q“ ’:4 | ARCH' EF

(Reprinted frem Transactions of the ASME for July, 1948)

b any
Laboratory Investigations of theh %?(S:c}ilngeg sm, .

of Cavitation Technische Hogeschaoi

By R. T. KNAPP! anp A. HOLLANDER,* PASADENA, CALIF.

. The paper describes some experimental investigations of
the formation and collapse of cavitation bubbles. The
- experiments were carried on in the high-speed water tun-
nel of the Hydrodynamics Laboratory of the California
Institute of Technology under the sponsorship of the Re-
search and Development Division of the Bureau of Ord-
nance of the U. 8. Navy and the Fluid Mechanics Section
of the Office of Naval Research. ‘A detailed study of
the formation and collapse of the individual bubbles has
been carried on by the use of high-speed motion pictures
taken at rates up to 20,000 per séc. From thiese recoxds
calculations have been made of rate of formation and col-
lapse of the, bubbles. Deductions have been drawn from
these results concerning the physical mechanism of the
cavitation phendmenon.

IngBRENT DIFFICULTIES OF OBSERVATION OF (CAVITATION
Process

HERE is little doubt but that most workers in the field

of eavitation would sgree that there is considerably more

conjecture than knowledge on the physical events that
take place during eavitation. Much of thia lack of kmowladge
is due to the fact that it is inherently difficult to observe and
record the details of the phenomenon. The individual bubbles
or voids form and collapse with great rapidity. Furthermore,
cuvitation is generally caused by fast-moving bodies in lgnid,
either with a free surface (propeller, torpedo), or in closed con-
duits (pump or turbine impeller), so that even the study of simpler
cases with a stationary object and fast-moving liquid to attain
the same relative speed is difficnlt. The result is that most of
the experimental observations in the past have been restricted
either to the study of the effect of cavitation, i.e., cavitation
damage, or to the recording of the over-all or instantaneous pic-
tures of some stage of the cavitation process. As a consequence
of the lack of such detailed information, no quantitative deserip-
tion has been developed of the actual physical processes which
take place during cavitation. Thus although many attempts
have been made to develop analytical interpretations they have
been based upon widely different physical assumptions, many of
which have little backgrouad of experimental fact, The objective
of the present study has been to attempt to furnish a more quanti-
tative physical knowledge concerning the mechanism of eavita-
tion and to formulate some elementary analytical deseriptions
of the phenomenon on the basis of these physical observations.
This paper, in turn, is only a preliminary report for the purpose
of presenting some of the first experimental observations, to-
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gether with tentative atalyses of their sxgmﬁca.noa and implica-
tions.

ExremmeNTAL METHODS AND EQUIRMENRT

The experimental approach to the problem may be divided
naturally as follows:

1 The production of the desired degree of cavitation under
measurable and reproducible eonditions whlch are suitable for
6haervation.

2 The photographic recording of the details of the cavitation
process.

The equipment and techmique reguived for each part will be
deseribed separately.

Production of Cavitation in High-Speced Water Tunnel. The
high-speed water tunnel was chosen as the msjor piace of equip-
ment for use with this project because the pressure, velocity, and
temperature of the liqiid in the working section could be con-
trolled accwrately at any desired set of values within the range
necessary to produée or eliminate cavitation on a wide Vafiety of
experitnental shapes. A detailed deseription of the eonstruction
and operation of this tunnel has been given in ancther paper.®

In the series of experiments now under consideration, meagure-
ments have beeh made at velocities of from 30 to 70 fps, with
shaolute pressures at the wall of the working seation ranging from
about 1'/; to 5O psi above vapor pressure. Temperature range
has been held to within a few degrees of room temperature.
Nearly all the observations have beén made on flow around bodies
of revolution which have been mounted with their axes either
parallel 6r within a few degrees of parallel with the direction of
flow. Wide ranges of forebody or nose shapes and afterbody
shapes have been studied. Pressure-distribution messurements
have been made on some selected shapes of these series. All of
the bodies studied have had a uniform maximum diameter of 2
in. The observations under consideration at this time have
all been made on cavitation oceurring on or adjacent to a series of
ogive noses. The ogive nose is a ver’y simple shape, as may be
seen from Fig. 1.. It can be defined as being generated by re-
volving a ¢ircilar are about the axis of révolation of the cylinder.
One end of the arc is tangent to an element of the cylinder; the

3 “The Hydrodynamics Laboratory at the California Institute of
Tecbnology,” by R. T. Knapp, Joseph Levy, F. Barton Browa, md
J. Pat O'Neill, Trana. ASME, this issze, pp. 487-457.
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other end intersects the axis. It is convenient to express the
radius of this arc in terms of t.he diameter of the cylinder, ie.,
the generatrix.of a 11/, d ogive m,sp ”E" whose radius is 11/, times
the dismeter of the cylinder.  *T*~M

High-Speed Mo,btm-lelee Photography. The tool selected
to reecrd the physical det'aﬂs&o# the cavitation phenomenon is
high-speed motion-picture photography. Motion pictures taken
at one speed and projected at another can be thought of as per-
forming the funtion of a time telescope or microscope. With
this conception, the ratio of magnification will be measured by
the ratio of the picture-taking specd to the projecting speed of the
picture. For example, if pictures are taken of a given phenome-
non at relatively long intervalz and then projected at the normal
speed necessary for viewing movies, the time seale of the phenome-
non is changed in a manner similar to the way the distance scale
of an object is changed when observed through a telescope. The
telescope brings the distant object close enough to the abserver,
8o that details of its structure can be observed; the speeded-up
projection of the pictures brings the time details of the phenore-
non close enough together, so that they can be observed. Con-
versely, motion pictures taken at a high rate of speed and pro-
jected at & much lower rate of speed serve as a time microscope,
gince the process resolves the details in time in the same manner
a8 the microscope resolves the details in space,

In the present study, pictures of eavitation have been taken at
varying rates from 64 per sec to 20,000 per sec, When these
are projested at the normal viewing speed of 18 per sec, time
magnifications covering ratios of 4:1 to 1250:1 are secured.
Equipment such as this is needed to change the time scale for

“exactly the same reason that telescopes and mioroscopes ate
needed to change the length scale. The human senses and
brain have a limited range in which they can get an undistorted
concept of what is oceurring, Therefore it is nocessary o
transforma the actusl times and distances involved in & given
phenomenon until they fall within these limited ranges.

Description of Photographic Egquipment, Photographic equip-
ment used in this study is of the multifiash type. The pioneer
development in this fietd was carried on by Prof, Harold E. Edger-
ton and his sssociates st the Massachusetts Institute of Tech-
nology. Tt consists of a simple camers in which the recording
film moves constantly past the foeal plane at a high speed. The
comers has no shutter. Hlumination required to take the pic-
ture is provxded by one or more synchronized fiash lamps, which
also act as the camera shutter. This, requires that the flash
duration be so short that neither the image of the object on the
film nor the film itself move an appreciable distance while the
light is on. As the mumber of the pictures taken per second in-
creases, the film motion becomes the controlling factor in most
cases. Up to the present time satisfactory pictures have been
taken at rates up to 30,000 exposurcs per sec. The lamp equip-
ment bas been-operated up to 50,000 fiashes per see, but as yet the
obtainable film speeds have not been high enough to give a satis-
factory frame height for use at this rate.

(¢) Camera. The camera itself is the standard General Radio
type instrument as shown in Fig. 2. A series of lenses of varying
focal lengths have been fitted to it to increase its flexibility. The
commutator provided on the film drum is not used; instead, the
pulsing of the flash lamps is controlled by an oacillator,

(b) Flash Lamps. Considerable development work has been
carried on to inerease the rate at which the flash lamps can be op-
erated. The original equipment, as developed by Edgerton,
operated satisfactorily at the rate of 3000 flashes per sec. In=
vestigation showed that this lirnitation was in the control cir-
cuité and not in the lamp itsélf. Consequently, the laboratory
has undertaken the development of a systern which utilizes sev-
-¢ral control circuits synchrodized through a common multiphase
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oscillator eireuit, but discharging in rotation through a single
lamp.

By the use of this system the flash rate becomes equal to the
maximum rate at which a single control circuit can be opérated,
multiplied by the number of circuits involved. At the present’
time gix dircuits have been used sinultaneounsly in 6-phase
array with proper electronic switching devices to permit all of
the cireits to discharge through a common lamp. _

In the design and development of a combination camera and
fiash-lamp system of this type, it is necessary to bear in mind
the extreme importance of the relationship between the camera,
and the lights because the lights function as the camera shutter.
In fact, the characteristics of the flash lamps exert a controlling
influence upen the work that can be done with the combination.
The most important characteristic of the flash Iamp is the effec-
tive duration of the flash, Thé minimum available flash dura-
tion limita the maxinmim usable film-speed.

In thiz system of photography, the film moves continuously.
Therefore the flash duration must be short enough to stop the
motion of the film; otherwise, the record will be blurred. For
critically sharp resulis, the maximum usable film speed ean be
calenlated from the criterion that the allowable film motion dur-
ing one flash should not be greater than the diameter of the
cirele of confasion of the lens system. For extremely high-speed
work it may be necessary to lower this requirement somewhat.
The permissible deviation will deperd upon the seccursey of
messurements required from the record. At first sight this eri-
terion may seem inconiplete, sifice no conwsidération is given to
the speed of the object being photographed.

