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ABSTRACT 

Experimental observations are made on collapsing cavitation 

bubbles. Bubbles generated by two different methods are studied. The 

first method consists of bubble generation and collapse by flow over a 

submerged body. This work is done in the High-Speed Water Tunnel of 

the Hydrodynamics Laboratory. Existing photographic equipment and 

experimental techniques are employed. The second method consists of 

bubble generation and collapse by variation of the hydrostatic pressure. 

Much improved time and space resolution of the collapse is obtained in 

the latter case by design and construction of a high-speed photographic 

system. Bubble collapse pictures are taken at 10
5 

frames per sec and 

-8 
an effective exposure time of 5 x l 0 sec. A magnification of eight 

diameters fro.m object to image is attained. This equip.ment reveals 

new details of cavitation bubble collapse. 

Numerical solutions of the spherical bubble collapse equations 

are compared with experimental results. A consistently longer col-

lapse time is observed in all cases. Observed bubble asymmetries are 

shown to be caused by pressure gradients. A large degree of coupling 

1s shown to exist between the radial motion and the translational motion 

of the bubble centroid. Bubble collapse is observed to be much less 

stable than bubble growth. 
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I. INT ROD UC TION 

Cavitation is the occurrence of cavities of vapor or vapor and gas 

phase in a region of liquid phase. These cavities .may be formed in vari

ous ways, but the essential requirement for cavitation is a region of li

quid in which the absolute pressure is less than or equal to the vapor 

pressure of the liquid. Either temperature or pressure may be varied 

to realize this condition. Boiling is an example of the former procedure, 

while pressure variation due to flow is the most common example of the 

latter. A large number of methods are readily seen to be available for 

the generation of such cavities. Some of these are: 

l. Pressure variation by flow over submerged bodies. 

2. Pressure variation in vortex motion of the liquid. 

3. Pressure variation induced by vibrating boundaries. 

4. Direct variation of the hydrostatic pressure . 

5. Temperature variation by heating of the liquid. 

Method l is usually thought of when cavitation is mentioned. This 

fact follows from the practical importance of cavitation generated in this 

way. Damage to ship propellers, pumps, and turbines results from the 

collapse of cavities produced in this manner. Increased drag of bodies 

moving through liquids, and loss of efficiency in devices to produce liquid 

flow also result. Methods l and 4 are studied in the research to be pre

sented here. Method l is employed for its direct bearing on problems 

concerning flow, and Method 4 is used in an attempt to reduce the number 

of variables in the problem. 

For preliminary description of cavitating flow about submerged 

bodies it is convenient to define a dimensionless cavitation parameter by 
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p -P 
00 v 

p v 2 
00 

where P 1s the static pressure at a large distance from the body, P 
00 v 

1s the vapor pressure of the liquid corresponding to its temperature, 

p 1s the liquid density, V is the flow velocity assumed uniform at a 
00 

large distance from the body. This parameter is in general use, but it 

should not be expected to provide more than a very approximate measure 

of similarity between different cavitation conditions. Its origin stems 

from the work of Thoma(l)* on cavitation in pumps. 

The first important work of a more theoretical nature concerning 

the collapse of an individual cavity was done by Lord Rayleigh(2.) in 1917. 

This work followed an earlier formulation of the problem by Be sant( 3 ) in 

1859. It is of historical interest to repeat the statement of the problem 

here: 

"An infinite mass of homogeneous incompressible fluid acted 
upon by no forces is at rest, and a spherical portion of the fluid is 
suddenly annihilated; it is required to find the instantaneous alteration 
of pressure at any point of the mass, and the time in which the cavity 
will be filled up, the pressure at an infinite distance being supposed to 
remain constant." 

The solution of this problem by Rayleigh revealed indirectly that 

the physical assumptions were not complete, since the solution to the 

problem formulated involved infinite velocities and pressures at the col-

lapse point. However, it did provide a basis for the explanation of 

physical damage to solid boundaries by collapsing cavitation bubbles. 

One of the best early attempts to correlate theory with experiment was 

made by J. Ackeret(
4

) in 1930. Actual experiments with submerged 

~~Numbers in parentheses refer to bibliography. 
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bodies in flow were carried out, and spark photographs were taken. A 

theoretical treatment of compressibility effects and shock waves was 

also made. This work helped to show that the subject of cavitation bub-

ble collapse was vastly more complicated than that assumed in the simple 

Rayleigh theory. It rapidly became apparent that the essential features 

of cavitation bubble collapse were the most intractable ones. 

From the theoretical standpoint, the existence of essential singu-

laritie s in the simple theory made a detailed knowledge of fluid proper-

ties under extreme physical conditions very important for proper formu-

lation of a more exact theory. One of the most comprehensive theoreti

cal surveys of the subject is the recent work by Gilmore(S} of the Hydro-

dynamics Laboratory. This unifies and extends previous work on the 

co.mpressibility and viscosity effects. 

From the experimental view, essential data on bubble collapse 

was practically nonexistent prior to the high-speed photographic work 

reported by Knapp and Hollander(
6

). This work provided photographs at 

2 x 10
4 

frames per second and revealed that still higher picture rates 

would be needed. The reason for this need is the high velocities attained 

by the bubble boundaries. 

The objectives of the pre sent work were formulated from a point 

of view reached by consideration of the foregoing development of cavi-

tation research. It is hoped that the motivation for the type of research 

to be described has been made apparent. It is of an exploratory nature, 

with much time and effort spent on the development of experimental tec h -

nique s which are essential to adequate observation. The need in the fi eld 

of cavitation research is felt to be a proper orientation of theoretical 

work in directions indicated by experimental findings. 
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II. CAVITATION OBSERVATION IN THE HIGH SPEED 
WATER TUNNEL 

The Purpose of the Water Tunnel Observations 

The initial phase of this research concerns itself with the obser-

vation of cavitation produced by local reduction of pressure due to flow 

over a submerged body. This is the mode of growth and collapse of 

vapor bubbles normally meant when one speaks of cavitation. 

Like many other natural phenomena, macroscopic cavitation 

effects and appearance have long been familiar, but details have been 

lacking which are vital to the formulation of a quantitative theory. 

This has simply been due to the great difficulty in making observations. 

Some of the first work done on the high-speed photography of 

cavitation was reported by Knapp and Hollander(b) and the basic fea-

ture s revealed in their work was further discussed and clarified by 

Plesset.(7) The work of these investigators indicated the need for 

further high-speed photographic observations, particularly if these 

observations could be made with increased definition and speed. 

It was decided that water tunnel investigations would be made 

with the following objectives: 

1. Use of more than one type of model profile in order to 

vary the pressure-time history of the cavitation bubbles. 

2. Attempt to measure the pressure distributions over the 

submerged models .more accurately. 

3. Determine photographic procedure to show maximum 

detail of bubble shape. 

4. Use of a larger range of flow velocities and pressures 

in order to vary the amplitude and average value of the 

pres sure -time curve. 
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Procedure and Observations 

It was decided that an assortment of model shapes should include 

the original 1. 5 -caliber ogive used by Knapp and Hollander as well as a 

"half body" and a family of ellipsoids. An ogive is .merely a sharp nosed 

body of revolution whose profile is generated by two intersecting circular 

arcs (see Fig. 17). A half body is the shape assumed by a bounding 

streamline in the case of a simple source in a uniform flow. The ogive 

was known to be capable of producing large easily observable bubbles, 

and the half body and ellipsoids would have pressure fields more easily 

calculable. Preliminary observation indicated, however, that the ellip

soid shapes available did not produce satisfactory cavitation. This 

group was therefore discarded. The half body seemed more successful 

and was retained. 

Results of pressure distribution tests on both .models are shown 

in Fig. 17. The 1. 5 -caliber ogive distribution agrees well with the 

previous one used by Knapp and Hollander. The half-body distribution 

agrees with the calculated theoretical value within experimental error. 

There seems to be no marked variation in the pressure at flow velocities 

up to sixty feet per second. 

The next step was to try different photographic arrangements. 

The apparatus set up for top lighting on the model is shown in Fig. 1. 

The General Radio ca.mera in the foreground provides film speeds up to 

one hundred feet per second. 

Figures 2 and 3 are examples of front lighting photography si.mi

lar to that used by Knapp and Hollander. The picture rate in this ex

ample is 19,000 frames per second. This arrangement shows flattening 
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of the bubbles normal to the flow direction just before collapse, but it 

does give the impression that they are reasonably spherical during 

most of their history. However, close examination of the mid-growth 

portion of Fig. 3 indicates a rather hemispherical shape. Figure 2 is 

interesting because of the very small bubbles which appear to exist in 

the wake of the larger bubble, and which appear to travel downstrea.m 

at a .much reduced velocity. These are probably small enough to be in

fluenced by the boundary layer, the thickness of which may be estimated 

by the Blasius formula to be of the order of 0. 006 in. in this case. 

Top lighting from two separate lamps is illustrated in Fig. 4. 

Unfortunately, no bubbles close to the surface happened to be observed. 

The two highlights do show the flattened shape of the off-surface bubble 

obtained. 

