METALS ON
EROSION REGIBTANCE, ESTiNATED

SPEED FOR THWRESHALE OF DARAGE,

-84/ -



TaBLE 3. INVEBTIGATIONS EMPLOVING VIBRATING SPECIMEN TESTERS.

Naug

gaines (25) |

HunsaxEn{18)

Soxuus , PEYE”.
& WiLican(24)

Kenn(32)

Rieuruinc(26)

PouLTER{30)

Seecning

KORMFELD 'm'o
Suvanov(27)
Bricas, Mason,
&0 Jowson, (33)

Date

1932

1935

1937

1937

194

1942

1942

1044

1947

MoTES ON TEsTS AMD EqQuirsENT

NICKEL TUBE INBERTED THRU

BOTTOM OF VEGSEL CONTAINING WATER

SIMILAR TO SaINES.

SiMiLaR To Gaincs.

HOLD SPECIMEN FACK oown 1/4 i,

BELOW LIQUID BURFACK.

PLACED SPECINE IN 8OTTON BURFACE

OoF CLOSED wastL.

VIBRATED SPECCIMENS PERPEND ) CULAR
TO AND PARALLEL TO SURFACE CON-~
TACTING LIQUID.

SINILAR YO GalneS

SI1MILAR YO Galvcs

CRYSTAL OSCILLATOR

REvanxs

DEVELOPED FIRSY HIGH AMPLITUDE

MAGNETOSTRICT 10N OBCHLLATOR.

CHECKED SIMILARITY OF DANMAGE

WITH CAVITATION DANAGE.
DESCRINE TESTS OF EROSION

RATED 80 MITALS ON EROSIOM

RESISTANCE IN FRESM AND SEA WATER

PHOTOGRAPHED BUBBLE WIGTORY DURING
CYCLE OF uOoTi08, CalC, PRESSURES.
or 3000 pet.

OENONSTRATED PENEYRAT § ON-EXPANG | ON

DAMAGE. PRODUCED PROTECTIVE COAYINGS
BY PENCTRATION PROCESS wiTH OILS.

RATED SRONIES USED IN PROPCLLER SORK
ON ALATIVE BESISTANCE,

PMOTOGRAPMIED BUBBLE MISTORIES AND

STUDIED CONFIQURATIONS AND BHAPES.
ESTIMATED TENSIONS REQUIRED YO

CAUSE CAVITATION WITHN SOUND WAVES

~-6//_
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table 1V. iayleiglh Tollapse Tive Interral, r{(R/R,)

AL £( /Ry) iﬁ..?. £(r/)
0.000 0.T468 0.600 0.6262
0.040 0. TAET 0.640 0.6067
0.0£0 0.7261 0.680 0.5813
0.120 0. 7548 0.720 0.5524
0.160 0. 7427 0.760 0.5164
0.200 0.7400 0.800 0.4813
0,240 0.7355 0.840 0.4370
0.250 0,7302 0,860 0.4116
0.320 0.7235 0.380 0.3840
0.360 0.7154 0,600 0.3529
0.400 0.7058 0.520 0.3178
0. 440 0.6944 0.540 0.2772
0.480 0.6813 0.960 0.2279
0.520 0.6662 0.980 0.1622

0.560 0.6429 1,000 0.0000



Bubble Collapse Inta

P 0,544 Atm. P  -0.027 Atme 2 0.8t Q 0,080

(0) (0, 1) (0, 2) {0, 3) |

U 0.1789 U 0,1600 U 0.,3M0 U 0,397
A 0.9998 A ‘1.0019' A 1.0147 A 1,018
X 0,0800 . X 0,0848 X 0.0885 X 0,0988
Z 0,0000 Z 0.,0080  Z 0,000 Z 00151 -
(0, 4) (0, 5) (0 6) . (0, 8)

U 0.1173 U 0.,1060 U 0,0960 U 0,0800
A 1.0213 A 1.0223 A 1,0224 A 10237
X 0.0975 X 0,1020 X 0,1067 X 0,1161
2 0.0201 Z 0.0262  Z 0,002 I 0,0MA
(0, 99 (0, 10) (0, 11) (0, 12)

U 0.0673 U 0,0570 U 0,008  U. 0,009
A 1.0243 A 1,0238 . A 1,0043 A ;}x.mg

X 01257 X 0,135 X 0,452 X 0.1550
2 0.0505 % 0,606 Z 0.TOr - Z 0,0807
(0, 13) (0, 15) »

U 0.0375 U 0,0289 .

