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ABSTRACT

Water Tunnel measurements were made of the hydrodynemic forces
end moments, and of the high frequency noise resulting from ocavite-
tion on underwater bodies. All stages of cavitation from incipient
to the full cavity were covered by the investigations.

The main findings of the force measurements ares
1. There is no sudden increase in dreg with inception of cavitation.
The sharp rise occurs only after the normael flow pattern is completely
altered by an appreciable amount of visible cavitatione
2. A qualitative comparison of cavitation and separation indicates
that they have the same basic effeot on the flow in the boundary layer,
and hence on the skin friction drag. For blunt bodies with severe se=
paration for noncavitating conditions, the first appearance of cavita-
tion does not immediately alter the flow pattern nor the drage.

3. Cavity drag measurements agree closely with values calculated from
meesured pressure distributions and for a given value of the cavitation
parameter, K, are proportional to the bubble size relative to the
diemeter of the body.

4, Cavity cross force end moment depend on the cavity shape, and hence
on the shape of the body at the point where cavity separation occurs.
With sphericel tipped noses so proportioned that the cavity separates
on the spherical segment, not only at zero but at the maximum yaw, the
cross force is zero independent of yaw, and the moment is caused by

the drag only. Other shapes produce asymmetrical cavities and definite
cross forces and moments.

5. With complete projectiles the conditions for cavity flow with tail
sticking through the side of the cavity are reproduced. A low cross

force with a zero or stabilizing moment is obbtained.

Messurements of the sound emitted in the 20 to 1CC KC frequency
renge with the beginning end growth of cavitation shows
1. With appearsnce of the slightest trace of cavitation, the acoustic
pressure increases to several times the value of the background noise.
2, The maximum noise is measured when the zone of cavitation is limited
to & very narrow band of small bubbles. With further growth the
measured sound drops off.,
3, The main source of sound is in the region of the trailing edge of
the cavitation zone where the vapor bubbles are collepsing. If, as

et advenced stages, the vapor bubbles are entrained end swept dowm-

strsam before collansing, the nolse level drops.
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THE HYDRODYNAMIC FORCES AND THE KIGH FREQUENCY NOISE
RESULTING FROM CAVITATION OX UNDERWATER BODIES

The phenomenon known as cevitation was first recognized about
fifty years ago when the recurrent damage experienced by ship's pro-
pellers was associated with the peculiar noise and loss of thrust
arising for certain cases of @Xcess speed or too little submergence.
The basic physical conception of the phenomenon as the formation
of vapor filled cevities when the local pressure at some point in
the fluid drops to the vapor pressure, and the rapid "implosive"
collapse of these cavities when they are carried into high pressure
zones, was recognized early. But in spite of the contributions of
many subsequent investigations, & complete physical picture of all
phases of the phenomenon end its hydrodynemic effects is not yet
aveileble. The primary purpose of this report is to provide addi=-
tional information abdut the physical characteristics of cavitation
through a discussion of the results of measurements of the hydro=
dynemic forces and the high frequency noise resulting from cavita=-

tion on underwater bodiese

I THE PHYSICAL CHARACTERISTICS OF CAVITATION

The Factors Affecting the Inception of Cavitation

It is generally agreed that the conditions necessary for cavi=-
tation occur when the pressure at some point in the fluid is reduced
to the vapor pressure. Assuming that the fluid will not support a
tension (4), local boiling or vaporization will occur when the vapor
pressure is reached. The cavities or bubbles thus formed are known
as cavitation. Actually, if fluids will support a temsion (5), it
is possible that cavitation does not occur until the pressure drops
somewhat below the vapor pressure. If gases such as air are dissolved
in the liquid (5) (6), they will tend to come out of solution when

the pressure is lowered. It has been observed that this produces a

(4) Pigures in parentheses refer to Bibliography in Appendix
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condition similar to cavitation at pressures above the vapor pressure.
With much air it seems probable that the vhenomenon will have a
different appearance, since the dissolved air probably provides a
source of gas for feeding the cavitation bubbles to insure early
growth of large cavities. The effect of impurities and foreign
materials such as small particles of solids has been discussed (5),
(7), but no definite experimental information has been introduced
to show that this has an important effect on cavitation, even though
it is known thet such particles form nuclei for the initial formation
of bubbles during boiling of still water. Similarly, the effect of
surface tension on the formation and collapse of cavities has been
discussed (5), but no definite experimental correlation hes been made.
Some relationship between the flow conditions and the pressure
in the fluid body is necessary in order to determine the point in
the flow where conditions will be such as to permit the inception of
cavitation. Considering the simplest case of irrotational motion for
an incompressible fluid, the equation of motion (8)(9) can be put in

the following form:

2
ad) : v P =
R + P = Constant (1)

where

the demnsity of the fluid
the velocity potential describing the motion

= time

the velocity at a given point

Y o< o -8 O
1

the pressure at a given point

This equation is for the general case of steady or unsteady motione
Cavitation will be caused by any characteristic of the flow that
will reduce P to the vapor pressure. In the case of steady motion,
%?% = 0, and P is reduced because of changes in velocity arising
from the geometry imposed by the boundary conditions. For unsteady
motion.%?%-can be very large and cavitation gig occur without much

chenge in velocity. Conversely, of courss, 3t cen be negative and

tend to inhibit pressure reductions and cavitatione
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The above equation applies only to areas where there is no vore
tisity. If vorticilty exists, very low pressures can occur abt the
centers of rotation and cavitation is obtained readily, as has been
observed in trailing vortices from various shaped objectse Turbu=
lent motion also will produce local low pressure points, but these
have been estimated to be of the order of one percent or less of

the dynamic pressure.

The Effect of Body Shape on Inception

For vortex free motion, the lowest pressures in s system must
occur at the boundary.(8)(10) The equation of motion shows that
those bodies causing the largest accelerations and, hence, velocity
changes and pressure reductions on the body surface will be the
first to cavitate. The pressure distributions on some of the fune
demental simple shapes can be readily calculated and, if the motion
is: steady, the maximum pressure reduction from the value in the un=
disturbed flow away from the body can bs expressed as a fraction of
the dynamic pressure and evaluated numerically. Compaerison of this
fraction shows the relative sensitivity of different shapes to cavie
tation. For example, a comparison of the effects of two~ and three=
dimensional bodies can be examined by using the cylinder and the
sphere. For the cylinder

P=-P

—
Pz
while for the sphere

P =P

o
e = ~1.25
°z

mess

where Pb is the pressure in the undisturbsd flow. The greater ten=
dency for cavitation to occur on two-dimensional objects is clearly
illustrated. For bodiss with lower surface curvatures, this fraction
is numerically smeller with a corresponding higher resistance to
cavitation. Calculation of the pressure distribution in this manner

iss not possible for bodies with discontinuities in the surface which
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are sharply convex, because infinite accelerations are obtained for
irrotational flow in such casese.

For motion of viscous fluids the flow is modified, of course,
so that the above conclusions will be altered somewhat. For most
shapes, however, the pressure distributions as calculated for irro=
tational flow hold reasonably well over the forward part of the
body and the agreement over the body in general improves as Reynolds
number increases. Thus, for the sphere, the cylinder, air foil shapes

~and the like, the theoretical values are very useful. Greatest de=-
viations occur in the case of the bodies with the sharp edges just
mentioned. Infinits accelerations do not occur because the flow
separates from the body at these points. The result is that the
effective shape of the body is changed to conform to the surface of
the separating sheet of flow. On the other hand, rotation in the
form of vortices are introduced so that pressure reductions below
that calculeted for this modified "body"™ are obtained. Furthermore,
rotetion in the flow means that Kirchhoff's law is invalid and the
lowest pressures are no longer necessarily on the boundary of the
fluis field. Indeed, the first visual evidence of cavitation in the
case of such discontinuities is in the cores of the vortices away
from the surface of the body. Actually, on many bodies there are
zones of local separation in the boundary layer next to the surface.
This separation is also a source of minute vortices with low pressure

cores in which cavitation can appear.

The Cavitation Parameter and the Degree of Cavitation

Clearly the maximum value of dimensionless fraction f;fgfg
for a given body is a characteristic of that bodye. ;3%%—
If P = PV’ the vapor pressurs, it assumes the
special significance of indicating the minimum hydrostatic pressurse,
PO, which can be imposed on the system without cavitation occurring.
As used for describing cavitation characteristics, it is normelly
given with the opposite sign and designated by the symbol X, so
that

X =_‘3__2__Y- (2)

oL
2,
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The usefulness of the cavitation parameter is not limited to indi-
cating the conditions for inception of cavitation, but is equally
useful in describing the conditions of velocity and pressure neces=
sary for more advanced stages of cavitation. In order for cavitation
to develop beyond the inception point, it is necessary that K be
reduced numerically from its value at inception. Experiment has
shown that for the more developed stages the degree of cavitation
on & particular body and its general appearance can be reproduced
for various combinations of P and V as long as the same K is ob-
tained. If instead of PV, PB is used to indicate the pressure in
the cavity generally, K will describe the conditions in ges as well
as vapor filled bubbles. With reduction in K, the rats of vapor
formation is increased and the cavity will grow until it envelops
the body. For the terminal condition of K = 0, the meximum cavity
will be obtained. This latter condition is difficult to reproduce
experimentally with pure cavitation, but is obtained automatically

in the case of the entry of projectiles from air into water.

Theoretical and Experimental Determination of Inception Points

The agreement between the theoretical and experimental deter-
minations of the inception of cavitation is not thoroughly proven.
The lack of refinements in measuring techniques cean essily cause
margins of error that mask the effects of air or impurities or the
ability of water to withstand tension. In one set of Water Tummel
measurements (11) the first visual evidence of cavitation was ob=
served to occur at K = 0.66, whereas the measured pressure distri-
bution indicated K = 0.78. This difference is regarded as outside
the possible experimental error. In another set (12) on a finer
nose on which a different type of cavitation appeared, inception
was variably observed at K = 0.34 to 0.43, whereas pressure measure=-
ments indicated X = 0e¢34. It has been reported by Rouse (13) that
pressure distributions made during actual cavitation show deviations
in the pressure reduction obtained even before any visual evidence
of cavitation. Compered with the first mentioned result from the

Water Tumnel tests, this indicates that inception may occur on &
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microscopic scale at the X cbtained from the noncavitating pressure

distributione.

The Physical Appearance of Cavitation

The mechanism by which cavitation bubbles form initially and
are continuously fed with vapor at some advanced stages has been
the subjiect of speculation end experiment (5)(7)(14). It is known
that a large smount of energy must be added to cause liquids to
boil, and this energy must go into overcoming large internal pressures
associated with the formation of vapor bubbles. In the case of
flow the location of the initial vaporization and its subsequent
growth and the collapse is dependent on the velocity and pressure
field, and hence on the body shape. The type of formations obe
tained with various bodies have been examined visually in the Water
Tumnel and have been mentioned in several previédus reports (14)(15)
(16)(3). There are, roughly, three classifications. In Figure 1
is shown photographs of the three types on two- and three~dimensional
bodies. The first type occurs on bodies with convex surfaces of
relatively sharp curvature and is made up of very small bubbles which
give a "fine grained" or sudsy appearance. The second type obtained
on shapes with surfaces less sharply convex is somposed of relatively
large "coarse grained" bubbles that form intermittently on the sur-
face..The third type is obtained on bodies with sharp discontinuities
in surface and appears in the form of detached wisps in the fluid
away from the body proper. These three types are associated with
the kind of pressure distribution over the surface of the particular
shape. Typical distributions for several of the examples illustrated
are shown in Figure 2. It is seen that the "fine grained" type is
associated with a pressure curve that shows e sudden reduction and
equally sudden recovery, giving a narrow zone of low pressure. This
sharp pressure gradient provides a clear cut front across which the
fluid moves. All the particles of fluid are subject to the same
conditions at the same time, and the result is the sharp line of
bubble formation. Since formation occurs at every point along this

line and because the gradient is steep, a single bubble does not
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grow sufficiently to affect conditions appreciably on either side of
ite This results in the fine grained appearance illustrated. With
the second type the vressure gradient is less steep and the recovery
is also gradual. Apparently a bubble which forms at a given point
has time to grow and effectively distort the flow, and hence the pres-
sure on either side of it. This results in an intermittent formation
along a band in the reduced pressure zone instead of along a sharp
line. For the third type, the sharp edge causes separation in the
normal flow without cavitation. This results in eddies and vortices
with resultant low pressures. Initial cavitation apparently occurs
in these local points of low pressure.