Back lighting is used in Fig. 5. It confirms the supposition of 

the flattened hemispherical shape barely noticeable in Fig. 3, and also 

provides better boundary detail. The irregular character of the re

bound is quite apparent, and in this photograph some indication of 

boundary layer interaction may also be apparent. 

It was then attempted to establish whether surface bubbles real

ly resemble flattened hemispheres. Higher magnification and much 

lower picture repetition rate yielded the photographs shown in Fig. 6. 

Exa.mples of the two types of bubbles are shown here which were ob

served throughout this work. They are, namely, the off-surface 

flattened type, and the surface -flattened hemispherical type. Pre sum

ably, the off-surface bubbles are more likely to have a considerable air 

content, as the minimum pressure must occur on the boundary if perfect 

fluid theory may be taken here to be a reasonable approximation. The 
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large size attained by both types of bubbles indicates that their growth 

.may have been initiated from an unusually large air nucleus. An air 

bubble just entering the field of view is hard to detect because of com

pres sian in the high pres sure stagnation region. Many bubbles which 

pass at large distances fro.m the model surface have been observed to 

neither expand nor contract. This observation is taken to be evidence 

that air bubbles are present. It may be remarked that these results 

indicate that at least some of the bubbles de scribed by Knapp and 

Hollander( 6 ) have excessive air content. It is felt that the line of 

intersection between the large bubble and the model surface is suf-

ficiently well highlighted in Fig. 6 to refute the obvious possibility of it 

being a spherical bubble with only the top portion visible above the .model 

edge. 

With the decision that the silhouette type of photography was best 

suited for bubble measure.ments, it remained to make runs for actual 

data collection. The half-body form showed a difficulty, in that only 

the smaller off- surface bubbles appeared to collapse very well. The 

larger bubbles behaved mostly as shown in Fig. 7, failing to collapse at 

all within the range of observation. An inspection of the pres sure dis

tribution CU:t:"Ves in Fig. 17 shows that a bubble has a longer time to 

grow to a large size in the negative pressure region of the 1. 5-caliber 

ogive. Once it has attained its growth, the rate of positive increase of 

pressure is also more rapid in the case of the a give. This latter is 

also conducive to a good collapse. In the case of the half body, if the 

bubble collapses at all, it tends to flatten out as shown in Fig. 18. 

Therefore, only the ogive was used extensively. 

Figures 8, 9, and 10 show the result of runs keeping the flow 
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velocity constant at about forty feet per second. The cavitation para.m-

eter, K, was varied by changing the static pressure. One-half the 

.maximum length of the bubble in the direction of flow was the character-

istic length plotted as experimental curves in Fig. 13 under the title of 

"bubble radius"· It may be observed that in general the bubbles become 

smaller and the collapse occupies less time as the cavitation parameter 

is increased at constant flow velocity. This result is to be expected. 

Figure 14 shows a collapse at the much higher velocity of eighty-five 

feet per second. The collapse is much more rapid due to the greatly 

increased a .mplitude of the pressure-time curve. 

Theory of the Spherical Collapse 

At this point it becomes necessary to outline the simple theory 

involved in the spherical collapse situation in order to better understand 

the presentation of data. 

It is well realized by the author that the spherically symmetric 

problem may seem superficial in the light of the data already presented. 

However, it should be viewed as the best available first approximation, 

and license to be over critical is denied by the existence of many other 

considerations such as thermal effects, compressibility, and viscosity.(B) 

Following Plesset,( 7 ) one must extend Rayleigh's (Z) solution for 

the collapse of a spherical cavity in a liquid with constant pressure at 

large distances from the cavity to the case where the pressure varies 

quite rapidly. Let the origin of coordinates be at the bubble center, 

which is at rest. Let the radius of the bubble be R(t) and let r be the 

radius to any point in the liquid. The velocity potential under the 

spherically symmetric assumption may be written as( 9) 
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<p = 
r 

The equation of motion in integral form beco.me s 

8cp + 
a t 

1 

2 p p 

(1) 

( 2) 

where R = dR 
dt 

P(r) is the static pressure at r, P(t) is the static 

pressure at a distance from the bubble, and P is the liquid density. 

From Eq. (1), 

2 
(vcp) = ( 3) 

Applying Eq. (2) at r = R, one obtains the equation of motion for the 

bubble radius. Thus, with 

(4) 

2 . 2 
( V'<p) = R ' 

r =R 

and Eq. (2) yields the motion of the spherical bubble boundary 

RR + 2. R2 = P(R)- P(t) (5) 
2 p 

where P(R) is the pres sure in the liquid at the bubble boundary. In the 

water tunnel work, the assumption is made that the pressure inside the 

cavity is the vapor pressure, P , of the liquid at the bulk temperature. 
v 

Hence, if surface tension is included, 

P{R) = p 
v 

(6) 
R 
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where cr is the surface tension constant for water at the appropriate 

temperature. The function, P{t), is determined from the noncavitating 

pressure distribution over the body plus photographic record of the 

position of the bubble relative to the body profile as a function of time. 

When P(t} is obtained, the integration of Eq. {5) may be carried out to 

get the radius of the bubble as a function of time. The integration was 

performed numerically. The solution is determined when two constants 

are specified, and these were taken to be the observed value of the 

maximum radius where the radial velocity is zero. 

Comparison of Experiment with Theory 

It 1s apparent that the most outstanding failure of the simple 

theory 1s to account for the twenty or twenty-five percent greater col-

lapse time observed. This finding supports that originally made by 

Plesset. (7) These bubbles are seen to grow from small proportions to 

full size in a time so short as to prohibit significant air diffusion across 

the interface ( 
1 

O) but, as previously mentioned, an air nucleus might have 

existed all the time. An excessively large air content would account for 

the longer collapse time. 

Another explanation of the increased collapse time was presented 

by Rattrajll) who calculated the effect of rigid boundary proximity on 

the collapse. His calculations showed about a twenty percent increase 1n 

collapse time. This prediction gives approximately the right value to ex

plain the discrepancy. 

It should be pointed out, however, that Rattray assumed an initial-

ly spherical bubble collapsing near a wall. The observations in this 

work indicate that at least the larger bubbles, similar to those measured, 

are more like hemispheres. It is obvious from considerations of 
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sym.metry that if the bubbles were indeed hemispheres, and if viscous 

and surface tension effects at the rigid boundary were neglected, then 

the bubble should collapse in the same manner as in the spherical case 

away from all boundaries. The collapse time observed, of course, 

does not agree with this latter concept. It is mentioned here only to 

lend support to the possibility of other effects contributing to this in

creased collapse time. 

The Contribution of Pressure Gradients to Bubble Asymmetry 

It has been pointed out by Plesset{7) that one approximation in 

the spherical theory consists in neglecting pressure gradients both 

along the model surface and normal to it. In the light of observed bub

ble asymmetr y , it seems worthwhile to calculate some of these pres

sure gradients to see if the pres sure change really is small over a dis

tance of the order of a bubble diameter. This calculation would involve 

a prohibitive amount of computation for the ogive shape , but fortunatel y 

it is less difficult for the half body, and this simplicity was, of course, 

one reason for choosing the latter shape. It is also not markedly differ

ent from the ogive, so that the general behavior of the two pressure 

fields should be similar. 

The pressure field of the half body was computed and plotted in 

Fig. 16. For easy visualization, a dashed line is drawn in to show the 

approximate path of a particular collapsing bubble photographed in Fig. 

15 on the opposite page. The .manner in which the flat on the bubble ro

tates to maintain itself parallel to the lines of constant pressure in the 

field is quite evident. This behavior is found in spite of the fact that 

the bubble shown is relatively small (about 0. 05 in. maximum radius) 

and hence should be less affected by space gradients in the pressure. 
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It is further to be noted · that the flat is on the side of the bubble next to 

the higher pressur~ region. This behavior is similar to that found for 

a bubble collapsing in a hydrostatic pressure gradient. Here, also, 

the flat appears on the botto.m, which is the side of greatest pressure. 

(See spark generated bubble in Fig. 26.) 

It is also clear that space gradients in the pressure will in-

crease with increased flow velocity. These effects should then be-

come more apparent. That this is true may be seen by comparing the 

bubble asymmetries in Fig. ll with those in Figs. 8 and 9. The for .mer 

seems more affected at eighty-five feet per second than do the latter 

two at forty feet per second. It should also be noticed that the small 

off-surface bubble in Fig. 12 develops a flat at the same angle as does 

the larger surface bubble in Fig. ll for similar positions along the 

model profile. 

In view of these observations, it see.ms not unlikely that pres-

sure gradients .may be a dominant factor in determining bubble histories. 

Even small bubbles might be affected since the small bubbles in fine 

grained cavitation are found where the pressure gradients are large. 

Pressure gradients are certainly important in situations such as shown 

in Fig. 20. Apparently the cavity here has almost succeeded in main-

taining itself or making the transition to the third regime of flow from 

the second~?) 