A 1,0247 A 1.0228

X 0,1649 X 0.1846

20,0908 2 0.108



-3z
Bubble Collapse Data

P 0,584 Atm, P 0.027 Atm. 2 0 at Q 0.080

iyt

(1) (1,20 (1, 3) (, &)
U 0,184 U 0.1305 U 0,160 U 0.1086
A 1,0125 A 1,015 A 1,085 A 1.0809
X 0.0900 © X 0,008 X 0.0088 X 0.1034
20,0000 X 0,0009 Z 0.0099 2 0.01A9
(1, 8) 1, 6)

U 0.0961 U 0,0877

A 1.0221 A 1.0019

X 0,1080 X 0.1121

% 040199 Z 0.0249

@) (2, 3) @28 (2,5

U 0.1146 U 0,050 U 0,095 U 0.0875
A 1,0188 A 1,022 A 1,011 A 1,002
X 0,000 X 0,1045 X 0,090 X 0,136
Z 0,000  Z 0,008 2 0.0099  Z 0,0148
(2, 6) (2, 8) (2, 30) (2, 1)

U 0.0800 U 0,0680 U 0,008 U 0.0A35
A 1.0223 A 10234 A 2,080 - A 1.@;@
X 0.118 X .é,xfa-m X 0,472 . X 0.1868
z 0.0198 Z 0.0298 2 Z 0,0598

0.0458
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Bubble Collapse Mta

P 0,544 Atm, P 0,027 Atm. 2 0 at G 0,080

' L —

(3, 13) . (A, 15)

u 0.0305 U 0.0242

A 1.0200 A 1,0185

X 041875 X 0.2072

Z 0.6695 g 0,089

(5) (s, 6) (8, T) (5, 8)

U 0,0678 U 0,0628 U 0,058 U 0,085
A 1.022% A 1,022 A 10238 A 10218
X 0.1300 X 0.1348 X 0.1395 X 0,188 -
Z 0,0000 Z 0.0049  _Z 0,0008 2 0,017
(6) (6, 7) 68 6,9
U 0.0584 U 0.0545 U 0.0507 U 0,0040

A 1,0219 A 1.007 A o.0213 A 1.0213
‘X 0.1400 X 0.14A8 X 0,496 X 0.1501
Z  0.0000 Z 0.00h9  z 0,0098  Z 00197
(6, 10) (6, 11)

U 0.0385 U 0.0340

A 31,0200 A 1,0195

X 0,1688 ' X 0.178%

2 z 0.0395

0.0296
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Budbble Collapse Dasa

P 0.54h Atm, P 0,027 Atm. - Z O at 3 0,080

(10) (20, 11) (10, 12) - (10, 13)

U 0.0286 U 0,0257 U 0.0233. U o.,0m32
A 21,0078 A 10172 A 1,016 A 1,008
X 0.2000 X 0.2097 X 0,295 X 0.2893

Z 0,0000 Z 0.0098  Z 0.0196 Z 0,0295
{10, 153

U 0,0079)

A 1,0158

X 0,2490

Z 0.0493

) (a1, 12) (4, 13) (1,38
U 0.0237 U 0.0215 U 0.0295 U 0,078 -

A 13,0165 A 1,0160 AT 3.0154 A 1,01AT
X 0,2200 X 0.2298 X O0.2396 - X 0,2494
Z 0.0000 2 0.0098  Z 0.0197 % 0,0295
(12) CQe, 13) (12, W) - (12, 15)

