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ABSTRACT 

A photographie system has been developed and applied to the 

study of cavitation bubble collapse. Sequences of 700 pictures 
-7 

at a rate of one million pictures per second» and less than 10 

second exposure time have been obtained. Resolution is estimated 

to be better than 10 cm. Photoelastic photographs have also 

been taken under the above conditions. 

Ultrasonic cavitation bubbles have been photographed 

collapsing on the surface of a photoelastic solid, and the resulting 

strain wave in the solid has been observed in the photographs. 

Dynamic properties of a photoelastic material have been ob¬ 

tained in order to permit quantitative measurements of transient 

waves in solids by this method. 

Photocell detection of photoelastic strain fringes has provided 

information on the duration of strain pulses in a solid due to 

cavitation bubble collapse. 



INTRODUCTION 

Fox many years the study of cavitation phenomena has been 

retarded by lack of adequate observational techniques. Laws 

governing the gross behavior of macroscopic cavitation have 

been well established. However, many phases of cavitation 

study, such as damage to surfaces, clearly must depend on the 

detailed behavior of cavitation in the small. The individual 

bubbles must be studied in order to correlate existing theories 

of bubble dynamics1 with actual experiment. Such theories, 

which may include heat transfer effects, compressibility, and 

viscosity, must make some assumptions concerning the geometry 

of the system in order to make an analytical approach to the 

problem possible. With a few exceptions3’4, 5 the bubble has 

been assumed to be spherically symmetric. This assumption 

has been shown both theoretically6 and experimentally7 to be 

unjustified except under special conditions. 

From the above considerations it becomes obvious that 

every effort should be made to make detailed observations on 

specific instances of bubble growth and collapse. It would also 

be desirable in the study of cavitation damage to provide some 

means of determining which bubbles are most effective in pro¬ 

ducing high pressures on the adjacent solid surface. The desir¬ 

ability of such observational techniques has long been recognized, 

and there has been a considerable amount of work done along 

such lines. The small size of the bubbles and their high wall 

velocities have made this a difficult task, however, and only 

recently have suitable instruments become available. This 

paper is an attempt to illustrate some promising methods of 

attack on the problem and to show some preliminary results. 
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the high-speed photographic system 

Since It we, „„t a primary objective, the high-speed photographic 
system Was developed with a minimum of effort and expense, and no 
attempt was made to arrive at an optimum design whenever this ap- 
Paared nonessential for obtaining satisfactory information on the cav¬ 
itation problem. The minimum requirements proved to be rather 

stringent, however, and a, a consequence, more time than was desired 
or anticipated was devoted to this extraneous but necessary problem. 

was desired to obtain photographs at a repetition rale of not less than 
per second with bubble radii measurement, accurate to at least lO'3 

inch, A sufficient number of such pictures had also to be taken to 
adequately cover the bubble history, which may be of one or two milli- 
seconds duration in the case of the larger bubbles. 

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 appeared to require an excessive 

amount of mechanical or optical design and construction work. Several 

high-speed cameras using optical shuttering methods have been reported8 

which are capable of the desired repetition rate, but the exposure time 
is too long when total observation times of the order of a millisecond are 

desired. This situation arises because exposure time is inversely pro¬ 
portional to repetition rate in these multiple lens shuttering systems. 

Electro-optical shutters, on the other hand, permit independent adjustments 
of exposure time and repetition rate. 

In the case of very small objects moving with high velocities, such as 
cavitation 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 method, which eliminate relative motion between film and 
image during the exposure time. The iormer obviously cannot be eliminated 
in this manner and hence exposure time must be shortened. The higher the 
magnification the shorter must be the exposure time, since velocities are 
also magnified. In the cavitation problem, for example, if the magnification 
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is 10 and the bubble wall velocity is 103 inches per second, then to keep the 

bubble measurement accurate to 10"3 inches limits the maximum exposure 
time to 10 second. 

Preliminary tests indicated that conventional flash discharge tubes 

would not permit exposure times of less than about a microsecond at 

the level of light intensity required. It was also found difficult to provide 

the necessary high power level pulses at repetition rates of 105 per second. 

For these reasons it was decided to use an alternate system consisting of • 

a shutter of very short duration and high repetition rate, together with a 

source of illumination which would remain on during the entire observation 

period. It was realized that the lesser problem of providing image trans¬ 

port over the film could be solved by a rotating mirror method, and that 

motion of the film itself would be imprac tical at the speeds required. 