Nonrebound of the Bubble 

Figure 19 is an example of the rather rare occurrence of collapse 

without rebound. Instances of this are also to be found in later parts of 

this thesis, but it is believed that this is the first time an example has 

been observed in the High Speed Water Tunnel. 
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It is felt that absence of rebound characterizes the collapse of 

bubbles free of permaneht gas. Theoretical considerations at present 

indicate that the tensile strength of water is sufficient to prevent the 

short-duration dilatation wa~e following the collapse from reopening 

the cavity. The fact that such behavior is rarely observed is largely a 

measure of the difficulty of obtaining water in the working section of 

the water tunnel free of air bubbles. Since a permanent gas is co.m

pressed adiabatically during the very rapid collapse, the partial pres

sure in the cavity due to this permanent gas will be extremely high for 

small values of the radius, and this internal pres sure will prevent 

closure. It might be argued that the apparent rarity of occurrence of 

nonrebound bubbles makes this type of less practical importance. This 

argument should be viewed with great caution since the less frequent 

occurrence of nonrebounding bubbles may be a characteristic of the 

limited types of observations on cavitation bubbles which are available 

at present. The observational techniques developed in this research 

will make possible observations on small nonrebounding bubbles with 

their very short lifetimes. When this type of cavitation bubble can be 

conveniently generated in the laboratory, they will be accessible to 

photographic study and the cavitation damage problem may then be 

more effectively attacked . . 
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III. EXPERIMENTS WITH COLLAPSING GLASS SPHERES 

Purpose and Procedure 

At the suggestion of Professor Plesset it was decided to investi

gate the possibility of collapsing thin glass spheres under hydrostatic 

pres sure. If feasible, this method of investigating collapse would make 

it possible to use various initial cavity contents. One could start with 

a vacuum and then progress to various vapors and permanent gases. 

The success of such an experiment obviously depends on how 

well the glass sphere shatters. It was found impossible to procure 

special shatter glass sufficiently thin and in spherical form. Ordinary 

soft glass was then tried, but the results were unsatisfactory, and the 

experiment was discontinued. If the technical difficulty with the glass 

could be solved, it would prove a useful avenue of investigation. 

The apparatus is shown in Fig. 21, and typical results are il

lustrated in Figs. 22 and 23. 
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IV. DEVELOPMENT OF THE HIGH-SPEED PHOTOGRAPHIC SYSTEM 

Consideration of Requirements 

The photographic equipment and technique developed in this the sis 

research is such as to meet the requirements for cavitation observation 

with a minimum of expense and effort. No attempt was made to arrive 

at an optimum design whenever this appeared nonessential for obtaining 

satisfactory information on the immediate problem. The minimum re

quirements set up, however, proved to be quite stringent in terms of 

the pre sent status of high- speed photography. As a consequence, the 

major portion of time spent in this research was devoted to this rather 

extraneous but absolutely necessary problem. 

Water tunnel cavitation experiments indicate that an increase of 

at least an order of magnitude is needed both in time and space resolu

tion of the bubble radius -time record. Photographic repetition rates of 

the order of 200,000 pictures per second with bubble radii measurements 

accurate to about 0. 001 in. are desired. A sufficient number of such 

pictures must also be taken to cover adequately the bubble collapse 

history, which is usually an interval of fro.m one to two milliseconds. 

A survey of the literature failed to disclose that any system had 

been reported which was capable of meeting all of these requirements, 

and such systems that showed promise for adaption appeared to require 

mechanical or optical de sign and construction work far exceeding avail

able time and finances. 

Several high-speed cameras using optical or .mechanical shutter

ing methods were reported which were capable of the desired picture 
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repetition rate, but the exposure times employed were too long for this 

application. As an example, one might mention the type suggested by 

Professor I. S. Bowen,(ll) a prototype of which attained repetition 

rates of the order of 4 x 10
5 

per second but employed an exposure time 

of about one microsecond. A general survey of high-speed photographic 

systems of this and other types is to be found in the literature(l 3 ) and 

will not be discussed here. 

In most high-speed cameras, maximum exposure time is deter-

mined by considerations of frame size and repetition rate, as these fac-

tors determine the effective scanning or film speed. However, in the 

case of very small objects moving with high velocities, such as cavita-

tion bubbles, blurring of the image occurs from .movement of the object 

itself, which is an effect in addition to blurring caused by high film or 

scanning speeds. The latter may be removed or reduced by optical 

compensation methods which eliminate relative motion between film and 

image during the exposure time . The former obviously cannot be elimi-

nated in this manner and hence exposure time must be shortened. 

In the cavitation problem, for example, if the magnification is 

10 and the bubble wall velocity is 10
3 

in. per sec. , then to keep the bub

ble measurement accurate to 10-
3 

in. requires maximum exposure 

-7 
times of the order of 10 , sec. On the other hand, an equivalent blurr-

ing due to uncompensated relative motion between image and film of 

4 x 10
4 

in. per sec. would, at the same magnification, require a maxi

-7 
mum exposure time of 2. 5 x 10 sec. These figures are representa-

tive of conditions existing in the present work, and thus bubble wall 

velocity is seen to be the do.minant factor in setting the rigid require-

ment for short exposure time. 
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It should be .mentioned here that the "streak" camera providing 

a record of variation of one linear dimension only and requiring no 

shutter at all might have been feasible had the bubble remained spheri-

cally symmetrical. In light of the pre sent work, however, it is clear 

that such data would have been quite useless. 

The two major problems therefore resolved themselves into 

that of finding a light shutter of very short duration and high repetition 

rate, together with a source of illumination intense enough to provide 

adequate film exposure at such high magnification and short intervals. 

It was realized from the start that the lesser problem of providing im-

4 
age transport over the film at speeds of the order of 4 x l 0 in. per 

sec, could be solved by a rotating mirror or prism method, and that 

motion of the film itself at such speeds would be impractical. 

The Light Shutter 

A Kerr cell electro-optical shutter appeared capable of meeting 

exposure time requirements.{l
4

) Figure 27 shows the Kerr cell used in 

this work. This type of shutter has long been well known, consisting 

merely of two light polarizers {such as Nicol prisms or the .more .mod-

ern polaroid film) on either side of a cell containing a substance such 

as nitrobenzene in a controlled electric field. The polarizers are ad-

justed so that a .minimum of light passes through them and the nitro-

benzene when the electric field is· off. Upon application of the field, 

the nitrobenzene causes an additional rotation of the plane of polariza-

tion so that the light is then transmitted through the second polarizer. 

The speed of operation of the Kerr cell is limited in practice only by 

the speed at which the electric field can be applied and removed. The 
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disadvantages of the Kerr cell are that there is only about twenty per-

cent transmission of light when it is full open, and the nitrobenzene 

further acts as a light filter to cut off the blue end of the spectrum 

which is most effective for .many film emulsions. For a practical size 

of cell the electric potential required is about 13, 000 volts, and this 

voltage makes design of a pulser a major electronic problem. It is 

also liable to produce optical distortions if an image is passed through 

it with too widely divergent rays, or if convection currents in the fluid 

are set up by the applied electric potential. These latter effects are 

exaggerated if impurities exist in the nitro benzine or in the nickel 

electrodes. {lS) 

In spite of these difficulties, however, A. M. Zarem and F. R. 

Mar shall {1 6 ) have recently photographed self luminous objects such as 

exploding wires by means of a number of Kerr cells, each having an 

electric pulse of very short duration (0. 04 microsecond effective ex-

posure time) applied to it by an independent electrical circuit. In this 

.manner a series of three pictures was taken, separated by arbitrarily 

short intervals. This technique is quite effective if only a very small 

number of consecutive pictures are required, but it is obviously im-

practical for a study of cavitation where at least several hundred pic

tures should be obtained to cover adequately the required time interval. 

This latter consideration very greatly increases the difficulty of the 

problem, especially in regard to electronic de sign of a suitable pulser. 

It also introduces the problem of image transport, as a conventional 

plate camera such as used by Zarem and Marshall could not accommo-

date many exposures. 

From these considerations it beca.me clear that a new approach 
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~o the problem was necessary. The method decided upon was to use a 

single Kerr cell in conjunction with electronic equipment which would 

apply a series of electric pulses of proper duration at the desired repe

tition rate. Also, since bubbles are nonluminous, a suitable light 

source was required, and it appeared possible to circumvent optical 

proble.ms involved in passing an image through the Kerr cell by merely 

using it to shutter the illumination. The Kerr cell with its pulser and a 

light source would then in effect become a "stroboscopic light" rather 

than an integral part of the camera. This procedure has the advantage 

of permitting extremely si.mple camera de sign with better image defi

nition. Its disadvantage lies in the fact that for small aperture Kerr 

cells (the aperture of the one used was three -eighths of an inch), a very 

intense light source is required, and the illumined field is rather small. 

The Light Source 

A very great amount of time and effort was spent in obtaining a 

light source of sufficient intensity to give normal exposure to fine grain 

film (panatomic X) at magnifications of about ten and an exposure time 

of less than one-tenth microsecond. 