U 0.0199 U 0.,0182 U 0,065 U 0,0151

A 12,0053 A 1.0148 A1.0185 A Lo

K 0.,2000 © X 0,2498 X 0.2587 X 0.,2694

Z 0,0000 z %

0.0098 Z 0.0197 % 0,0295



Bubble Collapse Iata

—/E5—

2 0at ] 0,080

0.0197

P 0.544 Atm., P 0.027 Ata.
(3) (3, &) (3, 5) 3,6
U 0.0947 U o.oass y o,o-rg'(' U gm -
A 1.0211 A 1.0220 A 1,026 A L0230
X 0.1100 X 0,146 X 0.,1192 X 0.12% -
Z 0.0000 Z2  0.0049 Z 0,0098 2 0,0148
(3, 7)
U 0.0677
A L0229
X 0,287
Z 0.0197
(4) (4, 5) (4, 6) (K 7} ‘
U 0,0795 U 0.0T34 U 0.0678 U 0,0628
A 1.0220 A 1.0226 A 1.0223 A 2.0226
X 0.3200 X 0.1247 X 0.329% . X 0,1340
Z 040000  Z 0,0049 Z 0,0098 . Z 0.0148
(4, 8) (4, 9 (4200 ()
U 0.0583 U 0.0502 0.0436 U 0.0382
A 1.0225 A 1,0214 A 1.0208 A L0196
X 0,1388 X 0,484 X 01588 X 0,1678
z 'z 0,0296 2z 0.0M6 2

0.0MM



Bubble Collapse Data

at 4 0,080

. I I P

P 0.544 Atme P 0.027 Atm, Z O

i " : : o d

7) (7, 8)

U 0,059 U 0,075

A 1,0214 A 1,0210

X 0.1500 X 0,1548

Z 0,0000 2 0.0049

(8) (8, 9) (8, 20) (8, 12)
0.0848 U 0,0394 U 0,037 U 0.0308
1,0217 A 1.0199 A 1.0186 A 10183 .
041600 X 0.1696 X 0.017% X 0.1890
00000 & 00098 2 0,019  Z 0,0295

{8, 13) - (8, 15)

U 0.0052 - U 0,0208

A 1.0187 A 1,078

X 0.2087 X 0.2_283,-

2 0.0494 2 0.0692

{9 (9, 10) (5, ) (s, 12)

U 0.0354 U 0.0315° U 0.0280 U 0.0268

A 1.0192 A 2.0183 A LOME L g oo

X 0,800 . X 0,897 . X049  yx gonon

Z 0,0000 Z 0.0098 I 0.0196 Z
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Bubble Collapse Mata ) .
P 0,544 Atm, P - 0,027 Atas I 0 at Q 0,080

(13) ‘13. 14) (13, 15)

U 0.0170 U 0.0146 U 0.0143
A 1,042 A 1,037 4 1.0132
X 0.2600 X 0.2699 X 0.2707 .
Z 0,0000 Z 0.0098  Z 0,097
(14) A, 15) (a4, 26)
U 0.0146 U 0.0134 U 0,0197
A L0133 A oW A 1016
X 0,2800 X 0.3899 X 0.2997
2 0.0000 Z 0.0098 Z 0,0197 |
(18) (15, 16)

U 00127 U 0,018

A z.am" A '!-eiﬁa

X 0.3000 X 0.3099

Z 0.0000 Z 0.0098

(16)

U 0.0

A 1,018

X 0.3200

Z 040000 |
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Bubble Collapse Iata

P 0,544 Atm. P 0,027 Atm. Z 08t Q 0,080

(a, 1) a2 (a3 aM)
U 0.1848 U 0,610 U 0.JATS U 0,335
A 0.9999 4 1,0078 A 1.0133 A 1,087
X 0.0782 X 0.0825 X 0.,0868 X 0.0914
Z 0.0100  Z 0,052 2 0.0203 2 0,005
(4, 5)

U 0.1190

A 1.0202
X 0.0959

Z 0,0305

(s, 2) (B, 3) (8, 4) (B, 6)

U 0,1910 U 0,696 U 0.1515 a\,",om:.o%
A 0.9999 A 1.0077 & 1,017 A 1.0200
X 0.0763 X 0.0806° X 0.0851 xt'e-m:'
Z 0.0204 2z 0,0256 Z 0.0308 2z 0OM2
BT @8 - (B9 (B 20)

.u 0.1005 = U O0.0982 N 0‘0815‘30‘0530 :
A 1.0231 A 1.0200 A 1083 A l.omkk
X 040989 X 0,037 % 0.3 X 0.1230

