UNCLASSIFIED

AD NUMBER

AD011504

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM

Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; 15 MAY
1953. Other requests shall be referred to
Office of Naval Research, Arlington, VA
22203.

AUTHORITY

ONR ltr dtd 26 Oct 1977

THIS PAGE IS UNCLASSIFIED




Keproduced VLY

{
{rmed Services Technical Information Agency
DOCUMENT SERVICE CENTER

KNOTT BUILDING, DAYTON, 2, OHIO

- P <
” . -t 1r -
S I
|
- S - — o
N e e — Mg Tm e - o ——

-
R |
if
j'; } ﬁw
i 5 '
= ‘A; g.?‘ $
. of
: H
1 o . - & - — - — . s ——— -
» e P s i) T ROt Pt P a0 Coe s e MBS 2.t G R TR -

4
S R S R

[ ——




- Best
- Available
Copy



- >'
m (.4 b [ [ ] (4 .
) S Incipient-Cavitation Scaling Experiments
; Lad
N = for
e | .
2 Hemispherical and 1.5-Caliber Ogive-Nosed Bodies
! O <
h
(e NI
< <[
A Joint Study by
The Hydrodynamics Laboratory
- California Institute of Technology
4 and
Ordnance Research Laboratory
' I The Pennsylvania State College
v
- May 15, 1953
<
werial No. VOrd 7958-26 ¢
Copy Mo, 3 I

Department of the Navy

(ffice of Naval Research Bureau of Ordnance
(amtrert Vowar. 20435 VR 082.12¢ Contract NOrd-7958

G G G O BN N e



Incipient-Cavitation Scaling Experiments

for

Hemispherical and 1.5-Caliber Ogive-Nosed Bodies

A Joint Stady by

The Hydrodynamics Laboratory Ordnance Research Laboratory
- ’ ’ am -

California Institute of Technology The Pennsylvania State College

May 15. 1953

\pproved for Distribution

Assintant Director

Ordnancr Reecarch Laborajory

Hy The Pennevhvanin Mate College
Rlaine R Parkin

Js gl %/W

The Hydrodsnamics Laboratnes
Califoram Institute of Technology




[

s

o e

e e R e avan o s eI 4 -

Distribution List

Chsel, Buress of Ordusnce (Reb) 2 copres
Depertment of the Navy
Waashington 2%, D. C,

Chief, Buresu of Ordnance (Ad)}) 2 copres
Depertment of the Navy
Washington 2%, 5. C.

British Joint Services Mission (Nevy Staff) 3 copies
Roorr 4930, Main Nevy Building

18th & Constitution Avenue

Washington 29, D, C.

Vis' Bureau of Ordnance (AdS)
Department of the Navy
Washington 25, D. C.

Commander 1 copy
L. 8. Nevai Ordnance Test Station, Inyokern
Chins Lake, Caliornia

Commander 1 copy
U. S. Naval Ordnance Test Station

1202 East Foothill

Pasadens Activily

Pasadena 8, Califormia

Director, Ordnance Research Laborstory 1 copy
Pennsylvania State Coliege
State Coliege, Pennsylvania

Via Development Contract Adm.inistrator
Ordnance Research Laboratory
Pennsylvania State College
State Coliege, Pennaylvanis

t ommander 2 copies
U. % Naval Ordnance Laboratory

White Oabk

Silver Spring 19, Maryland

Commanding Officer < copies
U. S Naval Underwster Ordnance Station
Newport, Rhode Island

Director, Applied Physics Laboratory 1 copy
Universily of Washington
Seasttie, Wanhington

Yis Inspector of Navsl Material
4i2 Lyon Building
407 Third Avenue
Sesttio 4, Washington

Commanding (Hiicor and Director I copy
Dasid Taylor Model Basin
Carderoch, Naryiand

Chief of Naval Research 1 copy
Department of the Navy
Washington 38, D. C.

Directur i copy
1. 8. Noval Recsesrch Laboratory

Weshinglaon 28, D C

Chief of Kavai Operstions (OP 31 $) I copy
Department of the Novy

Washington 2%, D, C.

Genervel Electric Campany i copy
Pitisfieid. Massechunetts

Visa Navel Inepectar of Ordaance
S¢ honoctady. Now York

Gewnrvael Lloctric Compeny 1 copy
Schonectady. Now Yord

Yis Navel inspecter of Ordaance
¢ henectady, Now Yeork

Westinghouse Electric Corporstion
Sharon, Pennsylvanis

Vis' Development Contract Administrator
Westinghouse Electric Corporation
Sharon, Pennsylvanis

Aerojet Corporation
Azuss, California

Vis: Buresu of Aeronautics Representative
15 South Raymond Street
Pasadena, California

Nations! Advisory Commitiee for Aeronsutics
1724 °F*" Street, N. W,
Washington, D. C.

Director, Experimental Towing Tank
Stevens Institute of Technology

711 Hudson Street

Hoboken, New Jersey

Vis: Inspector of Naval Material
Naval Industrial Reserve Shipyard
Building 1}
Port Newsrk, New Jersey

Director, Hydrodynamics Laboratory
California Institute of Technology
Pasadena, California

Via' inspector of Naval Material
1206 Scuth Santee Street
l.os Angeles }5, California

Chief. Bureau of Ships
Department of the Navy
Washington 25, D. C.

Chiel, Bureau of Aeronsutics
Department of the Navy
Washington 25, D, C.

Johns Hopluns University
(Mr. Waisclencinus)
Baltimore, Maryland

Vis inspector of Naval Material
401 Water Street
Baltimare 2, Maryland

Brush Development Company
3140% Perkins Avenue
Cleveland 14, Ohto

Via Inspector of Navel Material
1620 Euciid Avenue, Yrd Floor
Cleveland 18, Ohso

Chief of Naval Research

c/o Technicel Information Division
Library of Congress

Washungton 2%. D. C,

University of Minnesots
Hydrodynamics Laboratory
Minnespolie. Minsesota

Hydrodynamice laborstory
Massschusetis Institute of Technology
Cambridge. Massachusetts

fllinoie Institute of Technology
Chicago, lliimois

Physices Deportment

My, Lindsay)

Brews Untversity
Providence. Ahede lolond

~

copy

copy

copy

copy

copy

copy

copy

copy

copies

copy

copy

copy

copy



Chief of Naval Research (N4S2)
Otfice of Navai Research
Department of the Navy
Washington 2%, D. C.