As will be seen in the succeeding sections, the kind of bubble
formetion in the initial stages and the type of cavity obtained for
the fully developed stages will affect the forces acting on a given
body becauée the resultant change in momentum of the passing fluid
will be different in each case. Also, the kind of bubble formation,
and more particularly the type of collapse associated with each bubble

type will affect the high frequency noise produceds

The Location of Ineipient Cavitation

It has been thought that the point on the surface at which ca-
vitation first appears should coincide with the point of minimum
pressure as obtained from measurements without cavitation. As the
illustrations in Figure 1 and the pressure curves in Figure 2 show,
however, cavitation does not occur at this point, but some smell
distence farther downsteam. This is attributed to the face that
a finite time is necessary for the vapor bubbles to form once they
are subjected to the low pressure enviromnment. Since the fluid is
travelling at a high rate of flow, this means they are carried past
the minimum pressure point. This might also be considersd as an
indication that the fluid can support some negative pressures. As
cavitation is formed, of course, the velocity distribution is
altered slightly so that the new conditions correspond to a changed

pressure distribution (13).
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IT THE EYDRODYNAMIC FORCES AND MOMENTS
ACTING DURING CAVITATION

A. The Effects of Cavitation on Drag

At the present time most interest is centered on the hydrody-
namic forces obtained with cavitation for two extreme conditionsj
the initial stages immediately after the onset of cavitation, and
the fully developed stage when a large portion of the cavitating
body is enclosed in a vapor cavity. For the incipient stages the
question of how far cavitation can develop before affecting the
forces and moments apprecigbly is importent, as well as the question
of the magnitude of the resulting forces. This phass is important
for all sorts of underwater bodies and hydraulic machinese. For the
fully developed condition, a knowledge of the forces end moments
acting and the physicel conditions of flow affecting these forces
are important. One immediate application of this informetion is to
the air-water entry problems arising for projectiles where the air
cavity obbtained at entry is similar if not identical to the vapor
pocket obtained with cavitatione.

In order to investigate these different aspects measurements
of the forces and moments were made for a variety of bodies subjected
to cavitating conditions in the High Speed Water Tumnel. Brief
desceriptions of the Water Tunnel and of the testing prodedures are
given in Appendix I. A more complete description of the Water Tunnel
facilities is given in reference (1). Complete projectiles with
different noses end tail structures were tested to determine the
total performance for the incipienmt and more developed stages of
cavitatione Short "bullet" shaped models with different noses were
tested to obtain the effect of the nose shape alone, primarily for
completely developed cavitatione

In addition to the measurements on three=dimensional bodies,
tests were made of the drag of a cylinder eligned normal to direc-
tion of motion for cavitating and noncavitating flowe The drgg of
this two=dimensional case and of two of the three-~dimensional shapes
are compared with theoretical veluss calculated from the pressure

distributions on the body surface.
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Physical Growth Necessary to Change the Drag

The amount of cavitation necessary to cause & measurable change
in drag is dependent somewhat on the shape of the body, the kind of
cavitation that is formed, and the magnitude of the drag without
cavitations The results of measurements on several differemt bodies,
and photographs of the cavitation at variocus sbtages of development
are shown in Figures & to 13« The pilctures were obtained with exposures
of the order of 20 microseconds so that the flow was effectively
"stopped"s The drag measurements are presented as curves of the

drag coefficient C, plotted against the cavitation parameter, K.

On this diagram, dzcreasing velues of K represent conditions for
increased cavitation. The methods of evaluating and correcting the
test data is described in Appendix II, amd & list of symbols and
definitions is given in Appendix III.

The first two sets of data were obbtained with a cylindrical
body having an ogival tail or afterbody and tipped with a hemi-~
sphere nose in one case and left with & square end in the second.
With this simple form a good comparison of the effect of nose
shape should be obtained. Data for the hemisphere are shown in
Figures 3 and 4. "Fine grained' type of cavitation is obtained
with this nose while the drag of the entire body is lowe. The ocut-
line of the projectile can be seen in the first photogreph of
Figure 3. In the second photograph, a small band of cavitation
is seen just aft of the junction between the hemisphere and the
cylinder. In the bottom two photographs, the entire body is en-
veloped in a cavitation cavity. Examination of the drag curve
shows that there is no sudden incresse in drag with the onset of
cavitation. Instead, the resistance increases very slowly unbil
a K of sbout 0.5 is reached, when the cavitatios zone on the nose
is sbout 1/% caliber long, as can be visualized by irterpolation
between photographse. With further development of cavitation,
however, CD rises rapidly to several times its initial valus.

In Figures § and 6, data are shown for the cylinder with the
square ende This "nose" produces the wispy type of cavitation at

inception which develops into a fine grained white plume and
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The drag is initially nearly ten times the value for the hemisphere.
Again, as cavitation forms and develops, the drag does not change
suddenly, but increases very slowly until the wispy formation coa=
lesces to form the white plume. This increase is at about the same
rate as observed in the case of the hemisphere, but, of course, is
a much smaller percentage of the total drag. Here, in order to
increase the drag materially above its already high value, it is
necessary that enough cavitation be formed to further displace the
flow away from the body and increase the turbulent wake downstream.

Measurements for a ring tailed projectile with exhaust stacks
in the ring are shown in Figure 7. No photographs were obtained
with the test, but the development of cavitation at various points
on the projectile is described by notes on the curves. Two noses
were used with this projectile. One, the so=called MK 13 nose, is
composed of a 2 1/2° included angle cone, tapering down from full
body diameter to 0.92 of the maximum diameter, with a spherical seg-
ment tip having an 88 5/4° half angle. The other, a 2.3 caliber by
78° spherogive, is formed by replacing the pointed tip of a 2.3
caliber ogive with a spherical segment which becomes tangent to the
ogive surface when its half angle is 78°%,

The Mk 13 nose is very little different from a hemisphere and
produces the same type of cavitation just aft of the tangent point
with the conical surface. Inception is obtained at a K of about
0.66 instead of 0,75 however. The tail structure and the nose be=
gin to cavitate at about the same time. There is no measurable
chenge in drag on this projectile immediately after the onset of
cavitation. Only after a moderate band is developed on the nose
(less than for the hemisphere on the simple body, however) and
pronounced cavitetion develops om parts of the tail structure does
the CD increase materially.

The spherogive nose has much better characteristics then either
the hemisphere or the MK 13 and, consequently, does not cavitate
util X is reduced to approximetely O.42. As a result, tail cavi-
tation is well developed before nose cavitation appears and causes
the drag to incremse while the nose cavitation is still in its

early stagese
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Another ring tail projectile with a blunt nose was tested and
the results are shown in Figures 8 eand 8. The nose is a one caliber
ogive truncated at 2/3 caliber. The corner of the flat face is
rounded slightly. The initiel cavitation on this projectile forms
on the ogival surface at the junction with the flat face and is
very fine grained in character. The tail surfaces begin to cavi=
tate soon after inceptiocn on the nose. The cavitation~free drag
of the projectile is about 3 times the value of the drag of the
simple body with hemisphere nose shown in Figure 4. With the on-
set of cavitation, there is, if anything, a slight tendency for
the drag to drop off. An increase is obtained, however, with a
relatively small emount of cavitation on the nose and the tail.

In fact, the rapid increase in drag of this particular projectile
occurs with less visible cavitation than on any of the other models
discussed thus far.

A set of data showing the effect of cevitation with yaw is shown
in Figure 10 for a torpedo with a hemisphere nose, the MK 13 nose,
and a 5 caliber by 76° spherogive nose. Photographs of the cavita-
tion are shown for each nose in Figures 11, 12, and 13. These data
show results similar to those already cbserved at zero yaw. With
the hemisphere and MK 13 nose very little change in drag occurs
until cavitation is fairly well developed on both the nose and the
tail surface. Actuaslly cavitation appears first on the tail ring
at about K = 0.9 and later on the lee side of the hemisphere at
K = 0.,8%3. The drag is only 10% greater at K = 0.62 when the cavi-
tation band on the nose has grown to a length of about 1/% caliber.
With the MK 13 nose, nose cavitation appears at lower K and the
sharp increase in drag is delayed correspondingly. Here the in-
fluence of the tail cavitation becomes more important. With the
5 caliber by 76° spherogive, nose cavitation does not appear at all
until after cavitation on the tail and, in this case, on the after=-
body also, has caused the drag to rise.

To swmarize, these exemples show the common effects that the
onset of cavitation as observed visually does not result in an

immediate sharp increase in drag. Instead, the drag increases.
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slowly, and in one cass actumlly btends to drop off slightly, wntil
sufficient cavitation is formed to change the basic flow paltiern
around the object. For all cases execspt one, the amount of cavi=
tation formed at this point occupilss an apprsciable physical

volumee

Effect on Boundary Layer and Skin Friction

In general, the drag of bodies is the sum of skin friction
and form drage. As cavibation develops, bthe relative proportions
of the two components are changed until for fully developed cavi-
tation where the projectile is completely enclosed in a cavity,
contacting the fluid only over a smell area at the nose tip, the
drag is almost 100% form drage. It is olsar then that the kind of
effect cavitation produces will depend on the body shape and hence
the ratio of form drag to skin friction for noncavitating condi-
tions. The influence of cavitation in affecting the form drag can
be visumlized rather clearly, since the effective shape of the body
is, of course, changed by the bubble formation. The physical
mechanism of its effect on skin friction can be explained guali-
tatively by comparison with local separation and its sffects on
the boundary layer development (9)(18)(19)(20).

For cases where the drag is due primarily %o skin friction,
it will be highest when the boundary layer is turbuleat. At a
given Reynolds number, if an epprecisbls portion of the boundary
layer is laminer, CD will be much lower., Consequently, any in=
fluence which causes an early transition to a turbulent layer will
tend to increase CD. In noncavitating {low, this cen be accom=-
plished by increasing Reynolds number and/br increasing the tur=
bulence in the surrounding fluid. It can also be accomplished
artificially by providing roughness or obsbtructions on the surface
of the body, or discontinuities in the curvature at the surface
that will cause local seperation of the flow, and hence introduce
turbulencee

For the two types of cavitation obtained in the cases just

discussed, a definite similarity exists between the cavitation
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and separation. Reference to Figure & shows the fine grained cavi-
tation te form & ring Jjust aft of the juncticn between the hemisphere
tip and the cylinder. Figure 5 shows thin wisps forming in eddies
well sway from the projectile surface. Figure 8 shows fine grained
cavitation appearing at the discontinuity between the flat face

and the ogive surface of the nose. Bach of these has the common
characteristic that cavitation appeers first at & discontinuity in
surface curvature,

In Figure 14 are flow line diagrams for these same noses on
which the zone of separation is shown. These diagrams were drawn
from actual cbservatiocns in the Polarized Light Flume (1)(21) at
very low Reynolds numbers so the separation effects are exaggerated.
However, it is clear that for these cases, both separation and cavi-
tation cccur in the same genersl vicinity. In the initial stages,
therefore, cavitation must be similar to separation in its effect on
the drag. This idea is in agreement with fthe cases discussed thus
far. _

With the blunt nosed bodies, the form drag is initially high
due to severe separation. Incipient cavitation cccurs in the same
zone as the separaticn and has practically no effect on the drage
With bodies having surfece curvature discontinuities as sharp as on
the hemisphere, the boundary layer is probably predominently turbue
lent to begin with so that cavitation alters the conditicns only
slightlye. Only with the dévelopment of enough cavitation to com=
pletely alter the normal boundary layer, and hence both skin friction
and form drag, does CD increase materially.

