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ABSTRACT

This paper cont :ins discussions of: The historical de-
velopment of supercavitating and ventilated propellers; their
operating characteristics; and the mechanism of theilr operation.
A good deal of the material referring to the latter two subjects

is presented here for the first time.

The part on historical development includes a discussion,
for the first time in recent Western literature on the subject,
of the pioneering research of the Soviet scientist V.L. Posdunine

and his colleagues.

The operating characteristics are discussed largely in terms
of four regimes of propeller operation for which definitions are
given. These are: subcavitating, partially cavitating, super-
cavitating, and fully-supercavitating. The presentation of pro-
peller characteristics in various forms and their meaning is dis-
cussed. The arched shape of the fully-supercavitating charac-

teristic curve (kt vs. J) 1s described and explained.

New phenomena which dominate the mechanism of operation of
supercavitating propellers are described. These are cavity block-
age and blade-cavity interference. Some quantitative theoretical
results relating to these phenomena are presented. It is ex-
plained how these phenomena account for effects on thrust and
efficlency, observed experimentally, but not previously under-
stood. Fundamental differences in the mechanism of operation of

sub and supercavitating propellers are revealed.
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INTRODUCTION

Ten years have passed since the systematic development and
exploitation of supercavitating and ventilated propellers was
begun in this country. Our progress has been slow but steady.
Our present knowledge of the whys and wherefores of these pro-
pellers is not by any means detailed enough, but we have suffi-
cient acquaintance with them to be encouraged to design them for
installation on large high speed hydrofoil ships and planing
craft. In fact, such applications seem likely to grow, since no
reasonable alternative for ship propulsion in the speed range be-
tween 40 and &0 knots has yet presented itself to us. This is a
very important reason why we must continue to work hard on super-

cavitating propeller problems.

We have had to face a number of very sobering facts since
our first evperimentation in this country with supercavitating
propellers. We early became aware of the terrible strength prob-
lems which accompany very high speed propeller operation in sea-
water. These problems are much aggravated by the thin leading
edges with which we would like to equip supercavitating propellers,
and they are brought to a virtual crisis by the deterioration of
fatigue strength properties in most high yleld materials due to
scawater corrosion. We have been learning through experience how
to live with these problems and to accept the penalties in per-

formance caused by them.
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We have also discovered that the thrusting action of heavily
supercavitating propellers is unexpectedly poor during off-design
operation., For this reason, the provision of adequate thrust to
a hydrofoil boat at take-off has become an important element in

supercavitating propeller selection and design.

Further, despite our initial successes, we have finally been
forced to admit that our only published design methods allow us
to predict the thrust or efficiency of supercavitating propellers
only roughly, and finally, we have realized that hydrodynamic ef-
fects occur during the operation of supercavitating propellers
wnich we had not in the beginning expected or predicted, and we
have therefore had to reconstruct the theory of their operation.
This has been done to a certain extent, although many details re-

mai*n to be provided. Nor will this task be easily finished.

I suppose that these experiences are not at all untypical
of th,se associated with new developments of this kind. Typical-
ly, too, we somewhat exaggerated the "newness" of the subject.
The history of supercavitating propellers does not begin in the
1950's, nor even in the 40's at the vime of intensive Soviet stud-
ies — but probably in 1894 with the trials of the British steam
vessel TURBINIA. It 1s a very interesting history.

In the present paper I will first try to tell something
about the historical development of supercavitating propellers and
especially of the ploneering research of the Soviet scientist
Posdunine, then to discuss in general terms the important operating
features of supercavitating and ventilated propellers and some as-

pects of their design, and finally to describe briefly those "new”
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hydrodynamic phenomena which we have recently discovered to be
associated with their behaviour. By the latter I refer partic-
ularly to the phenomena of blade cascade interference and cavity
blockage. The reader must obviously look elsewhere for a dis-
cussion of systematic experimental data or for a bold and clear
cut formulation of the design process, ™ but it is hoped that this
paper will help him in the interpretation of data or in carryirng
out an actual design by providing some familiarity with the fairly
complicated operating characteristics and mechanism of operation
of supercavitating propellers. Much of this material is being

presented here for the first tiﬁe.