Director, Offico of Naval Research
Boston Branch

498 Summer Street

Boston 1C, Massachusetts

Directar, fice of Naval Research
M6 Broadway
New York |3, New York

1o of Naval Research
Londan Branch

tice of Aset. Naval Attache for Research

Ammeriian Errbassy, Navy jO°
Fieet Post (Mlice
New York, New York

nrector, Oifice of Nave! Research
lL.ue Angeles Branch

16030 hast Green Street

Hasadena |, California

[hrector, (Mfice of Naval Researih
Sen Franaiscu Branch

801 Donahae Street

Yan Francinee 24, California

DISTRIBUTION LIST CONTINUED
{Contract Néonr.244)3%)

~

~

copies

copy

copiee

coptes

Copies

topy

Director, Office of Navsl Research
Chicago Branch

American Fore Building

844 North Rush Street

Chicago 11, Illinoie

Aerojet Engineering Corporation
332 North {rwindale Road
Azusa, California

Attentson: C. Gongwer

-

Commander, Naval Ordnance Test Station, Inyokern |

China Lake, Califorma
Attention: Technical Library, Code 5507

Officer-in-Charge, Pasadena Annex

Naval Ordnance Test Station, nyokern

1202 East Foothill Boulevard

Pasadena, California

Attention: Pasadena Annex Library, Code P35507

Commander, Submarine Development Group Two
Bux 70, U. S. Naval Submarine Base
New London, Connecticut

De. F. C. Lindvall

California Institute of Technology
120) Eaet California Street
Fasadena 4, California

™~

-

cOopy

copy

upy

copiee

copy

copy




Abstract

ﬁxs REPORT presents the results of the joint experimental program on
cavitation scale effects conducted at the Ordnance Research Laboratory,
The Pennsylvania State College, and the Hydrodynamics Laboratory, Cali-
fornia Institute of Technology. Two families of axially symmetric bodies
were tested in the Garfield Thomas Water Tunnel at ORL and in the High-
Speed Water Tunnel at CIT. One family of bodies consisted of models with
hemispherical noses while the other geometrically similar family had 1.5-
caliber ogive noses.

It was found that in spite of differences in the test facilities, such as
the resorber in the High-Speed Water Tunnel circuit, the measurements
for incipient cavitationtaken at CIT and ORL showed good agreement. The
dependence of the incipient cavitation number upon free-stream velocity
and model size, previously observed at CIT, was verified. In addition, the
range of model sizes was extendedto larger scale for the ORL experiments.
It was found that the values for the incipient cavitation number for each
family of models could be represented as a function of the product of the
flow velocity and the square root of the model size. These results show
that for cavitation tests of small models it is not correct to assume that
the incipient cavitation number equals the negative of the minimum pres-
sure coefficient.
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Introduction

€XPELRIME.\'TS at the Hydrodynamics Lab-
oratory, California Institute of Technologyl,?2*,
have shownthat the inception of cavitation on geo-
metrically similar bodies in steady rectilinear
liquid flow is definitely influenced by the size of
the body and the free-stream velocity., Further,
it has been found theoretically that if Reynolds-
number effects are neglected, the inception of
cavitation still depends upon both free-stream
velocity and model size3. For the experiments
performed at CIT, the largest body in any geo-
metrically similar family of axially symmetric
models was two inches in diameter. Conse-
quently, it was desirable to extend the range to
larger sizes. Further, no other laboratory had
attemptedto confirmthe trends observed at CIT.
Therefore, the Ordnance Research Laboratory
at The Pennsylvania State College and the Hydro-
dynamics Laboratory at CIT have been cooper-
ating in a joint research program to extend ob-
servations of incipient cavitationtolarger models
and to compare the results obtainedwhen a given
series of models is tested in two different test
facilities. This report presents the results of
the joint research program which was carried
out 1n the l4-inch High-Speed Water Tunnel of
the Hydrodynamics Laboratory, CIT, and the 48-
inch Garfield Thomas Water Tunnel at ORL,

Throughout this report we shal] use the term
"incipient cavitation number', 4, to designate
that state of liquid flow 1n which cavitation dis-
appears as the static pressure is slowlyincreased
at constant freec-stream velocity.** We shall
also include that state in which small wisps of
cavitationoccur onlyintermittently near the point
of lowest pressure onthe model. This definition
isonlyone ofseveral . ays by which the inception
conditions could be determined. For example,
it might seem more logical to require .hat the

® Superscribed numbers referto the list of ref-
erences.

e Kermeend calls this flow state "intermittent
incipient cavitation'.

pressure be lowered from the noncavitating
flow state todetermine incipient cavitation. How-
ever, experience has shown thatthe present def-
inition enables one to obtain reproducible data
for that flow state at the highest free-stream
static pressure for which cavitation can occur
ata givenvelocity on smoothbodies. If the pres-
sure is lowered to this value, cavitation may or
may not occur, and its occurrence depends in a
random manner upon the time during which the
pressure is held at the lower value. Thus, the
present definition offers the engineering advan-
tage that conservative values can be found, and
it simplifies the problem by excluding anytime
dependence as well as givingreproducible experi-
mental results. We use the customary definition
for the cavitation number, ¢ , namely,

o -P
¢ - R
N

where p, is the free-stream static pressure, o,
is the liquid vapor pressure, » isthe liquidden-
sity, and v, is the {ree-stream velocity.

In this investigation we have confined our-
selvesto determining visually the incipient cavi-
tation number of two families of geometrically
similar axially symmetric bodies in steady rec-
tilinear flows at various free-stream velocities
and at several values of dissolved.air content.
The two model shapes consist of right circular
cylindrical bodies with hemispherical noses for
one family and with 1.5-caliber ogive noses for
the other family. The family of hemispheres
includes models ) /4, 3/8, 1/2, 1-1/8, 2, 4 and
8 inches in diameter while the family of 1.5-
caliber ogives includes models 1/2, |, 2 and 4
inches in diameter. Except for the four- and
eight-inch models, the hemispheres were among
those tested by Kermeend at CIT. More detailed
descriptions of the models and the test arrange-
ments are given in Appendix A of this report.