With more streamlined noses separation does not occur under
normal conditions and the boundary layer remains laminar over a
longer distance from the tip of the nose. The minimum pressure
usually cccurs st some voint ahead of the maximum diameter, however,
so that is is possible that, on small scale objects at least, cavi=-
tation occurs in the normal laminer zone. The bottom diagram in
Figure 14 for the semi-ellipse illustrates this possibility. This
should result in & transition to a turbulent boundary layer with a

change in dreg. In the case of large scale projectiles,; the
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boundary layers for most velocities are almost always complstely
turbulent so that this condition is of secondary importance. Also,
with increased "fineness”, the type of cavitation changes to coarse
grained so that, while turbulence is introduced, it is somewhat
different from that formed by local separation and the snalogy may
not hold so closely.

As cavitabtion grows it effectively chenges the shape of the
body and thereby alters the form drage. Simultaneously, the skin
friction should decrease because there is less high velocity fluid
in contact with the surface. Ultimately, if the cavitation en-
velops the body completely, there remains only form drag due to the
difference hebween the pressure forces on the small wetted area of
the nose and the gas pressure in the bubble. The pressure distribu-
tion along the surface of the solid body is altered completely, while
the effective body is enlarged by the extent of the cavitation bubble.
The right hend diagrams in Figure 14 show the full cavity conditions
for the noses already discussed.

The drag curve shown in Figure 9 for a projectile with a trun=-
cated ogive indicates a slight decrease in CD with growth of cavita=-
tione Professor Knapp has suggested (14) that with growth of cavi-
tation the interplay between the increase in form drag and possible
decrease in skin friction might result initially in such a decrease.
A similar phenomenon has been measured in the case of some centrifugal
punps where measurable increases in head and efficiency have besn

observed when the pump impeller began to cavitate. (22)(23)

Drag in the Cavitly
With a completely enveloping bubble such that contact with the

water is made only over a small areas at the forward portion of the
body, skin friction can be neglected and the total drag can be assumed
to equal the form drage. This assumption will certainly hold for
Reynolds numbers grester than 104 on spheres, cylinders and blunter
bodies. For more streamlined shapes skin friction will causs & small
correction. Assuming the pressure is constant et all points in the

cavity, the form drag is obtained by integrating the normal pressures
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as follows: o
D =¢/// ° P coso da - P A (3)
0 5w

where

rd
]

the total pressure on the surface

= the static pressure in the undisturbed flow plus
the pressure resulting from dynamic effects

= PO+ PD

da = an element of area on the body surface

= the wetted srea projected onto a plane normel to

W . . " .
the direction of motion

© = angle between a surface element and a plane normal
to the direction of motion

© = angle between a surface element and a plans normal
to the direction of motion at the point of separa-
tion of flow from the body

Noting that cos® da = dA; and adding and subtracting PO from the

total pressure P, one obtains after simplifying

D = \ ® - Po)d.A + (PO— PB)AW (4)
“w
VZ
Dividing by P 5 A
P-P A
= D _ 1 0 i :
¢ : -A/ Vz‘iA"'KI‘ (5)
— A A Jo QS
o 2 w 2 '

where

A = the projected area of the maximum section of the body

The first term in equation (4) is the integral of the pressure in-
tensity caused by dynemic effects. The second is merely the differ-
ence between the hydrostatic pressure in the undisturbed fluid and
the bubble pressure. When converted into a coefficient as in (5)

the first term becomes a function of the dimensionless dynamic
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pressure distribution and the second a function of the cavitation
parameter Ko When K = 0 the limiting CD equals the formere As
the cavity decreases in extent with increasing K, CD will increase
primarily because of the increase in PO~ PB. Usually the variation
in wetted area and pressure distribution on the body will have a
secondary effect. This trend persists until the cavity no longer
envelops the bedy and hydrodynamic forces begin to act on the after
portion as well as the nose or leading edge. Depending on the body
shape and attitude with respect to the flow, the drag may increase
somewhat farther. TFinally, however, as the bubbls becomes smaller

and smaller, C_ must approach the normal cavitation free value.

D
For streamlined objects, like most projectiles, this will be less
than for the cavity stage. For non-streamlined objects, like a

cylinder normal to the flow, the cavitation free drag may exceed

the cavity drag.

Effect of Body Shape on Cavity Drag

To investigate the affect of body shape on drag in the cavity
a. series of measurements were made using models short enough to
insure that the entire body could be complstely enveloped by the
cavitation pocket at the lowest value of X obtainable in the Water
Tumele Six different noses on short cylinders with either a blunt
afterbody or with an ogival afterbody were tested. The three basic
types of nose shapes that were included weres
1. Noses tipped with spherical segments including the hemi-
sphere, the MK 13, the 2.3 x 78° spherogive, and the 5 x
76° spherogives,
2« Blunt noses including the square end cylinder and the
truncated ogive.

3. "Streemlined" noses typified by a 2 1/2:1 semi-ellipsoid.

Typical pictures of the cavities formed by these shapes are
shown as viewed from the top and side of the tunnel working ssction
in Figures 15 end 16, These photographs are not all for the same
value of X nor for the same degrse of bubble development. However,

the essential features of the influence of nose shape can be seen,
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since further reductions in X do not change the forward position of
the cavity appreciably., In Figure 15 it will be noticed that for
these models the cavity separates on the spherical tip so that the
water is in contact with only a portion of the spherical segmente.

For the blunt noses shown in Figure 16 the cavity separates from the
body at the sharp edge so that water is in contact with only the flat
face of the body. For the semi-ellipsoid, also shown in Figure 16,
the cavitation is the coarse grained type and clean separation is not
obtained even though most of the body is enveloped so that only the
nose proper is in contact with the water. The pictures also show
the expected result that the cavity diameter increases with blunb-
ness of the nose. Thus the square end cylinder produces the largest
cavity, and the b x 76° spherogive or the 2 1/?:1 semi-ellipsoid the
smallests It is interesting to note that the truncated ogive pro=-
duces a bubble sbout the same diameter as the hemisphere nose in
spite of its bluntness. This is no larger because the diameter of
the face is only 2/3 of a caliber and because, further, the edge

of the flat face is rounded off to a small radiuse.

The measured values of CD for these shapes are shown in
Figure 17 plotted ageinst the cavitation parameter K. Interest is
centered mainly on the low K end of each curve which is shown by a
heavier line to indicate that the body is completely enveloped in
the cavitation bubble. On this same diagrem are plotted calculated
values for the square end cylinder and the hemisphere. These were
calculated using Equation (5) above, and the measured pressure dis-
tributions on the surface of these noses as reported by Rouse (13).
The calculated coefficients arse extrapolated from the points indi-
cated by crosses down to zero XK.

For a given value of K, the measured magnitudes of CD reflect
the difference in bubble size already observed, the square end
cylinder showing the largest and the 5 x 76° spherogive and the
2 1/?:1 ellipsoid the smallest. This is a necessary relationship
since the cavity diameter is a measure of the momentum change im-
parted to the water as the nose pushes it aside and hence is pro=

portional to the drage. C_, then, is proportional to the cavity

D)
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diameter relative to the projsctile diameter. This dependence of

GD on the bubble diameter does not hold, however, if one compares
cavity sizes produced by the same projectile at different values of

Ke As K is reduced it is easier for a body to make a cavity because
the momentum required is reduced in proportion to the pressure forces,
represented by (PO-PV) which must be overcome. Counsequently, CD
becomes smaller with reductions in X, even though the bubble grows
larger.

The truncated ogive has a lower drag than would be calculated
normally for the equivalent sized square end cylinder bacause of
the slight rounding of the cormer. Its drag coefficient is calcu-
lated to be about 50% greater with a sharp edge. In all cases, &s
the theoretical equation states, e reduction in drag with reduction
in K is indicated once the body is completely enveloped. There is
some difference at the lowest K shown for the MK 13 and the hemi=
sphere, but the difference is small and within the probable margin
cf error of the exzperiments. The measurements for the hemisphere
and the square end cylinder are both slightly lower than the calcu=
lated values. It is interesting to note that the calculated valuss

extrapolated to K = 0 give C_ = 0,76 for the cylinder and 0.27 for

ths hemisphere. 7
The formation of an enveloping cavity has a particularly
effective stebilizing influence on blunt nosed bodies. In both
the cases of the square end cylinder and the truncated ogive the
"bullets" tested were dynamically unstable in the water so long
as cavitation was suppressed. The resultant oscillations about
the support point loaded the model support system excessively.
With the growth of cavitation, however, both bodies quieted down
and with the formation of the full clear cavity shown in Figure

1€ no oscillations existed and the hydrodynamic forces were uni=

formly steady.



Drag of a Cylinder in the Cavity

The two-dimensional case of a circular cylinder aligned with
€3 axis normal to the flow was investigated also. A 3/4“ iameter
rod spanning the 14" diameter working ssction of the Water Tunnel
was tested at 58 fset per second for a range of the cavitation psara-
mater that assured a full cavity. A line made by inlaying a 0.010"
wide copper strip extended along the length of the rod so that with

the aid of the balance mechanism for "yawing" meodels, the rod could

5

e turned ebout its axis and the anguler position of the separation

ke

point observed. The measured drag coefficients and the observed
angles of separation are shown in Figurse 18 Phobtographs showing
the end view of the spindle and the cavity outline as seen through
the top transparent window of the working section, and simultaneous
side views showing the length of the spindle are prssented in
Figure 19,

Bxeamining the photographs first,; it is seen thet for the early
stages of cavitation the hubble surface is opague and milky, and is
composed of the so=called "fine grained" cavitation. At & critical
¥ of about 0.50,; however, the cavity wall suddenly becomes clear and
transparent. This is indicated by the glossy texbture of the cavity
shown in the bottom photograph. At the same time the width of the
cavity is reduced somewhet, as can be seen by comparison of the top
views for X = 0,51 and 0.50. Note also that the cavity boundary ex-
tending back from the point of separation at the cylinder is sharply
defined by & clear cut line afber the transition occurs. In the side
view photographs the separation of the flow at the cylinder surface
is indiceted by the irregular line in Tthe center of the high light.
Anead of this high light the forwerd portion of the cylinder is shown
in dark relief, while downsbreem from the high light the cylinder is
enveloped by the cavity end camnnolt be seen until the cavity wall be-
conies transparent as in the bottom photographe.

Reference to Figure 18 shows thet the drag coefficient increesss
approximetely linearly with X. It has a typical value of 0.6 when
X =0.75, As & rough epproximation CD at ¥ = 0 can be obtained by

extrapolating linsarly. This gives CD = 0s28s O(n the same curve
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sheet the angle at which the flow separates from the cylinder sure
face is seen to shift forwerd slowly btoward the stagration point
as K is reduced. However, at the criticel point where the caviby
wall was cbserved to become transparent the angle of separation
shifts back agein about one degree. The simultaneous decrease in

cavity width must correspond to some reduction in drag. However,

1]

atisfactory measurements were not obtained for values of K below
this because of the difficulty with the accumulaetion of air in the
tunnel working esction; so this point is not verified experimentally.
It is probable that any change will be small, however, since the
change in wetted area represented by the one degree shift in angle

is less than one half of ons percent, and the change in pressure
distribution over the surface is probebly not large. If the chenge
is proportional to the dscrease in cavity width, it will amount to
10% or 15%.