A simple example will show that, at least for the present use,
this i not the case. Blurring is caused by a relative movement
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between the image and the flm during exposure. While making
eavitation photographs in the laboratery, the flow is at right
angles to the motion of the film. The motion with respect to
the film will be the vector sum of the motion of the image of the
bubble with respect to the camera frame and the motion of
the film with respect to the camera frame. The maximum fow
velocity in the tunnel that has been photographed is about 75
fpe. The smallest reduction ratio used in the photograph is
about 6:1, i.e., the image on the film, and hence the image ve-
locity oh the film is not over 1/ of the bubble velocity in the
tunnel, Thus the maximum veloeity of the image with respect
to the camera frame is 121/, fps..

Most of the pictures were taken at & rate of 20,000 frames per
sec. In order to keep the filtn speed to a minimum, very small
frame heights were employed. Thus, on the average, each indi-
vidusa! picture was about 1 in. wide X /4, in. high. This frarme
height of 1/;s in. requires a film speed of over 100 fps when the
taking rate is 20,000 per sec and, even at this speed, all epacing
between frames has to be eliminated. The vector sum of 100
and 121/, is less than 101, i.e., the speed of the object had some-~
thing less than 1 per cent effect upon the relative speed between
the image and the film. “When the camera is further from the
tunnel, or if a shorter-focal-length lens is used, the effect is even
smaller, It is safe to conclude, therefore, that in the design of

photographic equiproent of this kind the speed of the object can -

be ignored safely.

Another very ipportant characteristio of the flash lamp when
used in this system of photography is the intensity of the light.
This intensity must be very kigh to produce an image of Yeasona-
ble density in the very short exposure time available. The im-
portanee of illumination intensity ean be seen clearly if the
operation of this type of equipment is compared to that of a hypo-
thetioal motion-picture camera of the standard type, using a nor-
mal shutter but operating at 20,000 éxposures per see. The nor-
mal type of shutter has an opening of about 180 deg, which means
that the effective exposure time is ove balf of the elapsed time
between puccessive pictures. In this case the exposurs would

be /0,00 see. If this is compared to the exposure time of 1/x
to 1/y sec for & normal camern operating at a conventional speed,
it will be seen that an extremely intense iltumination would be
required if an adequate exposire were to be secured. However,
/w0 8ec i8 25 mjcroseconds. This is 25 times as long as the
flazsh duration, which is 1 microsecond. Hence the flash inten-
sity must be at least 26 times as great ast hat required for this hy-
pothetical conventionsl-type camera. The energy input to the
lamp is at a rate corresponding t6 a continucus flow of 20 kw;
however, as the lamp is burning only !/w of the total time, the
energy input during theexposure is at the rate of 1000 kw.,

An example of the difference in the information obtainable with
different taking rates is seen in Figs. 3(a to d). The film strips
are all taken under the same conditions in the tunnel for the
same degree of cavitation on the same model. In comparing
strips 3(e) and 3(d), it should be remembered that there are
1250 individual exposures on the £ strip between each one on the
e strip. The a strip was taken at the normal motion-picture
rate. :

" ExpuaiMmNTal OBSERVATIONS
An examination of some of the records shows that if all stages

of cavitation are considered the phencmenon is very complex..

For example, Fig. 4 presents a series of pictures showing in-
creasing degrees of cavitation from the mcipient point to the
formation of & eavity large enough to oontain the entire body.
In this case, the shape is a hemispherical nose with a straight
cylindrical afterbody. This entire series was obtained while the
tunnel wns operating at constant velocity with gradually decreas-
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(a) (b} @) (d)

(@) 16 per ses (b} 64 por sec (o) 1500 per sec (d) 20,000 per sec
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ing pressure in the working section. It will be observed in each
picture that many complex bubble groups are formed and if
the life history of such a group is examined it will be seen that
the individual bubbles interact and often combine in either the
formation or the collapse stage. At the present time no at-
termpt will be made to investigate these complicated interactions.
Instead, consideration will be restricted to the simplest appear-
ances that can be found on the records. For that reason a ghape

was chosen which, at least for Iow degrees of cavitation, tends to
produce individual bublbles spaced far énough apart so that ocea~
sional ones can be found which throughout their entire life history
of formation, collapse, and rebound are not seriously affected by
interference from other bubbles. o .

An example of the effect of surface curvatyre of the body on the
appearance of the cavitation iz shown in Figs. 5(a, b, and ¢).
These pictures were taken for approximately the same degree of
cavitation. Howsver, the hody noses .are different. Fig. 5(a)
is & hemispherical noss, Fig. 5(b) an 0.875-caliber ogive, and Fig.
5{¢c) a l.5-caliber ogive. The appearance of the cavitation in
Fig. 5{a) is typical of that found on the blunter nose forms;
whereas that in Fig. 5(c) is characteristic of the finer shapes. Fig.
6(b) is a transition shape, showing some of the characteristics of
both. The experimental material used in the rest of this pressn-
tation has all been obtained from records taken with a 1.5-
caliber-ogive nose mounted on a long-cylindrieal afterbody.

Fig. 6 shows a record of the eomplete life history of a cavita-
tion bubble. Btrip (b) is a direct continuation of atrip {a).
These photographs were obtained at a tunne] velocity of 40 fps
and a pmture—takmg rate of 20000 frames per sec. It will be
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‘ Fra.4 CaviTaros DEvELePMENT OR Bopy Wita HEMISPEERICAL
Nose

Views from top down: (s) K = 0.62; (b)) K = 0.55; (¢) K = 0.45;
{Views from OFd) °x“.-’- 05‘3); () K= 0.3(1? respectively.] ©

seen that the life ¢ycle of a bubble can be divided into a series of
natural stages, as follows:

1 Formation snd growth, from first appearance to maximum
diameter, )

2 Fiest collapse, from maximum dismeter to first disappear-
anee.

3 First rebound, from first disappearance to second maxi-
-mum.

4 Second collspse, froma second maximum to second disap-
pearance. :

5 Second rebound.

6 Third collapse.

7 TFirial rebound, collapse, and disappearance.

A large share of the existing literature on cavitation has con-
sidered only the second stage. The growth, rebouind, and re-
collapse phases have been ignored, in general, either because their
existance was tmknown or because they were considered an un-
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warranted complication. This can be understood on the basis
discussed previously, i.e,, most of the investigators bave been
concérned either with the investigation of methods for preventing
the oocurrence of cavitation, or with the determination of cavi-
tation damage and the relative resistance of different materials
to such damage. .

One of the sssumptions commonly made is that the pressure in
the bubble is approximately equal to the vapor pressure of the
liquid at the mean temperature of the flow. There is much in-
direct evidence to support the belief that this is the right order
of magnitude for the pressure. For example, Fig. 4 shows &
series of pictures of the development of cavitation on the hemi-
spherical nose. It will be noted that in the initial stages, Figs.
4 (a to ¢), the cavitation area is not symmetrical around the nose,
but in each case it is wider at the top than at the bottom of
the model. 'The only significant differenes in the flow-conditions
from top to bottom is a change in the hiydrostatic pressure which
has an over-all magnitude of 2 in. of water. Thus the degree of
cavitation is sensitive to a fraction of this very slight change of
pressure. This furnishes a strong inference that the. pressure
within the bubble niust likewise be amall, that is, of the same
order as the vapor pressure at the existing temperature, or it
would not be affected by this small change in pressure. Similar
evidence is given by the difference betwen the sticcessive pictures.
The change of the measured tunnel pressure between the pio-
tures is very small in contrast to the great change in the cavitation
areas. More direct evidence is given by the agreement between
pressure~distribution measurements miade under noncavitating
conditions on a specific shape, with the pressure at which cayi-
tation first appears on that shape. ’

In the analysis of cavitation phenomens, the cavitation pa~
rameter has been found very useful. This is defined as follows

Pr—Pp hx.—hn
1A Vv
[ ) 2_g

K =
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in which
K = cavitation parameter
P = absolute pressure in the undisturbed Hopd, *psf

h:, = pame in feet of liquid, Ay = Bz
ki
Pp = vapor pressure corresponding to water tem‘pera.ture, psf
hp = sams a8 ppin feet of liquid, kg = Py
Y

V & relative velocity between body and liquid, fps
» = mass density of liquid, slugs per cu ft = 7/y
v = specifie weight of liquid, 1b per cu ft
g = acceleration of gravity, fps per sec

It will be seen that the numerator of both expressions is simply
the net pressure or head acting to collapse the eavity or bubble.
The denominator is the velocity pressure or head. Since the
entire variation in pressure around the moving body is a result
of the veloeity, the velocity head may be considered a measure of
the pressure available to open up & eavitation void. From this
point of view, the cavitation parameter-is simply the ratic of the
pressure available for keeping the stream in contact with the
body to the pressure available for opening the stream and per-
mitting bubble formation. If the K for incipient cavitation is
considered, (designated K,), it can be interpreted to roean the
maximim reduction in pressure on the surface of the body
measured in terms of the velocity head. Thus if a body starts
to cavitate at the cavitation parameter of 1, it means that the
lowest pressure at any poiot on the surface is one velocity head
below that of the undisturbed fluid.

It was found that for preater degrees of cavitation, measured by
the extension of the bubble-covered section to 1/,, 1/y, 3/,, or full
length of the body, the parameter K is equally significant, i.e.,
it signifies similar exteénsions for the same K values independently
of the veloocity.