The first source tried consisted merely of a No. 50 flash bulb, 

and this gave quite useable exposures. Unfortunately, it could not be 

used because of the delay time of thirty milliseconds before reaching 

peak intensity . It was esti.mated that only about five milliseconds were 

required for the bubble to grow to excessive size, and the only available 

flash bulb having such a short delay time was the SM type which was of 

insufficient intensity. 

A high pressure mercury arc was then tried as a light source 

which would be left on continuously. This consisted of a General 
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Electric type AH-6 water cooled la.mp operating at one thousand watts 

direct current input. This did not provide sufficient light, and an at

tempt was made to raise the intensity by pulsing the lamp in a manner 

similar to that employed at the Ames Aeronautical Laboratory. (l 7 ) 

Although sufficient intensity was believed to have been obtained, the arc 

was too unstable under pulsing conditions to permit reliable operation, 

and hence this system was discarded. 

It was felt at this time that any suitable lamp would require such 

magnitude of input energy that only by pulsing it at the picture repetition 

rate could the heat dissipation be kept within allowable limits. Conse

quently, work was started by the electronics group of the Hydrodynamics 

Laboratory on pulsing equipment using hydrogen thyratron tubes similar 

to their existing equipment but capable of much higher repetition rates. 

As the success of this undertaking could not be foreseen, parallel work 

was started by the author on a hard vacuum tube system. The final 

amplifier in the latter system employed a pair of Type 527 radar modu

lator tubes operated at 20,000 volts plate potential with pulse currents 

of 100 amp each. This amplifier is shown in Fig. 28. A special pulse 

transformer was constructed using a one -square -inch hyper sil core in 

an attempt to provide a better impedance match to the low resistance 

flash lamps used. However, only about 300 amperes current to the 

flash lamp was obtained, while the hydrogen thyratron unit proved to be 

quite successful in delivering several times this current. The thyratron 

unit was found to be quite reliable for pulsing the standard Edgerton 

flash lamps at 100, 000 pulses per sec. and about 0. 3 joules per flash. 

This represented a considerable accomplishment by Mr. Haskell 

Shapiro and his group, as nothing approaching this performance had 
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been accomplished previously. 

It was hoped that this development would permit the use of a 

short duration flash tube such as the General Electric FT-230 without 

any Kerr cell at all. Subsequent tests revealed that the FT-230 had a 

high intensity flash for about 0. 2 microsecond, followed by a rather 

long afterglow which became more noticeable as the repetition rate 

was increased. Several bubble pictures were taken with this equip

ment, but the photographic quality was rather poor. An example of 

such a picture is given in Fig. 29. A picture of a bead of solder taken 

with the standard FT-25 flash lamp is shown in Fig. 30. This lamp has 

a normal flash duration of about l. 5 microseconds. The outlines are 

hardly distinguishable at all, but it should be noted that the film scanning 

speed used was 3, 200 feet per sec, or 32 times that of the General Radio 

high-speed camera normally used with these lamps. 

· These tests indicated that no flash lamp was available which could 

be used directly without employing a Kerr cell to limit the light duration, 

although the General Electric FT-230 or FT-231 co.mes nearest to meet

ing the requirements. They might prove satisfactory for exposures of 

the order of 0. 2 microsecond providing the long afterglow or "tail" were 

minimized by "stopping down" the camera. This opinion was strength

ened by a discussion of the matter with Professor Germeshausen of 

Massachusetts Institute of Technology, who, in association with Profes

sor Edgerton, has J.ong been a pioneer in gaseous discharge and flash 

tube development. Professor Germeshausen felt that the development of 

high intensity flash lamps of less than about 0. 5 microsecond flash dur

ation had become a matter of diminishing returns. 

Means were therefore taken to synchronize the lamp pulser with 
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the Kerr r:ell pulser in order to shorten the flash from the FT-231. 

This synchronization was made rather difficult by failure of the hydro-

gen thyratrons in the lamp pulser to fire at exactly equal intervals. 

This time "jitter" required that the Ker cell pulse be initiated directly 

by the flash lamp pulse, rather than by the exiting pulse to the grids of 

the thyratrons. In order to prevent the lamp from firing before the 

Kerr cell opened, it was necessary to delay the flash by connecting the 

lamp to the end of about thirty feet of coaxial cable which served as a 

delay line. 

The above .mentioned arrange.ment gave very sharp but somewhat 

underexposed pictures. The amount of electronic equipment involved had 

grown to rather ponderous proportions, however, and it was decided to 

reexamine the possibility of obtaining a light source which could remain 

on during the entire observation period. It had been noticed by the 

author that a new flash lamp .manufactured by General Electric had char-

acteristic s which .made it quite suitable for this purpose. This lamp was 

the GE 524. It had an input rating of 2 x 10
3 

joules per flash for a flash 

duration of about one -half .millisecond, which is equivalent to an input of 

4 x 10 6 watts. The peak light output rating was 10
8 

lumens. This rating 

inspired great confidence in the possibility of solving the illumination 

problem, since previous experience had shown that the number 50 flash 

bulb gave mediocre 
6 

results with a peak rating of only 5 x 10 lumens. 

Both sources are of approximately the same physical size. In order to 

spread the 5 24 flash over the required two milliseconds instead of the 

rated one-half millisecond, it was felt to be necessary to reduce the light 

6 output to about 25 x 10 lumens. This output would still provide a com-

fortable margin in the illumination. 
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The 524 lamp proved capable of meeting all expectations, and 

therefore it was the source adopted for this work. A photograph of this 

lamp is shown in Fig. 31. It is a quartz helix filled with Xenon gas at 

rather low pressure. The operating voltage may be in the range of two 

to four thousand volts, but a ten to fifteen thousand volt triggering pulse 

is required. 

The only remaining technical problem in connection with the light 

source was that of lengthening the electrical pulse to cover the required 

two-millisecond observation time. This lengthening was facilitated by 

the fact that the lamp impedance is about four or five ohms. This im-

pede nee is considerably more than that of most flash lamps, and it per

mits the required energy to be stored in an electrical network resembling 

a lumped parameter delay line or filter with reasonable values for the in

ductances and capacitances involved. (lS} M derived sections with indue-

tive coupling between sections were used in an attempt to obtain a nearly 

rectangular current waveform to the lamp. This type of waveform is 

obviously preferable since the illumination would then remain constant. 

Normal practice with the Type 524 lamp is to use a simple inductance 

and capacity combination which results in a beehive shape of current 

waveform. This waveform would be quite undesirable for the pre sent 

purpose. Resistance elements for lengthening the discharge are im

practical because of the large energy loss which would be necessary. The 

waveform actually attained was quite acceptable but left something to be 

desired. It is almost impossible to calculate the circuit constants cor

rectly because the la.mp behaves as a nonlinear circuit element during a 

portion of the discharge. The storage network in its aluminum housing 

may be seen at the extreme left in Fig. 32. The rather large physical 
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size is due to the condenser bank consisting of 2.40 microfarads at 4, 000 

volts rating. The inductances are small (1.14 millihenries) and may be 

seen lying on top of the housing. 

The Camera 

The rather simple ca.mera arrangement may be seen in Figs. 35, 

36, and 37. Since film scanning speeds of the order of 3, 000 feet per 

sec. were required, it was thought impractical to move the film. Instead, 

a rotating mirror was employed to move the image relative to the film. 

A very important requirement also was that the camera be ready to take 

pictures at any instant since the vapor bubbles occur at random. For 

these reasons, the camera was constructed so that the film would lie in 

the form of a circle, emulsion side inwards. At the center of the circle 

a rotating mirror was mounted with its surface making an angle of forty

five degrees with the axis of rotation. The camera lens was also .mounted 

on the axis of rotation such that the image rays would be reflected by the 

rotating mirror and focus on the 35 mm. film along the circular periph

ery. This arrangement has the disadvantage that the image appears to 

rotate 360 degrees for each complete revolution of the .mirror, but this 

is inconsequent~al for obtaining data. This feature could be corrected by 

use of a rotating prism if pictures were desired for direct reprojection. 

It should be mentioned here that arrangements wherein the mirror axis 

of rotation is perpendicular to the incoming rays from the lens are 

capable of twice the angular scanning velocity attainable with the ar

rangement used here. They are generally more subject to optical 

errors, however, and for a complete analysis of these the literature 

should be consulted. (l 9) 
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An f l. 5 lens of 3 inches focal length is used at pre sent, giving 

an over -all magnification of about five. Well exposed pictures have 

been obtained at magnifications of about ten, however. At its pre sent 

crude stage the camera must be loaded in darkness, and the film is held 

in place by a simple retainer ring. The arrangement is shown in Fig. 

37. The circumference of the film track is 90 in. The rotating .mirror 

is driven by a small direct current motor at speeds up to 25,000 rpm. 

The pre sent mirror presents an aperture of l in., which is insufficient 

to avoid the loss of a considerable amount of light. However, this latter 

has imposed no particular hardship with the intense light source used. 

Much revision of the ca.mera de sign is planned in the near future. 