The numerical values of C.

D
culated from pressure distributions measured under noncavitating

are some 30% less than values cal-

conditions. In these calculations distributions obtained in a wind
tunnel (14) at about the same Reynolds number were used and for the
full cavity at X = 0 the separation of the flow was assumed to occur
where the pressure equalled zero on the surface of the cylinder.

For intermediate stages separation was assumed to occur at a pressure
corresponding to the assumed difference between Po and Pv' This
method of calculation gives separating points which are much farther
forward than those actually obtained. Since the drag coefficient
must be proportional Ho the area under & curve of P versus sin 6,

a smaller angle should give a smaller drag. Also, since in the
actual case separation alters the pressure distribution and causes
higher values just ahead of the separating point, the measured CD
should be more than CD calculated from noncavitating pressure dis-
tributions, if the same separating point is assumed. The same
reasoning holds &t any other value of K in the range where a cavity
cen be cbtained. Neither leskage past the free tip of the cylinder
nor the effect of the boundary layer at the tumnel wall on both ends

of the cylinder are consicdered sufficient to alter the two-dimensional
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characteristics seriously. There is & small wall effect because the
cylinder cccupies 7.3% of the tunnel cross section. Also, the ratio
of channel width to the cylinder dismeter is 1931 et the wmexinum
section, but is reduced, of course, towards each end of the cylinder.
The change is slow, however, so that all of The cylinder except the
extreme end is at a good distence from the walle. Probably The boun-
dary layer, which is of the order of one half inch thick, will have
a predominant influence in this zone. Thom (25) reports that the
presence of channel walls parallel to the axis of a cylinder causes
a correction to the velocity of the order c¢f one percent for a ratio
of channel width to cylinder diemeter of 20:l, and less than two percent
for & ratic of 10:1l. It is believed the Water Tumnel measurements
are sccurate within a margin of_f 5%, sc the reason for this difference
from the theoretical drag should be investigated further.

The measurements at 58 feet per second velocity were confined
to cavitating conditions because without the cavity excessive lateral
vibration of the cylinder prohibited operation at this high velocity.
This was due to the alternating cross force resulting from the
shedding of vortices of the Karman trail. With the cavity, however,
completely stable conditions were obtained, permitting cperation at
even the maximum velociby of the Water Tunnel. To get to the high
velocity without vibrations severe enough to demege the balance equip-
ment, it was necessary to cause the cylinder Gto cavitate at low
velocities and then to raise the speed while mairtaining the cavita-
tion bubble. An indication of the alternating force of the vortices
generated for noncavitating flow is given by the observed lateral
deflections of epproximetely &/16“ at 25 feet per second velocitye
A uniform static load of about & pounds per inch, or a total of about
110 pounds, is necessary to cause this. With cavitation at 58 feet
per second, as shown in the top picture cf Figure 19, a deflection
was observed only in the direction of motion. A meximum magnitude
of the order of 1/4" (1/3 of the cylinder diemeter) for & measured
total drag of 150 pounds was obtained. The deflecticn in the direc-
tion of motion can be seen in the top views of the cylinder by com=

paring the position of its axis with the neutral position indicated
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ty & line drawn between the two arrow points. Note that the mexi-
mun deflection is obtained in the top photograph for the highest

K. This deflecticn also accounts for the inclination of the cylinder
observed in the side viewss.

Measurements were cbtained for noncavibtating conditions in e
velocity renge of 10 to 25 feet per second, or a Reynolds number
range of 55,000 to 180,000, CD was constant and equal to 1.13 +
0,03, This agrees with published date on the drag of a cylinder

of infinite aspect ratio.

Be. The Cross Force and Moment in the Cavity

Effect of Body Shape on Cavity Cross Force and lMoment

The spherical tipped noses shown in Figure 15 have the comon
characteristic that the cavitation bubble is formed by separation
of the flow well forward on the tip so that water is in contact
with only 2 portion of the spherical segment. As a consequence of
this fact, the bubble shape should be independent of yaw as long as
the after part of the body does not reach over and touch the cavity
walls. Top views of these same noses are shown in Figure 20 yawed
at 2°, lNote that in each case separation occurs along a clean line
normal to the direction of motion, and the resulting cavity, while
displaced laterally as viewed from above, is symmetrical about a
line parallel to the flow. In the case of the 5 caliber x 76°
spherogive the cavity does not completsly envelop the body, yet
it retains its symmetry back to a point where it intersects the
body surface,

In contrast, the shapes shown in Figure 16 all present an
asymmetrical obstruction to the flow when yawed. Consequently,
separation of the flow canrot occur symmetrically and the resulting
cavity must bs asymmetric. Yawed views of these noses in Figure 21
show this effect clearly. The cavities for the two blunt noses
have trailing bubbles displaced slightly in the direction of yaw,
while the ellipsoid has a trail of bubbles displaced slightly

opposite the direction of yaw.
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These characteristics are important in determining the hydro-
dynamic forces that will act on the body under yaw. Since the re-
sultant force must be equal and opposite to the momentum change
of the water deflected by the presence of the body, the symmetry
or asymmetry of the cavitation cavities determines the existence
and sense of moment and cross force. Thus, for the spherical tipped
noses used in these experiments, the cross force should ultimetely
become zere and the moment should be due only to the drag vector
acting through the center of curvature of the spherical segment
forming the nose tip. On the other hand, a finite cross force should
exist on the other noses, causing a definite upsetting or destaebi-
lizing moment in the case of the ellipsoid, with a stabilizing moment
tending to counteract the destabilizing effect of the drag in the case
of the blunt noses.

The cross force and moment coefficients measured for these
noses are shown in Figure 22 plotted as functions of the cavitation
parameter K. The momen?géoefficients are calculated for direct com~
parison with the coefficients for a projectile 7.18 calibers long
with the center of gravity at 42% of the distance back from the nose
tipe The data is not corrected for support interference effects be=
cause it was found that the effect, if any, on C and I was very small
once the full cavity was developed. On the other hand, as the curves
indicate, both C andAM are much larger just before the cavity is
formed then after. Since the values for other than the cavity stage
are of significance only for indicating trends, no corrections were
mede .

In general, the trends shown by the curves as K is reduced
and the test conditions approach a full cavity, verify the qualita-
tive deductions just stated. The hemisphere nose on which a big
cavity was developed at the Ks of the test shows zero cross force
and & moment for normal cavitation-free operation of about L/G that
of the reference projectile without fins, or about 1/3 that of the
reference projectile with fins. This measured moment can be approxi-
neted with fair accuracy from the drag measurement. For the 2.3

caliber by 78° spherogive, the cross force is finite but very small,
Yy D give,
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and the moment is also reduced from the cavitation-free velue of
the reference projectile. Both CC and CM are decreasing rapidly
with increasing bubble size so that in the light of the observed
bubble symmetry in Figure 20, 1t is probabls that CC will even-
tually become zeroe

For the other two spherical tipped noses, the MK 13 and the
5 caliber x 76° spherogive,; both show relatively high cross force
and moment. This is attributed to the extra length of these noses
and the difficulbty of getting a cavity large enough to assure no
interference at points aft of the separation zone. This is espe=-
cially severe in case of the spherogive because of its high resis-
tance to the inception of cavitation. A similar result was cbtained
with the hemisphers nose when the "bullet" was elongated to the
point that there was some question as to whether the cylindrical
portion interfered with the cavity wall. By shortening the bullet,
however, this was climinated. It is not possible to assemble these
two noses in shorter units so this is included with this reservation.
The trend shown is consistent, however, with the symmetry of the ca=
vitation bubble and CC should eventually fall to zerc for both units.

The 2 1/2:1 semi-ellipsocid nose also results in high CC and CM
but for different reasons. VWhile the cavitation pictured in
Figure 21 is well developed, the cavity is not formed by clean cut
separation as on the spherical tipped models. Instead, the "coarse
grained" cavitation bubbles appear intermittently over a broad zone
on the nose surface, and form a close fitting sheet over the surface
of the body. In a sense, therefore, a cavity is not really formed
on this shape. As a result, the trailing bubble 1s inclined to the
direction of flow, and in light of this assymmetry, it is not ex-

pected that C, will venish or thet C} will be reduced to the low

C 1

value shown for the hemisphere.

The sqguare end cylinder produces both a cross force and moment
that is stabilizing in effect. This is becsuse the pressure on the
flat face acts normal to the face and hence has a lateral component
tending to reduce the angle of yaw. But for asymmetry in the pres-
sure distribution across this face, the resultant vector would co-

incide with the axis of the cylinder and zero moment would result.
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The existence of a small moment iz an indication of a slight shift
in the stegnation point in e direction opposite to the sense of

the yawing.

The Cross Force and “oment on a Complete Projectile During Ceavitation

£Y k)
It will be recalled that the projsctilss pictured in Figures
11, 12, and 13 are equipped with three of the spherical tippsd

noses just discussede. TFigures 23, 24, and 25 show edditional pic-
tures of these same projectiles for more advanced stages of cavita=
tiones The same characteristics cbserved in the photographs of the
short bullets are cbserved when these shapes are used with a full
body. Separation occurs on the spherical segment along a clear
line which is normal to ths flow. Consequently, the bubble is
formed with an initial symmetry. This symmetry is maintained back
to the point where the body and tail sliced through the bubble
interface. TFor the 5 caliber x 76° spherogive the higher resis=
tance to inception of cavitation results in less bubble growth
et the same value of K than for the hemisphere or the standard
MK 13, so that at K = 0.25 the nose bubble is scarcely more dew=
veloped than at K = 0.35 on the hemisphere. Even for the partially
developed conditions shown, however, separation occurs along &
line normal to the flow on the spherical tip of the nose.
Measurements of the cross force and moment coefficients for
these three models are shown in Figure 26. Because these measure=
ments include nrimarily the intermediate rangs betwsen no cavitétion
and complete cavitation, corrections for support interference are
necessary, if the results are to be compared with the corresponding
velues without cavitation. The results show that for the advanced
stages obtained on the hemisphere and ¥X 13 noses, a zero or sta-
bilizing moment is obbtained. There is also a tendency for the cross
force to be reduced. In these cases the stabilizing effect is
caused by the tail and afterbody "viting' into the water and over-
coming the very small destabilizing effect of the nose. The latter,
according to the measursments on the short bullets, is, of course,
reduced once most of the nose is enclosed in cavitation, thus con-

tributing also towards a stabilizing trend. The curves also show
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s tendency towards a reduced cross force when the bubble is well
developed.I5 will be noted by comparing the photographs in Figures
23 and 24 that a larger cavity is obtained on the hemisphere than
on the MK 13 at the same values of ¥. Thus the hemisphere results
in & more pronounced effect on the cross force and moment as shown.
These curves extend to 2 high snough K to include also the noncavi-
tating performance and the sffect of the initial stages of cavitation
on the verformance. In the case of the hemisphere and the MK 13
both “he cross force and the moment drop off -with the onset of
cavitation on the nose and/br the tail structures. As cavitation de-
velops the cross force increasss again to slightly above its non-
cavitating velue. Apparently, there is a differential effect so
that the increase is greater at the nose because the moment begins
to increase slightly at the same time. With continued growth the
distorted flow pattern causes a complicated additional fluctuation
of both C and ¥ until the cavitation envelops most of the body.