JRPSp—



Test Procedure

The general testprocedures for the tests at
ORL and CIT were essentially the same forall
models. The tunnel velocity was held constant
and the free-stream static pressure was lowered
until cavitationwas establishedaround the entire
nose. The pressurewas thenraised until incip-
ient cavitation was seen to exist (usually on top
of the model near the lowest-pressure point).
The free-stream static pressure measurement
was then recordedandfree-stream velocity read-
ings were taken in terms of the pressure differ-
entials across the water -tunnel nozzles. At both
CIT and ORL, tunnel pressure fluctuations caused
the conditions for incipient cavitation to be un-
steady. The test conditions at ORL, and occa-
sionally at CIT, would change from too much
cavitation to incipient cavitation and then to no
cavitation, The entire cycle repeated itself in
various orders. At CIT, where the fluctuations
wereless severe, a random pressure rise would
often cause the incipient cavitation to vanish.
The cavatation would not return even though the
pressure would fall again to a low value, s0 that
cavitation had to be completely re-established.
Therefore, 1t was necessary tocorrelate the in-
ceptionconditions withthe static pressure read-
ings by recording only those static pressure
readings whichwere observed whenincipient cav-
itation was seen on the body. The methods used
for measuring the free-stream velocity were
slightly different at the two laboratories. At
OR1., sequences of differential pressure readings
were recorded during every observation period,
These pressure differences were then averaged
80 that an average velocity could be calculated
for each period when incipient cavitation obser-
vations were made. At CIT, the differential
pressures were averaged in this way only for
tunnel speeds 1n excess of 60 fps. For lower
velocities, the static and differential pressure
readings were taken simultaneously when incip-
tent cavitation was seen on the model.

Duringthe ORL experiments, each observer
noted the cavitation condition at each velocity,

Thus at least two points were obtained for each
velocityand a check was made on ''‘personal con-
stants' for identifying incipient cavitation. In
practically all cases the two readings agreed
very closely, For those models and velocities
where very low working-section pressures were
required, air came out of solution and the re-
sulting entrained air obscured the model and
made data impossible to obtain if the very low
static pressure was held for too long a time.
This difficulty was overcome by making a meas-
urement as quickly as possible after the free-
stream static pressure had been lowered. Then
the working-section pressure would be raised to
40 psia and held there for ten minutes to redis-
solve the entrained air before another reading
was taken. It was usually at the end of these
high-pressure periods that water samples were
collected for a Van Slyke analysis of the dis-
solved air concentration. In addition to the
sample which was takenfrom the nozzle section,
samples were sometimes also taken from the
diffuser section and the lower leg of the tunnel.
This procedure was followed to check the homo-
geneity of the water samples. The air-content
readinges of such triple samples were found to
agree within five per cent.

At CIT, the resorber? in the High-Speed
Water Tunnel circuit allows for continuous op-
eration without appreciable air entrainment so
that special techniques were not required. The
determinations of air content, with a Van Slyke
apparatus, for the ClTexperiments followed the
procedure outlined by Kermeen?.

In addition to visual observations, some
sound measurements were made with the ORL
acoustic apparatus®. As with the visual obser-
vations, the velocity was held constant and the
pressure was lowered until the nose cavitated all
over. The static pressure was then gradually
raised through the cavitation range while the
hydrophone acoustic pressure readings and the
working-section static pressure readings were

S
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correlated bythe observers. The result of such
measurements for the 1 -1/8-inch-diameter hem-
isphere is shown in figure 1. The shape of the
curve is like thatgiven in reference 2, figure 4,
although the curve of figure | does not have as
sharpapeak. Ifthe maximum pointis arbitrarily
taken as the point of inception, we find a value
of 0.64 for the incipient cavitation number at a
{free-streamvelocityof 51 {fps. Thisvalue shows
good agreement with ORL visual value of 0. 646
(figure 5). For the larger bodies, the difference
in hydrostatic pressure from the bottom to the
top of the model allows various degrees of cavi-
tation to be distributed around the nose, {rom
nearlyincipient atthe bottom, say, to more pro-
fuse cavitation atthe top. This hydrostaticeffect
tends to make the sound peak more gradual for
models whichare larger thantwoinches in diam-
eter. Thus, the acoustic determination loses
its usefulness if the point of maximum acoustic
pressure is to be used to define incipient cavi-
tation.

For the smaller models tested at both ORL
and CIT a noticeable "hysteresis' inthe cavi-
tation phenomenon was observed. Whenthe pres-
surr was lowered rather quickly below the
inception point, cavitation would not occur im-
mediately, When cavitation finally appeared, its
state was more highly developed than the incip-
ient state of the maximum of figure 1, and it was
thennercessary toincrease the pressure to attain
incipient conditions.  As mentioned previously,
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the general procedure of first establishing cavi-
tation and then raising the pressure to its value
for visual incipient cavitation has been found to
be the most practicable for this study, as this
procedure avoids the above difficulty and allows
reproducible data to be obtained easily.



Reduction

The cavitation nunber, ¢, is a convenient
paran eter for describing cavitating flows. From
the procedure outhined above, it is clear that p,
and v . whichenterinthe expressionfor ¢, were
not n.easured directly. Therefore, p, and V,
m ust be ovbtained from the measured quantities
by taking account of elementary flow laws and
certain en pirically derived corrections. The
corrections employed here include the correction
for the streamwise loss i1n static pressure due
tothe growthof the boundarylayer in the working
section; and for the larger models, the static
pressure loss from the model centerhine to the
top of the model, plus a correction to the free-
stream velocity to account for blockage or tun-
nel wall effects.* Further, all ORL data were
corrected to account for the change inthe ve-
lodity due to the growthof the boundary layer so
that the final value of Vv, representsthe effective
free-stream velocity along the centerline of the
model.