With the exception of excessive frame overlapping at 100,000 frames per 

sec, the pre sent version has sufficed to obtain data, which has been the 

only immediate concern. This frame overlapping is due to the inadequate 

speed of the rotating mirror, which .moves the image about three-eighths 

of an in~h at this repetition rate. An air motor drive has already been 

procured which will increase the angular speed by a factor of four. It is 

anticipated that the correspondingly shorter observation time will still be 

sufficient for the studies contemplated, but it seems quite possible to 

adapt the camera to acco.m .modate longer film lengths if this proves de

sir able. 

The Pulse Generator for the Kerr Cell 

Design of the Kerr cell pulser proved to be one of the major pro

blems in this research. The fundamental difficulty is that a rectangular 

shaped voltage pulse of 13, 000 volts magnitude and 0. 1 microsecond 

duration is required at the de sired picture repetition rate. To make 
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.matters more difficult, the voltage must be delivered to a Kerr cell 

which electrically resembles a capacitance of 50 to 100 micro-.micro

farads . About 26 amp output current is therefore required for a volt

age rise rate of 2. 6 x 1 o11 
volts per sec, corresponding to 0. 05 micro-

second duration slopes on the pulse edges. 

Kerr cell work, which is known to have been done to date, ap

pears to fall into two categories. The first rese.mbles that of Zarem and 

Marshall(1 6 ) in which single pulses of short duration (of the order of 0. 05 

microsecond) are applied to the Kerr cell, and the second is like that of 

Bowersox(
2

0) in which relatively long (1. 0 microsecond) pulses are ap

plied at relatively low (12, 500 per sec) repetition rates. Of course, in 

both of these systems, as in any other, the repetition rate may be ef-

fectively increased merely by increasing the number of Kerr cells em-

ployed. In addition to increasing the amount of equip.ment required, this 

.method introduces complications in the optical system and camera in 

order to preserve similarity between the images from the different cells 

and to provide proper synchronization. However, such a procedure 

seems justified on the basis that it effectively multiplies the capabilities 

of a given system. 

For the single pulse type of generator, the circuits used by 

Zarem and Marshall(l 6) seem rather simple and effective, and the read-

er is referred to their paper. Basically, they employ a hydrogen thyra-

tron, the ionization of which provides the rapid voltage rise required. 

The waveform of this pulse is not directly suitable for operation of the 

Kerr cell, and hence an output circuit network employing inductance, 

capacitance, and resistance is required in order to shape the pulse. 

For high repetition rates, however, the thyratron tubes are impractical 



-27-

because of the deionization times required, particularly at such high po-

tentials. Much experience with these tube s for pulsing Edgerton type 

flash lamps indicates that special precautions must be taken when oper-

ating at repetition rates greater than 5, 000 per sec. 

Hard vacuum tubes, on the other hand, do not suffer from these 

"hold over" troubles, but the problem of getting high voltage rise rates 

and high output currents is more difficult than with the gaseous thyratron 

tubes. Much work of this type was done on radar pulse .modulators during 

the war, but here again the repetition rates were usually much less than 

10,000 per sec and the pulse durations longer than a microsecond.(
2

l) 

In view of these facts, initial work on the pulse generator con-

sisted in trying to increase the repetition frequency of a hydrogen thyra"" 

tron (Type 4c35) in a "line charging" circuit similar to those developed 

for radar purposes. This procedure was suggested by Mr. H . Shapiro, 

and the mode of attack on the problem consisted of lowering the anode 

potential and lowering the impedance in the grid circuit. It was found 

that high voltage pulses could not be obtained, but satisfactory pulses of 

about 250 volts amplitude were possible at a repetition rate of more than 

200,000 pulses per sec. This performance seemed to give a quite satis-

factory generator at the time, provided high vacuum tubes could be em-

played as amplifiers to raise the pulse voltage. Further use revealed 

this generator to be rather erratic, however, and on ly certain particular 

thyratrons would deionize properly. Fortunately, i t w as realized by the 

author about this time that a commercially available s qua r e wave gener-

ator manufactured by Tektronix, Incorporated, was c apable of delivering 

a square wave with 0. 02 microsecond rise time into a 50 ohm load. This 
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perfor.mance see.med ideal for the pre sent purpose if it could be adapted 

to the generation of short pulses instead of square waves. A simple 

solution to this problem was conceived by the author which proved very 

satisfactory in practice. It consisted merely in delaying the square 

wave by letting it propagate down a 50-ohm coaxial cable and then sub

tracting this delayed square wave from the original one. It is plain that 

the result will be a series of alternately positive and negative rectangu

lar pulses of the desired form. The length of these pulses is then pro

portional to the length of the cable and quite independent of the repetition 

rate. The voltage rise rate is pre served quite well, and the waveform 

is good when the coaxial line is properly terminated in its characteristic 

impedance. 

The functions of the circuits following this pulse-forming stage 

should be obvious from the .diagram shown in Fig. 39. A few com.ments 

on the de sign may be helpful, however. It should be noted that the 5687 

tube in the pulse-forming stage is a recent type having a very large trans

conductance and low plate resistance. Used with a plate load resistance 

of only 900 ohms, it does not increase the rise time appreciably although 

it .might be advisable to decrease this resistance still further if it is de

sired to keep the pulser rise time very close to 0. 02 microsecond. The 

same comment applies to the plate loads in the subsequent stages. This 

low plate resistance requirement makes it necessary to employ at least 

two 715C output tubes. The pulse current is of the order of 20 amperes. 

If it proves desirable to go to still shorter exposure times and higher 

repetition rates, the high power amplifier already constructed and used 

as a light source pulser may be used. It will supply pulses of 200 amps 

at about 16, 000 volts. In view of this, Kerr cells of much larger aperture 



-29-

and correspondingly greater capacitance may be feasible. The use of 

low load resistance in the final amplifier also eliminates the need for 

any pulse shape correcting network at this point and pre serves the form 

obtained in the low power level stages. In this connection it should be 

emphasized that the input pulse transformer to the final amplifier .must 

have few turns and a large hypersil core to minimize pulse distortion. 

This transformer was used for phase reversal in order that both the 

final amplifier and its driving stage may be in the nonconducting state 

except during the transmission of a pulse. This behavior is required in 

order to ·avoid prohibitive power dissipation. 

The circuit constants chosen provided satisfactory operation at 

the repetition rates and observation times required. The large current 

requirements were met by means of condenser storage. The pulser ap

parently operated satisfactorily at a repetition rate of 10
6 

per sec and an 

electrical output pulse duration of about 0. 1 .microsecond. At this repe-

tition rate the pulse magnitude dropped rapidly, however, because of in-

sufficient storage capacitance in the power supplies. 

Although considerable care was employed to insure rapid voltage 

rise rates in the electrical pulse to the Kerr cell, it should be .mentioned 

that this requirement is rendered less severe by the light transmission 

characteristics of the Kerr cell itself. As pointed out by Zarem and 

Marshall,(l
6

) the transmission, T, of axial rays is given by 

T A 
. 2 = s1n 

where v is the voltage applied to the electrodes, Vis the ''full open" 

voltage of the cell, and A is a constant which takes into account rejec-

tion of one -half of the light by the first polarizer and absorption and 
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reflection losses in all components of the shutter. As a result of the re-

lation given, it turns out that the minimum effective exposure time attain-

able with a given pulser is slightly less than one half of the rise time of 

the electric pulse. 

It is estimated that the over -all rise time of the pulser developed 

in this thesis research is about 0. 04 microsecond. Minimum effective 

6 exposure times of 0. 02 microsecond at a repetition rate of 10 per sec 

are therefore available. 

Photographs of this equipment are shown in Figs. 33 and 34. 

Suggested Future Applications of the Photographic Technique 

Many applications of this high- speed photography immediately 

suggest themselves, but it should be particularly pointed out that the light 

from a Kerr cell shuttered source is polarized. This minimizes further 

loss of light in applications where polarized light is required. Such ap-

plications include studies of propagation of transient stresses in photo-

elastic models and transient behavior of shock waves in fluids. Other 

uses not necessarily requiring polarized light include ballistics studies 

and underwater explosions. These applications are in addition to the 

Hydrodynamic Laboratory's own interest in future cavitation and cavita-

tion damage work. 

Professor Lindvall has suggested investigation of applicability to 

the study of certain chemical reactions where phase transition observa-

tions are desirable. These include combustion and many others. 

Professor Wiersma has suggested study of nerve fibres to deter-

mine what physical changes occur during transmission of a nerve impulse. 

These latter applications utilize the magnification capabilities of the sys-

tem. 
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v. COLLAPSE OF VAPOR BUBBLES IN THE ABSENCE OF FLOW 

The Purpose of the Observations 

The preceding work in the High-Speed Water Tunnel revealed that 

there were many factors affecting cavitation bubble collapse. These inJ 

eluded pressure gradients due to flow, the proximity of the model sur

fac~ to the collapsing bubble, and the presence of air nuclei of unknown 

s1ze. There is also nearly always some uncertainty introduced by the 

boundary layer and by turbulence whenever flow is involved. It was, 

therefore, thought de sir able to attempt to eliminate some of these fac

tors and to provide experimental conditions more favorable for analysis 

of bubble collapse. The technique of generating vapor bubbles by boiling 

at reduced pressure and then increasing the pressure to cause collapse 

seemed to provide a means of producing bubbles in stationary liquid. It 

was obvious that the procedure introduced timing difficulties, but for 

very high-speed photography the timing problem is pre sent in any case. 