AnarLysis oF OBSERVATIONS

The high-speed water tungel is a piece of equipment which can
be operated under accurately known and controlled eonditions.
The associated instruments and apparatus, ineluding the photo-
graphic equipment used in making the records of the formation
and collapse of the cavitation bubble are quantitative instru-
ments. Therefore it s possible to evaluate the records of the
cavitation bubbles with reasonable accuracy. Time measure-
ments are based upon the interval between the individual ex-
posures on the high-speed motion pictures. This interval is
determined by the flash rate of the lamps, This rate is con-
trolled by an oscillator whose frequency is kmown with great

accursey. Thus the flashes are spaced st very uniforma known

intervals. The time measurement is completely unaffected by
the film epeed in this syster of measurements. Motion is deter-
mined by measuring the position of-the bubble on the individial
pictures on the film. The light path from the camera to the
bubble traverses air, lucite, and water, which prodices some
optical distortion.

working section is largely eliminated. The amount of distortion
which does exist is eliminated by applying correction factors that
" have been determined by photographing horizontal and vertical
test scales mounted in the tunnel area in the position normally
accupied by the model. Thus the setual dimensions of the
bubbles and the amount of their movement can be determined
with & good degree of approxiration.

Fig. 6 is a suitable record for this purpose, It shows the life
cycle of an isolated bubble which happens to be far enmough
removed from other similar bubbles to make it reasonable to

This distortion is cemparatively small be-
cause the outside surfaces of the lucite windows are planes.
Therefore the cylindrical lens effect of the water-filled eircular.
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assume that it is velatively unaffected by other elements of the
cavitation. The diagram at the top of the figure shows the pres-
gure distribution on the surfice of the body. This distribution
was measured on the model in the tunnel. The full Line is for non-
cavitating conditions, and the dotted line is for the degree of cavi-
tation shown in the photographs. For these measurements the
tunnel waa operated at & eavitation parameter of K = 0.33.
The tunnel veloeity was 40 fps. 'This corresponds to a dynamic
head of about 24.8 ft or 10.7 psi. The vapor pressure of the water
at the teraperature of the measurements was approximately 0.4
psi.” The absolute pressure in the undisturbed flow, correspond-
ing to these conditions, is sbout 4 pai. (See also.Fig. 8)

If we examine the pressure-distribution diagram it will be
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seen that at point A the pressure has decreased until it has
reached the vapor pressure. At this point it would be expected
that the cavitation bubble would first appear. At point B
the pressure starts to rise sbove the vapor pressure. It must
not be forgotten that the pressure-distribution diagram gives
only the preasures on the surface of the body. Therefore, neglect-
ing transient pressure during collapse, these pressures show the
maximur devistions from the preasure in the undisturbed flow.
If pressure measurementa were to be taken at one given tunnel
cross section for paints between the body snd the tunnel, this
deviation would besome amaller and emaller as the distance from
the body increased. At the tunnel wall the pressure can be
assumed to be the true static in the undisturbed flow,
stace the size of the model has been chosen small enough (ratio- of
sectional areas:of model to tunnel is t/y) 1o cause very little dis-
turbanoe at the wall.

The photographs show that the cavitation bubbles follow paths
very pearly touching the body. Therefore the liquid pressure
on the bibble will be nearly equal to the pressures shown on the
diagram, Probably the pressure along the line of the bubble
path will be slightly higher than the diagram, but for the present
purposes the values on the diagram may be considered as &
reasonsable approximation of the Lower limit of possible pressures.

Bubble Formation. The measurements made from these rec-
ords have been used as the basis of several different graphical
presentations. Fig. 7 shows the position of the bubble as a
funetion of time, with the zero of position. at the point of tangency
of the ogive to the cylinder, Note that the three lines show the
leading edge, the t.mxlmg edge, and the mid-point of the bubble.
The slope of the line is proportional to the axial velocity of the
bubble in the tunnel. It will be seen that this is not constant but
varies with the position of the bubble along the body. The maxi-
mum diameter of the bubble is about 0.3 in. This is relatively
large for the size of the body involved. Nevertheléss, the life of
the bubble from the instant it is large enough to be detected until
the completion of its first collapse is only about 0.003 sec. Forma~
tion requires about three fourths of this time, leaving one fourth
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for the eollapse. An interesting point to observe in passing is
that during the final stages of the first collapse the leading edge
of the bubble i moving radially inward so rapidly that it is
actually moving upstream in the tunnel. Fig. 8 gives the
measured radius and volume of the bubble, plotted on the pres-
sure-distribution diagram from Fig. 6. an 9 shows the bubble
radius and volume as functions of time. For this diagram the
bubbles have been assumed to be spheres having a radius equal
to the average of the horizontal and vertical dimensions measured
in fhe photographs,

In the analysis of these disgrams it i3 necesssry to consider
some of the physical factors which must influence the growth
and collapse of the bubble.

Any fluid particle may be considered as a free body moving in
sccordance with the forces acting upon it. In such an analysis
the inertia of the particle plays a very important role. If par-
ticles of liguid on the bubble surface are studied, it may be se-
sumed &s a first approximation that they move symmetrically,
ie., that the bubble remsins spherical. Thus spheres are equal
pressure surfaces, hence only radial forces and velocities are
involved.

A consideration of the shape of the body and the pressure-
distribution disgram on its surface leads to the-explanation of
why the cavitation bubble forms. Imagine a particle of Liquid
in the flow impinging on the nose of the body and following along
the surface. Firat it is forced radially outward and the pressure-
distribution diagram shows the amount of foree reqiired to make
it conform to this portion of the body shepe. Outward accelera-
tion continues for a short distance but decresses rapidly in mag-
nitade as shown by the rapid fall in the pressure on the surface.
At the point, where the pressure on the bedy has fallen antil it is
equsal to the static pressure in the undisturbed flow, outward ac-
celeration censes, ie., the particle is moving oit fast enough to
Wap out of the way of the body. Downstream from this point
it is necessary to apply a force acting toward the body to keep
the particle in contact with it, because now the surface is curving
away from the path of the particle. Since the pressure in the
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undistwrbed fow is the uwpper limit of the available pressure, the
pressure differences required to keep the flow in eontact with the
body ronst be produced by a redection in pressure on the body
suriace. As the body eirves more rapidly away from the flow,
ag:ea:tera.ndyeat.ermwardlyacmngpressure difference is re-
quired, ie., a lower and lower absolute pressure on the body ds
shown on the pressure-distribution disgram. Note that this
pressure difference is utilized to reduce the axially outward ve-
locity that was set up during the flow around the _for_ward part of
the nose. 'The maximum pressure difference available is reached
wheb the pressure on the surface falls to the vapor pressure of the
liquid. This oceurs at point 4 on the pressure-distribution dia-
gram, Fig. 8. However, the outward radial velocity of the
liguid partiele under consideration has not been reduced to zero;
henee when it moves downstream from point A, there is no
longer enough pressure difference acting to cause the curvature of
its path to matoch that of the body. Therefore it separates from
the body, which is just a way of saying that & cavitation bubble
is formed. Putting it another way, a cavitation bubble appears
when there is no longer s large enough pressure gradient acting
toward the body to hold the flow against it.

Attention is shifted now to the bubble itself. Tt will be seen
that surface tension forces are acting, which from their physical
nature always tend 10 ‘decrease the size of the bubble. Henoce as
the bubble expands, work must be done against these forces if
growth is to take place.

The record shows that the bubble expands very rapidly. The
questmn arises concerning the pressure and composition of the
gas inside the bubble. In this discussion it has been assumed
tagitly that the bubble is full of water vapor, and, at least at in-
ception, the presaure is the vapor pressure at the terperature of the
Tiquid. Several other possibilitiea must be considered. - The
bubble might contain air, which was previcusly dissolved in the
water, since the present experiments were made with water
saturated with air at atmospheric pressure. As the tota] time
from formation to collapse is very small, it would be impossible for
air molecules to migrate through the liguid any appreciable dis-
tance. Therefore the only air which might cotne ous of solution
would be that dissolved in a thin layer of liguid adjoining the
bubble surface. This amount is so small that the pressure in
the bubble would of necersity be less than s millimeter of fhercury
during the most of itslife. The pressure can be estimated roughly
by dividing the volumne of air at atmospheric pressure dissolved
in the liquid Inyer AR, thick adjacent to the bubble, by the
volumme of the bubble iteelf. If it is assimed that air-saturated
water at atimospheric pressure contains 2 per eent of air by vol-
ume, the pressure in the bubble of radius & is

AR,
Pic= 006 R

Since the individual air bubbles must be very small becsuse of the

low-eoncentration of the dissolved air, it is difficolt to imagine
their migrating any apprecisble distance through the liquid in the

0.0022 sec availahle for growth to the maximum bubble diaeter..

If AR is estimated to be 0.001 in,, the pressure becomes
4 = 0.0004 atm = 0.3 mm Hg

Another possibility is that the bubble might contain water
vapor but st a pressure much lower than the equilibrium pressure

corresponding to the average temperature of the flow (0.39 psi

&t 72 F). However, physical measurements obtained from pres-
sure-distribution. models show that when the cavitation veids
touch the hody and are largeenough to cover some of the piezome-
ter openings, the pressure in these voids is approximately equal

to the vapar pressure'of the liquid. If this is actually the case in
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all cavitation bubbies, such as the one under consideration, then
liguid must be evaporated during the growth period. If & por-
tion of the surrounding liquid evaporates into the bubble, it must
secure the necessary heat of vaporization to do se. The only
available source of heat is in the heat of the liquid layer immedi-
ately surrounding the bubble. Because of the exiremely short
time- available for heat transfer, the effective thickness. of this
layer must be very small. On the other-hand, if the temperature
of the surface layer of liquid falls very far, the pressure in the
bubble must decresse appremahly, gince it is diffioult to imagine
how the vapor pressure in an expanding bubble can be greater
than that eorresponding to the temperature of the surface layer
of the liquid.