If o 19 the measured working-section static
pressure takenfrom taps located at the upstream
end of the test section, Ap'il the loss in static
pressure due tothe growth of the boundary layer
alongthe working sectionbetween the piezometer
ring and the model nose, and ap, is the loss 1n
pressure fro.n the model centerline to the top
of the model, then

b, = p - 4D, - 4B,

* Details of the blockage corrections are given
in Appendix B.

** At the present time the High-Speed Water
Tunnel, CIT, hasanuncertainty factor withine 2
per cent forfo -2 T A

of Data

The mean velocity in the free stream V, is
given by

Vo = A

where A is the pressure differential across the
nozzle and k is a constant of proportionality.
For example, for the ORL tunnel, if &4 is in
inches of mercury and V, is in feet per second,
k = 3.2 ft/sec {inches of Hg)l/2,

If v, isthefree-stream velocityin the cen-
ter of the tunnel without blockage corrections,
then for the ORL data

V, = 093V,

while for the CIT data

Vo ™= V,

The blockage correction factor is defined as

J,'f-v'hcuv wally,

e ———— = N {.f. Appendix B)
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If accountis takenof all these factors, the incip-
tent cavitation number can be written as
b -L9,-48, - B,

¢ = - I'D,—,_C’-c.]

1
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where
¢, = |A 8
3
and
., &9

are dimensionless coefficients for the pressure
losses due to the growth of the boundary layer
inthe working sectionand the difference ineleva-
tion from the centerline to the top of the model,
respectively. Ithas beenassumedthat consistent
units are employed for all quantities which form
the last equation so that no conversion factors
need be explicitly indicated. For most of the

data N=l. At ORL, blockage corrections were
applied to the data on the eight-inch-diameter
hemisphere only, while at CIT, blockage correc~
tions were applied to data from both the four-
inch-diameter hemisphere and the four-inch-
diameterogive. Of course, C, isimportant only
for the larger models or for very low velocities.

After all data had been reduced as outlined
above, they were arranged in tabular forms.
These tables are presented in Appendix C. Mr.
R. W. Kermeen has kindly permitted the authors
to use those portions of his experimental data
which apply to the present study. Since he has
given no tables of data in reference 2, we have
included these data with our own test results in
Appendix C.



Discussion of Results

Dependence of 0, on V,

The CIT and ORIl data are presented in
figures 2 through 12, where the incipient cavi-
tation number for cach model size is shown as
a function of the free-stream velocity. The
average atr content for cachmodel is also shown
in the f{igures. The eight-inch-diameter hemi-
sphere was not tested at CIT,

txcept for the one-fourth-inchhemisphere
(figure 2}, the CIT data showninfigures 2 through
12 are generally shghtly higher thanthe ORI data.
In most cases, this difference appears to be well
within the experimental error one would expect
in the twotest facilities. In addition to dissinu-
laritics 1n instrumentation and control, a re-
sorber? 13 en.ployed 1n the circuit of the High-
Speed Water Tunnel to redissolve entrained air,
whereas the ORL tunnel 18 not equipped for this.
i view of these ditferences in the facilities and
those 1n the test procedure, the over-all agree-
nment of the test resails 18 very satisfactory.,

Curves were faired through the data of fig-
ures 3 through 12 and the accumulative results
are given in figure 13, Because of the wide
spread 1n the datafor the one-fourth-inch hema-
sphere, no attempt was rrade to obtain a faired
varse. Except for the smaller hemispheres at
Jow velocities, figure 13 shows that the incipient
cavitation number increases with both velocity
and size. The cross plot of figure 13 excluding
the low velocity range 19 shown in figure 4.

It 18 customary to assume that e =|c, |
on the body, and hence for comparisonpurpones,
the absolute value of the minimum pressure co-
efficient 18 shown in figure |} for both the hemi-
spheres and ogives. These values of the minimum
pressure coefficientare for Reynolds nummber in

the supercritical rangeb. Except for the eight-
inch hemisphere, all values of ¢ are below
iConl - This shows that the conventional method

of calculating the incipient cavitation index is.

not valid.

It was observed bothat ORL and at CIT that
wide variations in the dissolved air content made
nosystematic differences in the test results {(ex-
cept in the case of the one-fourth-inch hemi-
sphere at very low velocities). The nondepend-
ence of the incipient cavitation number upon air
content is typified by the CIT data plotted in figure
10 for the one-inch-diameter 1.5-caliberogive.

The data obtained fromthe tests on the one-
fourth-inch hemisphere are shown in figure 2.
In particular, the CIT data become more scat-
tered as the velocity, v,» decreases, and the
data taken at the higher air content tend to lie
above the data for the lower air content. Also,
these data show a reversal of the general trend
exhibited by figures 5 through 12 in that for the
low velocity range, ¢, increases with adecrease
in the velocity. This trend is also shown by the
CIT data for the three-eighths-inchand one-half-
inchhemispheres infigures 3 and 4. In contrast
tothe data for the smaller hemispheres, the ogive
data do not show a reversal of the general trend
in the low velocity range. However, the ogive
data do notextend far enoughintothe low velocity
range to justify definitely concluding that are-
versal of the generaltrend does not exist. Ker-
meend found that by employing a special test pro-
cedure, clear cavities up to 23 model diameters
in length could be established on small hemi-
spheres at very low velocities. In some cases,
the cavities were maintained at cavitation num-
bers as high as 4.8. This phenomenon, which
was apparently due to airdiffusion, may account
for the reversal of the general trend shown by

| e e e £+ ib————— ————_ <o o e




[

SOy
- -4

H

e |

B oond

| g1

et busosied

INCIPIENT CAVITATION NUMBER

o, .

CAV!ITATION NUMBER

INCIPIENT

.

0-

a

°

0
a

) [+]
o 8 +]
o [

A 08 g & 8
Sr s e g0 "¢

(] a @

[ ]

1/4° DIAMETER HEMISPMERE - A
O ORL OATA, ODISSOLVED AIR CONTENTY 73 PARTS/MILLION

o o " ry * »
4 cir . “ A . nz * .
20 40 60 80 100 120

Ve, FREE STREAM VELOCITY IN FT/SEC

I A BN At a TeoNTMME B NS PREE OSIREAN YR D DY
oo 4 N HE SN HERE - TUAND O DA A

’e&:}?e‘ab

>o
L

&iéﬁ

A

V8® DIAMETER WEMISPMERE
O OML DATA, OiSSOLVED AR CONTENT 76 PARTS/MILLION
a 7 * - - - rs . .