If, in addition, detection of bubbles formed in the center of the fluid 

could be effected, then proximity of solid boundaries would be elimi

nated. Although these disturbing factors may always be present in cavi

tation of practical interest, little progress in solving the problem is 

likely unless the number of variables is reduced for a first approxima

tion. 

Technique and Apparatus 

To form vapor bubbles by boiling, it is necessary to lower the 

pressure or increase the temperature, or both. Care must be taken to 

use clean containers and uniform heating if bubbles are to be formed at 

random away from boundaries. To observe collapse of random bubbles 

it is also necessary to wait until a bubble happens to form in the field of 
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view and then to collapse it by applying pressure rapidly enough so that 

the bubble does not grow too large before collapse begins. The frequen

cy of bubble formation is determined by the number of possible nuclei 

pre sent for the same conditions of pressure and temperature. Using 

air-saturated distilled water and limiting the boiling to a value where 

turbulence was low gave a bubble formation frequency of about once 

every three or four minutes in a one -eighth inch field of view. Since the 

observation time covered by the ca.mera is only two milliseconds, it is 

obvious that a bubble detector is essential. This detector must not only 

start the photography at the proper time, but it .must also apply pressure 

to the liquid to initiate collapse. Such a detector was constructed using 

a pair of type 931-A electron multiplier photocells. A narrow light beam 

was directed up through the center of the glass container for the fluid. 

The field of observation of each photocell was limited by an aperture and 

lens to a s .mall segment of this vertical beam which was also in the field 

of view of the ca.mera lens. Thus, if a bubble formed in this region of 

the light beam, it would scatter light to the two photocells. The photo

cells were connected in a coincidence circuit such as is commonly used 

in nuclear counting arrangements. By this method both cells must re

ceive light fro.m the bubble at the same time. This arrangement pre

vents triggering on very large bubbles or on reflections from the surface. 

The bubble detector chassis may be seen on top of the smaller rack in 

Fig. 34. The two photocell housings are shown in Fig. 35, and the large 

cylindrical housing for the bubble detector light source and condensing 

lenses is just below the pyrex glass liquid container. 

The cycle of operation is best described by referring to the block 

diagram in Fig. 40. When the camera motor is up to speed, the camera 
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lens cover is re.moved and the bubble detector placed in operating con

dition. The restriction between the liquid container and the vacuum 

pump is adjusted until the pressure drops sufficiently below the liquid 

vapor pressure for bubbles to form. When a bubble trips the detector, 

a hydrogen thyratron is triggered which discharges a 130 microfarad 

condenser charged to ll 00 volts through a solenoid type air valve. This 

discharge operates the valve within 0. 005 second and allows atmospheric 

air pressure to enter the fluid container to collapse the bubble. When 

the pressure starts to rise, it does so nearly linearly with time, taking 

a minimum of about 0. 0015 second to reach equilibrium when the con

tainer is nearly full of liquid. The air flow through the restriction is 

always negligible compared to the flow through the solenoid valve and 

hence does not limit the rate of pressure increase in the container. The 

usual procedure consists in boiling the water at about one -tenth atmos

phere and then causing bubble collapse by raising the pressure to one 

atmosphere. At the same time that the bubble detector activates the 

solenoid valve, it also sends a signal through a time delay unit. This 

unit allows time for the pressure to begin to rise in the liquid container, 

and then it starts the Kerr cell pulser and pulses the light source simul

taneously. The Kerr cell is pulsed during the interval that the light is 

on. This interval is equal to or less than the period of one revolution of 

the camera mirror so that there is no overlap of images on the film. 

The purpose of the lens between the Kerr cell and the liquid container is 

to focus the illumination at the point in the liquid where a bubble will 

actuate the detector. The lens field also serves to provide framing for 

each picture. 

To obtain data on bubble collapse, it is necessary to know the 
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pressure and temperature quite accurately. The pressure is measured 

by a circular disc of barium titanate one -half inch in diameter and one

tenth inch thick. The barium titanate disc is a pressure sensitive piezo

electr:ic transducer having a frequency response range (about 20 to 105 

cycles per sec) more than adequate to provide for good reproduction of 

the form of the applied pressure. This pressure is recorded photo

graphically from an oscilloscope screen for each bubble collapse. The 

oscilloscope with recording ca.mera in place is shown in Fig. 41. A 

single sweep of the oscilloscope trace is initiated by the bubble detector 

in ti.me to record the pressure rise. Immediately after each pressure 

record is taken a 1000 cycle tuning fork records one .millisecond timing 

marks on the same photograph. Amplitude calibration of the pressure 

record is automatic since one flat on the pressure curve corresponds to 

the static pressure in the container as read by a mercury manometer, 

and the other flat corresponds to known atmospheric pressure. In order 

to obtain correspondence between the bubble photographs and the pres

sure record, it was arranged for a bright spot to appear on the pressure 

trace at the beginning of the series of pictures and a dark spot to appear 

at the end. These reference marks were obtained by modulating the os

cilloscope beam intensity with the keying signal to the Kerr cell pulser. 

Records of such traces are shown in Fig. 42. The temperature was re

corded by a standard precision mercury thermo.meter graduated in tenths 

of a degree centigrade. "0" ring seals were used to permit insertion of 

the thermometer into the partially evacuated liquid container. 

Operation of the equipment was satisfactory as long as no special 

effort was made to reduce the air content of the distilled water. The 

study of bubble collapse with s .mall air content was greatly desired, 
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however, and this fact made operation of the equipment more difficult. 

The reason for this was simply because the water attained 5° or 6 ° C 

of superheat after it had been boiled at reduced pressure for about an 

hour. The frequency of bubble formation then beca.me very low, and the 

bubble growth rate became extremely rapid. As a result, the equip.ment 

would run for fifteen or twenty minutes and then trip on a bubble already 

grown much too large. In order to solve this difficulty it was necessary 

to construct a device which would generate a bubble with small gas con

tent. The first device tested was a thin glass rod coated with a silicone 

water repellent {Dow Corning Type 200). Bubbles generated in this .man-

ner adhered to the rod and grew slowly to a large size before detachment 

by buoyancy. It was therefore fairly certain that an appreciable amount 

of air would have time to diffuse into the bubble.{lO) This belief was veri-

fied by failure of these bubbles to collapse to a small minimum radius. 

Another type of generator consisted of a 0.005-in. diameter chromel wire 

etched down to a .much smaller diameter over a very short section. This 

wire was immersed in the water and acted as a heat source when electri-

cal current was passed through it. The applied voltage was kept low 

(1.5 volt ) to .minimize electrolysis, but these bubbles also contained ex

cessive gas. It should be mentioned here that an approximate method of 

estimating gas content was to observe the size of the residual bubble 

after its radius had reached a steady state. Another bubble generator 

consisted of a 0.5 cc glass boiling chamber with a resistance wire heater 

and with a small opening to the surrounding water. As there was nothing 

but glass in contact with the water, it was expected that there would be 

little gas present. This generator did not prove to be practical because 

the initial vapor-water interface was established with too much violence, 
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and once a cavity existed, trouble was again experienced from air dif

fusion into the cavity. The only type of bubble generator which proved 

fairly successful is shown in Fig. 43. Three models are shown, but 

they differ only in size and shape. This generator consists of two wire 

electrodes, one of which is sealed into a glass chamber or tube. The 

opposite end of the tube from the inner wire is open to the water and the 

other wire is outside of the tube and in contact with the surrounding 

water in the large container. By repeated raising and lowering of the 

container pressure all gas is removed from the glass tube. This de

gassed condition is evidenced by the failure of any interface to form in 

the tube when the pressure is lowered to less than vapor pressure. 

When this state is reached, a hydrogen bubble of just sufficient size to 

grow is generated in the tube at the end of the enclosed wire. Growth is 

very rapid and the entire tube empties itself at once with the water being 

replaced by its own vapor. The resultant bubble which emerges from the 

end of the tube is thus composed of a mixture of hydrogen and water va

por. However, the hydrogen content is extremely s .mall, since it has 

been subject to a volume dilution in the ratio of the volume of the entire 

tube to that of the original hydrogen bubble which was just larger than the 

critical size required for growth·. 

Observations 

Bubbles 3 and 4 plotted in Fig. 44 and shown in Figs. 46 and 47 

represent the general trend in the experimental re suits. The theoretical 

curves were calculated from spherically symmetric theory in the same 

manner as were the water tunnel bubbles. In both cases the actual col

lapse time is longer than the theoretical. It is felt that this discrepancy 

is real, although greater precision in recording the applied pres sure is 
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desirable. Departure from spherical symmetry is also too large to per-

mit much accuracy in .measure.ment of the bubble. Bubbles 3 and 4 were 

formed by the glass tube generator described earlier. The size of the 

residual gas bubble was estimated for each case and a term was included 

in the equation of boundary motion to represent adiabatic compression of 

the estimated amount of gas. The pressure resisting collapse due to this 

gas is approximately proportional to the inverse fourth power of the bub

ble radius. The adiabatic pressure would be exactly proportional to the 

inverse fourth power of the radius if the ratio of specific heat at constant 

pressure to the specific heat at constant volume were 4/3. 