Z 0.0464 Z 0.0516 & 0,068 2z 0.072
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Bubble Collapse Data

P 0.54h atm. P 0,087 Atme 2 O ab 3 0,080

(3, 1) (B, 1) (B, 13)

U 0.0580 U 0.,0008 U 0,0A34

A 140250 A 1,0045 A 1,025

X 0.1327 X 0414258 X 041524 R
Z 0.0822 % 0,0923 2z 0,1028 | |
(g 3) (0, 5) @6 (M

U 0.,1968 U 0,1550 U 0378 U W&
A 09999 A 1.0142 A 1.0080 A 1.000F
X 0,078 X 0,083 X 00806 X S.0983
B 00509 7 0046  Z 0,000 2 QuO8a

( | | | :
(c, 8) (6, 83/2) - (6, 9)
U 041300 U 0,0099 U 0,0902
A l.0232 A 21,0267 A 1.0288
X 0.0 X 0019 X 0,106 -
2 0.057Th Z 0,067 % O.06T7
(D, 4) (D 8) (o, 8) "c £ S
U 042083 v 06,1803 v nnm T mm |
A 09999 T A 10083 A 1.OMS A 2.0804
X 0.0720 X 0.0763 X 0.0809 X 0,086
Z 0.0418 T 0,043 % 0s0526 & 00560



Bubble Collapase ata

P O.544 Atm. P

/80~

0.027 Ata. 2 O 8% Q 0.080

(D, 8)

U 0.1244
A 1,02583
X 0.,0903
Z 0,0634

(p, 10)

U 0.0820
A 1,0292
X 0.1097
z 0,083

(D, 14)

U 0.0830

A 1.0317
X QOMQI
Z 0.1250

(g, 5)
U 0.2134
A 0.9999
X 0.0697
Z 0.0529

A
X 0,07A2
Z

{p, B-x/2)

- U 01220

A 1.020%
X 0.00%2
z

0.053? '

(p, 11)

U 0.0687
X 1.0309
X 0,119
Z 0.0084

Dy 15)
U 0,0368

A 3.0276
X 0.1589
Z 0.1350

(5, 6)
U 0,186
1.010%

0.0564

(5, 9)

U 0.3004

A 1.0295
X 0,0998
Z

0.0738 .

(D, 12)

U 0.0578

1. 0307

A
X 0.1292
Z 0.1047

- (8B, T)
U 0.1636
Ium '

o.o787

N R P

0,0600

(D, 9=M/2)
U 0.0908

A L0302
X 0,1088
Z 0,019

(ny 13)
U 0,0406
A 1051
X 0,13%0
z

0.2148

(B 8)
U 0.,1443
1.0218
0.0834-
0.0694

Nox P
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Bubble Collapne [ata

P 0,54 Aem, P 0,027 Ata. £ O a%'Q 0,080

L T T P SRR SRR

(5, B8«1/2) (g, 9) (% 9=1/2)  (m 20)

U 0.1290 U 0,148 U 0,0% U 0.0928 -
A 10270 A 1.0873 A 1.0288 A 1.0288
X 0,082 X 0,0928 X 0,098 X 0.1026
Z2 0,0747 2 0.0799 Z 0.08%2 2 0.0905
(¥, 6) (%, 7) (], 8) ~  (F, 8/2)
U 0,2237 U 01937 U 00600 U 0.Am

A 0.9999 A 1.0007 A 1,090 A 1.0278
X 0.0672 X 0.0716 X 00763 X 0.0810

Z 0.0643 - Z 0.0898  Z 0.075h Z 0.0809

(F, 9) (R, 9%1/2) (R 200 (Fy 10-0/2)
U 01316 U 0MI75 . U 0,0050 U 00048
A 1,0288 A 1,0301 A1.0306 A 10308
X 0,0857 X 0.0906 X 0,095 X 0.1003
2. 0.,0861 20,0915 - Z 0,007 & 0:2019
(», 12) (F,22) (K1) (R M)
U 0.0850 U 0,0700 U 0,0500 = U 0.0803 .
A 1.0343 A 1.0%48 A OBST A L0361