20 40 [ ] [ o] 100 120
Ve, FREE STREAM VELOCITY IN FY/SEC

' ~ L T N A YA NHTMRELE A FRRE NIRPRAN Oy, o, Y
' LIRS ) LIRS S U AT I AN n. LA A

A L O TR v ABar 1t { e d S 4 ot < dae R e e



INCIPIENT CAVITATION NUMBER

g,

WCIPIENT CAVITATION NUMBER

Q.

o

R S

1/2° OIAMETER WEMISPHERE - 8
O ORL ODATA, DISSOLVED AIR CONTENT 76 PARTS/MILLION
A of » . . - . . -

e s

5 L

e e i
20 40 60 80 100
Ve, FREE STREAM VELOCITY IN FT/SEC
| N 4 INGIPIANT AVITATION NUMBER VS FREE-STREAM VELOCITY
Pok ot 2LINCH HEMISPHERE - ¢ 17 AND ORI DATA
AN A
4 A 3 6 ©
A A
. . A o ) 8 %
p e ”
L2 ' - . 4
SR
i
1178 DIANETER MEMISPHERE
© ORL DATA, DISSOLVED AR CONTENT 793 PARTS/MMLLION
a ot . o . . 16 * .
- - » - . +
; ‘
" s J
20 40 [ ] [ 100 120
Ve, FREE STREAM VELOCITY W FT/SEC
Fie 4 INCIPIENT C AVITATION NUMBES YA FREK - STREAM V'LQC(TY
FOR 1.1 8. IMCHMMEMISIPHERE - CIT AND ORL DATA




£ et ot ———"

————

e n

INCIPIENT CAVITATION NUMBER

g,

INCIPIENT CAVITATION NUMBER

g,

T T { M T ‘g
. i . ‘ . H
i i ‘
!
; !
. A i
A [ ] !
o e ¢ o ® ' ' ?
(N T a
- n*n-t s e e 2 o e e e e e oo
2° OIAMETER HEMISPHERE - ®
O ORL DATA, DISSOLVED AIR CONTENT 72 PARTS/MILLION
A ar . * * . 4 *
. . . » - -4
i e J
20 40 60 [ (] 100 120
Ve, FREE STREAM VELOCITY IN FT/SEC
$ LY Iy IPLRENT AVITATION NUMBESN VS FREE -STREAM VRELOCITY
PR oINS HHEMISPHLERE - CIT ANDORL DATA
. .
a 4 ¢t 0 @ ).
a 48 o
A a4 ;
A (") %. «
4 A ‘
i
4" DIAMETER NEMISPHERE ‘
O ORL DATA, DISSOLVED AIR CONTENT 01 PARTS/ MILLION
a ar . . . . %0 ° P’
; ‘ i
N — J
20 40 o0 80 100 120
Ve, FREE STREAM VELOCITY IN FT/SEC
¥ . B T B & B4 AYITATION RLMBES VS FALE . SYREAM YELOZITY

PR 8. IMIH HEMISPNERE .

CIT AND ORL DATA




10

INCIPIENT CAVITATION NUMBER

o,

CAviTATION NUMBER

iNCIPIENT

o

et mns s s | ot s e pratom i tnsen= ot Lo o e v s e oo e e

° :
° e 0 ¢ °08 ‘

° 8 .. ¢ o

oo 8
°
. . e e e o - o o e e s w2 ed
8° DIAMETER HEMISPHERE
O ORL DATA, DISSOLVED AIR CONTENT 79 PARTS/MILLION x
; f
. . . +- IS -4
i
. i i f
20 Py 0 80 100 120
Ve, FREE STREAM VELOCITY IN FT/SEC
| I [] HA A T M ANVITA T I ON NUMBER VS FREE-STREAM VELOULITY
PR 8. N H HEMISPHERE - ORI DATA

. . ] . .
172° DIAMETER 1S CALIBER OGIVE :
© ORL DATA, D!SSOLVED AIR CONTENT 77 PARTS/ MILLION .
Aot - 2 . . e . ;
. . . . . .
]
. . . . . }

padoe |
: :‘ﬁoggt"' . . |
|

Ve, FREE STREAM VELOCITY IN FT/SEC

| 2N . [ IR AN O B4 AY [ TATIONM NUMBMBER VS FREIL STISEAMVELOUITY
FOB L lN A YK - CIT AND URL DATA




e ooy ey Oy O ey U N S

INCIPIENT CAVITATION NUMBER

INCIPIENT CAVITATION NUMBER

9.

s s e e i e et = % ey 280 4 e e s s s 8 1 e g b e s x e e

1° OIAMETER 1S CALIBER O0GIVE
O ORL DATA, ODISSOLVED AIR CONTENT 79 PARTS/MILLION

e T e e g e e e e}

A QY * * T4 *
o oY - - * * 126 ° .

11 n,it_}!ttlﬁun &

e e . . .-

Pl 2OINCMOUGIVE - CLT AND GBL DaATA

: i ; 1 ; _
20 40 60 80 100 120
Ve, FREE STREAM VELOCITY IN FT/SEC
Fla 18, INCIPIENT CAVITATION NUMBLR VS FREE -STRLEAM YRLI O ITY
FOR LINUHOGIVE - CIT AND ORI UATA
2° OIAMETER 1S CALIBER O0GIVE
© ORL OATA, DISSOLVED AIR CONTENT 79 PARTS/MILLION
‘ c|' - L] L ] a .. » -
» * 13 »* - ']
3 . ; . . +
4o «“ 24 0
s . as s g
r & a2 :