For bubbles 3 and 4 this .means that presence of the gas has negli

gible effect on the collapse within the range of observation . The increas-

ed collapse time must therefore be due to other factors. 

Bubbles 6, 10, and 11 plotted in Fig. 45 and shown in Figs. 48 and 

49 are cases where rebound was not observed . Unfortunately, the photog-

raphy was too poor to justify comparison with theory. It may be noticed, 

however, that the maximum radial velocity resolved is of the order of 100 

ft per sec. This corresponds to a Mach number of 0. 02, and hence com-

pressibility effects should be small in the observable range. This does 

not mean that compressibility effects are negligible at very late stages in 

the collapse. It only means that the picture rate of 10
5 

frames per sec 

is still too slow for the necessary time resolution. The failure to obtain 

data at higher rates in this investigation was due only to lack of a mirror 

and motor capable of rotational speeds greater than 25,000 rpm. It is 

readily apparent from the photographs that the bubbles are much less 

stable during collapse than they are during growth. These observations 

are in general accord with a theoretical study by Plesset.(
22

) If 
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spherical symmetry is not preserved, we must solve a much more diffi-

cult analytical problem. Few cases in this experimental work are even 

fair approximations to the spherical shape. For this reason, the origi-

nal objective of studying the final stages of spherical collapse had to be 

deferred in favor of studying the available data on the nonspherical case. 

That such should be the situation was not entirely unexpected, as it was 

clear from earlier theoretical work(Z 3) that the collapse would be a£-

fected by gravity. Modification of the apparatus to permit observation 

of collapse under free -fall conditions was seriously considered, but such 

experiments are being deferred to a later date. 

In order to discuss the pertinent features of the photographic data 

it is necessary to write the appropriate equations for the nonspherical 

case including hydrostatic pressure and upward velocity induced by 

buoyancy. Departures from the spherical are treated as s .mall pertur-

bations. 

The coordinate system is set up with 9 measured from the verti-

cal and with a stationary origin which is the centroid of the bubble at 

time t = 0. R is the distance to the bubble boundary, and r is the dis

tance to any point in the liquid. The velocity potential is(9 ) 

co 

<P (r,t) 

n=O 

cp (t) P (cos 9) n n 

n+l 
r 

(1) 

where the cp (t) are functions of time. If the bubble boundary is given 
n 

in the form 

f(r,9,t) = 0 , 

then the condition that it always contains the same particles is given 
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df 

dt 
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a£ -= - + q. \7£ (2) 
at 

where q 1s the velocity of the fluid relative to the moving coordinate 

system. If the form of f is taken to be 

r - R(9,t) = 0 (3) 

then (2) becomes 

dR l aR = qr - q9 
dt R a9 

(4) 

In Eq. (4) qr and q9 are 

qr = V (r,9,t) - V(t) cos 9 r 

( 5) 

q 9 = V 9 (r, 9, t) + V(t) sin 9 

where V(t) is the velocity of the moving origin of coordinates, and 

V r and V 9 are the velocities in the r and 9 directions, 

respectively, in the stationary coordinate system. 

R may be written in the form 

00 

R (t) = ~ R (t) P (cos 9) ~ n n 
n=O 

where R
1 

= 0 because the origin is translating with the bubble. 

Substitution of (5) into (4) gives 

dR 

dt 
= v - v cos 9 r 

-
1 

(V 
9 

+ V sin 9) aR 
R a9 

( 6) 

(7) 
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Up to this point there have been no restrictions imposed, but 

further work becomes very laborious unless the higher order terms 

in V are neglected. The only purpose here is to show the method of 

attack. 4 The following development neglects terms of the order of V , 

and is taken from "Underwater Explosions" by Cole(z4). Eq. {7) be-

comes 

dR = (- acp) - v cos 9 = ~ + 
d t 8r R R 

(8) 

dR may also be obtained by differentiating (6 ). 
dt 

When this is done , 

the coefficients of like P's must be equal, as the expression must 

be true for any 9 . Substitution for R and 
dR 
dt then gives the 

relations 

q>o 

dR 
= R 2 o 

0 
dt 

(1 - 6 R~= ~ R3 cpl 
5 R 2 0 

dR
3 

2cp 4q>3 18 
0 

+ -- R3 = --
dt R 

3 R5 5 
0 0 

Bernoulli 1 s equation may be written 

1 2 
--('VIP) = 

p -P 
v 0 + g R cos 9 

2 R p 

v 

cpl 
R2. 

R4 
0 

where P is the hydrostatic pressure at the bubble center. Sub
a 

( 9) 

(1 0) 

stitution for R and cp then gives a series of terms in the Legendre 

polynomials. Multiplying the Bernoulli equation by P 
0

, P 1 , P 2 , and 

P 
3 

in turn and making use of the orthogonality relation leads to the 
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following set of equations: 

d 2R . 
~ ( dR0 ) 

2 p -P 
0 (V

4
) 

v2 
R 

0 + v 0 
0 

d t
2 - + -- = 0 

2 dt p 4 

l d 

2 dt 

3 6 !q>2 
(Ro V) - 5 g Ro2 d t - g R 

3 + 0 (V
3

) = 0 
0 

l 
+ l y2 - -=-z 

4 R 
0 

l l 

R2 
0 

i4d;--R 5 dt 
0 0 

0 . 

Note that for zero translational velocity, (11) reduces to the 

equation used in the first part of this work. Furthermore, if q> 
2 

, 

which is of order v 2 , is neglected, (12) may be integrated to give 

Herring's formula for the bubble rise: 

V = 
2

g fR3 
dt RT 0 

0 

This formula may also be obtained simply by equating the 

buoyant force acting on the bubble to the rate of change of upward 

momentum of the entrained liquid. By itself, it is obviously in 

error for small R since V tends to infinity. The bubble drag as 
0 

well as the term in q> 2 must be considered. However, Eq. (15) 

( ll) 

(12) 

(13) 

(14) 

( 15) 
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qualitatively explains the rapid upward jump of the bubble very near 

the minimum radius. This effect is larger if the bubble has acquired 

large upward momentum before collapse begins. This conclusion is 

in agreement with experimental observation. Bubbles 3 and 4 show 

a negligible effect of this type, and they were collapsed close to the 

bubble generator before much upward momentum was attained. In 

contrast, bubble 24 had moved upward through the fluid for a con

siderable distance. It should be noted that the center portion of the 

bubble tends to speed up more rapidly. This induces vorticity and 

gives rise to vortex rings seen in Figs. 51 , 52, and 53. The entire 

theory outlined here breaks down in these cases. 

It was suspected that there might be effects pre sent due to the 

proximity of the container walls. A new container providing at least 

two inches distance between the bubble and any wall or surface was 

therefore constructed. This was about twice the linear dimensions 

of the previous container and provided a wall distance to radius ratio 

of about twenty. Bubble 50 shown in Fig. 54 was photographed in 

this larger container. It possesses similar characteristics to bubbles 

21 and 29 which were photographed in the vessel with wall and surface 

clearance of only about ten radii. A check on the pressure in the 

liquid at the point of bubble formation revealed no measurable pres

sure waves reflected from the liquid boundaries. This measurement 

was made by a 0.1 em barium titanate pres sure transducer. Be cause 

of this finding, it seemed correct to assume that the bubble asymmetry 

was due to vertical rise velocity and hydrostatic pressure gradient. 
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The method of approach to this problem was outlined in the 

preceding Eqs. (l) to (15). The equations themselves are of little 

use here because the neglected higher order terms are important. 

It was thought sufficient to indicate the method at the pre sent time. 

In order to determine how many Legendre polynomials are 

required, an analysis of bubble 21 was made for each frame. This 

1 s shown in Fig. 56. The variation with time of each component 

is apparent and is an indication of the stability of the bubble collapse. 

The origin was chosen to translate with the bubble centroid. Hence 

A 1 should remain zero. The value of ~ is plotted to indicate the 

accuracy of the choice of origin used in making the measurements. 

As a further check, frame 8 was drawn from the numerical values 

obtained for the first five and first six terms. This drawing is 

shown in Fig. 55. It is apparent that the first five terms give a 

good representation at this stage of collapse. 
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VI. CONCLUSIONS 

Among the conclusions which may be drawn from the experimental 

observations, both in the High Speed Water Tunnel and in the small sam

ple of stationary water, the following may be listed here: 

1. Asymmetry in the Collapsing Bubble Shape. It was a consist

ent finding in these experiments that the collapsing bubbles showed in

creasing departures from the spherical shape with decreasing radius. A 

graphic indication of this effect may be observed in Fig. 56. A quantita

tive demonstration of the increase in asymmetry is brought out if one con

siders A
2
/A

0
, A

3
/A

0
, etc., where An is the coefficient of the n'th 

Legendre polynomial P nand A
0 

is the mean radius as a function of time. 