The thermal considerations just outlined suggest the desira-
bility of some rough calculations to determine whether encugh
vaporization is physieally possible to maintain the pressure in
the bubble near the vapor pressure of the liquid. Therefore
computations have been made on the following assumptiona:

(a) The vapor pressure in the bubble is in equilibrium with
the temperature of the surface layer of liquid.

(b) The vaporto fill the bubble is produced by the evaporation
of & uniform thin Iayer over the surface.

{c) The necessary heat for this evaporation comes from the
heat of the liquid of & shell of uniform th.wkness surrounding the
babble,

‘The temperature of the ingide surface of this shell is assumed to

be the temperature corresponding to the vapor pressure in the

bubble, and the temperature of the outside of the shell is the
average tunzel ternpersture. The thickness of the shell which
must be evaporated to fill the bubble with vs=por is equal to the
volume of the bubble divided by the product of the bubble sar-
face and the ratio of the specific volutnes of the vapor to the
Tiquid. ‘The ratio of the thickness of the outer shell which fur-
nishes the heat to evaporate this Liquid to the thickness of the
evaporated layer is equal to the heat of vaporization divided by
the average temporatare drop of this outer shell. Thus

4
3 RV,
vV, 8V,

or

and

ARy _ AR, _ H. .
E R 1/2(T; — Tg)

radius of bubble

thickness of evaporated shell

thickness of shell furnishing heat

specifio volume of vapor

specific volume of liguid

heat of vaporization

temperature of undisturbed liquid

equilibrium temperature of liquid corresponding to
pressure in bubble

For the bubble shown in Fig. 6, T; was T2 F. If the vapor in the

bubble is assumed to be 10 F below this, i.6., 62 F V

r VL
70,000, H, = 1050, Therefore

=
m
@10t

(ol
TR
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AR, 1
R~ 210,000 !
ARy 1 N 1050 1
R ‘210,000 5 1000

When the bubble haa grown to maximum size, By = 0,i5 in.,
hence

AR, = 7 X 107in.
ARy = 1.5 X 10-*in.

These thicknesses are so sroall that the evaporative process ap-
peata very plausiblé even in face of the short time of growth and
mouch more plagsible than the evolution and migration of minute
air bubbles through a layer of liquid 7 times as thick as t.he hea.t—
ing shell. Purthermore the vapor pressure eorrespon

Fin 0010 atmosphere, which is 47 times greater than th
atmosphere eslenlated for the air migration from the 6.001-in-
thick shell.

A further inspection of the pressure-distribution diagram yields
gome additional facts. As previcusly stated, point 4 should be
the point st which the bubble first appears. Point B should
be the point of the maximum rate of bubble growth, Up to this
point the outward radial velocity of the bubble surface should

have inereased. Here the acceleration should reverse, ie., the.

rate of growth should slow down. Note, however, that the
growth should contimze until the radial kinetic energy is ex-
pended in working against the pressure difference. Thus, the
poiit of maxitum bubble dismeter should be downstream from
point B. At the point of the. maximum bubble diameter, the
liquid no longer has any kinetic energy with respect to the center
of the bubble, However, the kinetic energy has been expended

in & comservative manner, ie., it has done work against the pres- -

gure difference and against the surface tension. Thé point of
maxinum diameter is not' an equilibrium condition, the bubble
starts to collapse immediately. If in Fig. 8 the bubble size is
compared with the pressure-distribution diagram, it will be seen
that st lesst qualitatively the foregoing deductions agree with
the observations.

Bubble Collapse. All of the factors investigated ‘during bubble
growth must be considered during the collapse period. In ex-
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amining this eollapse, it might be well to state explicitly an as-
sumption that is implicit in the previous discussion. The fAudid
gystem i8 thought of not as a purely mechanical one, but-as a
thermodynamic one as well. Two sources of ‘energy have been
considered during the bubble growth, the mechanical energy pres-
ent, as a resuli of the motion of the fluid, and the thermal energy
made available by a change in temperature of the liquid, It was
assumed that none of the mechanical energy was transferred from
the liquid to the gas. During the collapse period it may not be
possible to avoid considering energy interchange between -the
liquid and the gas and vapor in the bubble. The collapse period
begina at the maximum diameter of the bubble. At this point
the vapor may be assumed to be in thermal equilibrium with the
inner gurface of the liquid which is at & lower temperature than
that of the surrounding liuid. Theprogressofthe collapse fir-
nishes the mechanism for compressing the vapor in the bubble,
thus raising its temperature above the surface of the liquid and re-
versing the temperature gradient, which provides a means for
carrying away the heat of condensation,

It will be seen from Fig. 9 that the rate of collapse is consider-
ably higher than the growth; consequently the rate of condensa-
‘tion must be similarly incressed. Furthermore, as the bubble
geis smaller, the thickness of the shell of surrounding liquid,
whose temperature has been raised by the heat of condensation,
increases appreciably. Both faetors require corresponding in-
erenses in the temperatare difference between the vapor and the
average temperature of the liguid. This is easily available
when the bubble has grown small because the necessary energy
for compressing and raising the temperatare of the vapor can be
taken from the kinetic energy of the surrounding Ilqmd

Fig. 10 is & plot of the radial velocity of the bubble surfase
during the collapse period. It is seen that this velocity increases
very rapidly as the bubble becomes amall. The aceuracy of the
caleulation is limited by the experimental measurements, The
points show the consecutive frames of the photographic record.,
In the final collapse and initial rebound phases, the readings are.
too far apart even though they are separated by only !/, sec.
For this reason, an attempt is being made to increase the photo-
graphic rates to at least 50,000 per sec.

In analyzing the mechanism of collapee and rebound, it is neces~
sary to explain what happens to the kinetic energy of the liquid.
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Bince there is no apparent way of dissipating this energy, it must
be assuthed to be stored in some other form when the bubble is
completely collapsed. The very fact that rebound oceurs-and
the cavity reopens to nearly the same gize as the original maxi-
mum radius is strong evidence that the kinetic energy was stored
and given back essentially undiminished. Several possible meth-
ods of storing the energy suggest themselves. The most proba-
ble energy storage i# in the compression of the liquid iteelf.
Other possible ways are in the energy of cormpression of the non-
condensable gas or the vapor in the bubble. However, as will
be shown later, storage of a major part of the energy in the gas
or vapor leads to impossible velues of pressure and volume.” The
gtorage of the energy in the liquid is accomplished by the common
“ywater-hammmer” phenomenon. This method of energy storage
permits the development of extremely high localized pressures.
If particles of the liquid from opposite sides of the bubble are
ssaumed to hit each otheér and come to rest, the resultant pressure
may be estimated by the normal water-hammer ealeulations pro-

vided that the velocity of the liquid (V), at the time of impact
is known. The resulting pressure is given by the simple water-
hammer equation

pcV
P 144
where
P = pressure, psi
¢ = velocity of sound in liquid, fps

If values for cand p for cold water are substituted in.the equation,
this becomes

P =85V

It must be remembered that this water-hammer equat-mn is
derived on the basic concept that the kinetic energy of & given
element of moving liquid is stored within that same element in
elastic eompression when the element is brought to rest, This
concept explains the “rebound” or re-formation of the bubble
after collapse. Since there is no way to hold the liquid in a com-
pressed condition after the inward radial velocity bas been re-
duced o zéro, the stored elastic energy goes into producing cut~
ward radial velocity. Since there has been nothing to cause ap-
preciable ensrgy loss, the bubble should grow to its original size
at the same rate it collapsed, provided that the surrounding.
presspre remained constant, This cycle of grewth and collapse
should continue indefinitély. Actually, losses through fuid
friction. or possibly heat conduction, damp this oscillation. The
- photographie records show clearly that maoy bubbles go through
4 or 5 cycles before final decay. The pressure diagraim shows
that, excépt for the original formation period, the rest of the
life of the bubble occurs in & relatively constant pressure field.

Tt is interesting to compare-this measured history of an actusal
bubble with the analysis presented by Rayleigh in his classical
paper* of 1917, He considered the collapse of an empty gpherical
bubble in an incompressible fluid baving & constant pressure at
infioity. He equated the kinetic energy -of the resulting motion
of the fluid to the work done st infinity by the constant pressure
acting through a change of volume equal to the change of bubble
volume. He obtained expressions for the velocity of the bubble
surface a3 a function of the radius, for the time of collapse, for the
acceleration of & point on the surface, and for the pressure dis-
tribution in the surrounding fluid. He also calculated the be-
havior of the bubble if it were filled with a gas at.an arbitrary
pressure at the beginning of collapse, on the assumption of iso-

4“0Om the Pressure Developed in a Liquid During the Collapse

of a Spherical Cavity,” by Lord Rayleigh, Philosophical Magazine,
vol. 34, 1917, pp. 94-98 {see Appendix).
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thermal compression. This included an expression for the ratio
of initial to final'volume of the bubble if all of the kinetic energy
of the incompreasible fluid was stored in compressing the gas.
Finally, he caleulated the pressure produced if an empty bub-
ble collapsed on an absolutely rigid sphere of arbitrary radius,
Here he abandoned the assumption of an incompreasible Auid,
but only after contact with the rigid sphiere. He found the re-
sulting pressure to be given by the water-hammer equation.

