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CAVITATION AND PRESSURE DISTRIBUTION

Head Forms at Zero Angle of Yaw 

by
H u n t e r  R o u s e  a n d  J o h n  S .  M cN o w n

Iowa Institu te of H ydraulic Research 
State University of Iowa 

Iowa City

I .  I n t r o d u c t io n

Early  in the fall of 1943 the Iowa Institu te of H ydraulic Re­
search undertook the design and fabrication of a variable-pressure 
water tunnel, for which a grant of $5000 had been made by the 
University. Although ultim ately intended for Institu te research in 
the post-war period, the equipment was constructed during the war 
in order that it would be available for eventual studies requested 
by the Armed Forces. The shortages of necessary m aterial and 
equipment, combined with a relatively low priority  rating, served 
to make the erection of the tunnel a difficult matter, to say the least. 
As the tunnel neared completion, however, its immediate use for 
the study of the pressure distribution around various body forms 
was requested by the David Taylor Model Basin of the U. S. Navy, 
and in June 1944 Contract sr-1353 was arranged for this purpose 
by the National Defense Research Committee of the Office of 
Scientific Research and Development.

Aboiit a year later the pressing need for direct government 
sponsorship of large-scale research had decreased to the point that 
most of the NDRC research contracts were being terminated. Since 
the investigation was fa r from complete and the results were con­
sidered of fundamental importance, in May 1945 sponsorship of this 
study was transferred  to the Bureau of Ships of the U. S. Navy, 
Contract N0bs-24084, under the direct supervision of the David 
Taylor Model Basin. This arrangem ent continued in effect until 
December 1947, at which time sponsorship was assumed by the 
Office of Naval Research under Contract N7onr-495. A number of 
progress and summary reports describing various phases of the
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study have been submitted for limited distribution — namely, 
NDRC Reports 6.1-srl353-2190 to -2196, Bureau of Ships Contract 
N0bs-24084 Reports 1-10 and 12-14, and Office of Naval Research 
Contract N7onr-495 Report 1. The m aterial presented in  this bul­
letin represents a comprehensive summary of the experiments de­
scribed in these reports. In  addition a detailed study of the water- 
tunnel characteristics and proper operative procedure has been 
made and is presented herewith.

The original request for this investigation was a natu ra l out­
growth of the need for systematic data on the distribution of pres­
sure in flow around various bodies, particularly  under conditions 
leading to cavitation, information which is desirable for the design 
of a wide variety of Navy equipment. Ultimately the study is to 
include data for two- and three-dimensional head and tail forms at 
various angles of yaw. The first phase of the study, namely the 
investigation of three-dimensional head forms a t zero angle of yaw, 
is described herein. Three general geometric series have been 
studied —  rounded, ellipsoidal, and conical — together w ith other 
related forms. The data obtained have been systematized to yield 
information for a wide variety of geometrical forms either directly 
or by interpolation. Whenever possible, analytical methods have 
been used to corroborate the experimental data and to provide a 
reliable means of generalizing the results.

II . D e s c r i p t i o n  o f  E x p e r i m e n t a l  E q u i p m e n t

The water tunnel as a research tool has been developed specifically 
for the purpose of studying cavitation resulting from relative 
motion between a solid boundary and water. Since a given degree 
of cavitation may be achieved by varying either the velocity or the 
pressure, means are usually provided whereby the ra te  of flow and 
intensity of pressure can be controlled independently. As its name 
implies, the water tunnel is the water counterpart of the wind 
tunnel, a strong resemblance between design features of the two 
types of equipment being readily apparent.

A photograph of the test section of the water tunnel a t the Iowa 
Institu te  of Hydraulic Research is shown in Fig. 1, and a longitu­
dinal section in Fig. 2. The axis of the tunnel proper has the form 
of a vertical rectangle 11 feet high and 14 feet wide, the test section 
being located a t eye height above the first floor of the Hydraulics 
Laboratory of the Institute, and the pump foundation resting on
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the floor of the first basement. The tunnel diameter varies grad­
ually from 2 feet at the pump to 3 feet ju s t before the bell inlet to 
the test section, and beyond the test section i t  again varies gradually 
from about 1 j  feet to 2 feet at the pump intake. The tunnel walls 
are of T3ff-inch steel plate welded to |-inch  flanges, the three miter 
corners containing louvers of |-inch  plate. Quarter-inch live- 
rubber gaskets serve to seal all bolted joints. Except for the two 
interchangeable test sections, the entire inner surface of the tunnel 
is protected against corrosion by two coats of Bitumastic No. 50 
paint.

F i g . 1 .  P h o t o g r a p h  o p  T e s t  S e c t i o n , I n c l u d i n g  C o n t r o l s  a n d  G a g e s .

The axial-flow pump is a standard product of the Fairbanks- 
Morse Company, with bronze impeller, steel shaft, and cast-iron 
casing. Owing to the lack of sufficient direct-current power for a 
variable-speed electric drive, an 80-horsepower Continental gaso­
line engine was piirchased for this purpose, and connected to the 
pump shaft by means of V-belts and sheaves yielding a 2:1 speed 
reduction. The clutch and throttle were provided with remote- 
control extensions to the immediate vicinity of the test section. A t 
the maximum practicable engine speed of 1500 rpm  the pump 
yields a flow of some 35 cubic feet of water per second; a t its 
idling speed of 350 rpm  the flow is about 8 cubic feet per second.

Two interchangeable test sections were designed: one of the 
open-throat type, shown in Figs. 1 and 2, in which the je t from the
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Steam

nozzle is unconfined for about one d iam eter; and one of the closed- 
throat type, in which the boundary is continuous. Bach throat has 
a cross-sectional area of 1 square foot, so that the normal operating 
range of the system yields throat velocities varying from 8 to 35 
feet per second. Both for ease of construction and for proper 
guidance of the approaching flow in the two instances, the base of 
the nozzle within the 3-foot approach section was made in the shape 
of an octagonal pyramid, the matching ends of the interchangeable 
sections then being followed by smooth transitions to the circular 
cross section of the open throat and the sqiiare cross section of the 
closed throat, respectively. The octagonal housing for the open- 
throat section contains provisions for 4 windows of f-inch tempered 
plate glass; only the two side windows have been installed, how­
ever, the top and bottom openings being covered with steel plates 
perm itting ready access to the interior. The closed-throat section 
also contains four openings for either windows or removable covers. 
The interiors of both sections were given 4 coats of light grey 
Ucilon paint.
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To provide a means of measuring the rate of flow in a manner 
essentially independent of disturbances produced by bodies in the 
test section, a horizontal tube with 9 interconnected 3l2-irich stagna­
tion piezometers was installed in  the vertical leg of the tunnel lead­
ing to the test section, and a single wall piezometer was placed in 
the lip of the nozzle. The differential pressure between the stagna­
tion piezometers and the nozzle piezometer, as read on a mercury 
manometer, is proportional to the square of the rate of flow, the 
installation being similar in effect to a Venturi meter. Calibration 
against Pitot-tube traverses of the jet permits this meter to provide 
a sensitive indication of the velocity head at the test section. A 
single reading suffices, as one leg of the U-tube gage contains a pot 
with a cross section some 50 times greater than the bore of the tube, 
a small correction factor providing for deflection of the m ercury in 
the enlarged section. A wire loop and vernier attached to the gage 
rider perm it readings to the nearest 0.001 foot.

As a means of controlling the pressure intensity within the sealed 
tunnel, a vacuum pump, auxiliary tank, and secondary circulating 
system were installed as shown in Fig. 3. The vacuum pump is

| '/a"Pipe from B

t
fo ’Pipe fromC 

i  Pipe from A

-r6age

■Auxiliary Tank

P ressure

Vacuum Pump Centrifugal Pump

P i g . 3 . V a c u u m  P u m p  a n d  A u x i l i a r y  S y s t e m  f o r  C o n t r o l l i n g  P r e s s u r e .
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connected directly to the top of the 1-foot-diameter auxiliary tank 
where a minimum absolute pressure head of 3 feet of water can be 
maintained. A double line between the tank and tunnel, a pump, 
and appropriate valving perm it both regulation of the pressure 
within the tunnel relative to that in the small tank, and continuous 
removal of air from the test section to the auxiliary tank. By this 
means it is possible to produce a t the axis of the test section a 
pressure head varying from + 3 0  to — 30 feet of water. In  order 
to measure the pressure head at the je t axis during tests without 
introducing an instrum ent which would disturb the flow, a brass 
plate containing 3 piezometers on 3-inch centers was secured to one 
longitudinal wall of the test section. The three piezometers were 
interconnected, a common lead passing to a mercury U-tube similar 
to th a t for the velocity gage except th a t one arm  of this manometer 
is open to the atmosphere. All pressure readings are subject to cor­
rections for variations in  atmospheric pressure as determined by a 
precision barometer. The head reading is referred to the elevation 
of the je t axis by means of a zero reading on an open container of 
water having the proper surface level.