A Kerr cell electro-optical shutter appeared capable of meeting ex¬ 

posure time requirements.9 This type of shutter has long been well known, 

consisting merely of two light polarizers (such as Nicol prisms or the more 

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

as nitrobenzene in a controlled electric field. The polarizers are adjusted 

' 80 thai a minimum of light passes through them and the nitrobenzene when 'Í 

the electric field is off. Upon application of the field, the nitrobenzene > 

causes an additional rotation of the plane of polarization so that the light is 

then transmitted through the second polarizer. In practice, the speed of 

operation of the Kerr cell is limited by the speed at which the electric field 

can be applied and removed. The disadvantages of the Kerr cell are that 

there is only about fifteen or twenty percent transmission of light when it is 

fully open, and that the nitrobenzene further acts as a filter to cut off the 

blue end of the spectrum. For the quarter inch aperture cell used in this 

work the potential required was about 13, 000 volts, and this fact made the 

design of a puiser more of a problem. The Kerr cell is also subject to 

optical troubles if an image is passed through it with too widely divergent 

rays, or if there are heating or convection currents in the fluid. These 

latter effects are exaggerated if impurities exist in the nitrobenzene or 

in the nickel electrodes. Figure 1 shows the Kerr cell used in this work. 

Since bubbles are nonluminous, a suitable light source was required, 

and it was possible to circumvent optical problems involved in passing an 

I 
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xtCTT '1' T ?" by me"ly USin8 “ 10 Sh“lt" lh' ‘'‘“"-‘-«on. 
a " W,lh ,tS PUlSer and a "5,'a^,• »8h‘ source then in effe:t became 

cedure° !|Íehl" ralh" °f lhe cam"a- This pro- JZ 'l l TTgC °l P"milt‘n8 eXlremely SimPU Ca”"a daa‘S" «i*» 
ture Kerr 11 “S diSadVan,a6a laY in the fact that, for small aper- 

and th II ' a Very 8h SUrfaCe bri*hl"'ss »8ht source was required 
and the illuminated field was small. 4 

it Jr.r/T USed WaS lh' General E1"lr‘c ‘TP* 524 showu in Flg. 2. 

apertureLT ,,y lhan C°Uld ^ USed "IÍCÍentlT «‘f ‘»a »mall 
havfuTa " , ' COmParÍ”8 ‘S SUríaC' ar'a to a 50 flash hulb, hut 

forThL n h hU,rl ralin8 °f 10 1UmenS aS CPmpar'd *» ab-‘ 5 a ,06 lumeus 
ts flash hulh. Normal practice with the type 524 lamp is to use a simple 

tluctauce and capacity circuit which results iu a heehive shape of current 

wave,u of about one- half millisecond duration. Since the light output 

follows the current fairly closely, it was clear that the desirable waveform 

dura0ti„r„aP ThCalr 7 a S,“are PUlSe CU"'nt °f ab°Ul lW° -““aaaonds 
is ah , f 1'n8lhening was facilitated by the fact that the lamp impedance 

and 117717^ °bmS' ™S ValU' ‘S hÍ8her lha” lhat <■' ^ «ash lamps, 

oar. ; ! re,U,red 2,000 j0Ul'S °( 'ne^ l° ba stored in a lumped 
P meter delay line with reasonable values for the inductances and capaci- 

wTrTu'T«'»' aM derÍVed SeCti°nS WUh ÍadUClÍVe '““P“'** between sections 
short ■ ' 1 d h' menli°,’ed that’ “ lhe naqnired observation time is 

, .1 ts possible to obtain more light intensity. A new light source of 

greater ,density and smaller physical size will be tested in the near future. 

It appears from the literature12 that some of the Kerr cell work at 

very short exposure times has employed single pulse type generators using 

hydrogen thyratron tubes, the ionization o, which provides the rapid voltage 

rise required. For high repetition rates, however, the thyratron tubes are 

impractical because o, the likelihood o, failure to deionize, particularly at 

such ,gh potentials. Hard vacuum tubes, on the other hand, do no. suffer 

rom these ..hold over., troubles, but the problem of getting high voltage rise 

and high output currents is more difficult than with the gaseous tubes, 

uch work was done on radar pulse modulator, during the war, but the 

repetition rates were usually less than 10,000 per second and the pulse dura- 

ion longer than a microsecond. Fortunately, it was realized that square 
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UvIrinlT"^0"5 are nOW aVaiIaMe COmmercially »ë capable of de- 
Th » " ! ' Wave Wi,h ^02 miCr—d «"« into . 50 „ta ,„«d. 