X 041082 X 0151 X 02% X 0,350

Z 0072  Zz 0175 % 0AMT .z 01380
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Bubdle Collapse Data

P 0.544 Atm. P 0,027 Atm, Z O at Q 0,080

(o, 7) (o, 8) (G, 8-1/2) (6, 9)

U 0.2325 U 0.2005 U 01750 U 0.8¥, .
A 049999 A 1,0152 » 10278 Ax.a;eo

X 0.0645 X 0.0651 X 0.0738 X 0,078

2 0.0757 Z 0,084 % 0.0870 7 0.0983

(0, 9-1/2) (G, 10) (6, 10-3/2) (G, 31)
U 0.1330 U 0.1186 U 0.1082 UR 0.0958 _
A 1.0329 X 0.1369 A 1.0001 A 1.0M00
X 0,0853 X 0.0882 - X 0.0930 X \0.0980
2 0.0978 20,1031 3 0,085 2 00136
(H, 8) (5, 8-1/2) (5, 9) (B, 9=W2)
U 0.2470 U 0.2120 U 0.1630 U 0,186 -
A 0.9999 A 1,018 A 1.0290 A 1.0319

X 0.0617 X 0.0662 X 0.0700 X 0.0756

Z 0.0875 z 0.0932 Z 0,098  Z 0,10

(#, 10) (he 10-1/2) (K, 31) (H, 11e3/2)

U 0.1380 U 0.1228 U 0,0080 U 0,062
ATL.0A0L 4 30852 A 2.0863 0 A 1,082
X 0.0803  x o082 2 X 0.0008 X 0.0952

Z 0.1098 z 0.115 z z

0,120%5 041259



) S~/ 93—
" Bubble Collapse Mta

(H, 12) (B, 13) {1, W)

U 0.0868 U 0,070 U 0.0888

A | A A L0080 -
X 0,000 X 0,300 X 002 .
2 2 Z 0.1518

(3, 8:2/2)° (3, 9) (9 9°3/2) (3200
U. 0.2650 U 0,240 o089 U O.1A§ |
A A A 1,087 A 10000
X 0,0587 X 0,0631 X 00018 X 0,005
Z 099 z 3 008  z oue

(5, 10=1/2) (3, 1) (& VeV G,
U 0488 U 0.3260 ¥ 03097 U 0.0088
A | A 1,08500 A M08
X 00713 X 0.,0823 X 0.,0875 X 0.0988

2 Z 01327 20,1318

(K, 9) (K, 9=2/2) (X, 10) (ke 10-3/2).
U 0,2857 U o0.2358 U 06,2008 U 9.1336
A A . A 1.0M8 A LOSIS
X 0.0882 X 0.0%98 .“x. 2.06M X o.om
3 2 2 0230 2 GlaMs



__/Qdu

Bubble Collapss Data

P 0.544 Atm, P 0,027 Ata, 2 0a$ Q 0,080

(K, 11) (K, 11=0/2) (K, 12) (K, 12e3/R)

U 0,453 U 0,1268 U 0,122 - . U 0,0990
A 1,0540 A 1.0612 A 1.0605 A 1,065
X 0,0742 X 0.0792 © X 0.0841 X 0,089
Z 0.1340 Z 0.1396 20,1448 Z 0.3500
(%, 13) (x, 1)

U 0,087% U 0.0703

A 10670 A 1.0685

X 0.0942 X 0.1083

2 0,1650  Z 0.1655

(L, 9-1/2) (1, 10) (Ly 20-3/2) (Ly 1)
U 0.30%9 U 0.2540 U 0.2103 U 0,775
A 0.9999 A 1.0%23 A 1.0508 A 1.0628
X 0.0515 X 0,0560 X 0,060 X 0.0655
2 0.3237T  z 0,1297 Z 0.,1355 2 0.0412
(I 21=3/2) (L, 12) (Ly 12-1/2) (L4 13)

U 0,1518 U 0,1320 U 0,046 U o.xboe;

A 1,0692 A 1,077 A 1,0765 A L.0113

X 0.0706 X 0.0755 X 0,0805 X 0.,0857

% 0,167 z 0,520 2 z 02628

0.1572 .