To perm it heating of the water in the tunnel so as to extend the 
Reynolds-number range over which the tunnel can be operated, 
provisions were made to supply steam directly to the w ater in the 
tunnel. F or this purpose a line wTas connected from the steam lines 
of the heating p lan t to the tunnel, utilizing the same inlet as for 
the pressure-regulation system (see Fig. 2). In  terms of the 1-inch 
bodies under study, Reynolds numbers from 5xl04 to 5x l05 can 
thus be obtained.

The in itial tests requested by the David Taylor Model Basin 
involved a systematic series of bodies of revolution encompassing 
the range of head forms of interest in the design of underwater 
projectiles. These tests were to include the measurement of pres­
sure distribution and the photography of the vapor pocket for each 
form a t various degrees of cavitation. Since every body tested 
possessed a cylindrical shank of considerable length, the several 
heads were so constructed that they could be mounted interchange­
ably a t the end of a fixed shaft of the same diameter. As shown in 
Fig. 4, the shaft consists of a brass sleeve machined to an outside 
diameter of 1 inch and supported by £-inch brass gusset plates 
brazed to streamlined cross struts,, which in tu rn  contain f-inch 
leveling screws passing through clips on the outlet wall of the test
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section. Along the top and bottom of the shaft are 12 j'j-inch piezo­
meters, and in the end are 12 additional holes matching the 
piezometer leads in the interchangeable heads. Copper-tubing leads 
were carried through the shaft nearly to the rear, passing through 
slots in the shaft wall to form the leading edges of the streamlined 
cross struts.

The various heads may be secured to the shaft by means of a 
threaded stainless-steel rod, a streamlined knob at the downstream 
end perm itting the head to be firmly seated. The 12 piezometer 
openings in each head are arranged in four longitudinal rows which 
can be brought to a position a t the top or bottom or either side as 
the head is tu rned  (see Fig. 5). Leads from these piezometers pass

0.025"° 
Piezometers 

Front View

“Stainless 
_  Steel Rod

Longitudinal Section A -A  Section B~B

0.0/S" Rubber * ' ' 

7 9

F i g . 5 .  V e r t i c a l  S e c t i o n s  t h r o u g h  a  T y p i c a l  H e a d .
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to holes in the base which match those at the end of the shaft when 
the head is in any one of the fonr positions. A thin rubber gasket 
punched to match the piezometer leads prevents leakage across the 
joint when the head is tightly secured. Two small pins serve to 
align gasket and head in each of the four optional positions. All 
external surfaces are nickel plated.

As a check on the agreement between the finished heads and the 
specified forms, a number of the heads were checked with a tool­
m aker’s microscope, some at the Rock Island Arsenal and others at 
the Taylor Model Basin. These checks indicated a high degree of 
accuracy in the machining process, discrepancies being for the 
most p a rt less than 0.001 inch, and never over 0.003 inch.

The 24 piezometer leads from the test shaft pass through the wall 
of the test section to a petcock manifold, which is immersed in a 
water bath to avoid leaks when under vacuum. A master lead from 
this manifold and a lead for the piezometer plate in  the wall of 
the test section are connected to a th ird  differential m ercury mano­
meter. This manometer (see Fig. 1) is so arranged as to permit 
differential heads to be read by vernier to 0.001 foot over a maxi­
mum range of 4 fe e t; it  is of a convenient zero-displacement design, 
a mercury pot and graduated rod being raised or lowered by rack 
and pinion until the mercury level in the opposite leg of the flex­
ible U-tube is brought to a fixed mark in a stationary glass tube. 
Pendulation of the mercury column is held to a practicable mini­
mum by means of fine glass capillary bypasses in the piezometer 
leads.

In  order to make supplem entary studies comparing flow in open 
and closed throats, a cylindrical brass shell was constructed in 
such a manner that it could be installed in the open-throat test 
section. In  this way the same test mounting could be used and easy 
interchangeability was achieved. Made of ¿-inch brass plate, the 
shell is 24 inches long and of the same inside diameter (about 13 
inches) as the nozzle. W ith a removable cover it served to confine the 
je t throughout the test section, at the same time perm itting ready 
access to the models. Although the junctions at the nozzle and 
around the cover were reasonably tight, no attem pt was made to 
close the gap between the enclosure and the tunnel at the down­
stream end of the test section.
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I I I .  P r e l i m i n a r y  I n v e s t i g a t i o n s

As a necessary p art of the cavitation studies described herein, 
prelim inary measurements were made for purposes of calibration 
and for the determination of certain practical limitations of the 
equipment. That is, information was sought concerning the degree 
of uniform ity of flow in the test section, the calibration of the pres­
sure and velocity gages, the extent of viscous influences, the effect 
of relative model size, and the degree to which cavitation studies 
would be influenced by the release of air from solution. In  addition 
a comparison was desired between characteristics of flow around 
the same bodies in open and closed throats.

The variation of pressure in the test section along the axis of the 
je t was determined with a 1-inch-diameter brass tube considerably 
longer than the test section, and having eight ^ - in c h  holes drilled 
around a normal section at about mid-length. The tube was ad just­
able in the longitudinal direction, thus perm itting the piezometer 
openings to be placed at any point along the centerline of the jet. 
The pressures determined in this manner were referred  to piezo­
meters either in the side of the test section or in the lip of the nozzle. 
In  addition, both velocity-head and piezometric-head traverses across 
the je t were made with a Prandtl-type P ito t tube. The latter tube 
was f-inch in diameter and 6 inches long, and was mounted on a 
1 x f-inch shaft extending through the je t on both sides of the tube 
to avoid asymmetry.

Since small but systematic spatial variations in piezometric head 
(i.e., h =  p / y - \ - z ) were thus disclosed, an arb itrary  reference 
point'was required, and the region of prim ary interest — i.e., imme­
diately upstream  from the point at which the models were attached 
to the shaft — w§s selected. F u rther differences, of the order of 
1% of the velocity head, were found between the piezometric heads 
determined by the longitudinal shaft and by the side openings of 
the P ito t tube; these differences were not identical for the open 
and the closed throats. Comparisons were made with the measured 
distributions of piezometric head around a hemispherical profile, 
followed by repeated careful observations under various conditions 
of flow and by simultaneous measurements with both techniques. 
As a result, slight corrections were established to bring the data into 
essential agreement. Specifically, the indications of the P ito t static 
openings were found to be slightly over a percent high because of 
the obstruction of the supporting rod, and corrected accordingly;
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in  addition, an arb itrary  adjustm ent of less than  a percent was 
made to bring the results of the two types of measurements into 
substantial agreement as shown in Fig. 6. The radial scale and the 
longitudinal position of the model are indicated by the inserted 
drawing of the 1-inch hemispherical head. I t  should be noted that 
the dimensionless pressure scale is exaggerated, being five times

H-ho+aOi, 

Vo/Zg -0.01

- 0 .01 * 0 .0 ) - 0 .01* 0.01 -0.01 *0.01

Tesi. Head

¡"Diameter
- t

Nozzle-H

h-h0 

Vo/Zg
F i g . 6 . D i s t r i b u t i o n  o p  P i e z o m e t r i c  H e a b

that used in presenting the results from the studies of the various 
head forms.

The velocity traverses for the closed throat evidence a rem ark­
ably uniform  velocity distribution in  the region of prim ary interest, 
while the je t in the open throat is seen to be incompletely formed 
(see Fig. 7). Good agreement is indicated by the*tendency for the 
velocity head and piezometric head to vary in  opposite directions 
from their mean values. Both types of traverse point to the pres­
ence of a slight asymmetry of flow in the vicinity of the nozzle. The 
existence of this anomaly was also indicated by a series of readings 
taken for the purpose of aligning the test shaft with the flow. 
Measurements were made with a 1-inch hemispherical head oriented 
successively in each of the four possible positions, and the inclina­
tion of the shaft was then adjusted both horizontally and vertically 
un til each piezometer yielded the same head readings in all posi­
tions. In  this manner the open-throat je t was found to have a

Closed Throat 
— Open Throat

i n  C l o s e d  a n d  O p e n  T h r o a t s .
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downward inclination of a little more than  2°. Although explora­
tory tests indicated a ra ther pronounced non-uniformity of velocity 
in the approach section, partia l screening of the louvers and the 
insertion of a honeycomb did not substantially improve the condi­
tion. F u rth er measures were not taken because it  was felt that the 
non-uniformity in the test section, while undesirable, was small.