•Zn! H S"med Íd'al for lh' Pr'S'”‘ « “ -»*<> »« 
Pted lo the generation of »hört pulse» instead of »quare »ave». A »imnle 

50 ohm ~ >n deU’,Í”8 lh' Square w*v' b>- 1'lUhg It propagate down a 

OH i! on. ! an,d lhe” 3UbtraCti"8 lh“ a5u.r. ware fron, the 
pulses of lh ' d r'S WaS a 8eHeS 0f allernal'ly Posllive and negative 

I Te ,11' I; I"- Th' l'“8lh °f P^868 was then proportional 

voltaoe ( abl'and<,uilei”d'Pe''<i'”‘»ithe repeti lion rate. The 
is „ 7 and wavei0rm is Prc8erved very well when the coaxial line 
is P operly terndnated in it, characteristic tapedance. Fron, this point 

, I is only necessary to employ high vacuum pulse modulator type tubes 

used? h“6! t0 ,h' Pr°Per leVeU A W l0ad -8‘8tal -s, be 

of tv I? ,T *" Sla8e t0 maÍnla‘n the hi8h VaUa8' -188 8a‘8- A pair 
1:P I' lUbeS Wilh 800 °hm8 Plal8 ‘»8d resistance and 15.000 volts plat, 
po entia, operates very well to drive the Kerr cell. The circuit diagral is 

g. 3 and the actual equipment in Figs. 4 and 5. This puiser has 

been operated at a repetition rate of 10* per second and an electrical output 

pu se oration of about 0.08 microsecond. Th. voltage waveform appearing 

. the Kerr cell terminals is shown in Fig. 6 for a puls, duration of 0.1 

microsecond. 1, should be pointed out that the Ugh, transmission through a 

err c.n ls a nonlinear function of the applied voltage such that the minimum 

effective exposure time 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 puiser is 

about 0.04 microsecond and hence the minimum effective exposure time is 

about 0 02 microsecond. A typical light pulse as recorded by a photocell „ 
shown in Fig. 7. 

The construction of the camera itself was very simple. The 35mm film 

Strip 90 .„ches long was made to lie in th. form of a circle, emulsion side 

inwards. At the center of the circle a routing mirror was mounted with it. 

surface making an angle of 45° with the axis of rotation. The camera lens 

was also mounted on th, axis of rotation such that the image rays would be 

reflected by the rotating mirror and focus on the film along the circular 

periphery. This arrangement satisfied on, of our original requirement, that 

the camera be ready to take picture, a, any Instant for event, occurring at 

*4 

m 
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random. Thera is the aeeompanying disadvantage that the Image appears to 

route 360 for eath complete revolution of the mirror, but this behavior is 

unlmporUnt for obUlning daU. This feature could be corrected by use of 

a routing prism If pictures were desired for direct reprojection. It should 

a mentioned here that arrangements wherein the mirror axis of roUtion Is 

perpendicular to the incoming rays from the lens are capable of twice the 

angular scanning velocity atUinable with the present system. There are 

other difficulties, however, and for a complete analysis of these,the literature 
should be consulted. 

The rotating mirror is a solid piece of sUinless steel formed in the shape 

o a wedge with one reflecting face and one blackened face. One-half of the 

light is lost in this manner, but it was thought necessary to make the mirror 

in this form in order to make practical the dynamical balancing of the mirror 

and turbine rotor assembly. The turbine which drives the mirror ha. a rated 

speed of 100,000 rpm and is manufactured by AiResearch Manufacturing Compa, 

o os Angeles. AiResearch very graciously donated the turbine to this project 

and also balanced the rotor and mirror assembly in their shops. The complete 
unit is shown in Fig. 8. 

The lens in use at present is an fl. 5 Hugo Meyer of 3. 5 inch focal length. 

The magnification between the object and the image on the film is approximately 

four times. Eastman Kodak Triple X film developed in D-19 solution has given 
good results. 

OBSERVATIONS ON SINGLE BUBBLE COLLAPSE 

Figure 9 shows the camera set up to photograph bubbles formed by boiling 

water at reduced pressure. These bubbles are then collapsed by admitting air 

at atmospheric pressure to the surface of the liquid. From left to right may 

be seen the flashiamp housing, the Kerr cell, the field stop aperture and lens 

(within the cylindrical tube), the beaker of water, the camera lens, and the 
film housing. 