At this stage the reduced moments and cross forces alrsady mentioned
are obtained. The curves for the 5 x 76° spherogive nose begin at
K = 0.72 when cavitation is already formed on the tail structures
The nose does not begin to cavitate until K is approximately O.42.
At the lowest K of the tests and the maximum bubbls development,
Figure 25 shows that nose cavitation is still confined to the lee
side of the body although there is strong cavitation on the after=-
body and the tail. For these conditions both moment and cross
force show o tendency to drop off. This is more pronounced in the
case of the moment which is caused primarily by the high drag of
the tail., Both the nose and tail cavitation, however, contribute
%o the reduction in cross force and, depending on the relative
magnitude of their changes, may also cause less moment. This case
is more difficult than the other two to analyze because there is

so little cavibation on the body that the interference effects of

the cavitating shield beneath assume more importance.
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Ce Summary of Observations and Conclusions

The main findings of the investigation of the forces and mo-

ments acting during cavitation are summarized as follows:

1.

e

-
Ce

There is no sudden rise in the drag coefficient with the

inception of cavitatione.

Znough cavitation must develop to alisr completely the
normal flow pattern before the drag is affected materiallye.
‘When this occurs the amount of cavitation as observed

visually occupies an appreciable physical volume.

Between inception and the marked increase in drag the co=-
efficient may increass slowly, may remain unchanged, and

in some cases has been observed to decrease slightlye.

A gualitative comparison between cavitation and separation
indicates
(a) For blunt bodies with severe separation under noncavi-
tating conditions The appearance of cavitation does
not immediately alter the flow pattern around the

body, and hence introduces no immediate effect on CD'

(b) For other bodies with a normal boundary layer, cavi=-
tation and local separation both have the same basic
effect on the flow in the boundary layer, and hencs

on the skin friction components of CD.

As cavitation develops beyond the inception point the skin
friction component is probably reduced because there is

ess high velocity fluid in contact with the surface. The
slight decrease in CD observed in one instance as cavitation
develops beyond the inception point is probably caused by
the skin friction decreasing at a faster rate than the form

drag incrsases.
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10.

11.

12.
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Drag is proportional To the change in momentum imparted to
the water so that at a given value of X, drag in the cavity
is proportional to the bubble size relative to the diameter
of the body. For a given body, as X is reduced the cavity
drag decreasss, although the cavity size grows, because the
momentum required to form the cavity is reduced in proportion
to the pressure forces, represented by (PO- Pv)’ which must
be overcome.

For the square snd cylinder and hemisphere, C_ in the cavity

D
agrses within a few percent with values calculated from

the measured pressurse distributions.

The effect of rounding the corner of the flat face of the
truncated ogive is to reduce CD in the cavity to about 2/3

the value calculated for a sharp edgee

Cross force snd moment depend upon the cavity shape and
hence upon the shape of the body at the point where cavity

separation occurss

With spherical tirped noses proportionsd so that the cavity
always separates on the spherical segment, not only at zerc
but at the meximum yaw, the cross force is zero independent

of yaw, and the moment is caused by the drag only.

With other shaped bodies the cavity produced is asymmetric
and a definite cross force existse. The sense of this cross
force depends on the sign of the lateral momentum imparted

to the water, and hence on the direction of the cavity

asymnetry.

With a complete projectile a reduced cross force and a
zero or stebilizing moment are obtained when most of the
body is enveloped in a cavity but the tail projects through

the cavity wall into the passing streem of watere.
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13, For intermediate stages between the above condition and no
cavitation, the growth of cavitation albters bobth the cross
force and the drag contributions from various parts of the
projectile body.

The shift in magnitude, direction, and point of application
of Tthe resultant hydrodyneamic force causes simultaneous
variations in C .

il

D. Remarks on Application of Observation and Conclusions

The pbasic problems around which this research has cenbtered
have been connected with underwater projectliles and conssquently
applications of the results to this fis2ld are most direct. Consi-
der first the normal underwater operation of high speed torpedoes.
Cavitation is known to be detrimental and in the absence of defi=
nite information regarding the limits of its effect, every effort
is normally made to keep the operating velocities below the cavie
tating valus. It was shown that aporeciable cavitation can be
tolerated on typical torpedo shapes before the drag increases as
much as 10%. In the examples shown in Figures 7 and 10 an increase
of about 10 feet per second or 10% to 15% above the cavitating
velocity was allowed. Thus it may easily be worth some sacrifice
in power to boost the speed by such an amount. Of course, the
simultansous seffect of cavitation on the cross force and moment
can not be ignored. For example, normal operation with a nega=
tive buoyancy calls for an angle of attack to support the load.
Since the torpedo shape with the hemisphere nose in Figure 10
showed about a 10% loss in cross force ab 3° yaw for the same K
at which the drag increased 10%, cavitation could cause difficulty
in maintaining the proper depth. With the decrease in cross force
(1ift in the verticel plane), the depth mechanism would operate
the rudders to give the body the increased angle of attack neces=~
sary to carry the load. This trend would persist until a new set
of equilibrium conditions was obtained. Of course, more drag
would result. Varistions in the moment and cross force will

result in other variations in meneuverasbility. For example, the
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turning radius will he rather unpredictable if excessive cavitation
exists, so that behavior on "angle shots" will not be consistent.
The selection of shapes for the projectile components such that
cavitation ocours as uniformly as possible on the lse and windward
sides will tend to reduce the unbalanced effect on the hydrodynamic
forces,

All these effects are particularly serious when the projectile
operates without much submergence and K is correspondingly reduced.
In fact, for very low submergence, cavitation will occcur first
on the top side of the projectile even with no angle of attacke
A torpedo seeking depth can easily be subjected to intermittent
cavitation as it rises and falls along its course and the resultant
unbalance in hydrodynamic effect should certainly contribute to
delay in reaching equilibrium conditions. It is possible also
that cavitation of this type could aggravate the dynamic behavior
of the projectile and make it break surface. Asymmetry of the
projectile head in the vertical plane is a possible method of
correcting this tendency to cavitate when running shallow.

Reference has already been made to the similarity of cavi-
tation bubbles to the cavities obtained at air water entry. A
basic difficulty in translating these results to entry problems
is the unsteady character of the latter. Howsver, qualitative
conclusions can still be used to obtain some useful conceptions
regarding the effect of shape snd consequent cavitation develop=
ment on the behavior at entry. The most obvious application is
to the effect of nose shape in the cavity on cross force and
moment, and hence on the tendency of the projectile to yaw and =
drift. The sphericel tipped noses, of which the spherogive series
is typical, have the special properties of resulting in zero cross
force if proportioned to assure separation of the cavity on the
spherical segment. In this case the only moment is that due to
drag. Blunter noses, it was observed, actually produce a large
stabilizing cross force end a resulbing moment that overcomes the
effect of the drag to give a net stebilizing moment. It should

be possible to design a nose shape slightly blunter than a hemi~
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sphere which would produce & similar effect and make GM stabie
lizing or equal %o zero with & desired yaw range. Cavitation
characteristics at inception and the early stages cf development
which are better than those of the hemisphere have been obtained
for a shape differing only slightly in size or volume from o hemi=-
sphere by making the slope snd curvature of the surface profile
continucous. With judiclous treatment of the profile up to the
zone of separation at least good results should also be obtainable
for the cavity stage. The insensitivity of npoment and cross force
to yaw will contribute toward less sensitivity to yaw or pitch et
entry, and tend to reduce deflections from the set trajectory
during the cavity stage.

Of course; any nose shape should be investigated for ifLts
behavior on impact at entry, since the projectile breaks the sur-
face with one side of its nose, resulbting in a nonsymmetrical
cavity and nonsyrmmetrical forces in this stage. Howsver, quali-
tative conclusions for this condition can be obtained also from
steady state cavitation data since, neglecting the additional
apparent mass effects, the sense and point of enplication of the
resultant forces on impact must be the same as the corresponding
forces measured with a large cavitating bubble. If the launching
conditions are such that the whip induced on impact is serious,
the shape of the initiel cavity formetion, and hence the forces
acting on the projectile; can be modified by changing the nose
shape. This procedure has been tried on a preliminary scale on
full size torpedoess

The existence of moment and cross force in the cavity results
in two well known effects. First, the moment causes the projectile
tail to go to one side of the cavity where it sticks through the
bubble until enough stabilizing moment is built up To offset the
destabilizing moment from the nose. Second, the cross force pro=-
duces a lateral motion of the center of gravity and causes a
curved trajectory. Bowen (26) has reported that for even long
projectiles the resultant curve is dependent primarily oa the

nose shape. Hemispherical noses cause little cross force and the
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curvature is practically infinite. Noses with sharper ogives than

2.0 calibers result in large cross forces and short radii of trajec-
tory curvature. The beneficial effect on drag in the cavity of ro=-
ducing the area contscted by the water is well known. This idea has

been applied to blunt nosed projectiles particularly where the re-

o

uction in drag is appreciable. Spherogives and obther combination forms
b

[

an be used to produce the same effect with basically low drag shapese.
The loss of 1ift and increase in drag associated with the
onset of cavitation is a serious problem in zpplications to lifting
surfaces of various types. The fixed and adjustable guide surfaces
on projectiles, submarines, and surface ships are vulnerable to
cavitation, particularly for conditions of yaw such as obvained
during & maneuver, The shroud ring tail on the typical torpedo
already discussed is one exemple. Movable rudders of course are
the most likely to cavitate, and in some cases can be rendered
quite ineffective by large cavitation zones. In general, it is
probable that there will be less loss in 1ift if the cavitation
is of the "coarse grained" type and the development of a full
cavity on the low pressure side of the surface can be avoided.
Punps, burbines, and propellers are basically "lifting
surfaces” that are also subjected to cavitating conditions. In
general, cavitation cesusa2s a logs of head or Shrust and torque.
However, as already mentioned, =zn actual increase in head, torque,
and efficiency has bsen observed with the onset of cavitation in
some radial flow type pumps. As was nobed, it has been suggested
that this =ffect is caused by a slight reduction in skin friction
as cavitation grows. The effect of vane shape, of course, con-
trols “his behavior, just as in the case of the three-dimensional
bodies investigated. Shaping the venes to give coarse grained
cavitation should prove beneficial on two counts. First, inception
should be delayed, since it was the higher resistant forms that
gave this type of bubble formation. Second, with the more advenced
cavitation there probably will be less loss in "1ift" on the blades.
In +the case of pumps and turbines, the '"lattice’ affect of

the vanes will modify the cavitation behavior over that obtained
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with a single blade. The modifications are similar to "wall
effzcts™ obtained in the Waber Tummel tests, but of greater magni-
tude. Thie mein deviations will be in the advanced stazes of cavi-
tation where the vapor cccunies an appreciable wolume of the total
tetween btladss, and hence seriously restricts the water passage.

For the initial stages the concevtions zresented hsre of incipient
cavitation's sifect on the boundary laysr and/or the general flow

around the vlade ghould apply with zood sascuracys.
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III CAVITATION FRCM UNDERWATER BODIES

In the acknowledgements it was noted that the following
section of this thesis is taken from & confidentisal report of
research sponsored by the Nebional Defense Research Committee.

The report (3) includes a description of the acoustic equipment
used for the experiment, and a discussicn of the results of
measurements of noise from underwater bodies. The latter materisal
represents the writer's primery responsibility and is included in
full here., The measuring equipment for which Mr. H. Shapiro,

Drs We He Pickering, and Mr. H. S. Baller are responsible, is

described in detail in reference (3).