Both the pressure and the velocity gages were calibrated from the 
traverses shown in Figs. 6 and 7, taking as the point of reference 
the same central region already mentioned. The piezometer plate 
in the side of the test section and the single piezometer in the lip 
of the nozzle were found to require slight corrections which were 
proportional to the velocity head of the jet, and differed somewhat 
for the open and closed throats.

Although the distribution of piezometric head around a sub­
merged body is a function of the Reynolds number R =  V 0d/v,  at

Closed Throat 
—o - Open Throat

i'\— /Ji—
.. ^  1.0 Nozzle-'

0.8 

0.6 

0.4  

0.2

0.2 

0.4 

0.6 

0.8 

1.0
0.96 0 9 6  1.00 0 .9 6  0.93 f.00 0.96 0.98 1.00

v
V0

F i g . 7 . V e l o c i t y  D i s t r i b u t i o n  i n  C l o s e d  a n d  O p e n  T h r o a t s .

moderately high values of this param eter the boundary layer be­
comes turbulent, the pattern  of flow becomes stable, and fu rther 
increases in R produce no fu rthe r change in pressure distribution. 
As a prelim inary to determining the effect of cavitation upon the 
pressure distribution for each form, therefore, a series of runs were
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made at atmospheric pressure for different Reynolds numbers. The 
results of such a test on the hemispherical head form are shown 
in Fig. 8. (Herein, as is also true of subsequent diagrams, the 
change in piezometric head in its ratio to the velocity head of the 
undisturbed flow is plotted against the ratio of the distance along 
the boundary to the head diameter.) This plot indicates for the 
hemispherical head an approximate critical value of R — 2x10 s ; a

s/d

F i g . 8 . V a r i a t i o n  i n  P r e s s u r e  D i s t r i b u t i o n  w i t h  B e y n o l d s  N u m b e r  f o r  

H e m i s p h e r i c a l  H e a d .

threefold increase above this critical produced no fu rther change 
in the pressure distribution. Because it was understood th a t the 
experiments described herein would be utilized for prototype de­
sign in the high Reynolds-number range, a critical value of R was 
determined for each head form (except for three beyond the 
capacity of the tunnel) and all subsequent tests were made at a 
higher value.

The magnitude of this upper critical Reynolds number varies 
considerably with the head form, being greatest for boundaries of 
moderate length. The pressure distributions for three of the forms 
tested — the |-caliber rounded, the 45° conical, and the \  :1 ellip­
soidal — continued to vary with the Reynolds number throughout
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the entire range of the tunnel. Furtherm ore, the flow past the two 
rounded forms was found to be unstable, as i t  tended alternately 
to follow the irrotational pattern  and to form a small but definite 
pocket of separation. Both the shorter and the longer forms became 
stable within or below the range of the tunnel, but for quite differ­
ent reasons. Flow past blunt and concave forms achieves a stable 
separation pattern  beginning at the abrupt change in boundary, 
while on longer forms the separation either does not occur or is 
eliminated by turbulence at comparatively low values of R. For 
the unstable intermediate forms, as R increases the separation is 
reduced and the value of the minimum pressure is also reduced; a 
limiting value is achieved, but only at higher values of R.

To determine the degree to which flow conditions in  the closed 
and open throats differed from those for an infinite fluid stream, 
an additional study was made of the effect of relative model size by 
measuring the pressure distributions around a series of bodies 1, 
1£, 2, 3, and 4 inches in diameter. As shape was not considered 
an im portant variable, and as the hemispherical head form was 
thought to be the most representative of the several series, only 
this one form was studied. The various models were made in such 
a manner that they could be mounted on the 1-inch test shaft, the 
parallel afterbody being carried well to the rear of the test section. 
To simplify construction, only the more significant region indicated 
by holes 1-12 was investigated. (Although the head forms and hole 
locations were apparently similar in every respect, it  was to be 
expected that non-uniformities of flow throughout the je t and slight 
variations in the finished models would introduce additional small 
variations. In  the la tter connection it is to be noted that a measur­
able difference in the minimum pressure for two different 1-inch 
hemispherical heads was found, although microscopic comparison 
showed the two to differ in contour by a maximum of only 0.003 
inch.)

Pressure distributions around the various heads for flow without 
cavitation are presented in dimensionless form in Figs. 9 and 10 
for the closed and open throats, respectively. ( I t  is to be noted 
that the quantity (h — h0) / ( V 02/2g)  becomes closely indicative of 
(P — Po)/((?^o2/2 )  as h0 becomes large compared with d  — i.e., as 
the effect of small changes in elevation becomes negligible. The 
distribution of pressure is therefore considered synonymous with 
th a t of the measured piezometric head through the remainder of the
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paper.) The significant feature of the plots is the contrast between 
the systematic downward shift of the curves with increasing head 
size for the closed throat and the relatively slight displacement of 
the results for the open throat. In  this connection it should be 
pointed out that, although the various head forms were not tested 
at the same Reynolds number because of the considerable differences 
in diameter, all tests were perform ed a t values of R above the 
critical. Furtherm ore, measurements were made for several differ­
ent values of R and no variation was found. Hence the systematic 
displacement of the curves in  Fig. 9 is not the result of viscous

1.0 

0.8 

0.0 

0 .4

az

- 0.2 

- 0 .4  

- 0.6 

- 0.6

H '° 0  0 .25 0 .50 0 .75  1.00 1.25 1.50 1.75 2 .00 

s/d
F i g . 9 . V a r i a t i o n  i n  P r e s s u r e  D i s t r i b u t i o n  w i t h  M o d e l  S i z e  i n  

C l o s e d  T h r o a t .

effects. On the contrary, the spread is directly related to the de­
crease in  cross-sectional area of flow, the horizontal lines at the 
righ t of the figure indicating the asymptotic values computed from 
the mean increases of velocity produced by the constriction, appli­
cation of the Bernoulli equation leading to the approximate rela­
tionship (h — /i0) / ( V 02/2g) = 2 ( d / I ) )2 for small values of d / U . 
On the other hand, the absence of any appreciable difference in  the 
distributions for the open throat —  even for the case in which the 
area of the obstruction was approximately 10% of the original jet 
area — indicates a divergence of the outer boundary of the je t in
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place of an increase in je t velocity. Such divergence is facilitated 
by the fact that the receiving ring  and tunnel conduit downstream 
from the test section have a diameter nearly 15% larger than that 
of the nozzle.

Similar measurements made at various intensities of cavitation 
gave indications similar to those for flow without cavitation. Be­
cause of the lower local pressures around the larger heads in the 
closed throat, cavitation began at relatively higher centerline pres­
sures, and was more intense a t any given pressure than for the 
smaller heads. Variation of head diameter in the open throat again

1.0

0.8

0.0

0.4

0.2

- 0.2 

- 0 .4  

- 0.6 

- 0 . 3

H '° 0  0.25 0.50 0.75 1.00 1.25 1.50 1.75 
s/d

F i g . 1 0 .  V a r i a t i o n  i n  P r e s s u r e  D i s t r i b u t i o n  w i t h  M o d e l  S i z e  i n  

O p e n  T h r o a t .

produced no effects of significance throughout the range of prac­
tical interest. Hence, while it was found th a t use of an enclosed jet 
insures greater uniform ity in  the distribution of velocity and pres­
sure in  the undisturbed flow, use of an open throat permits the 
investigation of proportionately larger models without appreciable 
distortion of the pressure distribution even under conditions of 
severe cavitation.