— /95~
Bubhle Collapas Data oy

P 0.544 Atm. P 0,097 Atm. Z O#b Q 0.080

- oy e

(L, 13%12) (I, 14)

U 0,0889 U 0,0788
A 1,0719% A 1.07T18
X 0.0%908 X 0.09%9
2 0;1676 Z 0.1726

(L,3/2, M=1/4)(L 3/2, 11~1/2)
U 0.1835 U 0.1690 *

A 21,0677 A 1.0726

X 0.0636 X 0.066%

Z 0.JATE  Z 0.150h

(y 20) (¥, 20-1/2) (M, 11) (M W=3/A)
U 03341 U 0.8730 U 0.2280 U 0.R0M
A 0.9999 A 12,0430 A 1.06%8 A 1.07%

X 0.0076 X 0.0519 X 0,067 X 009

Z 0.138) 2 0.0428 z o‘.m-ﬂ'"f‘z 0801

(My 12-1/2) (M, 33-3/4) (¥, 13) (M, 22e0/2)
U G876 g 01720 U 0395 - U 0360

A 1,0805 X 1,063 A 1.088y 4 1003
X 0.0616 X 0,06A% X 0.0668 X 0.,0TI6
Z 0.1539 Z 0,186T . % 03593  Z 0.1646
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Bubrle Collapse Imta

F 0.5M Atm, P 0027 Atm. Z Oat Q 0,080

(1, 13) (2, 13-3/2) (K, 14) |
U 0.1185 U 0.1005 U 0.08T2
A 140060 A 1.0990 A 1.0078
X 0,0767 X 0,0519 X 0,0870 |
20,1700 Z 0.,1752 Z 0.1803 :

(M 172, 103/M)(% W, 1) (k /2, 21-1/A)( W2y ui)

A - -

U 0,2886 U 0.2595 U 0.2357 U 0,207
1,0417 A OJOSST . A 31,0703 A ;.a_r&'ﬂ"i
0,0598 X 0,0522 X 0,0946 X .08
0412486 Z 0.1517 Z 0.1%46 Z 0.157%

(v 3/2, 13=3/8) (¥ 3/2, 12)

U 0.1550 U 0,1802

A 1.0828 A 1,0013

X 0,595 - K 0.0619

Z 0,160 Z 0,1629

(N, 20-0/2) (N, 10-3/4) (N, 11) (8, 1% 3/8)

U 0.3TT5 U 0.3552 U 0.2967 . U Q.68
A 0.9959 A 1,005 A 10506 A 1,080

X 0.0431 X 0.0A52 X 00076 X 0.0A95

7 0,487 2 2 018581z 01581

0.1520



/27—

Bubble Collapse Dats

P O5AhAtm., P ORT Ata. Z OSEQ Q.00
(N, 12-1/2) (K, 1=3/8) (N, 38} - (N, 22+3/4)
U 0,428 U 0.2180 U G.1998 U O0.2080
A 2.095 A 1.0988 A 0% A Lusé
X 0.0588 X 0,058 X 0.0872 X 0.0897
z 0.1610 2 0.1639 20,1668 7 0.1698

(%, 12e1/2) (¥, 13) . (K, 13-/2) (®, W)

U 0,160 U 0,1378 U 0,168 U 0.0998 -

A 1035 A 1.1190 A 1.2208 A 10080

X 00685 X 0,0675 X o.r X a.m’
Z 07RO Z 0.ATTA 2 00886 2 mm

(s, 10-3/A) (o, 11) (o, MA-1/A)  (v; m=V/2)
U 0.4072 U 03593 U oonas. U W
A 0.9999 A 1.08%52 X 1.0708 A .02
X 0,0M05 X 0,06 X 0.0M9 X QuAT3
Z 0.1554 2 0a58Y  Z 0,617 3 OO

(0, 31+3/4) (e, 12) (o, m-x/&)_" (6. m"w)-.&;' :
U 0.2528 U 08890 - U 0.2055 U 0,808 .
A 24078 A 1121} AR A 1o -
X 0.,005T X 0,082% X 0.0806 X 0,051
Z 0.3677 ’ 2z 0&170&_ z 0-1?32 2z m“‘”
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Bubble Cellapse Mata