Near the beaker are two photocells and a light beam source. These latter 

are used to trip the camera and admit air pressure to the container when a 

bubble happen, to form in the field of view. A block diagram illustrating this 
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mode of operation is given in Fig. 10. An example of the type of bubble 

collapse obtained in this manner is shown in Fig. 11. The picture repeti¬ 

tion rate is 33, 000 per second, and the maximum major axis of the 

bubble is about 0. 2 inch. The apparent rotation of the image is due to 

the fact that the mirror is mounted at an angle of 45° to the axis of rotation. 

dually, the bubble is symmetrical about the vertical, and the unusual 

shape taken during collapse and rebound is largely due to gravitational ef¬ 

fects. The earlier stages of this behavior and the suggestion of vortex 

ring formation has received some theoretical justification on this basis.14 

Single bubble observations made in this manner have shown that bubble 

collapse is inherently much less stable than bubble growth in accordance 

with theory. In agreement with the work of Rattray,15 it has also shown 

that departure from the spherical shape in a collapsing bubble produces a 

significant lengthening of the collapse time. Furthermore, large coupling 

effects are observed to exist between the radial collapse motion and the 

direction of action of any pressure gradient in the liquid field in the neigh¬ 

borhood of the bubble. These effects are to be expected since the equation 

of motion for a collapsing bubble is nonlinear, and the general effect of the 

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

of decreasing pressure. 

OBSERVATIONS ON CAVITATION IN AN ACOUSTIC FIELD 

It was originally intended to conduct more detailed studies of single 

bubble collapse to include the effect of gas content and the effect of nearby 

surfaces. This program was deferred in favor of work on the mechanism 

of cavitation damage to surfaces.16 To meet the needs of this latter work 

an accelerated damage apparatus was devised wherein a cloud of bubbles 

was generated over the specimen surface by an acoustic field. In this 

apparatus standing acoustic waves of 24, 000 cycles are established in a 

cylindrical beaker by means of a barium titanate ring transducer near the 

liquid surface. The bubble cloud then appears at the point of maximum 

pressure amplitude on the axis and at the bottom of the beaker, as shown 

in Fig. 12. 

The sound field was probed by a one-eighth inch diameter barium 
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titanate cylindrical probe mounted on a traversing mechanism. It was found 

, that the pressure distribution agreed with theory,17 but no attempt was made 

to measure the field under cavitatlng conditions since the cavitation cloud 

tended to form on the probe itself. Furthe rmore, the frequency components 

of the pressure pulse due to bubble collapse were expected to be much 

higher than the frequency response of the probe. This tendency of the bubble 

f cloud to form on small objects in the field may be explained qualitatively by 

assuming that the gradient of the acoustic field near the projection becomes 

f large in a manner somewhat analogous to that of an electrostatic field near 

a projecting conducting surface. 18 A quantitative explanation should not be 

sought on this basis, however, since the presence of the bubbles themselves 

will greatly modify the field. When concentrated damage is desired, the speci¬ 

men is formed as a 0.07-inch diameter cylinder projecting upwards from the 

bottom plate. The damage is greatly increased on the end of this cylinder, 

enabling one to study extremely resistant materials. 

The high-speed photographic system was again used to obtain photographs 

of the bubble cloud at the end of this tip. Figure 13 is a sequence taken at 

100, 000 frames per second and a magnification of 10. This sequence is of 

particular interest since it shows that the bubbles completely disappear during 

each cycle when degassed water is used. There is also evidence that the 

bubble boundaries are relatively stable during growth since many are quite 

spherical at the maximum growth stage. In Fig. 14 the growth and collapse 

of a bubble is shown at a magnification of 15 times and a picture repetition rate 

of 400,000 frames per second. Here, again, the collapse is relatively unstable 

compared to the bubble growth. 

APPLICATION TO DYNAMIC PHOTOELASTICITY 

After the high-speed photographic system had been developed, it occurred 

to the author that it might be particularly applicable to photoelastic transiept 

studies. It is nearly always advantageous to shorten exposure time in high¬ 

speed work, and hence intense illumination is at a premium. Since the light 

from a Kerr cell shuttered source is already polarized, further loss of light 

is minimized in applications where polarized light is required. Such 

- 
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applications include studies of propagation of transient strains in photo¬ 

elastic models. Furthermore, this field has been neglected in the past 

largely because of the high propagation speed (about 5, 000 feet per second) 

of strain waves in the more suitable photoelastic materials. Short exposure 

times and high repetition rates therefore become essential for adequate 

photographic observation. 