The final series of prelim inary tests dealt with the influence of 
air content upon the cavitation phenomenon. I f  the vapor pressure 
of the w ater is expressed in  terms of the corresponding head hv, and
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and the partia l pressure of air liberated from solution by ha, the 
ratio (h0 — hv -— ha) / ( F 02/%g) should be the prim ary criterion 
for the cavitation characteristics of a given body profile. The effect 
of any dissolved gas is to decrease the magnitude of the num erator 
of this cavitation index. Since the water supplied to the present 
tunnel contains a considerable amount of air in solution, short 
periods of de-aeration (i.e., operation a t low pressure for an hour 
or more) are necessary to reduce this amount to a practicable mini­
mum. Although no instrum ent for measuring the air content of 
the water has been installed, the experiments show that pressure 
measurements made under heads less than 0.5 foot of water above 
the de-aeration pressure are distorted by air coming out of solu­
tion, while at somewhat higher pressures (and correspondingly 
higher velocities) no measurable distortion of the results is found. 
Consequently, the technical difficulties in evaluating ha may be 
avoided by keeping the air content low and by m aintaining a pres­
sure head at least 0.5 foot of water above the de-aeration pressure. 
That dissolved air should in general have no appreciable effect upon 
cavitation phenomena under field conditions is evident from the 
fact that h0 is then almost invariably high (usually greater than 
the atmospheric pressure head). Hence the quantity  ha will be 
disregarded in the remainder of this paper.

IV. E f f e c t  o f  C a v i t a t i o n  U p o n  t h e  D i s t r i b u t i o n  o f  

P r e s s u r e  A r o u n d  B o d i e s  o f  R e v o l u t i o n

For flow past submerged bodies at high Reynolds numbers, the 
distribution of pressure is a function of the boundary geometry 
and degree of cavitation [1], the extent of cavitation effects being 
defined by a dimensionless number which has been designated as K 
Although several definitions are possible, for flow past a submerged 
body K is usually expressed in the form

j r __ho hv
T V / 2  g

The num erator evidently is a measure of the maximum drop in 
pressure which can occur at any point, and the denominator is a 
reference param eter based upon the maximum possible pressure 
rise —• i.e., at a point of stagnation. An increase in the num erator 
or a decrease in the denominator of this fraction thus represents a 
reduction in the tendency toward cavitation. Low values of K are 
therefore associated with high cavitation tendencies.
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Since over most of the practicable range of hydraulic phenomena 
the flow is entirely independent of vaporization effects, only in the 
event th a t a local pressure decreases to the vapor pressure of the 
liquid does a fu rthe r reduction of the cavitation param eter produce 
any significant effect. I t  is thus expedient to define K{ as that value 
of K at which cavitation is incipient, all values of K greater than 
K; therefore yielding a pattern  of flow unaffected by cavitation. As 
K is reduced below this critical value, however, the effects of cavita­
tion become more and more pronounced, the extent of the effect 
being indicated by the relative magnitudes of K and K¡. This trend 
is demonstrated by the systematic variations in pressure distribu­
tion for flow past hemispherical and blunt head forms shown in 
Figs. 11 and 12, respectively.

Each of these figures includes at the top a half section through 
the body in question, indicating the general relationship between 
the pressure-distribution curve (plotted normal to the boundary) 
and the body profile. This same curve is plotted against developed 
distance along the profile in  the graph below. For K >  K, all dis­
tribution measurements were found to coincide very closely. For 
values of K less than K,-, on the other hand, a systematic variation 
in each series of distribution curves will be readily apparent. As K 
decreases, in other words, the formation of a cavitation pocket 
(shown in silhouette in the photographs of Figs. 13 and 14) results 
in a proportionate lengthening of the zone of minimum pressure, 
and at the same time a reduction in the relative magnitude of the 
pressure drop. That the ra ther abrupt end of the minimum-pres- 
sure zone is a continuous function of K may be seen from the upper 
curve in each diagram. Comparison of this curve with the pocket 
silhouettes (presented in detail in the Appendix) will indicate that 
the end of the pocket invariably lies a short distance downstream 
therefrom, just prior to the point of full pressure recovery.

The variation of the minimum pressure with K is shown at the 
righ t of each figure. Such curves may safely be extrapolated to 
zero, since for small values they necessarily coincide with a 45° 
line passing through the origin (i.e., hmin must approach hv as a 
lim it). Although having comparable asymptotes, the specific mini- 
mum-pressure curves for these two head forms differ widely, since 
they typ ify  the two types of stable flow described in Section III . 
In  flow past the blunt head a stable separation pocket occurs, and 
cavitation actually begins in the fine-scale eddies along the surface
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of discontinuity immediately beyond the point of minimum pres­
sure. As a result, cavitation effects first occur when the minimum 
pressure on the boundary is still well above vapor pressure; only 
for very low values of the cavitation number (K <  0.3) does the 
minimum boundary pressure approach the vapor pressure. In  con­
tras t with this, the corresponding curve for the hemispherical form 
approaches as a theoretical limit the linear asymptotes, the min­
imum .pressure occurring near the boundary in the absence of an 
appreciable zone of separation.

F i g . 1 1 . E f f e c t  o f  C a v i t a t i o n  u p o n  t h e  P r e s s u r e  D i s t r i b u t i o n  a r o u n d  a  

C y l i n d r i c a l  B o d y  w i t h  H e m i s p h e r i c a l  H e a d .

In  order to provide as complete information as possible from 
tests on a limited number of models, three systematic series were 
selected and varied from long through intermediate to blunt and 
concave forms, as shown in Fig. 15. Rounded, conical, and ellip­
soidal shapes were chosen, in order that the test results could be 
adapted to a wide variety of forms either directly or by interpola­
tion. Since each of the heads within a series may be characterized 
by a single length ratio, the individual pressure distributions repre­
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sent one of the family of curves defined by the functional relation­

ship
h — h0

- f  (type, - j— , K)
V 0V2g

where “ ty p e”  refers to the general classification (e.g., rounded) 
and a/b  becomes r /d  for the rounded series, l /d  for the conical, and 
the axis ratio for the ellipsoidal. F or obvious reasons the hem-

-(h -h j.

F i g . 1 2 .  E f f e c t  o f  C a v i t a t i o n  u p o n  t h e  P r e s s u r e  D i s t r i b u t i o n  a r o u n d  a  

C y l i n d r i c a l  B o d y  w i t h  B l u n t  H e a d .

isplierical and the hollow cylindrical forms appear in  two and the 
b lunt in three of the different series.

Individual reports for each of the head forms — including plots 
similar to Figs. 8 and 11, silhouette photographs, and tabulated 
d a ta —'have been prepared for limited circulation by the Bureau 
of Ships, U. S. Navy. Since the prim ary purpose of this bulletin is 
to provide general information for a variety of boundary condi­
tions, the emphasis herein will be placed upon the analysis and 
summarization of the results, ra ther than  the presentation of a large 
number of data and curves. However, plots of pressure distribution
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and pocket profile for each of the heads are included in  the Ap­
pendix.

Bounded Series

The first series consisted of forms in  which the basis of the pro­
file was the circular arc. For descriptive purposes, the caliber of 
rounding has been defined as the ratio of the radius of curvature 
of the head profile to the shaft diameter. I t  may be seen from Fig. 
15, therefore, that calibers of 0, i ,  1, and 2 were included in 
this series. Fig. 16 represents the orderly sequence of pressure-

K - 0,20

P i g .  1 3 . S i l h o u e t t e s  o p  V a p o r  P o c k e t  F o r m e d  b y  a  H e m i s p h e r i c a l  H e a d  

a t  V a r i o u s  M a g n i t u d e s  o p  t h e  C a v i t a t i o n  I n d e x .
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distribution curves for this family of head forms under conditions 
free from cavitation and for sufficiently high Reynolds numbers to 
assure a stable flow pattern. The abscissa scale is the relative longi­
tudinal distance from the juncture of the head curve with the 
uniform afterbody.