A. Purpose of Investigation

The centrel purpose of this study was to determine the
veriation of supersonic noise emitted with the formation of
cavitation on underwater bodies cf different shapes. The
following section describes a series of measurements using
sound focusing reflectors in conjunction with the hydrophonse,

and includes discussions of:

1. Measurements of the variation in noise emitted with the

begimming end growth of different types of cavitation.

2e Location of the source of noise during cavitatione

Be Apparatus

The basic souwnd measuring equipment, as described in
reference (27), is designed to emplify the output of & detec-
ting hydrophone in selscted frequency ranges and to indicate
the amplified voltage on & meter. With the use of high and
low pass filters, various bands in the 5 to 100 KC range can
be chosen. The measurements described here were all made in

the 20 to 100 KC range.
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Division of War Research. See Reference(zs)
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The hydrophone was used with focusing reflectors or
"mirrors", end the hydrophone and mirror assembly was submerged
in 2 water-filled tank which was attached to the side of the
working section. Noise originating at the cavitating body in
the tunnel was transmitted through a water medium, continuous
except for & lucite window, to the reflecting mirror and beck
to the hydrophonee Provisions were made for moving the hydro-
phone and mirror so that the focus could be adjusted to pick
up noise from any point in the tunnel working section. Spherical
and ellipsoidal reflectors were used. The reflecting surface
was formed for the former by a coating of sponge rubber with
non-intercommuniceting air pockets, for the latter by an air
pocket between two concentric copper shells. The focusing
effect obteined is shown by the typical directivity character-
istics in Figures 27 and 28 of the hydrophone alone, and the
hydrophone with the ellipsoidal reflector. A detsiled de- |
scription of the reflectors and a complete discussion of their

characteristics will be foumd in references (3) and (28).
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BACKGROUND NOISE

The measurements of sound from cavitating projectiles in the
tunnel working section include, of course, a certain amount of
“background" noise generated by the tunnel flow circuit and its
mechanical drive. To be sure that over the frequency range of
interest the magnitude of this noise was small relative to the
cavitation noise, a series of measurements was made without the
model or its supporting strut in the working section. With the
hydrophone-mirror assembly focused on a fixed point on the tunnel
axis, noise was measured over a wide pressure range for different
constant velocities.

EFFECT OF VELOCITY AND PRESSURE

The typical curves shown in Figure féqillustrate the magni-
tude of the background noise and the effect of velocity and pres-—
sure on the noise. In this figure measurements for velocities
of 40 to 70 feet per second are plotted as a family of curves of
sound pressure in dynes per square centimeter (with linear decibel
scale) vs. the cavitation parameter, "K". The data were obtained
from two sets of tests, both with spharical mirror and with the
sound filters set to include the entire 20 to 4100 k¢ band. These
curves show the same characteristic trends as were obtained by the
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%%rlier medasurements without a reflector described in Reference
{2)]. For each velocity, as the pressure is reduced from an in-
itially high value, the increased tendency for flow separation and
cavitation in various parts of the flow circui: caused an increase
in noise until at a low K a peak is reached and the level drops
off. The sudden reducticn in this figure coincides with cavi-
tation in the contracting nozzle at the entrance to the working
section, and an accumulairion oI vapor and air bubbles which c¢loud-
ed the working section.

EFFECT OF TUNNEL CIRCUIT VARIABLES
. . L 29 . .

The data plotted in Figure # could bhe duplicated as long as
tunnel conditions remained the same. However, changes in the
condition of the circulating pump, changes in relative settings of
the valves in the pressure control circuits auxiliary to the
tunnel, and, of course, any change in the flow circuit itself,
caused some variation in the magnitude of the background noise.
Differences of as much as 40 db have been38bserved for the same
combination of these variables. Figure 4 shows the results ob-
tained with the spherical mirror assembly but at a later date than
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for Figure fgqand with an improved contracting nozzle at the inlet
to the working section ‘hese curves are similar to those in
Figure = 'but show from 2 to 5 decibels lower noise leveles at the
same . Also, a lawer ¥ is reached before the noise drops In
this case no nozzle cavitation was obtained, but with sustained
operation at the low absolute pressures corresponding to the
lowest ¥ values, an accumulation of air was obtained in the tunnel
and the noise level dropped.

BACKGROUND NOISE VS. CAVITATION NOISE

The highest sound pressure measured in the clear tunnel at
70 ft/sec, the maximum velocity at which noise from projectiles
was recorded, was about 420 dynes per sguare centimeter As will
be discussed later, pressures of 41000 to 2000 dynes per squdre
centimeter were measured with the spherical mirror as cavitation
developred on the projectile shapes. Since the recorded level is
approximately the root-mean-square value of all the sound contri-
butions, the background noise has no significant effect on these
pressures. It is possible also, for the same reason, to ignore
the relatively small effect of background noise variations caused
by different tunnel setups as illustrated by the two figures, #29
and E 30.

Similar background noise measurements made using the ellip-
soidal mirror showed 5 to 8 decibels higher levels than with the
spherical mirror. However, peak noise pressures of SO00 dynes
per sguare centimeter or greater were measured from cavitating
projectiles with this reflector making the background noise even
less significant. It is interesting to note that for the particu-
lar test conditions of Figures Egﬂand E;? and for ¥ greater than
O.6, the background sound pressure is approximately proportional
to the fourth power of the water velocity and inversely pro-
portional to the water pfessure» For low K values nozzle cavi-
tation or air accumulation changes this relationship.

UNIFORMITY OF BACKGROUND NOIS3E

A comparison of the background noise obtained at different
positions along the center line of the tunnel is shown in Figure
#83! These measurements were made with the velocity and pressure
fixed (K = constant) by moving the hydrophone and mirror parallel
to the tunnel axis. They show the same noise level throughout the
length of the working section normally occcupied by the model

BACKGROUND NOISE WITH PROJECTILE IN TUNNEL

In order to verify that these "clear tunnel" measurements
gave the® same background noise that would be obtained with actual
test installations, a projectile was installed in the working
section and a survey made for noncavitating conditions. With
V ® aC ft/sec and ¥ = 3.74, the conditions of test used to obtain
the data in Figure Eg'were duplicated as nearly as possible and
meosurements made of noise vs distance along the tunnel axis.
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With such a high value of K no cavitation existed at any place on
the model. These measurements shown in Figure EE“gave an average

£ o
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MEASUREMENTS OF NOISE PRODUCED BY CAVITATING PROJECTILES
CORRELATION WITH THE BEGINNING AND GROWTH OF CAVITATION
CAVITATION TYPES AND INFLUENCE OF PROFILE SHAPE

During observaticns of various projectiles in the Water
Tunnel, 1t was noticed that as cavitation first appeared, the
formation and collapse of the cavitation bubbles were different
for varying degrees of abruptness of the body at the cavitation
zone. Where the profile wes not too abrupt, the zone of cavi-
tation bubbles appeared to form, grow, and collapse right on the
surface of the body. TFor more abrupt bedies the bubbles seemed to
form at the surface of the body, but to spring clear of the body
before collapsing and disappearing. For some very abrupt shapes
the cavitation vaper pocket originated and collapsed in the stream
away from the disturbing surface and with no visible connection to
the body itself. Consequently, in studying the correlation of
sound generated with the beginning and growth of cavitation, the
several different forms of cavitation were investigated by using
several body shapes. The four bodies for which measurements are
reported here and the type of incipient cavitation obtained are
listed below:

1. Hemisphere Nose Cavitation forms and collapses on
the surface of the projectile

2. BSemiellipsoid Nose- Similar to above
.. Truncated Hemisphere Cavitation vapor bubbles originate
Nose at the sharp edge but collapse in
the stream away from the projectile
surface
4. Tail Rudder Tilted No visible connection between cavi-
into Stream tation bubbles, which form and
collapse in water, and the rudder
surface

A comparison of the shapes of the four bodies and the types
of flow about each for noncavitating conditions are shown by the
scale drawings in pigure 233 The three noses and the upturned
rudder present to the flow successive changes froem smooth to blunt
and abrupt profiles. The flow line diagrams, which were drawn
from detailed observations ©f the actual flow in the Polarized
Light Flume. : )are useful for gualitatively determining the pres—
sure field around the projectile and, hence, locating the zones of
low pressure where cavitation ismost likely to occur Vherever the
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flow, which has been pushed aside by the projectile surfacce, be-
gins to curve back around the body {(concave towards the body),
local Teductions in pressure are affected The grecter this
curvature, the lower the pressure and the greater the possibility
of developing cavitation. The flow lines show the maximum curva-
ture near the junction between nose and cylinder for the hemis-
phere and semiellipscid noses at the sharp edge on the fruncated
nemisphere, and at the tip of the rudder on the finned afterbody

In addition, the diagrams show varying sharpness in maximum curva-—
ture, indicating earliest cavitation for the truncated hemisphere
nose or upturned rudder, and later cavitation for the semiellip-
soid and hemisphere noses.

SOUND PRESSURE VS. CAVITATION GROWTH

With the hydrophone and spherical mirror focused cn the zone
of incipient cavitation and using the test procedure outlined in
Appendix I, curves showing the variation in sound pressure with

the amount of cavitation were obtained for each projectile. A
corresponding series of photographs showing the successive stages
of cavitation development were also made. All tests were made

with zero vaw and zero pitch. The results are shown in Figures 34,
a9, 36, and 31 where the sound pressure is plotted against the
cavitation parameter. A scale for the sound level in decibels is
also shown. The photographs included in the same figures are
arranged in the order of decreasing values of K and each is marked
with the corresponding measured sound level. Note that in cll
cases the total sound in the 20 to 400 %c band is shown, but that
the data for each nose were obtained at a-different constant ve-
locity.

Fach set of curves and photographs in rigures 34 to 51 show
the following common characteristics:

1. With reduction in the cavitation parameter, X, the sound
pressure rises sharply to several times the magnitude of
the background noise in the tunnel as soon as the slight-
est trace of visible cavitation is observed.

2. The rise in sound begins with the appearance of minute
cavitation bubbles and reaches a peak value while the
ring of bubbles is still very narrow.

3. The sound pressure decreases with continued development
of cavitation until, for fully developed conditions, the
noise is but a fraction of the peak magnitude. For some
cases it drops to approximately the same level as the
tunnel background noise.

These characteristics are shown clearly by examining Figure

34 for the hemisphere nose. For high values of ¥ at which no
cavitation occurs on the projectile, the measured noise is only
that due to background disturbances. However, as ¥ 1s reduced by

reducing the hydraulic pressure or increasing the velocity, and
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Figures 34 and 3% both showed similar types of incipient
cavitation where the bubblies lav close to the body surface
Figure 3b; for the trunccted hemisphere nose. shows the second
type of cavitation where the bubbles collapse 1n the water away
from the body Figures 36 {a: and 36 (b) 1llustrate this clearly
The trailing ends =% the small ~avitation wisps which originate at
the sharp edge on :he nose «re separated from the body by a defin-
ate space , Wwith cont:nued growth of cavitation the bubble zorne
becomes more dense and this characteristic ig less discernible
The same trends in measured sound were obfained as for the other
two noses with about a 23 db i1ncrease 1n level as cavitation
pegan

Figure 3@ shows sound measurements and photograrhs for a
tail rudder tilted up 1nto the stream As the first photographs
of the series show the initial cavitation occurs at the rudder
post as well as at the tip and finally at very low X vaolues. the
entire wake bpehind the t:lted rudder becomes filled with vapor
The noise curve shows the characreristic increase to a peak value
and *hen reduction with cavitation growth Note that as [Figure
31 (d) shows the peak noise 2 4C b gain over the background. is
nbtained with very 1:tile visible ccavitation

These measurements confi:rm the results obtained without the
focusing device and which have already been reported r) With the
focusing system however ‘the sens:t:vity of the noise measure-
ments was increased so much that the detection of the cnset of
cavitation was more definitelv matrked leading to a much sharver
Ti1se 1n the measurea sound pressure curve



~ 77 -

It might be noted that surface condition is very critical imn
making the cavitation measurements. The noise measurements and
cavitation photographs of the four noses were made aiter carefully
polishing the assembled models and wiping the surface and jointsz
between body sections with a waxed cloth These precautions
causaed the onset of cavitation to be more uniform by eliminating
early cavitation at isolated points around the periphery of the
prcjectile.