Because of interest in the cavitation problem it also occurred to the 

author that possibly strain waves in a photoelastic solid due to cavitation 

bubble collapse might be observable. If such proved to be the case then one 

could see what type of bubble was most effective in producing large forces. 

This information would in turn pave the way for an analytical attack on the 

cavitation damage problem. A great advantage would be realized over the 

standard technique of using piezoelectric transducers to detect pressure 

pulses from cavitation bubble collapse since the photoelastic method would 

show the exact point of maximum pressure rather than integrating the pres¬ 

sure over a relatively large area. The piezoelectric method might still be 

profitable as a correlation. A further advantage of the photoelastic technique 

is that calibration depends only on the properties of the photoelastic material 

and does not involve electronic apparatus. On the other hand, interpretation 

of three-dimensional transient strain patterns requires analysis and in some 

cases is impossible unless symmetry can be assumed. 

It was not immediately apparent that ordinary photoelastic materials 

would be sufficiently sensitive to detect strains due to cavitation. This is 

due to the fact that the fringe order for a given strain is proportional to the 

light path length through the strained region. Presumably the region affected 

by a single bubble collapse is quite small, but its actual size has been a here¬ 

tofore unknown parameter. 

In order to give information on this point, a one-quarter inch square bar 

of CR-39 was immersed in a 10, 000 cycle acoustic field in water. A cloud 

of cavitation bubbles formed on the end of this rod, and photoelastic pictures 

were then taken with the high-speed camera. A light field arrangement using 

Circularly polarized light was used in order that the cavitation bubbles might 

be visible in the liquid as well as the isochromatics in the solid. The picture 

repetition rate was set at only 150,000 per second in order to obtain a larger 
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0 V‘'W’ a"d lhe photograPhs »hown in Fig. 15 „.,a obtained. Time pro- 

1 r r !'fl 10 r‘8hl' and lhe PiClU" “ th' “OP" ‘=« »hows the start of 

surlce° f th bUb"e ClOXld' ReSÍdualfrÍnge lines are to be seen just below the 
.. a e; ' S0Ud- Thea' fri”ges «“»«<•. unfortunately, by leaving 
eh ban immersed over night. An inadvertent benefit from this prooedure re- 

: ; 7” ‘7 '*7 th“* * — reference is obtained for the measure- 
ent fractional fringe shifts due to transient strains. The twelfth picture of 

he sene, shows a definite shift which occurs just after collapse of the bubble 

»U • ere .5 some bubble regrowth afterwards. It is to be expected that 

on y one picture should show this transient since the wav, in the solid props- 

g a a out 0. 06 inch per microsecond and the diameter of the field of view 

s case is 0.14 inch. As the time interval between pictures is about 6 

microseconds, one should also not expect to obtain a fringe shift in every se- 

quence. This proved to be the case. Half a dozen cases of fringe shift were ob- 

serve in ifty sequences. In all of these instances the bubble responsible for 

he pulse collapsed immediately adjacent to the solid boundary insofar as this 

could be determined from the photographs. Spherical symmetry was not observed 

for any of these bubbles in the collapse stage. On the other hand, symmetry was 

0 served for the propagating fringe pattern in the photoelastic solid. This sym- 

metry was about a line normal to the surface through the point of collapse 

Another example which shows the hemispherical nature of the propagation i, 

given in Fig. 16. From this behavior one might conclude that there is a relative- 

y small area of high pressure at the surface due to collapse. Such results are 

very encouraging from the standpoint that the possibility of quantitative analysis 
is indicated. 7 

In order to test the high-speed camera and to increase the likelihood oí 

obtaining fringe patterns, it was decided to decrease the frame size to 0.15 inch 

and to take photoelastic pictures at a repetition rate of one million per second. 

lb6 magnification was kept at four, which resulted in a field of view of 0.037 ' 

inch. A small bar of CR-39 measuring 0. 020 inch on a side was attached 

to a one-eighth inch diameter brass rod. Another brass rod of the same 

dimensions was brought near the free end of the CR-39 bar in order to provide 

a more stabilized cavitation cloud. Figure 17 is a long exposure photograph of 

this arrangement taken by the high-speed camera with the mirror stationary. 