Fig. 11 shows a eomparizon of the Rayleigh prediction for the
empty bubble with the measured radits versus time for the col-
lapse of the bubble in Fig. 6. It is felt that the agreement is
quite remarkable. In the caleulation, the pressure acting is se-
suwmed to be the pressure at the tunpel wall minus the vapor
pressure of the water. Rayleigh's derivation permits of such a
constant bubble pressure. ‘The curve i Fig, 12 is Rayleigh’s
caloulated velocity of the surface as a function of the time
mensured from the begianing of collapse. The pointe shown are
the slope of the measured eurve in Fig. 11. The deviations of
the measured from the predicted curves are in the right direction
to agree with physical conditions. Rayleigh assumed no energy
storage up to the instent of complete collapse, because up to that
instant he assumed an incompressible fluid. Actually, there is
some energy storage, especially in the last stages, in the liquid and
also in the gas or vapor in the bubble. All of this energy storage
reduces the work available for incressing the velociiy; hence the
collapse time must be longer.

In a previous section of this paperit was estimated that the
amount of air available would fill the bubble to a presswre of
0.0004 stm at maximum diamster. If all of the kinctic energy
of the liquid were to be stored in this air by isothermal com-
pression, Rayleigh’s caleulations indicate a required compression
ratio of 4 X 10%, or-a radius ratio of 7.3 X 1. The initial
radius of the actual bubble was 0.140 in. This means the com-
pressed air bubble would be 2 % 10~ in. diam and would have
a pressure of 1.8 ¥ 10" atm. Obviously, this iy impossible siues
the-energy could all be stored in the liquid at.s mueh lower pres-
sure. It seems most probable that the energy is stored in com-
pression in all three fluids, i.e., liquid, vapor, and gas, and that the
compression processes of the vapor and the gas lie between the
adiabatie and the isothermal.

Cavitation Damage.’ At the beginning of this discussion it
was stated that the objective of this investigation is the study
of the mechanisin of cavitation and not of cavitation damage.
However, there are o few tentative conclusions which can be
formulated concerning certain phases of cavitation damage on
the basis of the results obtained to date. It has been seen that
the maximurm eollapse velocity of the esvitation bubble is con-
trolled by (1) the maximum bubble size, and (2) the pressure
difference existing between the surrounding fluid and the bubble.
Factors which affect the maximum bubble size are the length
of the zone in which bubble growth oceiirs, the average velocity
of flow, and the velocity component normal to the guiding aur-
face, 'The length of the zone is determined by the size and the
shape of the guiding surface that is responsible for the cavita-
tion. This slone would indicate that there should be & scale
effect in cavitation damage. Consider, for example, two shapes
geometrically similar but differing in size. If the velocity-of flow
past these two.shapes is the same, the pressure and also the cavi-

* No bibliography of cavitation literature is included in this paper
becauas many exhaustive lists bave ah-eady been published. One
of t.ha most meentof thess will be found in the paper by A. J. Stepa-
noff, “Cavitation in Centnfuga.[ Pumpe,” Trans. ABME, vol, 87;
1948, p. 539, Another which refers partioularly to caw,tam dam-
age, but includes much work on cavitation, is contained in the book
on **Werkstofixerstirung durch Kavitation’ by Nowotny published
by V.D.I Verlag, 1942, and reprinted by J. W. Edwards, Ann
Arbor, Mich., 1948.
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tation pamaxx}eter, K, at corresponding points will be identieal.
If one shape is twice as large aa the'other, the length of the forma-

tion zone will be twWice as long, which means that since the

velocities are the same, the bubble should grow under the same
pressure difference for twice as long = time; hence it should be
larger. The two bubbles will collapse under identical pressure

. 11 CoMrarison o7 MuAsvRED BuesLe iz WiTE RAYLEIGH PRRDICTION

conditions; hence the final collapsing velocity will be higher for
the larger bubble. Thus cavitation damage may be expected
to increase in severity with increase in size. A similar line of
reasoning leads to the conclusion that if the flow velocity is in-
creased over a given surface while the flow pressure is adjusted to
keop the cavitation parameter X constant, the collapsing ve-
locity, and heunoce thé cavitation. demage, will increase. Both
of these conclusions are contrary to the coneept that the ecavita-
tion parameter alone determines the severity of cavitation dam-

These two cases deal with similar geometric shapes, Asa third
case, congider two different shapes which, however, bave the same
incipient cavitation parameter. Jf these are operated at the
same velocity but at a lower cavitation’ parameter identical for
both shapes, the cavitation damage may be quite different. If
the velocity component of the low normal to and away from the
surface of ane shape is lower than that of the cther, the maximum
bubkle size for the shape having the lower normal veloeity com-
ponent should be smaller and the damage less.

CoxcLusroN

In conclusion, the sithors wish to emphasize that the foregoing:
interpretation of the experimental measurements of the life his-
tory of & cavitation bubble is only a tentative presentation of the
simplest possible case, i.e., & bubble which forms and collapses
without interference from other bubbles. An examination of the
photographic record shows that this is & relatively rare oocur-
rence; more often clusters of bubbles form and collapse very close
together. ' In many of the records it is obvious that the collapse
of one bubble has a major effect on the collapse of its neighbor.
Furthermore, as the severity of the cavitation is increased, the
buhble concentration builds up very rapidly, so that rarely if ever
¢an & single bubble be seen to form and collapse without inter-
ference. An inspeotion'of the records indicates that the presence
of many bubbles offers complicating factors. Thus the most
this discussion can represent is the first short step in the correla-
tion of this new supply of experimental facts with the analysis of
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the physical mechanism of the cavitation phenomenon, Tt is

regreited that tinme has not permitted the presentation of & mare

complete compearison of the laboratory results with the various

analytical descriptions of the cavitation process which are to be

found in the literature. Such comparison will be included in the

next step in the developrent of the cavitation program of the
. laboratory.
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Appendix

In 1917 Lord Rayleigh presented his classical papert on the
pressure development in a lquid during the collapse of a spheri-
cal eavity. Since this paper is not regularly acecessible to the
engineer, a brief summary of it will be presented here,

Rayleigh quotes Besant's formulation of the problem: “An
infinite mass of homogeneous incompressible fluid acted upon by
no forces is at rest, and a spherical portion of the fluid is suddenty
annihilated; it is required't.o find the instantaneous alteration of
pressure atany point of the mass, and the time in which the cavity
will be filled up, the pressyre at an infinite distance being sup-
posed to remain constant.,” Rayleigh first sets up an expression
for the velocity u, at any distance r, which is greater than R,
the radius of the cavity wall, that has & velocity U, at time f. Itis

Next, the expression for the kinetic energy of the entire body of
ficid at time ¢, is developed by integrating the kinetic energy of a

concentric fluid shell of thickness dr, and density . The result is
.4 f u? dwridr = 2xpUR oo (21
2/e

The work done on the entire body of fluid as the cavity ia col-
lapsing from the initial radius, Ry to B is a product of the pres-
sure, P at infinity and the change in volame of the cavity, ie.

41rP AP pa—

P L) F (3]
Bince the fluid is mcompresmble, all of the work done must ap-
pear as kinetic energy. Therefore Equation (2] can be equated
to Equa.tmn [3], which gives

An expression for the time {, required for the cavity to collapse
from B to R can be obtained from Equation [4] by substituting
for the velocity U/, of the boundary, its equivalent dR/df, and
performing the necessary integration. This gives
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L o
Ry' — R/t 2P Js 1 —pyhe

The new symbol 8, is-B/Ry. The time 7, of complete collapseis -
obtained if Equaticn [5] is evaluated for 8 = 0. For this special
case the integration may be performned by means of T functions
with the result that r becomes

1

5

B LG R

6P r(g) = " ¥p- (8
3 :

Rayleigh does not integrate Equation [5] for any other value of
8. In the detailed study of the time history of the collapse of a
cavitation bubble, it is convenient t0 have a solution of all' values

between 0 and 1. Fig. 13 and Table 1 give the value of this in-
tegral over thia range.
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TABLE 1 VALUES CF THE INTEGRAL OF EQUATION (5]

1 gv/sdg 1_8/dg |

[ 8 (1—gnn 8 (1—gsin
0.000 0,7488¢ 0.600 0.62015
0.040 0.74871 0.640 0. I
0.080 0.74611 0.630 0.58133
0.120 0.74484 0.720 0.B6240)
0.160 0.74274 0.780 0.51936
0,200 0.73987 0.800 (48128
0.240 0,78552 0,840 0.43684
0.280 0.73018 0.880 0.41159°
0.320 0.,72849 0.880 .38380
0.860 71830 0.900 0,35285
0.400 0.70676 0.920 0.31782,
. 0,440 0.69443 0.940 0.27718
0.480 68120 8.980 022785
0. 0.66616 0.980 Q.16220,
0.5 86 1.000 0.00000.

Equation [4] shows that as B decreases to 0, the velocity U in-
creases to infinity. In order to avoid this, Rayleigh caleulates
what wouild happen if, instead of having zero or constant preasure
within the cavity, bhe eavity is filled with a gas which in com-~
preased isothermally, In such a case, the external work done on
the system as given by Equation [8] iz equated to the sum of
the kinetic energy of the liquid given by Equation [2], and the
work of compression of the gas, whish iy 4Q8,* fog.(//R), where
@ is the initial pressure of the gas. Thus Equation [4] is re-

placed by .
20 Rn Rn '
-1)—_p —logs R [71
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For any real (i.e., positive) value of @, the cavity will not eollapss
completely, but U7 will come to O for a finite value of B. If @
is greater than P, the first movement of the boundary is outward.
The limiting size of the ca.vity ean be obtained by setting 7 = 0
in Equa.tlon [7], which gives

P(z—l

in which z denotes the ratios of the volumpes Ro*/R2

Qlog.z=0.., ...... :..._[8]

Equation

(8] indicates that the radius oscillates between the initial value’

Rs and another which is determined by the ratio P/Q from this
equation. Although Rayleigh presents this example only for
isothermsal compression, it i8 obvious that any other thermo-
dynamiic process may be assumed for the case in the cavity and
equations analogous to Equation [7] may be formulated.