SOUND PRESSURE AND BUBBLE COLLAPSE

The fact that for all three types of cavitaticn the maximum
sound was measured when the visible cavitation was small and tha:t
the magnitude was reduced with the growth of the bubbles might be
tied in with the concept that the noise originates primarily at
the bubble collapse. With small cavitation bubbles which form and
collapse cleanly and skarply within a small physical zone the
energy release and, henc2, the noise is of high intensity As thne
zone of cavitation grows, the bubbles collapse throughout a larger
space and mutual interference and absorption due to the damping
properties of the bubbles themselves reduces the intensity of the
noise radiated.
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COMPAR 130N OF FOUR TYPE3 AT SAME VELOZCITY

It should be noted again that each set of data in Figures 34
v0 34 s for a different velocity and, furthermore, the inception
of cavitation occurs at a different pressure tor each body. Con-
sequently, there is nc satisfcct

magnitudes of the sound lsavel

noise prcduced Ly eacn oi the p

—

ctory basis for comparison of the
s measursd. Measurements of the
jectiles ot the same velocity of
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47 ft/sec were cobtained using the ellipsoidal reflector instead of
the spherical mirrcr. These results are shown in Figure 38. The
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increased eifectiveness ¢I this reilectcr over the spherical
mirror is apparent. For example, the hemisphere nose curve shows
a maximum sound pressure of 4800 dynes per square centimeter for
this 47 ft/sec test, as against about 1400 shown in Figure 34—for
a 60 ft/sec test with the spherical mirror. Similarly higher
peaks are obtained for the others. These curves show some differ-
ence in the magnitudes of the ncize veaks for the different
bodies. There is also scme differencc in the shaves of the curves,
the peak occurring at a X somewhat lower than the inception value
for the two most abrupt shapes, the truncated hemisphere and the
upturned rudder. For the hemisphere and the semiellipsoid the

peak occurs soon after the inception point. The sharp discontinu-
ities also show the mocst sensitivity 7o change in £ near the in-
ception point. For both the truncated hemisphere cnd the upturned

rudder, the determination of the beginning of cavitation was very
critical so that sound measurements in that region were difficult
to obtain. With the other i(wo nocses, however, the increase, while
sudden, could be traced and with extreme care measurements made at
levels intermediate between the background and highest pressures.

NOISE VS. VELOC!ITY

In Figure 3% are

curves for the hemis- 8000 = — 7=
phere nose showing the
change in noise with
velocity. For the ve-
locity range of 40 to
70 ft/sec the increase
in maximum noise for
each speed is approxi-
mately linear. This
holds for both the 20
to 400 kc and 80 to 100 52
kc frequency bands. =
This maximum noise is
nct obtained at the

same pressure (submer- 0 ‘_“;g””””jb s 7o
gence) for all speeds, VELOGITY, FT/SEC
but rather at nearly a
fixed value of the cavi-
tation parameter, K.
If a projectile travels
under water at a fixed
depth, the maximum noise

represented by the straight lines in Figure 26 will be generated
only at one velocity where K assumes the above fixed value. For
all other velocities the noise will be less than :he maximum. The
octher curves in Figure 3q snow the wvariaetion in noise in 20 t»o
100 %c band for this nose submerged *o 40 feet and 415 feet. It
will be noted that the noise level s low up ‘o the criticdl
velocity for inception of cavitation where it increases several
fold to the maximum level curve shown. Bevond this veak a re-

duction occurs. ©Of course, cavitaticn is postiponed to higher
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velcocities as aubmergence increases. but when cavitation decos
occur, the peak noise is higher also It might be noted that the
data from which these curves were drawn were obtained with a
difrerent arrangement in the Water Tunnel setup, so *the magnitudes
of the maximum noise are not directly comparable *to thcse ilius--
trated in Figure 38,

NOTE ON MAGNITUDE OF MEASURED NO!SE

It should be emphasized that the absolute magnitudes of the
sound levels measured in the Water Tunnel bear no particular
refqtion to what might be obtained in the field In any event in
either laboratory or field measurements the hydrophone receives
only such a portion of the total sound emitted as the geometry of
the setup permits The magnitudes Teported here are cgood for
comparative purposes only

2. LOCATION OF NOiISE SOURCE DURING CAViITATION

VISIBLE CAVITATION AND THE NOISE.SOURCE

.

It is generally agreed that on the collapse of cavitaticn
bubbles a large stcre of energy is teleased. and that at the point
of energy concentration very high local pressure intensities are
obtained The resulting high frequency pressure waves are the
cause of the mechanical damage commonly known as "cavitation
corrosion®" and of noise, both acoustic and supersonic‘(7) That the
source of noise measured ig concentrated at the zone where cavi--
tation is visible is clearly shown by traverses giving the sound
pressure as the hydrophone is moved parallel teo the Water Tunnel
axis As. the examples for the hemisphere nose in Figure 40 show,
when the hvdrophone is positioned to focus on the cavitation zone
in the photographs, the maximum noise level is obtained. At 4" on
either side of this position the sound is Teduced 3 to 5 db. The
Ting source shown in the photographs appears as a line to the
hydrophone receiver so that. as might be expected. focusing of the
nydrophone in a position 4* above or below the center line of the
woTrking secticn gives less than a 4 db Teduction in the level
The measurements in Figure 40 are for the 80 to 4100 kc¢ band be-~
cause. eas—the—eurves—already—presonted—in—Ttiguwre—té¢—show— the most
pronounced focusing was obtained at the higher frequencies
Piguie—td—atso—shaws that the maximum sound pressure is obtained

at the same position regardless of frequency
MOVEMENT OF SOURCE WITH SHIFTING ZONE OF COLLAPSE

If it is assumed that the bulk of the total noise measured
from a cavitating object is obtained from the collapse of the
bubbles., the physical observation that the collapsing zone moves
downstream with the g¢growth of cavitation should indicate the move-
ment of the noise zones The curves in Figure 4@ also indicate
this trend The peak obtained for a cavitation parameter K of



0.56 is approximately 4/2" fcrther back than the peak for K = 0.73
whereas photographs or Figures 34-{c) and 34 (g) indicate about

0.6" downstream elongaticn of the cavitating zcone.

of the sound source could

It has been suggested thart th
cation, or that some combin-

indicate an apparent shif:t in it
ation of the effects cf the screening and reflections peculiar to
the projectile and tunnel configuration could explain the measured
shift. It is felt, however, the agreemeni between length of cavi-
tation bubble and movement 2I the sound peak measured in this and
other cases is good evidence that the noise source is moving with
the collapsing trail c¢f bubbles.

ICwW

[ TS
(&

Measurements for the cut hemisphere nose in Figure 43 show
the same typical trends observaed with the hemisphere nose. In
Figure 43.are shown the results obtained with cavitation on the
upturned rudder. These curves do not indicate a consistent shift
in, peak, even though cavitation at the lowest K is much more
severe than at the highest. Reference to Photographs 31~Th),
31 (i), and 34 {j) show, however, that the visible zone of vapor
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on the lee of the rudder was changed wvery lit:ile as K was reduced.
With more severe condiilons, more ard moTe vAPOT was enirzinedby
the water and swepnt Jownstream to collapse cutside the range of
the hydrophone system, but the main cavity shown was 2.mcs7 un—
influenced.

In Figures 40 to A@Jcnly the relative positicn <f “ne nois
peaks is indicated. [leriinite determinatiscn < :hne exac: oositicn
of the zones was rot possible since, in mounting the nydr n
reflecter cssembly, the pessible errors in cngula s
the horizontal plane cculd centribute as much as the ind
difference between the hydrcphone position and the caviiation zone
when the peak noise was measured. Measuremenits made with a given
installation, however, gave good comparative results since *he
whole assembly was attached to a carriage which could be moved
parallel to the tunnel on machined rails.

The effect of the movement of the sound peak with the growth
of cavitation has a secondary effect on the accuracy of the sound
vse. K curves shown in Figures 34rto 3@, which were obtained with
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“ic. 4\ MOVEMENT OF NOISE SOURCE WITH GROWTH OF CAVITATION

ON THE TRUNCATED HEMISPHERE NOSE

Compare with FTig. 36 (a), (i)
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the hydrophone 1n a tixed ctosition., With the growth of the cavi-
tation zone bevond the amount giving the meximum noise, the level
measured by the fixed hvdrcpnone is slightiv Low. This effect is
small, however, being les83 than 2 db fsr :the hemisphere nocse at
K = 0.56 or the fruncated hemispnere at K = 4.54. Tonsequently,
it deoces nct alter the peculiar characteristics of the measurements
shcwn nor change the conclusione already presented.

It is interesting to note that i1n rigures 40 T0 Aaathe sound
pressure location curves or the hemisphere nose and tail rudder
showed more groducl reductions in noise on the side c¢f the maximum
which was toward the beodv cf the model. This asvmmeti-y became
more pronounced at lower X values, while at high K's, as obtained
with the cut hemisphere nose 1n Figure Aﬁ,~na definite aszymmetry
is observed. Examinarion of +he thotographs in each figure shows
that at the icwest iz, ztavitatien is occurring at the junction
between the streamlined strut which supperts the projectile and
the cylindrical projectile body. It is thought that this secon-
dary cavitation is contributing to the measured sound and is
responsible for the asymmetry observed.

2000 - bl

DECIBELS ABOVE 0.0002 DYNES/SQ. CM.

33 32 31 30 29 28 27 26 25 24 23 22 2
HYDROPHONE POSITION, INGHES

6. 2842 MOVEMENT OF NOISE SOURCE #1TH GROWTH OF CAVITATION

ON UPTURNED RUDDER OF "=:N TAIL

Comrare with Figures 34 (n), (i), i)
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APPENDIX I

TEST EQUIPMENT AND PRCCEDURES

The tests covered by this report were conducted in the High
Speed Water Tumnel at the Celifornia Institute of Technologye The
following paragraphs contain e brief description of the tunnel and
the test procedures employede A more detailed description of the
High Speed Water Tunnel will be found in Reference (1)

M¥ein Circuit

The water Tunnel is of the closed circuit, closed working
section typee Figure A=l shows a profile of the main flow circuit
which consists es-
sentially of the
working section, the e
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circulating pump,
the stilling teank,
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ing seotion is 14" in

diemeter, 72" long, 1 i‘?ﬁ/ﬁ/'
and is provided with [ | —

three lucite windows. ; : '

The propsller-type

circulating pump is FIGURE A-1
V-belt commected to

a variable speed dynemometer. The speed of the dynsmometer is
automatically controlled and is heald comstent within H TePelle,

a

which corresponds to & maximum water velocity veristion in the
working section of 1/30 ft. per sec. Any water velccity between
10 and 72 fte. por sece is easily obtainablse
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FIGURE A-2
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Auxiliary Circuits

Iwo suxiliary water circuits, one for pressure contrel and
one for temperature control, are used in conjuncticon with the main
circuite These cirouits are shown in Figure A=2, which is an isoce
metric disgrem of the complete water tumel installation.