An ordinary lamp was used for side lighting to show the bubble cloud. Cavitation 
damage to the end of the bar is visible. Figure 18 shows the resulting sequences 

I 
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taken at lhe rale of one million picture» per second. Unfortunately, no 

»train wave» happened to be observed in these pictures and time was not 

available to make more than a few runs. The photography seemed accept- 

aoie, however, and it is hoped that further data will be obtained in the 
near future. 

It was realized at the start of this work that application of photoelastic 

technique to the cavitation problem to obtain quantitative results would 

involve much preparatory work. Little appears in the literature on relative¬ 

ly simple dynamical situations. Furthermore, the dynamical properties of 

the photoelastic materials themselves are not readily available. 

These questions have been studied by Dr. George W. Sutton who recently 

completed his doctoral thesis on the application of photoelasticity to the in¬ 

vestigation of stress waves. The following discussion in this section is a 

condensation of portions of his thesis.19 

Although the dynamic properties of CR-39 are of main interest, the 

determination of the static properties is also of interest since the dynamic 

properties can then be compared to the static values. This is of importance, 

because all other investigators in dynamic photoelasticity have found differ¬ 

ences in the optical retardation for dynamic as against static loading conditions. 

Static studies of the properties of CR-39 have been made by the manu¬ 

facturer, _the Cast Optics Corporation of Riverside, Connecticut; and by 

Coohdge. Their results are compared to those of this study in Table I. 

Static tests were made on a simple tensile specimen with a working sec¬ 

tion 0. 252 inch thick, 0. 500 inch wide, and 3 inches long. Baldwin A-8 

strain gauges were cemented to the front and back of the specimen in both 

the longitudinal and transverse directions. Strain was indicated by a Baldwin- 

Foxboro portable strain indicator, which could be read to within 10 micro¬ 

inches per inch. The specimen was placed in the spherical mirror polariscope 

designed by Goetz. The light source is a low pressure mercury vapor lamp, 

used with a Wratten 77A filter to produce monochromatic light of 5461 % wave 

length. The fringe order in the specimen was determined by a Babinet-Soleil 

compensator that could be read to within l/lOO of a fringe line. Both the 

strain indicator and compensator were calibrated; in addition, the strain 

gauges were checked against the readings of two Huggenberger extensometers. 
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Figure 19 shows the results of a typical creep test. The strain in the longitudinal 

direction is Cj} in the transverse direction €£. The value of the fringe order N 

must be multiplied by (1-62) *n order that N be based on original thickness. 

Thè stress divided by corrected strain is plotted as a function of time in Fig. 20. 

It can be seen that CR-39 is not linearly viscoelastic, since not only does the 

strain increase under load, but the rate of increase depends upon stress. To 

demonstrate more clearly the nonlinearity of CR-39 stress versus strain at 

10 minutes after load application is shown in Fig»21, for which the Young's modulus 
5 n 

is 3. 36 X 10 psi. The zero-time modulus is 3. 76 x 10 psi. Strain in the axial 

direction is plotted against strain in the transverse direction in Fig. 22. Poissons 

ratio is given by the slope, which is 0,443. 

It is postulated that some transparent materials may be stress biréfringent; 

that is to say, they follow the Maxwell law, 

N = (ffl - or2)w/F 

where N is the fringe order, 0^ and <r2 are the principal stresses, w is the 

thickness of the specimen, and F is the stress fringe constant, which depends 

on the material and the wave length of the light. On the other hand, a material 

may be strain biréfringent and hence follow the Neumann law, 

N = (e1 - e2)w/G 

where e^ and e2 are the principal strains and G is the strain-fringe co- 
? ? 

efficient. To be even more general, Coker and Filon suggest that all trans¬ 

parent materials follow a linear combination of the Maxwell and Neumann 

relations. 

Figure 19 clearly indicates that the fringe order depends on time as well 

as stress in a tensile specimen, and hence CR-39 does not follow the Maxwell 

relation. To determine whether or not CR-39 follows the Neumann relation, 

el * e2 *9 P^°^ec* agamst fringe order in Fig. 23, From these results one gets 

a value for G of 3.48 x 10 ^ in/fringe. The zero time stress fringe constant 

is found from the data plotted in Fig. 24 to be 90.8 psi/in/fringe. 

Dynamical experiments were also made by Dr. Sutton to determine 

Poisson's ratio, internal damping, and longitudinal stress wave speed as a 
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function of frequency and wave length, and the dynamic biréfringent re¬ 

lations for CR-39 were obtained. 