While these graphs are based upon measurements, slight experi­
mental inconsistencies have been eliminated by the method of ad­
justing intercept values along horizontal and vertical lines to yield 
smooth curves when plotted against head caliber. Since this method

K -0 ,4 0

K =

F i g .  1 4 . S i l h o u e t t e s  o f  V a p o r  P o c k e t  F o r m e d  b y  a  B l u n t  H e a d  a t  V a r i o u s  

M a g n i t u d e s  o f  t h e  C a v i t a t i o n  I n d e k .
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also yields directly the coordinates of the pressure curve for any 
intermediate caliber, curves have been included for other calibers 
than those tested. While the extrapolated curves for the 3-caliber 
ogival head, as well as those for most of the intermediate calibers, 
are considered to be reasonably accurate, note must be made of the

Rounded Series

2 -Caliber Ogival

I-Cali ber Ogival

o
Hemispherical

'A-Caliber Rounded

'/e-Caliber Rounded

Conical Series Ellipsoidal Series

45° Conical 4:1 Ellipsoidal

90° Conical <?'/ Ellipsoidal

Ì
i35° Cortical Hemispherical

yso'

Blunt Ellipsoidal

Ì
Concave Conical Blunt

Blunt Hollow Cylindrical Concave Ellipsoidal

F i g . 1 5 . H e a d  F o r m s  S t u d i e d  i n  t h e  B o u n d e d , C o n i c a l , a n d  E l l i p s o i d a l

S e j r i e s .

fact that the - / ¿ - c a l i b e r  au({ the -^-caliber curves involve a certain 
amount of estimation. This is due in p art to the instability of flow 
around the short-radius forms, and in p art to the arb itrary  ad­
justm ent of the ¿-caliber measurements to approximate a higher 
Reynolds number than was attainable in  the tunnel.

For want of more explicit information it is sometimes necessary 
to estimate the magnitude of X for incipient cavitation from the 
minimum value of (h — h o) /  (V ()2/2 g ) on a plot such as th a t of
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Fig. 16. This is tantam ount to assuming th a t during cavitation 
the magnitude of the cavitation index will agree numerically with 
the minimum value of the pressure param eter on the distribution

curve — i.e., that K ~  ^ 2 /0~ ^  • As be seen from Fig. 17,
\  Vo /¿g  )  min

nevertheless, displacement of the lowest point of the pressure-dis- 
tribution curve invariably begins at a higher value of K than  would 
be indicated by the foregoing assumption. In  the case of the b lunt 
head form, the cavitation in  the fine-scale eddies along the surface 
of separation results in a change in flow pattern  which at first even 
tends to lower the pressure intensity at the boundary itself. As 
may be observed from the sequence of curves in Fig. 17, the gradual 
asymptotic approach of each to the 45° line representing the as­
sumed function would indicate th a t similar conditions of incipient 
cavitation prevail for even the larger-caliber heads; in other words, 
separation — or at least the formation of additional boundary 
eddies — appears to produce local pressure intensities w ithin the 
flow which are lower than that at the boundary and hence first 
attain  the vapor-pressure magnitude. While the intersections of 
the 45° line with the horizontal asymptotes of the several curves 
represent the values of K 4 which would be predicted from the pres­
sure distribution, the larger values indicated by the initial displace­
ment of the pressure-distribution curves are considered more nearly 
representative of actual conditions of incipient cavitation.

These two series of values are plotted against caliber of rounding 
in Fig. 18, for purposes of fu rthe r comparison. In  order to attain  
the zero point on the caliber scale, an arithmetic progression is 
used in the graph a t the left, while a logarithmic plot is used a t the 
righ t to perm it extrapolation with greater accuracy. I t  is apparent 
from the former that minimum-pressure conditions are to be ex­
pected between i  and ^  caliber of rounding — the -J-caliber head, 
in  fact, yielding very unstable flow conditions. Beyond this point 
the two curves approach one another very slowly, a t the same time 
gradually decreasing in  slope, corresponding in the logarithmic 
plot to parallel straight lines. The solid points and the broken 
curve in  the graph at the righ t represent results obtained by visual 
determination of initial vapor-pocket formation in  the water tunnel 
a t the California Institu te of Technology [2].

As already mentioned with regard to the blunt and hemispherical 
heads, during cavitation the pressure intensity along all heads of 
this series is essentially constant over almost the entire length of
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F i g . 1 7 . V a r i a t i o n  o f  M i n i m u m  P r e s s u r e  w i t h  C a v i t a t i o n  N u m b e r  f o r  

B o u n d e d  H e a d  F o r m s .

the visible vapor pocket. Careful comparison of the pocket sil­
houettes with the pressure-distribution curves (refer for both to the 
Appendix) indicated th a t (except for early stages with the blunter 
forms) the beginning of the pocket invariably coincided with the 
drop in  pressure, whereas the end in each case occurred at approx­
imately the midpoint of the curve of pressure recovery. In  other 
words, although the individual vapor bubbles form as the pressure 
approaches pv, they do not collapse un til they have been carried 
an appreciable distance into the zone of increasing pressure. I t  is

http://ir.uiowa.edu/uisie/32



to be noted, of course, that time photographs of the type used in 
this study do not reveal the instantaneous details of the formation 
and collapse cycle [3]. On the other hand, plots of the point of 
pressure rise, end of visible pocket, and maximum pocket diameter 
against the cavitation index for each head form verify the system­
atic trend  of the series of silhouettes reproduced in the Appendix, 
and hence are most representative of the mean conditions discussed 
herein.

A t the edges of the blunter heads, it  will be noted (see Figs. 51- 
53), the outline of the mean vapor pocket does not begin at the 
corner of the head profile, as would the normally assumed surface 
of separation, but somewhat fa rther downstream. In  seeking an 
explanation of this phenomenon, it must be recalled first of all that 
the separation pattern  is controlled not only by the shape of the 
fron t face, bu t also by the presence of the parallel afterbody, which 
tends to decrease the size and increase the intensity of the eddy 
enclosed by the separation surface. A t the upstream  end of this 
eddy, curvature of the stream lines of the reverse flow must neces­
sarily reduce the local cavitation tendency. Along the separation 
surface, moreover, it cannot be expected that the fine-scale vortices, 
and the accompanying cavitation at their cores, would develop im­
mediately even in a fluid so slightly viscous as water. Although for 
these reasons the pocket silhouette might be expected to advance 
upstream  to the corner of the head as the pocket became completely 
filled with vapor at very low values of K, a slight capillary creep 
could still result in some overhang. That the silhouette does appear 
to begin at the corner of the concave heads is probably an optical 
effect, since the outline of the entire three-dimensional pocket 
ra the r than th a t of the desired longitudinal section necessarily re ­
sulted from the photographic technique in use.

Conical Series

The second series consisted of righ t circular cones mounted on 
the parallel afterbody, apex angles of 45°, 90°, 135°, 180°, 225°, 
and 360° being selected as representative forms. In  the preparation 
of the final plots, however, it was found desirable to construct and 
test two additional forms with apex angles of 22i° and 67i° .

As an aid in  systematizing the results, considerable attention was 
given to a mathematical analysis of flow with comparable boundary 
conditions. Although no method was found which would yield the
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theoretical pressure distribution for the conical surfaces studied, 
sufficient similarity was found between the experimental results and 
the theoretical distribution for two-dimensional cones (or wedges) 
to justify  a detailed analysis of the la tter type of fluid motion.

F i g . 1 9 . C h a r a c t e r i s t i c  C u r v e s  f o r  F l o w  w i t h  S e p a r a t i o n  P a s t  T w o -

D i m e n s i o n a l  C o n e s .

From  the equations presented by Lamb [4] for symmetrical flow 
with separation past a bent lamina, a conformal solution for the 
two-dimensional cone was completed. The resulting relationship 
between the ratios y/yo  and v / V 0 is expressible by means of an 
infinite series in the form
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y (  v \  V  -  (2s )2 /  v \  
\Vo)  ' t  2 s  < p  F o  ;

2(i —1)

?/o J

where y  and y0 are, respectively, the lateral distances to a general 
point on the lamina and to the point of separation, and J  is a func­
tion of qp, the ratio of the apex angle to Jt:

jEir__®___ - l
2 [_ (4—

J =  1 cp
cp) ( 2  — Cp)

F

The jF-function, F  (a) dz, was tabulated

by Gauss [5]. The family of curves in Fig. 19(a), in which the 
pressure-distribution param eter is plotted against the geometric 
ratio y/yo, was computed from the foregoing equations.

Since the summation may be represented by the first term  of the 
series for small values of v/Vo,  the equation may be w ritten in the 
approximate bu t significant form

(v/VoV- _ [~ (2 — cp)J- |”

( y /y o )n L 8 J
where n =  2<p/(2-— cp). The right-hand term  is evidently a con­
stant for a given apex angle, and represents the limiting value of
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P i g . 2 0 . C o m p a r i s o n  o f  M e a s u r e m e n t s  f o r  T h r e e -D i m e n s i o n a l  C o n e s  w i t h  

T h e o r e t i c a l  R e s u l t s  f o r  T w o -D i m e n s i o n a l  C o n e s .
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the ratio (v /V o )2/  (y /yo )n at the tip. In  fact, as may be seen from 
the plot of the data with ( v / V 0) 2/ { y / y o ) n as ordinates in Fig. 19(b), 
the approximate relationship closely represents the exact equation 
over a radial distance which increases rapidly  with increasing apex 
angle.