To meke it possible to induce or inhibit cavitation at will,
it is necessary that the pressure in the working section be cone
troilable independently of the velocity. This is sccomplished by
superimposing the pressure regulating circuit on the main circuite.
A small flow of water from the sump is forced into the stilling
tark by the reguleting pump, and is returned to the sump through
the by-pass valvee Since the main circuit is closed and com-
pletely filled, it is evident that the pressure in it may be cone
trolled by varying the opening of the by-pass valves 4 stripping
pump (not shown in Figure 4-2), in series with the by-pass valve,
is used to remove air from the system so as to keep it full of
water at all timese

The energy put into the water of the main circuit by the
circulating pump (up to 250 HP) is a1l dissipated in heate To
prevent the temperature of the water from rising to undesireble
velues, it is necessary to remove this heat by coolinge Part of
the water returned through the byepass valve is piocked up by the
cooling water pump, circulated through the forced=draft cooling
‘tower on the roof, and returned to the swmpe By varying the
quentity of water circulated through the cooling system, it is
rossible to maintein the water in the main cirocuit at a oconstent
temperaturee

Balance

The balance, shown schematically in Figure A=3, is desiguned
to measure three components of the hydrodynsmic forces acting cm
the modele These are the drag force parallel to the flow, the
cross force normel to the flow, and the moment around the axis of

supporte The three forces to be measured are transmitted



whde
hydrostatically to three
self-balancing, weighing
type pressure gagese These
sutomatic gages, under gless
covers, may be seen in
Figure A=4, which is a view
of the operating floor of
the Water Tumnele The fourth
gege shown in this figure is

SUPPORT
WIRES

a weighing type manometer
used to determine the ve-
locity in the working sec-

tion by measuring the pres-
sure drop across the re- /

ducing nozzlee The gages

are responsive to a change
in the drag or cross foroe
acting on the model of Q.02

FIGURE A-3

pounds, and a change of
004 inch-pounds in the
momente

The model is mounted on a shaft which forms the core of the
vertical balance spindle shown in Figure A-3. By roteting this
sheft within the spindle, it is possible to olenge the oriemtation
of the model with respect to the direction of flow without albtering
the direction of the foroe camponents measured. Between adjust-
ments, the spindle and shaft are held firmly together by a long,
spring=loaded, tapered seate To change the adjustment, the taper
is unseated by an air diaphragm and the shaft is rotated through
a worm and gear-sector by a small elestric motor (not shown in the
figure) mounted on the spindles A Veeder counter on the worm
gear shaft indicates the angle of attack to the mearest 1/10 degrea.
It should be noted that this whole system forms a part of the
spindle assembly, which is pivoted about the point of intersection



=h B

of the support wirese Thus it does not affect the foroce measure=
nents in any waye

To reduce the drag tere to & minimum, the portion of the
spindle shaft which projects into the working section is protected
from the flow by a stresmlined shield which extends to within a
few thousandths of an inch of the modele

Polarized Light Flume

The Polarized Light Flume is a seperate piece of equipment
used for studylng the flow around submerged bodiese The fluid
circulated is water containing Oel per cent by weight of Bentonite
in suspension. Bentonite has the asymmetrical cptical and physie
oal properties required for the production of streaming double
refractione The flow to be studied is made visible by projecting
a beam of light eacross it through a pair of polarcid plates which
are oriented to produce a dark field when there is no flowe The
observation seotion is a restanguler channel 6™ wide and 12% deep,
having glass sides and bottome

The velocities used in this flume are necessarily lower than
those employed in the High Speed Water Tunnele However, this
difference is not sufficient to affect the walidity of the flow
patterns observed.s A knowledge of these flow patbterns is found
to be of assistance in the interpretetion of the dynamic behavior
of the projectiles studies. It is very helpful in investigating
interference phenomensa, the cause and location of separation or
flow instebilities, and the behavior of the boundary layer. Care
must be exercised in imberpreting the observed patterns, both
because the flow is thres=dimemsional, whereas the observed optical
effect is an integration of the emtire path of the light beam, and
because the pattern produced is & shear pattern and not one of
streamlinese

Test Procedures

The feoilites of the High Speed Water Tumnel provide for



great flexibility in operation and test proocedures. Individual
test runs are usuelly made to determine the effect on the hydroe
dynamic forces of individual variablss, although any of the
varisbles may be changed at will independently of the otherse

Constent=veloocity tests runs are made to determine the varie
ation of the hydrodynamic forces with changes in the orientation
of the projectile with respect to the line of flowe The angle of
attack is changed in steps of 1/2 or 1 degree, and the three
force components are measured at each stepe

Te determine the cavitation characteristios of bodies, tests
are made during which the pressure is varied while all the other
factors are held constente The inception and develeomment of
cavitation may be observed or photographed through the transperent
windows of the working section, and the velccities and pressures
at which cavitation begins on the verious parts of the projectile
are measurede Simulteneocus measurements of the hydrodynemic
forces oan be made at any stage in the developmmente

For the investigation of the noise from cavitating projec-
tiles, two types of sound measurements were made. Ome objective
was to messure the sound pressurse of the noise as cavitetion de=
velopede For this test the model was mounted in the tummel and
e constant veloocity flow was establishede A small amount of cavie
tation was produced by lowering the pressure in the working sec-
tion and the hydrophone reflsctor assembly wes positioned to give
e maximum readinge Then the pressure in the tumnel was raised
until cavitation disappeared completely. The water pressure was
then reduced again by small steps, and cavitation developede At
each setting, the absolute water pressure and the sound pressure
were measwrede The water pressure was always reduced when data
were taken in order to avoid a hysteresis effect in the formation
and disappearance of cavitation which ococcurs for some condiﬁcns.(27)
Flash photographs of about a& 20 microsecond exposure were taken at
each stage of the ocavitation. Tests of tlis type were performed
with various velocities, and sound pressure was measured in dif-

ferent frequency bandse
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The second objective wes to measure the variation in sound
pressure along & line parallel to the exis of the tunnel for
various degrees of cavitation on the nose, body, or tail of the
modele During these experiments, water pressure and velocity were
held constent, and the sound pressure was recorded as the hydroe
phone and sound reflector were moved parallel to the axis of the
tunnele The focused direction was held normal to this axis and,
hence, normal to the lucite window of the working section. Tests
of this type were performed for various velues of water pressurse,
velocity, and also with different frequency channelse

In addition, in order to messure the background noise, tests
of both types were performed without a model or a strut in the
working sectione

The amplifiers were calibrated before and after each test by
introducing a known voltage in series with the hydrophone and
measuring the outputbe

Sound pressure is the term used to describe the acoustiec
pressure in dymes per square cembimebter of the noise produced by
cevitatione Values of sound pressure measured by the hydrophone
are stated in decibels above the standard reference level of
00002 dymes per square centimetere

By plotting the measured acoustic pressure against the cavie
tation parameter, K, a semidimensionless representation of results
is obtaineds A%t any K along the abscissa, a cavitation zone
having 8 characteristic overall gecmetry is desoribed regardless
of velocity and pressuree The magnitude of the sound pressure

shown, however, holds only for the givemn velocity of teste
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CORRECTICNS TC TEST DATA

The test data obtained from the water tumnel is in the form
of forces and moments which indicate the actual hydrodynamic
conditions to which the model is subjected in the tummnel working
sections These in general, however, are not the conditions
which would exist if the model were moving freely in an infinite
body of water. Consequently, in reducing the date to coefficients
applicable to the free-stream conditions, the following corrections

sre considered.

Support Shield Interference

In order to correct for the effects of inmberfsrence with the
flow around the model caused by the supporting spindle and its
protecting shield, tests are normslly mwade in pairs, one with and
one without & dummy image shield on the side of the model opposite
the support. The differences between the coefficients thus obe
tained from each psir of tests is subtracted from the run made
without image shielde

For normel cavitation-free operation this procedure produces
results believed to be a good approximation of frees stream cone
ditionse With the onset and development of cavitation, however,
the shield end its image produce different results depemding upon
the degree of the cavitation obta ned at various velues of Ke
For very low K's the shield itself cavitatess As a result, the
corrections determined by the above method vary in magnitude and,
without doubt, in accuracy. For the full cavity stage corrections
apparently are smalle In general, for the material included in
this thesis, the normal corrections were applied for all tests
which covered the incipient or the early stages of developmente
For tests which inoluded only the full cavity stage, no corresctions
were applied.



Tunnel Pressure Gradient

The tunnel pressure gradient correction to be applied to ths
measured dreg for noncaviteting or slightly eaviteting conditicns
weg evaluated by measuring the pressure gradiemnt existing in the
working sestion of the tunnel in the absemce of the modele The
pressure gradient dp/dx at each station was multiplied by the coross
sootional ares of the model at that stetion and the product was
plotted against distance along modele The area under this cuwrve

gives
L L
YARE Tryar

© o

where
S = oross sestional area of model at station where,
in the absence of the model, the pressure would
be pe

This gives the correction to be subiracted from the measured drag
foroeee '

For full eavity comditions the model is im combtaoct with the
water only over a small area and no pressure gradient corrections

were appliede

Tare Drag

The streamlined shield surrounding the model support spindle
reaches to within a few thousandths of an inch of the modele Thus
the tere drag on the supporting spindle is reduced to a negligible
quantity. Therefore, no tare drag corrections were applied.
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APPENDIX III

DEFINITIORS

Pitech gle

The angle in the vertiecal plane which the axis of the pro-
jeotile makes with the direetion of travele Pitch angles are
positive (+) when the nose is up, and negative (=) when the nose
is downe

Yaw Angls
The engle in the horizontel plene which the axis of the proe
jeotile makes with the direction of travele Looking down on the

projectile and in the direction of travel, yaw angles to the
right are positive (+), and to the left, negative (=)e

irt
The foree, in pounds, exerted on the rrojestile in a direection

normal to the line of travel and in the vertiocal plane, positive
(+) when aoting upward, and negative (=) when acting dowrmwarde

Cross Forece

The foroe, in pounds, exerted on the projectile in & direction
normel to the line of travel and in the horizontel plane. A posi=
tive cross force is defined as onme acting in the seme direction as
the displacement of the projectile nose for & positive yaw anglee

Drag

The foree, in pounds, exerted on the projectile in a directlon
parellel with the line of travele The drag is positive when acting
in e direction opposite to the direction of travele

Momexnt

The torque temding to rotate the projectile about a transverse
axise A positive or clockwise moment tends to increase a positive
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yaw or pitch anglee A moment, therefore, has a destabilizing
effect when it has the same sign as the yaw or pitch angle, and &
gbebllizing effect when of opposite signe

Coefficients

The force and moment coefficients are defined as follows:

L

Lift Coefficient, ¢y
1/2 o v A

il

Cross Force Coefficient, Co = c
1/2 p v A

Drag Coefficient, o = D
1/2 0 V° &

Moment Coefficient, 0y = L
1/2 p V° Al
where
L = 1ift force, pounds
C = cross foree, pounds
D = drag force, pounds
M = moment, foot=pounds
density of water, slugs per cue fte
= velocity, feet per second
= aree of a cross section ték en normel to the longitudinal
axis of the projectile at its maximum diemeter, sguare
feet

p

I

1 = overall length of projeotile, feet
=T M
Reynolds Number Re = =5
where

V, 1, and p are as defined above, end

p = absolute viscosity of water, pound-second per square foot

Y = b = kinematie viscosity of water, square feet per second
P



Po - PB

Cavitation Parameter K = —————?-
1/2 p V7

where
p and V are as defined above, and
Po = absolute pressure in undisturbed water, pounds per

square foot
PBE = pressure in the oavitation bubble (usually taken as the
vapor pressure of the water), pounds per square foot
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