The essential apparatus for these experiments is shown in Fig, 25. 

The dynamic loading frame has two tight wires in the vertical direction, one 

inch apart. An aluminum hammer slides on the wires, while a specimen 

rests on top of a steel anvil and is supported by two fixtures that clamp to 

the wires and which allow the specimen to slide vertically, but not laterally. 

Quarter-inch square rods of various length were supported on the steel anvil 

on which sponge rubber had been placed. Two strain gauges were cemented 

on opposite sides of the bars at the center; these were connected to an os¬ 

cilloscope through a strain gauge bridge. After the hammer was dropped and 

the initial transients died out, the bar vibrated freely in the first longitudinal 

mode, and the strain gauges recorded the strain of the longitudinal vibrations. 

For the shorter bars, a correction must be made for the lateral motion of the 

bar. The data for the correction has been taken from experiments by Morse23 

for square bars, and a theoretical analysis by Bancroft?4 In computing the 

logarithmic decremen;, strains were used instead of displacements, but this 

lias no effect upon the results which are shown in the graphs of Figs. 26, 27, 

and 28. It is evident that the phase velocity only increases about 10% from 

wave lengths of 21,5 inches to 1.26 inches, but the absolute part of the elastic 

modulus increases over 20%. Furthermore, all values of the dynamic E are 

greater than any reported static values of E. The attenuation factor greatly 

increases with frequency also. It was found that Poisson's ratio was the same 

as the static value within experimental error. 

To record the optical birefringence, the loading frame was placed in a 

polariscope, shown in Fig. 25. Two slits l/8 inch wide were placed on either 

side of the specimen, such that the light passed between the longitudinal and 

transverse strain gauges. The light source v/as a low pressure mercury 

vapor lamp, and a Wratten 77A filter was used to eliminate all wave lengths 

except the mercury green line at 5461 A. The intensity of transmitted light 

was detected by an RCA 1P21 electron multiplier phototube, the output of 

which was connected to a 514AD Tektronix oscilloscope. A type 513D oscillo¬ 

scope was arranged to sweep simultaneously and record the strain of the 

leading edge of the wave. 
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Two typical oscillograph records are reproduced in Fig. 29. They are 

or the leading edge of the stress wave, which has a rise time of about 25 

icroseconds. Oscillogram (a) is twice the recorded strain in the longi- 

.u l direction, ^ ^ ‘»e Intensity of light transmitted 

oZ7by SP"Ím'n' The li8h‘ int'nS“y aS Sh0w” is ‘o te fringe 

I(t) = Iq sin2 irN(t) 

where I(t) is the instantaneous light intensity, I, is the maximum light in- 

ensity and N(t) is the instantaneous fringe order. N(t) is plotted as curve 

10 in Fig 29, and has a similar shape to curve (a) for strain. Finally, in 

Fig. 30 the number of fringe lines versus „rain is plotted for eight runs. 

The value of the strain-fringe constant so obtained was 3.42 x ItT4 in/frinae 

as compared to the static value of 3.48 x lo“1 in/fringe. The difference be¬ 

tween the two value, is less than experimental error. „ may be concluded 

a or dynamic ^trains of less than 0.25 * lO’2 in/in. and strain rates 

UP o 1. 55 x 10 in/m/microseconds the dynamic strain-optical law is the 
same as the static strain-optic law for CR-39, 

An experiment to detect strain fringes due to cavitation by means of a 

Pooce was also undertaken. A specimen of CR-39 1/16 x 1/16 x 1/8 in 

was mounted on the center of the bottom plate in the cavitation beaker des-' 

cnbed previously. Light from a high intensity mercury arc source was passed 

through an area 0. 004 inch square on the specimen and 0. 006 inch below 

e upper surface of the specimen. Liquid nitrogen was used to cool the photo- 

tube order to reduce the noise, and the output was recorded by an amplifier 

and osciil,scope whose frequency response was flat to 12 megacycles. The 

cavitation may be seen in Fig. 31. When the bubble cloud forms, a pip 

appears on the oscilloscope screen during the positive portion of the pressure 

cycle. A typical oscillograph is shown in Fig. 32. The pips were present 

only when the cavitation cloud was visible, and, when the sensitive area was 

moved down and away from the upper end of the specimen, the pips gradually 

decreased in amplitude. The duration time of the puls, apparently is of the 
order of a microsecond. 
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SUMMARY AND CONCLUSION 

Cavitation bubble observations may now be made with improved time 

and space resolution. Better experimental verification of existing theoreti¬ 

cal work and more realistic assumptions for future work should therefore 
be possible. 