' - . * + » » +
-} 20 40 [ ] 80 00 120
Vo, FREE STREAM VELOCITY IN FT/SEC

¥l i TN IPIELNTYT CAYITATION NUMBER VS FRLEE STREAMYE I ¢ !ITY

11

JUPERREEERE SR



e

INCIPIENT CAVITATION NUMBER

»

iNC PIENT CAVTATION NUMBER

[

4" DIAMETER 1% CALIBER OGIVE
© ORL DATA, DISSOLVED AIR CONTENT 76 PARTS/MILLION
A C'Y - - - - .9 L] -

feﬁe." o @

e e e g

4
20 40 60 20 100 120
Vo, FREE STREAM VELOCITY IN FT/SEC
N A BT A DTN ST R B VS FREE O NTREANM VRO LT
L M L TR A PLAND B DATA
HEMISPHERE [Copy| 74
10 40 .0 s0 100 120

Vo, FREE STREAM VELOCGTY N FT/SEC

t L¥rs “ PR EE -y TR A M ME L TTY T PO R EMT AN

L H® AL MEMIVEFMLERE AND GGIVE M DR



Prp———

S—--::::::

—y

10
['] - .- - et et e e -
g (Co ] - T4
i
5 [ ]
-
-<
[
»
3
2 oert ¢ . 404
L. Logn]
L
z o
] . .
° 2 ) . .

DiAMETER, INCHES

Fit, 14 EFFLC T GF MODEL SIZE UPON INCIFIENT
CAVITATION FOR SEVERAL VALUES OF
THE FPEE-STREAM VELOOITY

the one-fourth-inch, three-eighths-inch, and
one-half-inch hemispheres,

Part of the scatter shown by the ORL data
for the one-fourth-inch hemisphere may be due
to difficult conditions of observation in the 48-
inch tunnel. In order to see cavitation on the
model in the test section, it was necessary to
Jook through some two feet of water. Inaddition,
the reflectionof intense highlights from the shiny
surface of the model hinderedvisual observation,
so thatincipient cavitation was difficult to define.
However, the ORL data for the one-fourth-inch
nose have less scatter thanthe corresponding CIT
data. But at CIT, since the test section is much
smaller, visual observations were not difficult.
Hence, we may conclude thatthe trend so clearly
shownbythe data representsan actual difference
in the nature of incipient cavitation when the
mode] eize and free-stream velocity are suffi-
ciently reduced. N

The spread in the data for the eight-inch
hemisphere was due to surface roughness and
entrained air. Small diamond-shaped cavitation
zones apparentlydue to very small rough spots
became {ixed at random points on the nose for a
long time before they were swept away. In some
cases these points of apparent roughness seemed
to shift to another spot. These diamond-shaped
cavitation patches were also characteristic of

the four-inch hemisphere; however, they were
less severe than those for the eight-inch hemi-
sphere. Recent tests of a two-inch-diameter
hemisphere having a somewhat rough finish
showed that similar diamond-shaped patches
appearedat high velocities. Possibly this is due
to the boundary layer becoming thinner as the
velocity is increased, with the resulting pro-
trusion of large roughnesses causing cavitation.
Polishing the eight-inchhemisphere appeared to
help somewhat, but did not completely remove
the small diamond-shaped cavitation zones.
When such zones were near the top of the model,
the observation of inception conditions was dif-
ficult. Further, at low pressures the cavitation
zone around the eight-inch model was confused
by growing air bubbles and entrained air, so
that observations of the inception of cavitation
were made more uncertain. This type of air-
bubble growth was observed to be more pro-
nouncedas the nose size was increased, probably
because the larger the model the greater the time
available for the air bubblesto grow at any given
free-stream velocity. The situation was im-
proved by raising the pressure to 40 psia for ten
minutes (as mentioned under Test Procedure,
page 2 ) todrive the entrainedair back into solu-
tion. Thenthe pressure was loweredand readings
were taken before air came out of solution. We
believe that the greater scatter shown by the test
results for the eight-inch model (figure 8) is
largely due to the above effects.

Dependence of O; on Reynolds Number

The ORL and CIT data for incipient cavita-
tion number are shownas a function of Reynolds
number in figures 15 and 16, respectively. Re-
ferring to figure 15, the ORL data indicate that
the incipient cavitation number is not a unique
function of Reynolds number, for a distinct curve
could be drawn for each model size. This trend
is also shown by the CIT data in figure 16. Al-
though there may be some Reynolds-number
effects, we donot yet understandtheir full signif-
icance. We believe that such effects could in-
fluence the bubble growth required to produce
incipient cavitation by their influence upon the
time available for the occurrence of such growth3.

Dependence of 0, onVd"

On the basis of a dimensional analysis, J.
W. Holl concluded that it might be useful toex-
press the incipient cavitation number as a func-
tion of the Weber number based upon the model
diameter. Thus, if s is the surface tension of
the water, v, is the free-stream velocity, » ie

13
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the liquid density and ¢ is the maximum diameter
of the body, the Weber number of interest here
is given by

w‘- ﬂ

»

However, the correlation of the experimental
data for ¢, with W, would imply a more general
result than can actually be inferred from these
Water Tunnel tests, because the ratio ¥, was
not significantly altered during these experi-
ments.

For example, table I below shows only a
3.38-percent variation in %, when the water
temperature is changed from 70 to 100 degrees
F. Actually the temperature variation encoun-
tered in the course of the present experiments
was somewhat less than70 to 100 degrees F, so
that the variation in the ratio, %,, was less
than 3,38 per cent. Such a variation is not of
engineering significance.

The ORL data for incipient cavitation number
were plotted d4s a functionof Weber number, and
the results showed that ¢ could be represented
by a single curve for each model shape. How-

Table 1« balues of Y, as 2 Fancion ot Water [en nerature®
Water lerrneratare S/p

tlegeees k) (1Y sec?]

8¢ [N YR

o0 (IS L 1

1 Cone2se e

N Oorilsad

s [ ALY ]

I Tt L4MS

i IR AL

* Values of » were taken from reference 7.

ever, as shownpreviously, the ratio %, was not
varied significantly, so that one could only con-
clude that ¢, was a function of Wd. The ORL
and CIT data were then plotted as a function of
V4@ , and the results are shown in figures 17
through 20. The hem{sphere data obtained at
ORL and CIT are shown in figures 17 and 18, re-
spectively. Although there is some scatter in
the data, we see that, for the most part, there
are no consistent variations in the data because
of changes in model size. The ORL and CIT data
for the 1.5-caliber ogives given in figures 19
and 20 show the same correlationas did the hem-
isphere data, but in this case, there is less
scatter** in the data. Thus it appears possible
to represent the data by a single curve for each
of the four figures. For comparison purposes,
a curve was faired through the experimental
points for each of figures 17 through 20, and
from these faired curves figure 21 was con-
structed. The over-all trends for the ogive and
hemisphere experiments are very much alike
for both laboratories. The more detailed differ-
ences in the curves of figure 21 appear to be
within the experimental scatter of the plots in
figures 17 through 20.