P OSM AR, P 0.097 Ata. 3 0 st 3 0.080

(7, 1) (2 11-/A) (R, M1-12) . (F; 1-3/B)
U .72 U 0.3918 U 03438 . U 03038
A 0.9999 A 1.0503 . A 1,080 A 1.2095

X 0.0376 X 0.03906 X 0,008 X O0.002
Z 0.1622 2 041685 Z 0,686 z 0T
(?, 12) (B, 1223/M) (B, 12-1/2) (P, 12-3/4)
U 02720 U 0408 U 02138 U 03910
A L33 A L1A8 A 14836 A 1.1565

X 0.0M5 X 0,080 X 0,086 X 0,082
Z 0,17 Z 0ATT2 2 0,801  Z 0,1828
(P, 23) (7, 13-3/8) (P, 24)

U 0,AT0S U 0.3A00 U 0,1148

A 1,560 A 1.1608 A 1.1570 |

X 0,0569 X 0.0 X 0.0676 :

Z 0.858  Z 0,1908 z 0.1960

(Q L1-3/4)  (Q Li=3/3) (@ 12~3/4) (R 2R)

U 0.,4959 U 0.4288 ¢ U 0.37TA U 0.3260

A 09999 A LT3 A L.ags A 1838

X 0.3438 X 0.0063 X 0.,0%88 X 0.0M7

Z 0.1690 z 2 0,756 T 0.T8A

0.17T24
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‘Bublble Collapss Iata

P 0508 Atms P O.RT Atm. X O A% Q D.ON0

(< m-z/ﬂ_ - {Q, 12-1/2) (3 32-3/4) g ca.m
U 0.2838 U 0.2080 . U 02172 U 030

A LAY A 1.1900 A OLAMS A LA
X 00,0432 X 0.0485 X 0,08A2 X ﬁ'm
Z 0.1813 2 0,802 2 0.1869 7 0.3006

(I 13-2/2) (3 W)

U 0.1510 U 0.1200
A 1.2025 A 1.1980

X 0,0566 X O.0629

20,3949 Z 0.2001

(R, 13°1/2) (R, 11=3/3) (v, 23) . (R, MSUA)
U 0.56T8 U 0.A830 U 0.MA7 . U S0
A 09999 A 10988 A 1713 A LB0SO

X 0,0306 X 0,034 X 0,038 X o368 .
20,1762 Z 0.1795 2 0,386 Z G5

(R, 12+1/2) (R, 12-3/4) (R, 13) =~ (Ry u..m, G

U . 0,2993 U 0,255 U 0.3175 U o.zml
A 12350 5 1.2470 A Lao A LeMS
X 0.0394 X 0.0422 X 0,050 X Q.0ATA
Z 0,863 & 0.1912 % O.990 & Su386T
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Bubble Collapse Data

P 0544 Atm, P 0,027 Atm. 2 0at q 0,080

o o

: (n, 13«1/2) (R, 14)

U 0,1660 U 0,1265
A 1,2535 A 1.2060
X 0,0506 X 0,063
z 0.1592 Z 0,208
(3, 11-3/4) (8, 12) (8, 12-1/8) (8, 123/8)
U 0.6451 U 0.5530 U 0,4558 U 0,098
4 0.9999 A ‘12,1920 A 1.2770 A 1.3000.
X 0.0262 X 0,027 X 0.,0299 X 0,083
2 0,1833 2z 0.1866 Z 0.1896 2 0.9
(s, 12-1/2) (8, 12-3/4) (8, 13) (3, 13-1/4)
U 0.3765 U 0.3090 U 0,2535 U 0.213%
A 1.2970 A 1.3260 A 15330 . A 1.3385
X 0.0325 X 0,035 X 0,0365 X 0.0412
z 0.1926 Z 0,1955 Z 0.1983 2z 0.2010 -
(?, 22e7/8) (T, 12) (T, 12-1/8) (T, 12-1/A)
U G.7381 U 0.67%0 U 0,6074 . U 0.5460
A 0.9999 A 21,1200 A 1.3850 A 1,2620
X 0.0239 X 0,085 X 0.0253 X 0,0264
Z 0.1868 Z 0.1884 z 01902 . 2 0.1016
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Bubble Collapse Data