As snother interesting aspect of the bubble collapse, Rayleigh
ealeulates the pressure feld m the liquid surrounding the bubble,
reverting to the empty cavity of zero pressure. He sets up the
radial acceleration as the total differential of the liguid velocity
w, at radius r, with respeet to time, equates this to the radial
pressure gradient divided by the density, and integrates to get
the pressure at any point in the liquid. Hence

du Su du

Ju
Expression {or E and u a8 functions of B and r are obtained

from Equations [1] and [4], the partial differentials of Equation
[1], with respect to r and ¢, and the partial differential of Equa~
tion [4], with respect to {. Substituting these expressions in

Equation [9] yields
1 3p (42 — )R
i 3—#[——-——1’3 ( 4)] ......... [10]
.By integration this becomes
f 8p=—|:(4z—4)E'f——(z—4)f ] {11]
which gives
p E Rt
1—5—1—5‘(:—4)-—-—3—1;&—1) ......... [12]

The pressure distribution in the liquid at the instant of relesse is
obtained by substituting B = R, in Equa:uon [12], which gives

p—P(l——) ................. [18]

The point of maximum pressure may be found by setting dp/dr
equal to zoro in Equation [10]. This gives & maximum value for
p when ’

3
rﬂ

E’. z—4

If this velue for r, is substituted back into Equation [12], the
maximum value of pis obtained

P _ (z 4B (z— 4 .
—-P- =1+ ™ =14 _‘/'(3—1)7; ...... [15]

If this equation is inspected it will be seen that 8o long #s z is less

than 4, the second term of the equation ia negative; hence Pmax

and therefore all other preasures in the liquid are less than P at

infinity; but whep 2 exceeds 4, then puex becomes greater than'
L]

.
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P. 'The radial location of pmex i8 given by Equation [14]. As

‘the cavity approaches complete collapse, z becomes great and

Equations [ 14] and [15] may be approximated by

rp, =48R = 1587 R, ... [16]
and

Pm z Bo?

? = Z./'-'; b m...................[l"]

Equation [16] shows that as the envity becomes very small, the
preasure in the lHquid near the boundary becomes very great in
spite of the fact that the pressure at the boundary-is always zero,
Although Rayleigh does not mention it, this would suggest the
possibility that some energy can be stored in compressing the
liquid which would add an additionsl term to Equation [7]. Of
coitrse this would mean that the assumption of incompressibility
would have to be abandoned for the entire caleulation. This,
however, would net change the physical concepts involved.
Rayleigh himself abandons the assumption of the incompressible
fuid to consider what happens if the cavity collapses on an
absolutely rigid sphere of radius X, as proposed by his corre-
spondenca to Mr. Cook, However, he abandons the supposition
of incompressibility only at the instant that the ca.v:ty wall cores
in contact with the rigid sphere, From that insiant on he makes
the assumption common to all water-hammer calculations that
the kinetic energy of each particle of fluid is changed to elastic
energy of deformation of the same particle as determined by the
volume modulus of elastieity of the fluid. On this basis he ob-
tained

@y 1 (R-' 18]

P .
- £ — — = — —
2z ~2'0 TI\R 1) g G
where P’ is the instantaneous pressure on the surface of the rigid
gphere and K is the volume modulus of elasticity. Both must be
expressed in the same units.

Discussion

J. M. Roserrson® avp DoNiup Ross? This paper is an
important contribution to the meager fund of knowledge of the
mechanism of cavitation. The authors’ ‘development of tech-
niques of superhigh-speed photography has made available an
extremely useful tool for the study of the life of a cavitation
bubble. Fig. 3 of the paper illustrates the manner in which
knowledge of cavitition phenomens has incressed with camers
speed. The analysis of the growth and collapse of a single
bubble, as presented in this paper, is in itself & major-contribu-
tion to the subject. As more bubbles are analyzed and higher-
camera speeds are attained, more and more of the mysteries of
cavitation will be dispelled.

By showing that the partial pressure of the air in the cavity is
much smaller than the actaal bubble pressure, the authors dem-
onstrate that the gas in the bubble is primarily water vapor.
This fact, which heretofore had only been surmised, should not
be interpreted as indicating that sir plays an insignifieant role in
the cavitation process. The cavitation studied by the authors
was in water saturated with air at atmospheric pressire. In the
case of the particular body studied, there was an appreciable
distance preceding the cavitation region in which the pressure
was below atmospheric and in which undissolved air bubbles

¢ Apsociate Professor of Civil Engineering: Ordnance Resesrch
Laboratory, Pennsylvania State Cellege, Btate College, Pa. Jun.
ASME,

* Asgistant Professor, Ordnance ResearchLa.bombory. Pennsylvania
State College. State College, Pa.
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could expand sod dissolved 2ir eould come out of solution. Thus

at the start of the eavitstion region a number of air bubbles should

have been available to act as nuelei for the formation of vapor
cavitics, The manner in which the bubble grows at the start
of the cavitation region, as depicted in Figs. 8 and 9, would indi-
cate that at the start of this region it may have had a radius of
several thousandths of an inch.

The air content of the bubble plays an important role during
the collapse period; since the air canmot be redissolved as rapidly
as the water vapor, the bubble must collapse on an air nucleus.
The miniroum radius at the first collapse is thus primarily a
finetion of the air content of the bubble. (Osborne® has shown
that “the abruptness and violence of the shoclk, the total acoustic
energy produced and its frequency distribution are all highly de-
pendent on the size of the residual air bubble around which the
eavity collapses” The effectiveness of air in cushioning the
cavitation shock in well known. It would be informative to
know how the authory’ results would be changed, if deaerated
instead of saturated water were employed. - The lack of air
would not prevent cavitation, but its inception would be re-
tarded, Briggs, Johnson, and Mason' have found that “when
liquids are degassed, their patural cohesive pressure becomes
effective and they will withstand a negative scoustic pressure.”
When air nuclei are absent, cavitation rupture is a molecular
process, and the time the fluid element is in the negative pressure
region i8 & very important factor. In tests made with model
propellers at the David Taylor Model Basin,™ and corroborated
by one of the writers at the M.L.T. Propeller Tunnel, the critical
pressure for the inception of cavitation was found to decrease
with a reduction of air content. In an experiment in which the
time in the negsative pressure region was quite short, Numachit!
found the critical pressure to be greatly sffected by gas content.
The critical pressure was found to be approximately vapor pres-
sure with air-saturated water, while it was minus an atmosphere
(absolute) with partially deserated distilled water. The differ-
enices in the characteristics of the cavitation of the bodies, shown
in Fig. b of the paper, can possibly be explained in terms of the
time available for the formation of air nuclei before the fluid
elernents reach the cavitation region. This effect could be
studied by cevitation measurements ¢n several body shapes
at different scales and with different air contents of the water.

WiLaErM SpANNEAEE.Y? This admirable paper adds much to
our present knowledge of cavitation even though the authors se-
lected for investigation, as they state, only the simplest mani-
festations of the very complex phenomena they cbserved through-
out a wide range of geornetrical conditions and stages of oavita-
tion. Specifically, they selected for study a situation which
showed individual bnbbles successively produced and spaced
far enough apart so that from time to time some could be found
which throughout their life history were not seriously affected by
interference from other bubbles.

‘The possibility of maintaining a more or less stable stage of

8 “'The Shock Produced by a Collapeing Cavity in Water,” by
M. F. M. Osborne, Trans. ASME, vol, 69, 1947, pp..253-268.

¢ “Properties of Liquids at High Sound Pressures,” by H. Briges,
J. B, Johnson, and W. P. Mason, Journal of the Acoustical Society of
America, vol. 19, 1947, pp. 664—677.

1 "*Degign, Operation, and Maintenance of 8 Meter for Recording
the Air Content of Water in the David Taylor Model Basin Water
Tunnels,” by A. Borden, David Taylor Model Basin Report 549,
Decamber, 1946.

11 “Tranglation and Commentary on ¥. Numachi’s Articles on
“The Effect of Air Content on the Appearance of Cavitation in Dis-
tilled Salt, and Bea Water,'”’ Ordnance Research Laboratory Re-
port, Berial No. NOrd 7058-27, August 1, 1946,

12 Tachnische Hochschule Karlsruhe, Baden, American Zone. Con-
tractee U, 8. Navy.
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cavitation depends apparently upon the shape of the boundary
surfaces against which cavitation oceurs, or rathér on the pres-
sure distribution of the original flow pattern. This possibility
will be seen from Fig. 5(a, b, and ¢) of the paper.

It is extremely interesting to notice that the same stage s
in Fig. 5(c), showing distinctly separated bubblos, bas been ob-
tained recently at the David Taylor Model Basin in a small
Venturi tube with circular cross section and a very slight longi-
tudinal curvature in the throat, together with a small angle of
divergence in the expanding passage. To & certain degres this
ceage corresponds hydrodynamically to Fig. 5(¢).

On the other hand, the authors mentien that in other cases
many complex groups of bubbles are formed in which the indi-
vidual bubbles interact in either the formation or the collapss
stages, as seems to be shown in Fig, 5(a), where the curvature of

.the nose of the body is sharper and consequently there are

greater pressure differences along the surface,

Here there should be recalled the results obtained in 1933 and
1934 at the cavitation test stand of the Massachusetts Institute
of Technology.1?