From the foregoing it is clear that the pres-
ent experiments indicate a correlation between
the incipient cavitation number o andthe param-
eter v,¥d . We regret that the ratio of sur-
face tension to density, s, , could not also be
varied so that the dependence of ¢ upon Weber
number could be investigated. We believe that
it may be profitable to perform similar cavita-
tion studies in differentliquids to inve stigate the
Weber-number dependence.

*+ Deviations from the theoretical body shape
would not be socritical in the case of the ogives
because nof the flatter pressure distribution;
hence, this would probablyaccount for the smaller
amount of scatter in the data.
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Conclusions

The ORL experiments verifythe CIT findings
which show that the inception of cavitation in a
steady rectilinear flow of a liquid past a body
depends upon the free-stream velocity and the
body size. This result was found to hold for
hemisphere-nosed bodies up to eight inches in
diameter, while the largest bodies tested before
were two inches in diameter. In general, it was
verified that the incipient cavitation number in-
creases withbodyscaleandfree-stream velocity.
Except for the largest bodyat higher flow veloc-
ities, the measured values of the incipient cav-
itation number ar» not as great as the incipient
cavitation number which would be found by the
customary calculation procedure. Hence, at the
inception point, the pressure external to the cav-
ities is not in general equal to the vapor pres-
sure as is sooftenassumed. However, for full-
scale work, itis safe to assume that ¢, S |C,,.}.

Except for the smaller hemispheres at the
lower velocities {less than 30 fps) no consistent
variations of the incipient cavitation number with
air content were observed.

The results for the smaller hemispheres at
lower velocitics showed atendency for the incip-

ient cavitationnumbertoincrease withincreasing
dissolved air content. Also, in the low velocity
range, the incipient cavitation number increased
witha decrease inthe velocity. This phenomenon
was a reversal of the general trend character-
istic of the larger hemispheres and all of the
}.5-caliber ogives. Evidently, this exceptional
behavior is caused by air diffusion from the
liquid into the cavitation bubbles. Data having
sizable scatter and poor reproducibility are
characteristic of tests made on small models at
low velocities; consequently, these test conditions
should be avoided whenthe results of model tests
are usedfor predicting the performance of larger
scale bodies.

It has been found possible to represent the
data from the present experiments as a function
of the parameter v,Yd for each family of shapes
tested. Of course, the dataarealso representable
in terms of the Weber number, v, ﬁ/'ﬁz v be-
cause the ratioof surface tension to density, Y, .,
was not significantly varied inthese experiments.
Further experiments with other liquids should
be undertaken to see if the more general corre-
lation of the incipient cavitation number with
Weber number is meaningful,

i9
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Appendix A

Models and Test Configurations

Seven hemispherical heads and four 1.5-
caliber ugive heads were used in these experi-
ments. The pertinent details concerning these
head formsare given in table A-1. The designa-
tions A and B for the two-inch, one-half-inch,
and one-fourth-inch hemispheres correspond to
those used inreferences | and 2. The Ordnance
Research Laboratory has two four-inch hemi-
spheres designated A and B, and as shown in
table A-l, nose B was used in these studies.
The eight-inch hemisphere was not tested at CIT.

At ORL. the one -fourth-inchtotwo-inchnoses
were supported in the Tunnel on a two-inch cy-
lindrical brass body witha conical tail. The four-
inch and cight-inch noses were supported on a
four-inch c¢vylindrical brass body with a conical

tail and with a wooden fairing to fair the eight-
inch nose into the four-inch supporting body.
These bodies were supported from the Tunnel
floor by a thin aluminum strut so that the axis
of the models coincided with the centerline of
the Tunnel test section. A pictorial description
of the mounting arrangements of the various
noses is given in table A-2. In this table, "L"
refers to the straight section behind the nose,
which was measured from the point where the
nose joins the straight section. The B arrange-
ment is typified by the four-inch hemisphere
with its supporting structure, shown in figure
A-l.

At CIT the test arrangement for the one-
half-inch, one-inch, and two-inch ogives was

F:o A ORL ARRAMLEMENT FOR SUPPORTING & (N H HEMISPHEDPE
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; Table A-1 Hemispheres and Ogives
Maximum Deviation
Diameter (inches) Type Material Made by from Theoretical Shape
8 Hemisphere Brass “ ‘ORL Not inspected
4 (B) " Brass ORL Not inspected
2 (B) " Stainless Steel CIT Not given in Ref, 2
11/8 " Stainless Steel CIT "
3 1/2 (B) . Stainless Steel CIT "
3/8 " Stainless Steel CIT r
/4 (A) " Stainless Steel CIT 0.0003" (Ref, 2)
4 (1.5 calider) Ogive Brass ORL Not inspected
2 (1.5 caliber) " Stainless Steel CIT 0.0020"
i 1 (1.5 caliber) " Stainless Steel CIT 0.0020"
§ 1/2 (1.5 caliber) . Stainless Steel CIT 0.0010"
i
!