0.027 Atm. 2 08t Q 0,080

- 041969

041998

P 0,544 Am, P
RS

(T, 12+3/8) (7, 12=1/2) (T, 12+5/8)  (7,123/4)

U 0.A7T0 U 04300 U 0.3835 U 0.ALS -
A 1.3090 A 13573 A 31,3855 A 3...3985
X 0.0276 X 0.0289 P 0.0303 X o.'cr:x@
Z 0,932 Z 0,1947 Z 0.1962 %2 0,1976
(Ty 13) {7y, 13=1/M)
U 0.2705 U 0.2220

A 1,4050 A 12,4110

X 0.0348 X 0.,0379.

Z 0,2004 20,2051

01,12 (U, 12+1/8) (U, 12=2/8) (U, 12-3/8)
U 0.8443 U 0,7550 U 0.6720 U 0.5840
A 0.9999 A 1.1770 A 1.2920 A 1.5TA0
X 0.0211 X 0.0216 X 0.022%4 X 0,023

2 0.1903 Z 0.1921 Z 0,1936 L 0.1954
(U, 12+0/2) ), 32=5/8) (U, 12+3/8) (U, 13)
U 0.5090 U 0.4425 U 0.3040 U 0.2890
A L3I0 A 1.4780 A 1.5000 A 1.5080

X 0.0249 X 0,0263 X 0,0278 X 0,001

p z 0.1983 z 2

0.2026 .



Bubble Collapss Data

— 202 -

P 0.544 Atm. P 0,027 Atme & 04t q 0,080
(v, 12-1/8)  (V, 12-1/4) - (V, 12=3/8) (¥, 12-1/2)
U 1.0334 U 0.9140 U 0.7628 U 0,6318
A 0.9999 A 1.2750 A L5130 A 1.6h90
X 0.0173 X 0.0176 X 0.0185 X 0.,0198
Z 0.1943 Z 0.,1960 Z 0,1978  Z 0,199
(Ve 12-5/8) (v, 12-3/4) (v, 12-7/8)

U 0.524%5 u 'o.aaga U 0.3845

A 26890 A 17350 A L7439

X 0.0213 X 0.0230 X 0,0249

Z 0,2006 Z 0,202 2 0,2034

(W, 12=3/16) (W, 12-1/4) = (", 12~5/16) (¥, 12+3/
U 1.1660 U 1,0940 U 09975 U 0.8945
A 0.999% A 1.2190 A 14065 A 1.5915
X 0.1523 X 0,0152 X 0,015 X 0,060
Z 0.1962 Z 0.1970 Z 0,1980 2z 0,1989
(%, 12-7/18) (W, 12+1/2) {w, 12~5/8)

U 0.7965 U 0.7070 U 0.5680

A “1,7050 A 1.7870 A 1.8570

X 0.0166 X 0.0174 X 0.0189

A Z 0,2004 Z 06,2017

0,1997

8
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Bubble Collapss Data .

P . 0.54h4 Atm, P C.0% Atme Z G 8t 3 0.080

(X, 12=3/4) (X, 12+8/16)  (x, 12~3/8) (X, 12+7/16)
¥ 13400 U 1.2275 U 1,0900 U 06,9470
A 0.9999 . A 1,3000 1.6770 . A 1.8850
X 0,0130  x 0.0128 0,0133 X 0,0139
Z 0,1%80 Z 0.1990 0.1999 3 0.2007

B oM P

(X, 12-1/2) (
U 0.8130

A 2.0070
E Q.01AT
Z 0.203h

(X, 12.5/26) (Y, 1223/32) (¥, 12-3/8) (Y, 12-%1/32)

U 1750 U 1,6880 U 1.5600 U 1.9200

A 0.9999 A 14950 A 1.8900 A 1.4000

. X 0,009 = X @008 X 0,002 X 0,0084
Z 0.2003 z 0.2007 Z 0,200 Z 0.2019
(2, 12-23/32) - (¥, 22-3/8)
U 2.2280 K e LU 147500
A 0.9999 - A 1.9200
X o.ootA 3 - X 0.0083
2 0.2014 | 20,2015