These tests were made with & Venturi tube of rectangular cross
section, and with both the longitudinal curvature in the throat
and the angle of divergence in the expanding passage greater than
in the circular tube mentioned as used at-the Model Basin. Thus
irom the geornetrical point of view and to a certain extent from
the hydrodynamical point of view, this arrangement corresponds
to the case of Fig. 5{a). During the tests at M.LT., pictures
were taken with a frequency of 3000 exposures per sec. No
indjvidual bubbles could be seen, but Iarge eavitation volumes ap-
peared separated from one another by compact volumes of water
having rather definite outlines. The cavitation volumes and
the intervening volumes of water were formed with a definite
periodicity, and the cavitation volume collapsed as a whole
when compressed between the alternate masses of water. Water
cornpletely filled the expanding passage after the collapse of the
cavitation volume and was continuous with the water in the re--
gion of restored higher pressure. The writer believes that if the
pictures had been taken with sufficiently higher frequency it is
possible that individual bubbles and groups of bubbles would have
been seen also in this case, and that the bubble groups would in
turn be interacting and forming the large eavitation volurzes..

The' frequency of formation f, and collapse of the eavitation
volumes turned out to be in direct proportion to the velosity o, in
the Venturi throat and inversely in proportion to the distance
I, over which the complete eavitation phenomenon extended.
The dimensionless expression

AR, |
v

was the same for geometrically similar arrangements and for
hydrodynamisally similar stages of cavitation.

Considering the different cases described, the writer believes
that cavitation is always periodical, and that the periodicity is
always determined merely by the hydrodynamical boundary con-
ditions of the original flow pattern. The formation of bubbles
changes the boundary conditions and makes the flow unsteady.
It likewise changes the pattern in such a way that there is. & rise
in pressure at the point where cavitation has started, and in this
way the formation and further development of the cavity is
stopped until the original eonditions are restored and the cycle
begins again,

It is the writer’s understanding that Dr. Knapp and hig asgo-

13 “Progress Report an MLIT. Cavitation Research,” by J. C.
Hungaker, Transsctions of the 4th International Congreaa of Ap-
plied Mechanica, Cambndge, Engiand, June, 1934.
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ciates have under way 2 systematic investigation of the different
stages of cavitation to clear up details of this most interesting
hydrodynamic probleng.

As to the rebound of the bubbles which has been observed for
the first time in these California tests, the writer is not sure that
this would have occurred had the air content in the water been
distinctly smaller. This phenomenon reminds one in a way of
the periodical expansion and compression of large gas bubbles
formed by underwater explosions.

With respect to the damage done by cavitation, the writer
believes that this problem cannot be regarded without consider-
ing the fact that even the amoothest surface of any material is not
without slight crevices. These flaws present the weak points
under the impact of water following the collapse of the bubbles.
There ia not only the foree of the blow striking into the crevices
but in addition the concentration of stresses at the sharp corners,
and so on. On the other hand, it will be of the greatest impor-
tance to find out whether the individual bubbles or the large
cavitation volumes do the more severe damage to the boundary
walls.

It seems fitting at this time to recall the memory and do honor
to the name of the late Dr. Fosettinger who was one of the first to
envisage the nature of cavitation damage.

Dr. Knapp and his staff are to be eongratulated for the out-

standing work reported in this paper. All concerned with cavi- -

tation will look forward to further results with the greatest
interest.

A. J. Brepanorr.l*  Although considerable progress has been
tande in the lasi two decades in understanding cavitation in hy-
draulic machinery, the price to avoeid or alleviate cavitation is
still high. Part of this cost is due to the factor of ignorance.
Any furthér progress in cavitation study without a knowledge of
the mechanism of cavitation is well-nigh impossible.

Although the authors’ study was confined to the life history of
& bubble, ite results are important from the practical point of
view, It gives size and time scale of proceedings, which permits
estimation of the thermodynamic process during the birth and
eollapse of the bubble. This in turn may lead to an estimation of
how any liquid other than water will behave under cavitation
conditions. The bubhle reappearance as a result of an elastic
water impect, never suspected before, may serve as an explana-
tion of the appearance of cavitation pitting in places not expected.

Lack of exsaet cavitation lmowledge has resulted in a variety
of opinions as to the importance of several factors on conditions
leading to eavitation in pumps and turbines. Thus some pump
enginecrs evaluate their cavitation data in terms of absolute
velocity through the impeller eye, others use relative velocity,
and some use the peripheral velocity. Still another group uses
the square root of the product of the radial and peripheral ve-
locities. Similarly, the effect of the impeller entrance angle on
cavitation is frequently roisunderstood.

In describing ‘the process of appearance and collapse of the
bubble, the authors emphssize the hydrodynamic conditions

leading to the formation of a cavity. The writer can imagine.

formation and disappearance of vapor bubbles by thermodynamie
means only without pressure or velocity gradients in the surround-
ing liquid. If the ambient temperature is brought locally to the
corresponding boiling pressure, vapor bubbles will appear. This
is a regular boiling process in which no external mechanical forces
are reqmred to form & bubble, heat doing the work of volume
expangion. During the collapsing period, temperature-pressure
equilibrium is destroyed, vapor is condensed, and the liquid rushes
into an empty space. 'The same 'is true also during the rebound-

14 Development Engineer, Ingersoll-Rand Company. Phillips-
burg, N.J. Mem. ABME,

ing process although the elastic forces of the liguid play & more
conspicuous role; Perbaps the difference is just a matter of
point of view. The writer prefers to think in terms of thermo-
dynamics of the process first because he believes that heat
exchange limits the extent of cavitation, "'When dea.hng with
liquids other than water, the main difference will appear in ther-
modynamie propertlea of the liguid and nof in hydrodynamic
forces.

The effect of degree of streamlining of the body nose on cavita-
tion, as it appears in Fig. 5 of the paper, iz interesting. This is
contrary to a general belief that a blunt leading edge of impeller
vanes is just as good as the hatchet-shaped one. Such a miscon-
ception originated from airfoil tests on air.

Under conditions of the authors’ tests, it is reasonable to as-
sume that all the kinetic energy of the buibhle collapse is stored in
the sarrounding fiquid and reappears as kinetic energy again dur-
ing rebirth of the bubble. In hydraulic machinery, the mini-
mum pressure appears at the boundary of the body, and, during
collapse, a major portion of the energy may be absorbed by the
body, resulting in noise and vibration. Large masses, sometimes
including the supporting structure, may take part in dissipation of
thisenergy, Thus rebounding of the bubbles may sppear greatly -
subdued. In comnection with hydraulic machivery, opinions
have been expressed that, if eavitation bubbles appear and col-
lapse in a body of water and do not contact the metal, there is no
damage to the parts of the machine. ™

The writer believes that the possibility of air in the vapor cavity
is not to be excluded. This ean happen not by air bubbles break- -
ing through into the vapor space, for this they will have no
energy, but by the liquid vaporizing into the air-bubble apace
when this reaches the low-pressure zone. Air liberatioe from
water i3 quite common in hydraulic machinery when pressure -
drope below that of the atmosphere,

The difference in bubble grouping in the authore’ tests due to
a difference in elevation of 2 in. suggests that this difference
alone {in the case of hydraulic machinery) may pat a rotor out
of balance and cause vibration. It is very unlikely that the force
of buoyancy of the bubbles could have been responsible to any
appreciable degree for the bubbles shifting upward due to lack
of time.

In their conclusions regarding the effect of acale on cavitation
in hydraulic machines of différent sizes, the aathors disregard
the effect of Reynolds number. In larger machines, all turns
will have larger radii of curvature and can be negotiated by the
liquid with less velocity distortion than in a small machine,
With the same limear- velocities of flow, centrifogal forces, caus-
ing velocity shifting, are inversely proportional to the radius of
curvature., Opinions have been expressed by several authorities
on water turbines that, under the same head and submergence,
the effects of cavitation are less harmful in the prototype than in
the model.2¢

There is a great deal of confusion and misconception about the
flow pattern in a turn or elbow. A study of cavitation under
such conditions with the aid of high-speed photography would
make an excellent topic for investigation. Most of the channels
in hydraulic machinery where cavitation occurs are curved.
There are no clear ideas as to what actually takes place under
such conditions, What portion of the total flow is actually
vaporized is of interest. Also, whether corapound liquids, like
petroleum oils, would behave simitarly to water under cavitation
conditions.