In  order to utilize the similarity between theory and experiment, 
Fig. 20(a) was prepared in the same manner as Fig. 19(b). The 
exponents used for both plots, and the limiting constants which 
were obtained, are shown in Figs. 20(b) and 20(c). Although the 
coefficients follow a somewhat different functional trend, it  is note­
worthy that the assumption of equal exponents for the two- and 
three-dimensional systems appears to be entirely justified by the 
experimental data, and the analytical results were therefore of 
considerable aid in the preparation of the generalized experimental 
plots.

Fig. 21, containing the sequence of pressure-distribution curves 
for conical head forms, is comparable to Fig. 16 for the rounded 
series, the curves representing the pressure distributions in cavita- 
tion-free flow at high Reynolds numbers. As before, the experi­
mental curves were adjusted slightly and interpolated values were 
included. Although the results for the 45° cone varied with the 
Reynolds number throughout the range of the water tunnel, this 
variation was not pronounced for the higher Reynolds numbers; 
the interpolated values are therefore considered to be reasonably 
accurate throughout. The curve for the apex angle of 360° has 
been moved slightly to the right in Fig. 21, because the initial 
inside diameter of the hollow cylindrical head was actually 2% 
less than the outside diameter and its walls had a combined taper 
of 5°.

Although it  was assumed in the mathematical analysis of such 
head forms that the presence of the parallel afterbody had no 
effect upon the geometry of the separation zone, it will be found 
from an examination of Fig. 21 th a t the afterbody influence is 
actually quite appreciable. For example, the lowest pressure at 
the trailing  edge of a cone without afterbody should be obtained 
with the maximum apex angle of 360°, whereas with afterbody the 
pressure in this region is a minimum for an angle of approximately 
45°, increasing steadily therefrom  as the head becomes either 
sharper or blunter. The cylindrical afterbody, in other words, tends 
to decrease the separation tendency to a t least some degree in all
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eases, with the result th a t the approximation to irrotational con­
ditions without separation in the case of small to moderate apex 
angles yields the lowest boundary pressures for these heads. The 
afterbody will be found to have a similar effect upon the separation 
tendency in both the rounded and the ellipsoidal series.

Particularly  noteworthy in  the plots of the minimum pressure- 
head ratio versus K for the conical series (Pig. 22) is the pro-

F i g . 2 2 .  V a r i a t i o n  o f  M i n i m u m  P r e s s u r e  w i t h  C a v i t a t i o n  I n d e x  f o r  

C o n i c a l  H e a d  F o r m s .

nounced tendency for the pressure to drop for slight cavitation. 
The only exceptions in this series were the gently tapered 22£° 
form and the hollow cylinder. Since the la tter also fails to follow 
the systematic trend  whereby K ¡ increases with apex angle, the 
experimental results were carefully checked. Although no errors 
were found in  the experiments, i t  was noted that the drop in pres­
sure tended to decrease with increasing angle, leading perhaps to 
an imperceptible decrease for the 360° head and an indeterminate 
value for K ¡. A similar result will be noted for the concave ellip­
soidal head.

These trends may also be seen in Pig. 23, in which both the mini­
mum pressure ratio and the value of K , are plotted against the 
apex angle, the uncertain region for the la tter function being shown 
as a broken line. As the apex angle increases, the minimum pres­
sure decreases un til a more stable form of separation counteracts 
this tendency, eventually yielding a minimum pressure which is
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essentially independent of the apex angle. Mininram-pressure con­
ditions for the conical series are seen to occur a t an apex angle of 
about 45°, tests on the 45° conical head form having shown, how­
ever, that flow conditions were sensitive to variation in the Reynolds 
number to the extent that the minimum pressure could not be 
exactly determined.

Essentially the same comments with respect to the pocket sil­
houettes apply to the conical as to the rounded series, and detailed 
profiles will again be found in the Appendix. Noteworthy is the
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F i g . 2 3 .  C a v i t a t i o n  I n d e x  a n d  M i n i m u m  P r e s s u r e  v e r s u s  A p e x  A n g l e  f o r  

I n c i p i e n t  C a v i t a t i o n .

fact that boundary angularity  now controls the point of separation 
ra ther than boundary-layer development along a continuous curve.

Ellipsoidal Series

For the th ird  series of head forms, semi-ellipsoids of revolution 
were combined with the parallel afterbody, the various profiles 
within the series being characterized by the ratio of the longitudinal 
to the transverse axis of the generating ellipse. From  Fig. 15, it 
may be seen that axis ratios of 4:1, 2:1, 1:1 (hemispherical), i  :1, 
0:1 (b lunt), -— \  :1 (concave), and — oo :1 (hollow cylindrical) 
were studied.
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The mathematical simplicity of the ellipsoidal shape has long 
since made possible a solution for the pressure distribution around 
ellipsoids of revolution in irrotational flow. Although the afte r­
parts of these bodies differ from those tested, the results of this 
analysis were found to agree closely with the experimental data for 
the longer forms. Based on the analyses presented by Durand [6] 
and Lamb [7], the following equations have been derived: For 
ovary ellipsoids (longitudinal axis greater than the maximum 
diameter) the velocity at any point on the surface is given by

v =  Vo sin a ^

where a is the ansie between the direction of flow and a line normal

to the profile, e is the eccentricity y  a2 — V2/a  of the elliptical cross 
1 __ g2 i  _i_ e

section and A = — ----- In ——!-----. For planetarv ellipsoids (longi-
2e 1 — e

tudinal axis less than the maximum diameter) the corresponding 
relationship is

e2 \
v — V0 sin

B — l + e 2

a / ̂
where B =  —---------  sin_1e. For any ellipsoid (including the spe-

e
cial case of the sphere and the limiting case of the circular disk) 
the expression for the pressure-distribution param eter reduces 
therefore to the form

h h0 __i ( 7 \ o
~ ~ ( s m a ) "

The values of k are evidently constant for a given head form, since 
they are functions of the eccentricity (or axis ratio a/b) alone.

A second analytical solution for flow past the longer ellipsoidal 
forms was completed using the approximate method introduced by 
von Karm an [8], I f  a number of sources and sinks are used in 
combination with a uniform velocity field, it is possible so to de­
termine their intensities that one stream line of the resulting flow 
approaches a predetermined boundary profile. In  this way analyti­
cal results were obtained for boundaries closely approximating 
the 4 :1 and 2 :1 semi-ellipsoidal forms with parallel afterbodies.

The pressure distributions from the two types of analysis are 
compared with the experimental results in Fig. 24, and indicate 
the agreement to be expected between theory and experiment for

http://ir.uiowa.edu/uisie/32



the various axis ratios. The von Karm an method gives results for 
the longer forms which coincide almost exactly with experiment. 
The results from the first method of analysis also indicate good 
agreement for the longer forms, particularly  near the nose. The 
departure near the point of tangency for such forms is prim arily 
due to the basic difference in boundary form. The more general 
disagreement for the shorter forms, on the other hand, is the re ­
sult of viscous effects which were ignored in the analysis and pro ­
duce separation in the actual flow.

Axis Ratio:

F ig . 24. Co m pa r iso n  o p  A n a l y t ic a l  a n d  E x p e r im e n t a l  P r e s s u r e  D is t r ib u ­

t io n s  for  E ll ips o id a l  H ead  F o r m s .

Fig. 25 represents the sequence of experimental pressure-distri- 
bution curves for the ellipsoidal heads at values of K above that 
for incipient cavitation, and at Reynolds numbers high enough to 
insure stable flow. As in the preparation of Figs. 16 and 21, ex­
perimental inconsistencies have been eliminated by adjusting in ter­
cept values on auxiliary plots. These plots, together with the ana­
lytical methods illustrated by Fig. 24, were readily adaptable to the 
determination of pressure curves for the intermediate axis ratios 
included in Fig. 25. The interpolated values are reasonably ac­
curate throughout, except for axis ratios of f  and i .  As in the case

http://ir.uiowa.edu/uisie/32



Ax
i) 

R
at

io

Eh<1
Ph

X
<

£
o
Eo
&
£
<

g
om
Oh

13

tìa
eh

&3tiP

T  Q
iJ

s
3¡5 O 
hi

O

http://ir.uiowa.edu/uisie/32



of the -¿-caliber rounded head, the \  :1 ellipsoid showed a pronounced 
variation with the Reynolds number throughout the range of the 
tunnel, the uncertainty of the results for this head making in ter­
polation to the adjacent axis ratios uncertain as well.