Table A-2 - Mounting Arrangements

O.R.L, Experiments

Nose Size Arrange- |
and Type ment /D
. V,
1,4" Hemisphere A 8 —-
d "‘ADAOY!I
SR ”" Y 4
i A 8 C f{z I
" ”" L—, L—.‘ A
1/2 A 8 STRUTY
11,8+ A 3
H i
& B 5.5 ( }C —
Lt 8 , i
, 4 " B 4.5 s L STRUT :
E 8" " c 1.$ 1
1/2" Ogive A 4 T ~— g
1 . A 1.5 ¢|woooew rammne %- > i
___:/ I C
zu (1] B 5. s L .’.v'
"I " B ‘. s J
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FIG. A-2 THE ¢-INCH 1.3-CALIBER OGIVE MODEL INSTALLED IN THE
HIGCH-SPEED WATER TUNNEL

equivalent to the arrangements used at ORL.
The models were supported from the bottom of
the High-Speed Water Tunnel test section. The
data for the one-fourth-inch to two-inch hemi-
spheres were taken by R. W. Kermeen. A sting
support was used for all models in his experi-
ments. The details of his setup are given in ref-

erence 2. The CIT cavitation tests for the four-
inch hemisphere and ogive were made on models
which were supported as shown in figure A-2,
This method of support was also used for the
pressure distribution tests which were run to
determine wall-effect correction factors (Appen-
dix B).

23
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Appendix B

Corrections for Tunnel Constraint

The elementary ideas behind the tunnel
blockage corrections are described in Appendix
A of reference |. It was found that the blockage
correction factor, N, could be cefined by

v Do (%)

Poen LA
where V, and G__ are the free-stream ve-
locity and minimum pressure coefficient, repec-
tively, for unconstrained flow. The quantities
ve and C,_ . are the corresponding free-
stream velocity and minimum pressure coeffi-
cientas measured inthe water tunnel where the
flow is constrained. The blockage correction
factor, N, is defined so that for equal free-
stream static pressures, the minimum static
pressure is the same for both flows. For in-
cipient cavitation, it follows that

'.-V

where ¢ is the incipient cavitation number for
the constrained water-tunne! flow and ¢, is the
incipient cavitationnumber in the equivalent un-
constrained flow.

When a systematic series of pressure dis-
tributions for various degrees of blockage on a
given shape is available, the blockage factor N
is easily determined. Such experimental pres-
sure distributions have been reported by the lowa
Institute of Hydraulic Research® for a family of
hemispheres. The correction factors derived
from the lowa tests are plotted against the model
diameter to working sectiondiameter ratio, d/D,
in figure B-1.

Pressure distributiontests for a four-inch-
diameter hemisphere were made at CIT to check
the lowa results. The averaged and faired re-
sulte of these tests are shown in figure B-2.

24

The blockage correction factor, N, calculated
from the minimum ¢, of figure B-2 is shown by
the square symbol in figure B-1.

The incipient-cavitation data for the four-
inch-diameter hemisphere takenat CIT was ccr-
rected for blockage by using both the Iowa and
CIT correction factors. A comparison of the
corrected CIT data with the ORL data for the
four-inch hemisphere is shown in figure B-3}.
One can see that the CIT data corrected by the
lowa correction factor agree more closely with
the ORL results, which needed no correction.
Consequently, the CIT data for the four-inch
hemisphere presented in this report were cor-
rected by the lowa blockage factor,

Blockage data were not available for the
ogive noses, so aseries of pressure distribution
experiments was made at CIT. The average
pressure distributions for 1.5-caliber ogive
noses of two-inch,three-inchand four-inchdiam-
eter are shown in figure B-4. The ¢, curve
for the two-inch model corresponds to uncon-
strained flow, andthe minimum ¢, obtainedfrom
the curve is -0. 398, while a similar lowa resultb,
obtained by interpolation, gives -0.410 for the
minimum C,. Forcomputing N, a value of -0.404
was taken for the minimum C, in unconstrained
flow. The resultingblockage cnrrections for the
1.5-caliber ogives are shown as a solidcurve
infigure B-1. We see that the wall-effect curves
for the two nose shapes intersect in figure B-1.
The blockage theory of Lock and Johansen9 in-
dicates that we may expect the correction curve
for the ogives to have a slightly greater slope
than the hemisphere correction curve, but cer-
tainlynot anintersection as shown in figure B-1.
It is estimated that the CIT values for the mini-
mum ¢, have atotal uncertaintyfrom all causes
which is less than 3 per cent. The precision
of the lowa data is not known.
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Appendix C

Tables of Experimental Data

The attached tables give the values of the given here have been corrected in accordance
incipient cavitation numbers which were found with the procedure outlined in the section en-

! from visual observations of the flow. The values titled Reduction of Data, page 4.
\
| 4 Dramersr Homisphare - Augnet §, 193 3 §--Diomalar Hemisphere - Augest 8, 1952
O R Teet Me Tik O,R.1. Test Ne. 720
L
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1 v2 (] 1347 (1] 0. s a1 1. 24
180y el T “on . 1148 (1Y) 0.6 LY 1.6
1991 ate "o “n [1]] 1180 . 98) %\ .. 1,0
1ete .t "3 (Y] "o 1384 e 1 . .68
) R Y] [ " 198y R .y L X7 1.81
1819 4] [N ] " i 1948 Yy . r 101 1.
¥ Y “w Tie [t a1l 1 1.0
1820 ) OR] te 1 ie2l R "9 [RY] 1.08
1040 e o ' Ve 1029 . %64 X [T 1.
13%) "o “ ' 1ot 12 ‘o4 L] (X7 1.0
ety 17 “ [ ) T3 R e s 1.04
Jave .4t Y1) (XY Y 1628 (371 LI ’“e it
i.w e W e Y] 10 (S5 " (N ] 1Y
%] o 2 " (I 1enz (3] ) i0.¢ 1.41
' 1008 (Y3 % it [y 1404 .2 L1 .. 1,4
1. (¥ “e 102 1 1e% s o K 1.8 ’e e
1.t - L TN ] ET] T " . s Y}
X 1049 e » (R 1.%2 teas . 801 [ 3 (¥ 90 ] ran
é 1eat “"s " e Vo a2 . .. TR .8
: " - L X v e ) ’e r: 1604 s 1. 1.2 e
i LY e " e 1ae ie? .hie " i v
rane LI § ve 1640 i ™A L] 3, 1%
184 (Y1 "y 16 4 [T
[T11) " [T ) .10 [ ]
(Y134 “wi L L [ IR 13 19
1evy 3. e

* All aircontents are in parts per million. The
values of air content for the ORL tests were cor-
rectedtoaccount for water vapor on the mercury
column of the Van Slyke apparatus.
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