The application of photoelastic techniques to measurement of dynamic 

strains and stresses in solids due to cavitation appears feasible. Quali- 

tative results have been obtained, and the basic requirements for quanti- 
tative work appear to exist. 

Further study of the dynamic behavior of photoelastic solids at higher 

frequencies and higher stress levels will be required for accurate direct 

measurement of cavitation stre. Correlating calibration by means of 

axially symmetric loads of known force and impulse should be obtained. 
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TABLE I 

Static Properti&s of CR-39 

Property Manufacturer's Coolidge's Author's 
Dfrta _ Data Data 

Tensile Strength, psi 
Elastic Modulus, psi 
Poisson's Ratio 
Strain Creep 
Specific Gravity 
Stress-Fringe Constant 

psi-in/fringe, 5461 A 
Optical Creep 
Strain-Fringe Constant 

in/fringe 
Refractive index 

5000-6000 
2.5-3.3 xHT 

1. 31 
86.6 

none 

1. 50398 

7000 # 
2. 7 X 10 

yes 

78, 5#* 

20%/l80 min 

3.76 X 10** 
0.443 
yes (see text) 
1.326 
90.8* 

yes(see text) 
3.48 xlO“4 

* Immediately after application of load. 
*#Stress was increased by increments to 4300 psi during 14 

minutes; time between increments varied from one to two 
minutes. 
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Fig. 7 - Light pulse through Kerr 
Cell, 10""^ sec per division.

Fig. 8 - Rotating Mirror and 100,000 RPM Turbine.
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Figi9 - Camera, I^ight Source, and Bubble Collapsing Equipment.

BLOCK DIAGRAM OF CAVITATION APPARATUS
AIR

SOLENOID VALVE ELECTRICAL ACTUATION

Fig. 10 - Block diagram showing mode of operation.
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Fig. 12 - Beaker in operation showing cavitation cloud.
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A

Fig. 15 - 10,000 cycle acoustic cavitation bubbles in water 
collapsing on CR-39 photoelastic plastic. Shift of residual 
frings due to bubble collapse is shown in picture No. 12. 
Picture rate 150,000 p>er second. Magnification lOx.

j V
Fig. 16 - Same conditions as Fig. 15. The symmetrical 
propagation of the strain wave in the solid is clearly shown.



Fig. 17 - 0.02 inch wide CR-39 bar and cavitation cloud.
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Fig. 18 - Pictures of end of bar taken at rate of 
one million per second and magnification of l‘>x.
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0 

X3800 psi 

2100 psi 

2970 psi 

''uOO psi 

0 0.5 1.0 1.5 2.0 2.5 
-e^* difference in principal strains, per cent 

Fig. 23 - Birefringence vs. strain during creep for CR-39 

Fig. 24 - Zero-time fringe order vs. stress for CR-39. 
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Fig. 25 - Apparatus for determining the dynamic strain- 
fringe constant. From left to right, multiplier photocell 
with filter, analyzer, and quarter-wave plate; loading 
frame; quarter-wave plate, polar.zer and condensing 
lens; strain gage bridge; Hg lamp; two oscilloscopes; 
square wave generator; amplifier.
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Fig. 26 - Wave speed and logarithmic decrement vs. 
frequency and wave number for CR-39. 
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Fig. 27 - Elastic modulus and ratio of real to imaginary parts o 
elastic modulus vs. frequency and wave number for CR-39. 
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Fig. 28 - Attenuation factor a vs. wave number 
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Fig. 29 - (a) Oscillograph record of longitudinal strain on leading 
edge of stress wave, (b) oscillograph record of trans-” 
mitted light, (c) fringe order vs. time, from (b).
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Fig. 30 - Number of fringes vs. strain for leading edge of stress 
wave for CR-39. Eight runs. Light wave length 5461A 



i •

Fig. 31 - Acoustic cavitation in water. A small bubble 
cloud can be seen on top of the photoelastic specimen.

Fig. 32 - Oscillographs of the light intensity through a 
0.004 X 0. 004 in. slit centered 0. 006 in. below the 
surface of a l/l6 x l/l6 x l/8 in. CR-39 specimen 
when cavitation is occurring. Horizontal sweep-time 
10 microseconds per division.
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