Research of this nature is beyond the testing facilities of the
industry, and the awthors snd sponsors of this project deserve

1 “Contrifugal and Axial Flow Pumps,” by A. J. Stepanoff,
John Wiley and Sons, New York, N. Y., 1048, p. 248,
19 Thid., p. 265.
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credit for their undertaking and manner in which it was con-
ducted. It is hoped that the authors will take full advantage of
their equipment and recent progress in high-speed photography
5,000,000 pictures per sec) as recently reported.™

Aurnors’ Crostee

Before congidering the specific points ra.xsed by the individual
discussers, the authors wish to point out that as more and more
information besomes available on the characteristics of cavitetion,
it 18 becoming more and more apparent that it is no longer possible
to talk about cavitation as a single phenomenon; instead there
are certainly a number of different types of cavitation which
vary quite significantly in their characteristics. The existemce
of these various types of cavitation probably accounts for many
of the discrepancies which occur in cur empirical knowledge of
the phenomenon, which in turn have inspired widely different
interpretations of the basic mechanism. As was pointed out in
the introduection, the paper presented only the first experimental
cbservations of a single bubble, which was selected as the simplest
possible case of one particular type of cavitation. In this type,
the cavity forms and collapses while moving downstream with the
local velocity of the rapidly moving fluid. It is probable that
many of the points brought out by the discussion apply with
much more force to other types of cavitation, but since the
authors have experimental knowledge concerning this case and
not the others, their comments will be limited to the type pre-
sented. )

Messrs. Robertson and Rose bring out clearly in their inter-
esting discussion the erapirical fact that air is known to have a
definite effect on the collapse of certain types of cavitation.
They then suggest that it is very probable that the cavitation
bubbles discuased by the authors had for a nucleus an air bubble
of appreciable size and that this air did effectively cushion the
collapse of the bubble. They suggest specifically that at the
beginning of cavitation when vaporization first starts the air-
bubble nuclei have a radius of several thousandths of an inch.
The authors feel that air bubbles of this size could not be present
without having been observed becaunse the lighting used is very
intense and a bubble of this diameter would be highly reflecting,
as is evidenced by the small cavitation bubbles further down-
stream which are so easily seen both visually and on the photo-
grapha, However, it is interesting to investigate the order of
magnitude of the effect which might have been produced if such
an air nucleus had served as a starting point for the bubble whose
life history was presented, Assume that the bubble radius was
005 of an inch, which is the upper imaginable size that could
have escaped detection in the tunnel. Assume also that the
pressure within the bubble was in equilibrium with the local
pressure in the flowing stream. Thus at the beginning of the
cavitation zone the air will have a pressure of about /s psia.
Assume for convenience that this is one psi. This air will remain
in the bubble during expansion and collapse; thus when the bub-
ble has collapsed to the radius of .005 in., the air will be agsin in
the same state, assuming that during expansion and collapse
to this point the process has been reversible. Up to this point
all work terms on the air are negligible. The work required to
compreas this bubble further may be calculated easily. Rayleigh
assumed an isothermal process, The authors have indieated a
possible pressure due to water hammer of approximately 50,000
psi, assuming an empty bubble. The isothermal work of com-
pressing the air to the same pressure is given by the equation

. VI
= y V) loge =
W =pmVlog e
1 “High-Speed Camers,” Mechanical Engineering, vol. €9, De-
eembar, 19047, pp. 10451046, .
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in whichpy, = 1 ps
d Vl ™M
g mdy! == 0,000
The solution gives

W = 5 X 10~* inch-pounds

Now the kinetic exergy of the water which must be stored at
collapse in compressing the air and the water is giver by the
simple product of the volume of the bubble at its maximum diame-~
ter multiplied by the pressurs of the liquid in the collapse
gone. By measurement the pressure is about 10 psia, the diame-
ter is .30 in. Thus the kinetic energy to be stored is .135 in-
Ib. Therefore, it must be concluded that the effect of this
amount of air on the collapse pressure is negligible since the beat
it could do would be to reduce the water-hammer pressure by less
than 004 per cent. If the compression were assumed to be adia-
batic rather than isothermal, the energy atored eould be increased
by a factor of, say, about 400, but this woeuld still be negligible
and on the other hand would produce tremendously high tem-
peratures which would be brilliantly luminous, .an effect com-
pletely contrary to the observations. It might also be noted
that the amount of air in this bubble nurleys is quite small as
compared to the amount that the authors calculated might.be
posgible within the bubble due to coming out of solution ik the
shell immediately adjacent to the bubble. Thus assuming again
isothermal expansion from the nucleus to the maximum dismeter
of the bubble, the partial pressure of the air at maximum diame-
ter would be 2.5 X 10~¢ atmospheres as compared to the 4
X 10—+ calculated in the original paper. Even thé latter amount
has of course a negligible effect upon the ecollapse pressure,
Mesars. Robertson and Ross state that “it would be informative
to know how the authore’ results would be changed if deaerated
instead of saturated water were employed.” The authors are
in hearty agreement with this desire and wish to call attention to
the fact that as will be foind in the deacription of the new in-
stallation of the water tunnel in the compamon paper? provision
has been made for the control of air content so that jast this
sort of study can and will be made. However, it is the present
:mpressmn of the autliors that one of the most important factors
is the number of sir nuclei present rather than the amount of air
truly dissolved in the water. By air nunelei aro meant mingte
undissolved bubbies which are probably associated with particles
of aolid matter found in the water. The pumber of nuclei may
or may not be directly proportional to the amount of total air
per unit volume of water. It would appear, at least in the type
of cavitation undsr discussion, that the presence of an air nucleus
is necessary to permit the cavitation bubble to start to form, but
that after formation has commenced, the role of the air is ingignifi-
cant,

The authors are indebted to Dr. Spanphake Eor a very interest-
ing review of some of the significant features of his classical cavita-
tion experiments. They deplore with him that the profession

" can no longer have the benefit of the discussion of Dr. Foettinger,

the “old mester” in the field. It is indeed mtereatmg that a

definite frequency was observed by Dr. Spannhake in fully-
developed cavifation in special Venturi throats. However, it
would seem to the authors that this is due at least pa.rtmlly to
the interaction between the cavitation and the flow itself, since
the development of the cavitation voids effectively changes the
cross section of the conduit. On the other hand, as Prof. Hun-
saker pointed out in his report® on this same research, “The

18 “Progress Report on Cavitition Research st MIT.” J. C.

Hunsaker. Trams. ASME, vol. 57, October 1035, p. 423.
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L .
relation ‘t- can only be deterniined when cavitation is well de-

‘ 14

veloped and L is of substantial magnitude.” On the other hand,
a3 ho states further in the same paper, “When cavitation is not
well developed and L is but one or two t.h:oa.t dinmeters, the
frequency cbserved is highly irvegular. . ....

An examination of the records of the authors shows little
evidence of a predominant frequency; in fact, the evidence is
quite to the contrary. Not only does the period between the
appearance of individual bubbles seem to be variable, but the life
cycle of each bubble consists not of one formation and collapse
but & series of them, each of which requires & different length
of time. All of this indicates a wide band of frequencies. Tt
should be pointed out that in the suthors’ experiments the cross
saction of the cavitation zone is small as coropared with that of
the $unnel, Thus, Little or no interaction between the cavitation
and the over-all flow is to be anticipated. Hence there seers
to be Jittle reason to expect correspondence between these experi-
ments and those of M.IT. Dr. Spannhake expresses some doubt
a8 to whether or not the rebound of the bubbles observed by the
authors is due to the air content of the water, and suggests
the possibility that had the air content been distinctly smaller,
the rebound might not have cecurred. It is the belief of the
authors that the rebound is a necessary concomitant of the energy
storage at collapse and that it would continge to oceur under afl

conditions in which it was possible to get the original cavitation

bubble to form. To expand this statement further, it might be
conceived that a liquid, containing no foreign nuelei or no un-
dissolved or dissolved gas of any kind, might reach a state in
which it would support & considerable tension. If this were the
case, the formation of any cavitation bubbles could be inhibited
at much higher velocity than under normal conditions. How-
ever; the forces muams the first void are of much smaller intensity
than those available in the rebound of the highly compressed
ligmidl following the collapse. Thus if the cavitation void can’
appear at all, there is good reason to believe that rebound will
occur.

With reference to Dr. Spannhske’s comments on cavitation
damage, the authors wish again to emphasize that their remarks
on cavitation dimeage were in no-respest a discussion of the
mechanism of the damage itself, but merely some tentative pre-
dictions as to the relative behavior of cavitation in producing
damage as hydrodynamie conditions are varied. The basic idea
undétlying the authors’ comments was to raise the question of
the validity of the general concept of the similarity law with

spect to the flow,
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regard to cavitation damage, in which ¢ is usually considered as
the only parameter of the hydrodynamie picture.

In reference to Dr. Stepanoff’s discussion, the studies in the
water tunnel demonstrated beyond any question that two of
the most important variables in the production of cavitation are the
shape of the bedy (guiding surface), and itz alignment with re-
Without the knowledge and exact control of
these variables it is impossible to classify cavitation in any signi-
ficant and systematic form. Since this information is lacking
in practically all cavitation tests of hydraulic machinery, the
authors are forced to believe that the analyses of cavitatiom data
based on any of various velocity parameters mentioned by Dr.
Stepanoff as being in ¢utrent use by the industry can only result
at best in the determination of rules for the average design, which
miss the optimum, usually by a large margin.

The authors agree that cavitation and boiling are closely re-
lated; however, they would hesitate to carry the relationship as
far as Dr, Stepanoff suggests. As previously pointed out, unless
the liquid can support very substantial tension, cavitation will
occur with or without the benefit of heat transfer or vaporization.
Fluid vaporizes into the cavity because the cavity is there; the
vapor does not force the fuid away to form a eavity. The cavita-
tion cavity is to the cavitation phenomenon as the hole is to the
doughnut: It givey it its characteristic form, but not its sub-
stance,

The authors do not underst.a,nd the comments regarding the
effect of ecale on cavitation in hydraulic machines of different
gizes, If two similar passages of different size contain Auid
fowing at the same sbsolute velocity, the pressure distribution
and the fiow linea will be identical if the units of length correspond
to the acale of the two passages. This is one of the fundamental
principles of similarity. ‘The conditionas initiating cavitation will
be exactly the ssme for-both channels.

Dr. Stepancff calls attention to the lack of knowledge concern~ -
ing the flow in curve channels even in such simple cases as sta-
tionary bends or elbows. ‘This problem is treated in a most inter-
esting manner in the first chapter of his néw book, which includes
a well-selected set of references. The authors agree that a study
of this type of flow tider ‘cavitating conditions would be very
valuable and are reasonably sure that the high-speed photo-
graphic techiique could be adapted to this purpose.

In conclusion the suthors wish to thank again the helpful dis-
cussers and to express their appreciation to many others in the
field who came to them with oral and written comments and valu-
able suggestions,
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