Figs. 26 and 27 show the interrelationship between the minimum

i h-hçA
vo/£gU
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-14

\ £_

Z Note: Numbers Indicate 
Axis Ratios

\ -K.-oo 0
y

V\
\ ft

\

0 0.2 0.4 0.6 Ofl 1.0 1.2 1.4
K— fro~* u"7

1.6 I.Ô 2.0 22
_ ftp hy

Vo/Sg
F ig . 26. V a r ia tio n  o f M in im u m  P r e s s u r e  w it h  Ca v ita tio n  I n d ex  for 

E l l ips o id a l  H ead  F o r m s .

pressure ratio, the axis ratio of the ellipsoidal head forms, and K. 
These two figures, together with Fig. 25, bear out trends observed in 
the other series; the longer, well-faired shapes show, in addition 
to the expected slight decrease in local pressure, a tendency for the 
minimum pressure ratio to equal the value of K, both in the cavita­
tion range and at incipient cavitation. At the other extreme the 
blunt and concave forms illustrate conflicting trends for the larger 
K values, only the blunt form yielding the dip in the pressure 
curve and the resulting increase in K ( which was general for the 
conical series.

The theoretical limit in Fig. 27(b), which was obtained from the 
analysis of flow past ellipsoids of revolution, serves to define the 
extension of the two curves. This upper limit, together with the 
trend of the neighboring points, also decreases the possible error 
in the uncertain results for the 1:1 form. The theoretical line, 
which is actually a combination of two curves for the two types of 
ellipsoid, closely approaches a straight line within the region of 
interest.
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Supplem entary Series

F irs t in a series of supplementary shapes also investigated was 
a single head having the form of the mathematical half body. This 
form was considered significant because of its definition as a na­
tu ra l fluid boundary, and the likelihood th a t such a boundary would 
have a comparatively slight tendency toward cavitation. In  addi­
tion, these tests offered fu rther opportunity to check experimentally 
the accuracy of the flow pattern  predicted by a theoretical analysis.

F ig . 27. Cavitation" I n d ex  a n d  M in im u m  P r e s s u r e  v e r su s  A x is  R a tio  for 

I n c ip ie n t  Ca v ita t io n .

The surface of the mathematical half body is defined by the 
streamlines passing through the stagnation point in fluid moving 
with an initially uniform  velocity past a three-dimensional point 
source [9]. The equation of this boundary in polar coordinates 
may be written in the form

, • 6 j  4 r sin —  — do
¿i

where d0 is the maximum diameter which the body approaches 
asymptotically as the angle 8 becomes small. As it was obviously 
impossible to extend this boundary form to the mathematical limit, 
the value of do was made one percent greater than the one-inch 
radius of the cylindrical shaft, and the half-body profile was ex­
tended only until it intersected the profile of the cylindrical shaft.
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As a result there was an abrupt although very slight change in 
profile at a point immediately downstream from piezometer number 
12 about 2 diameters from the nose.

The theoretical pressure distribution around a half body, as 
determined from the velocity potential of the combined flow, can 
be expressed in terms of either r  or 9:

P —  Po /  d0 \  2 F  0 /  d0 \ 2 n ~] 

qVo2/% \ 4 r )  I  \ 4 : r )
0 6 

=  sin2 -g- (3 sin2 —-----2)

The corresponding curve is compared with the experimental results 
in Fig. 28. The agreement between theory and measurement is 
seen to be good throughout the entire range. The magnitude of 
the minimum pressure, its point of occurrence, and the distribu­
tion of pressure upstream  therefrom agree so closely that only a

s/d
F ig . 28. Co m p a r iso n  o f  E x p e r im e n t a l  and  T h eo r etic a l , P r e s s u r e  D is t r i ­

b u t io n s  fo r  t h e  H a l f-B ody T orpedo H ead .

single curve could be drawn. In  the region of decelerated flow im­
mediately downstream, a noticeable bu t still slight discrepancy was 
found, indicating a limited zone of separation or boundary eddies. 
I t  is difficult to compare the half body with other profiles, since 
either a longer or a shorter half-body head, brought to the 1-inch
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diameter in the manner already described, would be expected to 
give essentially the same minimum pressure. Although the length 
as constructed is somewhat greater than the 2.-1 ellipsoidal form, 
the minimum pressure is approximately the same.

Two other types of head were subsequently tested in order to 
determine the effect on the cavitation characteristics of a systematic 
variation in profile form with a constant ratio of profile length to 
diameter. In  other words, for a particular length-diameter ratio a 
head form was sought for which the tendency toward cavita­
tion would be reduced to a practicable minimum. Although 
considerable emphasis has already been given to the fact that the 
minimum pressure ratio is not even approximately equal to K it 
may be seen from Figs. 18 and 27 th a t the two values are propor­
tional for the longer forms, differing by approximately 10%. It 
follows th a t a reduction in the minimum pressure ratio would yield 
a comparable reduction in K {.

As the hemispherical head form was used as the basis of com­
parison for the first typQ, the variations therefrom have been de­
scribed as modified hemispherical heads. Since this basic form has 
a constant radius of curvature, it was thought th a t a reduction in 
the pressure drop near the circle of tangency could be secured 
through an increase in the radius of profile curvature in this zone 
and a corresponding decrease near the tip.

A study of the general profile equation

(in which x' and r are the profile coordinates in cylindrical nota­
tion, x' differing from x in that it is measured from the nose rather 
than from the point of tangency) indicated th a t througli proper 
choice of exponents the relative curvature at nose and point of 
tangency could be controlled to a considerable degree. F or in ­
stance, if m is held constant at the value 2 and n is successively 
increased from 2 (for the hemisphere) to 3, 4, and 5, the profile 
sequence of Curves I, II, I I I ,  and IV  of Fig. 29 will result.

Since the radius of curvature at the point of tangency becomes 
successively greater, it  appears reasonable to assume th a t the zone 
of minimum pressure intensity should be shifted fa rther and fa r ­
ther from the point of tangency, and hence th a t the pressure re­
duction should become correspondingly less extreme. On the other
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hand, holding the exponent n constant a t the value 2 and increasing 
m (as for Curve V) should produce the opposite effect.

I  (¿r/d-t)** (?r/d)*=l 
ÏÏ (2x/d-l)‘+(er/d)s*l~ 
E  (Zxjd-I)‘+ (Zr/d? -/■ 
Æ (Zx/d-l)*+ (2r/d)s 
Y (Zx/d-iy* (Zr/d)! I

0.10 0.20 0.30 0.40 0.50 
x/d

P ig . 29. P r o fil e s  o f  M o d ified  H e m is p h e r ic a l  H ea d  F o r m s .

Measurements made in the water tunnel for each of the profiles 
in question provided data for the composite plot of Fig. 30 for non- 
cavitating conditions. Curve Y, as was to be expected, evidences a 
minimum value which is markedly lower than th a t for the hem­
isphere (Curve I ) .  Curves II , I I I ,  and IV  likewise indicate the

F ig . 30. L o n g i t u d i n a l  D i s t r i b u t i o n  o f  P r e s s u r e  o n  M o d if ie d  

H e m i s p h e r i c a l  H e a d s .
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expected progressive shift in the point of minimum pressure 
toward the zone of decreased radius of curvature. The correspond­
ing reduction in the pressure drop, on the other hand, is disappoint­
ingly slight. In  fact, the indicated magnitude of K { is reduced 
only 10% below that for the hemisphere, and this maximum re­
duction is obtained for Curve I I  rather than I I I  or IY.