There are two possible causes of this asymmetry: a basic instability of 

a collapsing gas cavity in a liquid, and the collapse in a pressure gra

dient. Of these the latter is presumably of greater importance in the 

present experiments. The basis for this supposition is that the asym

metries observed were confined primarily to small values of n in the 

Legendre polyno.mial expansion. The inherent instability of the collapse 

presumably involves large values of n and s .maller radii than were ob

served here. 

2. Increased Collapse Time of the Observed Bubbles. It was 

found that the time of collapse was appreciably longer than would be ex

pected from the extended Rayleigh theory. This increased collapse time 

cannot be ascribed to a permanent gas content in the bubble since the 

mass of permanent gas has been observed to be too s .mall to give the ob

served discrepancy. Further, the increased collapse time was also 

found for bubbles which contained practically no permanent gas. This 
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observation is of theoretical interest. It cannot be ascribed to compressi-

bility effects since the observed collapse velocity range did not reach high 

enough velocities. The theoretical explanation lies in the asymmetry of 

the collapse shapes. As Rattray(ll) has shown theoretically, departure 

from the spherical shape in a collapsing bubble produces a significant 

lengthening of the collapse time. 

3. Large Coupling between Radial and Translational Bubble 

Motion. The equation of motion for a collapsing bubble in a liquid is non-

linear. Consequently, there are to be expected coupling effects between 

the radial collapse motion and the direction of action of any pressure 

gradient in the liquid field in the neighborhood of the bubble. This cou-

pling effect has been observed in a very striking manner both in the High 

Speed Water Tunnel and in the static water sample . The general effect 

of the coupling is to produce an increase in the translational motion in 

the direction of decreasing pressure. 

4. Rebounding and Nonrebounding Bubbles. Two distinct 

classes of bubbles were observed both in the High Speed Water Tunnel 

and in the static water sample. One type of bubble rebounded after col-

lapse and eventually could be seen to be a more or less stationary gas 

bubble. The second type of bubble did not rebound after the first col-

lapse. It is held that the latter type of bubble contained negligible 

amounts of permanent gas. This nonrebounding type of bubble was ob-

served much less frequently in the High Speed Water Tunnel than in the 

static water sample. It appears reasonable to expect that the nonrebound-

ing vapor bubble may be a more important source of cavitation damage 

and noise than the bubbles containing permanent gas with their cushioned 

collapse. 
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5. Bubble Collapse Less Stable than Bubble Growth. The trend 

of the pre sent observations on bubble behavior indicates that the bubble 

growth is more stable than bubble collapse. Stability is used here to 

signify that the bubble retains a spherical shape. There has been in-

creased interest recently in the stability of a liquid-gas interface in ac

celerated motion. G. I. Taylor(ZS) has considered the stability of a 

plane interface, and extens ions of this analysis to spherical interfaces 

have been made by M. S. Ple sset. 
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Fig. 1 - Apparatus for taking cavitation bubble photographs in the High Speed 
Water Tunnel of the Hydrodynamics Laboratory. The sting supported 
1. 5-caliber ogive model is shown in place. A top lighting arrangement 
is shown, and the General Radio camera may be seen in the foreground. 
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Fig. 2 Fig. 3 

Cavitation on the 1. 5-caliber ogive. These are examples of front 
lighting photography taken at the rate of 19,000 frames per second. 
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Fig. 4 - Two top lights Fig. 5 - Back lighting 

Cavitation on the 1. 5 -caliber ogive. 
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Fig. 6 - Magnified view of 1. 5-caliber ogive model surface show
ing hemispherical surface bubbles and one off surface bubble. 

Fig. 7 - Silhouette view of large noncollapsing bubble on half body surface. 



Fig. 8 - Bubble 24 
K = 0. 271 
V = 39.4 ft/sec 
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Fig. 9 - Bubble 26 
K = 0.279 
V = 39 .. 6ft/sec 

Cavitation on 1. 5-caliber ogive. 
Picture rate: 10,000 frames per second. 
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Fig. 10 - Bubble 10 Fig. 11 - Bubble 36 
K = O. 295 K = O. 239 
V = 39. 7ft/sec V = 85.:34 ft/sec 
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Fig. 12 - Bubble 27 

K = O. 266 
V=39.4ft/sec 

Cavitation on 1. 5-caliber ogive. 
Picture rate: 10,000 frames per second. 
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BUBBLE 24, 1.5 OGIVE, K = 0.271, 39.4 FT /SEC, 70.4°F 
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Fig. 13 -Cavitation bubbles on 1. 5-caliber ogive model. 
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BUBBLE 36, 1.5 OGIVE, K = 0.239, 85.3 FT /SEC, 72.8°F 
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Fig. 14 - Cavitation bubbles on l. 5-caliber ogive model. 
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Fig. 15 - Collapsing bubble off surface of half body model. Note movement 
of flat surface on bubble to remain perpendicular to pressure gradient. 
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Fig. 16 - Pressure distribution off surface of half-body model. 
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Fig. 18 - Bubble 
collapsing flat 
slightly off sur
face of half body 
model. 
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Fig. 19 - Collapse 
without rebound 
on surface of half 
body. 
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F igo 20 - Incipient 
transition to the 
cavity flow stage. 
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Fig. 21 - Apparatus for collapsing glass spheres 
in a pressurized tank. The same tank was 
also used for spark generated bubble study. 

Fig. 23 - Single exposure pictures of glass 
spheres in process of collapsing. 

=0 

Fig. 22 - A movie 
record at 1, 000 
frames per second. 
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Fig. 24 - Collapsing spark bubble. 
P- P = 6.01 psia 
Max. ~adius 0. 71 ino 
Collapse time 0. 0027 sec. 

Figures 24, 25 and 26 show a 

collapsing spark bubble with re

bounds. Electrical discharge 

energy is kept constant at 45. 6 

joules in all runs, and the ex

ternal pressure is varied. Picture 

rates are 1500 frames per second, 

and pictures are 0. 31 times actual 

size in all cases. 
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Figo 25 - Collapsing spark bubbleo 
P - P = 2o 22 psia; Maxo radius 1. 09 ino ; Collapse time Oo 007 sec. 

v 



-63-

• 

• 
Fig. 26 - Collapsing spark bubble. Only every fifth frame is shown 

between frames 10 and 65. Frame 70 is the last one shown. 
P - P = 0. 55 psia; Max. radius 1. 62 in. ; Collapse time 0. 0223 sec. 

v 
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Fig. 2 7 - Kerr Cell. Fig. 28 - High level vacuum tube 
pulse amplifier. 

Fig. 29 - Bubble photograph taken with GE FT 231 Lamp. 

Fig. 30 - Solder bead photograph taken with GE FT 25 Lamp. 



------- ---- -

Fig. 31 - GE Flash Lamp. 

Fig. 33 - Pulser rack, power 
supply, camera and vacuum 
pump. 
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Fig. 32. - Electronic components of 
high-speed photography system. 

Fig. 34 - Bubble detector chassis 
resting on pulser with lamp 
housing in foreground. 



Fig. 35 - Rotating .mirror camera, 
light source, and bubble collaps
ing equipment. 
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Fig. 37 - Rear view of camera showing 
film chamber open. 

Fig. 36 - Side view of camera. 

Fig. 38 - Rear view of camera 
showing mirror drive motor. 
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BLOCK DIAGRAM OF CAVITATION APPARATUS 

AIR t PRESSURE 

- SOLENOID VACUUM 
VALVE PUMP 

AIR ,('), 
.,. 

PULSE I RESTRICTI 

~G~ KERR -+I LENs!~ LIQUID CELL 'CAM ~- LIGHT CONTAINER - LE 
SHUTTER 

t LIGHT FROM 
BUB LE 
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Fig. 40 - Block diagram of cavitation apparatus. 

Fig. 41 - Pressure recording oscilloscope and 
camera with 1,000 cycle tuning fork. 
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MIRROR 
MOTOR 
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Fig. 42 -Sample pressure recorder. 

Fig. 43 - Bubble generators. 
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Fig. 44 - Bubble collapse in stationary liquid. 
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Fig. 45 - Bubble collapse in stationary liquid. 
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Fig. 46 - Bubble No. 3, 
50,000 frames/sec. 

-72-

Fig. 4 7 - Bubble No. 4, 
50, 000 frames/sec. 



Fig. 48 - Bubble No. 6, 
100,000 frames/sec. 
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Fig. 49 - Bubble No. 11, 
50, 000 frames/sec. 

Fig. 50 - Bubble No. 22, 
75, 000 frames/ sec. 
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Fig. 51 - Bubble No. 24 - 100, 000 frames/ sec. 



-75-

-
Fig. 52 - Bubble No. 21 - 33, 000 frames/ sec. 



Fig. 53 - Bubble No. 29, 
33, 000 frames/ sec. 
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Fig. 54 - Bubble No. 50, 
33,000 frames/sec. 
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Fig. 55 - Synthesis of Bubble 21 from Legendre Polynomials • 
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Fig. 56 - Variation of Legendre polynomial coefficients with time for Bubble 21. 