In  the belief that a profile curve not restricted by the exponential 
function of the modified hemispherical forms might still result in 
an improvement in the pressure distribution and a corresponding 
reduction in K ¡, another type of head form was tested. This series 
consisted of blunt noses with ellipsoidal transitions as shown in Fig. 
31, and is therefore referred to as the modified ellipsoidal. P a r t  of

F ig . 31. P r o fil e s  o f  M od ified  E l l ips o id a l  H ead  F o r m s .

the series, having a ratio of profile length to profile diameter of 
|  :1, is comparable to both the hemispherical and modified hem­
ispherical forms; the other, with a ratio of unity, approaches 
the 2 :1 ellipsoidal form as a limit. The distributions of pressure 
around the shorter forms for non-cavitating conditions are shown 
in Fig. 32 and around the longer forms in Fig. 33. In  each case a 
decrease in the transverse dimension 1) of the curved portion is ac­
companied by a progressive shift of the point of minimum pressure 
toward the nose, a logical consequence of the increase in curvature 
near the nose and the corresponding decrease in the region near the
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F ig . 32. L o n g i t u d i n a l  D i s t r i b u t i o n  o f  P r e s s u r e  f o r  M o d if ie d  

E l l i p s o i d a l  H e a d s  ( a  — d / 2 ) .

x /d

F ig . 33. L o n g itu d in a l  D is t r ib u t io n  o f  P r e s s u r e  for  M o d ified  

E ll ips o id a l  H eads  ( a  =  d ) .
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parallel section. The maximum drop first decreased with increase 
in the blunt area, and then increased as the curvature near the 
juncture with the blunt nose became extreme, very low pressures 
occurring at small values of b.

In  order to generalize the results, a plot of the minimum-pressure 
ratio versus 2b/d  was prepared for the two series and is presented 
in Fig. 34 together with single points from the ¿-caliber rounded 
and the 4 :1 ellipsoidal heads. From  this ra ther limited information 
and the logical conclusion that for 2b/d  =  1 the minimum pressure 
would approach zero asymptotically with increasing a/d,  the broken 
line was drawn to assist in interpolation to other values of a/d  than

1.6

1.4

1.2

l.O

- t
0.6

0.4

0.2

0,

\ '

\ I_ _L
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V __d/2

/ \
v— 7--

///
—4- \ 1\
// \ >

\ \
a/ch,

Ji a/d-£:

0  01 0.2 0.3 0.4 *0.5 0.6 0.7 0.6 0 9  10

2b/d

F ig . 34. D is t r ib u t io n  o f  M in im u m  P r e s s u r e  w it h  M o d ified  E l l ips o id a l

H ead F orm .

those tested. Although relatively few points were used in defining 
this curve, it is thought to be quite accurate for values of a/d  equal 
to or greater than I, the interpolated values having been obtained 
from an auxiliary plot of the minimum pressure ratio against a/d.  
On the other hand, for values of a/d  less than -J the location of the 
curve becomes increasingly uncertain, particularly  since a pro­
nounced separation will undoubtedly occur for the very short forms.

I t  is concluded th a t the modified ellipsoids represent a consider­
able improvement over other forms of comparable length-diameter 
ratios with regard to the tendency toward cavitation. In  each of 
the two cases, the maximum pressure drop was reduced by nearly 
20%, thus perm itting an increase of nearly 10% in the maximum
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velocity which may be attained without cavitation. I t  is also note­
worthy that the forms are simply defined, and possess a larger 
volume than those which are completely faired. Since the blunt 
nose has been found to have a stabilizing influence under conditions 
of water entry, it  is of particular interest to note the considerable 
degree to which the ratio a/d  may be varied without affecting 
greatly the magnitude of K t. The modified-ellipsoidal profile, in 
other words, is readily subject to alteration in specific form to 
satisfy criteria other than low susceptibility to cavitation.

Y . S u m m a r y  o f  R e s u l t s

Essential to the final evaluation of any series of experiments is 
knowledge of the extent to which the desired test conditions have 
actually been achieved. For the experiments described herein, the 
production of uniform pressure and velocity in the test section, the 
attainm ent of stable Reynolds-number regimes, and the elimination 
of air-content effects upon the cavitation phenomenon were of 
prim ary importance. The results of prelim inary studies of these 
factors may be summarized as follows:

1. Despite noticeable non-uniformities of velocity in the ap­
proaching flow, both the velocity and the pressure in the 
open-throat test section varied less than \ cf< from their mean 
values throughout the region of experimental interest. In tro ­
duction of a throat enclosure practically eliminated this 
variation. However, whereas the enclosure resulted in appre­
ciable errors in the pressure distribution around test forms 
occupying only 2% of the flow section, in the open throat 
such effects could not be noted even with forms obstructing 
as much as 10% of the cross-sectional area.

2. No influence of dissolved air upon cavitation was discernible 
as long as the pressure in the test section was somewhat above 
that of the preceding de-aeration run, bu t operation of the 
tunnel at lower pressures (the cavitation number remaining 
the same) yielded a change in the pressure distribution 
around test forms not unlike that resulting from a change 
in the cavitation number. To eliminate error it was therefore 
concluded that the operating pressure should be at least 0.5 
foot of water above the de-aeration pressure.

3. As in previous investigations on boundary flow, a critical 
Reynolds number was found to define the upper limit of
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viscous effects upon the flow pattern  for any given form of 
body. This critical value varied considerably with body 
geometry, and in some cases lay beyond the range of the 
tunnel (E  =  5 x  105) . Noteworthy is the fact th a t the highest 
critical Reynolds numbers corresponded to bodies of in ter­
mediate length — the longer profiles eliminating the tendency 
for flow to separate from the boundary and the blunter pro­
files producing early formation of a stable separation zone. 
In  order to simulate flow patterns to be expected at high 
Reynolds numbers of prototype conditions, it was therefore 
evident th a t all tests should be conducted at values of R well 
above the upper critical for the body form in question.

Subsequent determination of the pressure distribution around 
31 different heads of rounded, conical, ellipsoidal, and modified 
forms at various degrees of cavitation led to systematic families of 
distribution curves, the most significant characteristics of which 
may be summarized as follows:

1. The greatest local reduction in pressure occurred on in ter­
mediate forms in each of the three major series: the ^-caliber 
rounded, the 45° conical, and the J :1 ellipsoidal. In  the case 
of longer forms, owing to the reduced tendency toward 
separation, the pressure drop was more gradual and much 
less extreme. In  the case of blunter forms, the presence of a 
stable zone of separation not only reduced the pressure drop 
but also resulted in essentially constant pressure throughout 
the separation zone. The form of this zone was clearly indi­
cated by photographs taken under conditions of mild cavi­
tation.

2. Close agreement was obtained between the measurements for 
the well faired forms and computations based upon the as­
sumption of irrotational flow — the longer semi-ellipsoids and 
the half-body form providing a ready basis for comparison. 
Hence it may be concluded that analytical methods may be 
used to evaluate the pressure distribution under conditions 
of negligible separation. F u rther analyses based upon sim­
plified boundary conditions proved useful guides in sys­
tematizing and extending experimental results.

3. In  every instance the first effects of cavitation upon the 
boundary pressure distribution occurred before the la tter had
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reached the vapor pressure, owing to prior formation of 
cavities within the fine-scale eddies in the boundary layer or 
along the surface of separation. As a result, prediction of K t 
from the minimum pressure under cavitation-free conditions 
can be a t best an approximation, and will in some cases be 
greatly in error. For the faired boundaries the difference was 
found to be a m atter of some 10%, but for the blunter forms 
the minimum pressure head a t the boundary was as much as 
one velocity head above the vapor pressure head when cavita­
tion along the surface of separation first affected the pressure 
distribution, the actual magnitude of K { then being nearly 
200% greater than that predicted. Surprisingly, the initial 
change in the latter cases was usually a reduction in boundary 
pressure.

F u rth er decrease in the value of K led in every case to the 
eventual establishment of a cavitation zone in which the 
boundary pressure was essentially constant and equal to the 
vapor pressure, the length and diameter of the pocket in­
creasing with reduction in the value of K. Immediately down­
stream from this zone the pressure rose rapidly to a higher 
value than for flow without cavitation, a logical result of the 
existence of flow toward the boundary in this region. Still 
farther downstream the pressure re turned to the undisturbed 
value. A systematic relationship between the mean pressure 
distribution and the mean pocket silhouette was found to exist. 

In  an attem pt to determine the profile form least likely to 
produce cavitation, studies were made of several modified 
forms with a given length-diameter ratio. Although only a 
few of the many possible forms were investigated, a simple 
combination of a partia lly  blunt nose with an elliptical transi­
tion was found to give results considerably better than the 
others tested. For a length-diameter ratio of í  :1, the blunt 
portion of the nose being one-half the diameter of the shaft, 
a minimum pressure ratio nearly 20% above th a t of the hem­
isphere was obtained. Corroborative tests for longer head 
forms produced comparable results.
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