HISTORY

Parsons and the TURBINIA

The affair of the British steam vessel TURBINIA provices a
very important chapter in the history of ship development. This
vessel displaced 444 tons and was 100 ft. in length and 9 ft. in
beam. She was designed and built in 189% under the sponsorship
of a syndicate formed to test the application of the compound
steam turbine to marine propulsion. The sponsors hoped that an
"unprecedented" speed would be obtained, i.e., a speed somewhat
in excess of 30 knots. A single turbine and propeller were ini-

tially installed without gear reduction., The turbine was designed

* In Reference 1 the reader will find the most complefe avallable
attempt along these lines.
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to develop upwards of 1500 horsepower at a speed of 2500 RPM.

The first trials were terrible failures, speeds of only about 20
knots being obtained. In Sir Charles Parsons own words, Refer-
ence 2, "Trials were made with screws of various patterns, but
the results were unsatisfactory, and it was apparent that a great

loss of power was taking place in the screw.”

Almost nothing was known about the effects of cavitation on
screws prior to the design of the TURBINIA, although at just about
that time the trials of the British warship DARING drew attention
to the subject, and caused research to be done by S. W. Barnaby
and J. I. Thornycroft, Reference 3. This research, together with
that conducted subsequently by Parsons, revealed that heavy cavi-
tation was undoubtedly occurring on the TURBINIA's screws and it
was thus concluded that this heavy cavitation wsas the cause of

the "great loss of power."

Parson's account of the TURBINIA affair, Reference 2, 1s
decidedly unemotional in style, but it is not difficult to imagine
the effect of the first TURBINIA trials on both designer and spon-
jors, for the fallure, which was due to completely unanticipated
sffects, clearly threatened to jeopardize their entire venture
ind investment. In fact, the severity of the difficulties drove
he designers finally to a rather extreme but successful solution
involving the replacement of the single turbine by three smaller
urbines of equivalent total horsepower; these drove, without re-
luction, nine screws arranged three in tandem on each of three
arallel shafts. In 1897 several sets of screws of different pitch
ere tried and the refitted TURBINIA finally achieved a speed of
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32.60 knots, bringing success to the venture and what must have
been immeasureable relief to the designers and sponsors. Parsons
and his colleagues subsequently crowned this achievement with
further technical and business success in the development, adap-
tation, and manufacture of steam turbines for marine use. Of
course, the eventual success of the steam turbine depended very
much on the introduction by Parsons of reduction gears — thus

really saving the "cavitation crisis."

Parsons experimental studies in the two years following the
initial trial failures were made on 2-inch screw models operating
in a circular tank of almost boiling water and observed with a
stroboscope (of his own design!). In this way he was able to ob-
serve not only the onset of cavitation but even supercavitating
operation. He described some of his observations as follows:

"It appeared that a cavity or blister first formed a little behind
the leading edge and near the tip of a blade; then, as the speed
of revolution was increased, it enlarged in all directions, until,
at a speed corresponding to that in TURBINIA's propeller, it had
grown so as tc cover a sector of the screw-disc of 90 degrees.
When the speed was still further increased, the screw as a whole
revolved in a cylindrical cavity, from one end of which the blades
scraped off layers of solid water, delivering them on to the other.
In this extreme case nearly the whole energy of the screw was ex-
pended in maintaining this vacuous space. It also appeared, when
the cavity had grown to be a little larger than the width of the
blade, that the leading edge acted like a wedge, thc forward side
of the edge giving negative thrust."
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The exact connection between such observations and the op-
eration of the TURBINIA's screw remains unclear, both because the
experiments were carried out in water whose speed was undeter-
mined, and because the scaling procedure utilized is rather vague.
Nevertheless, the first failures of the TURBINIA and these ex-
periments together made evident in dramatic fashion tihie horrors
that can attend the operation of heavily cavitating propellers.
The experience of others in Britain at about the same time taught
of the ills to be visited in the form of blade erosion by permit-
ting even relatively small amounts of cavitation to exist on a
screw. These lessons were perhaps too well learned; the horrors
thus revealed seem in fact to have been sufficiently blinding so
that for the following forty years man felt hardly compelled,
even out of scientific curiousity, to study in a rational and
systematic way the operation of heavily cavitating screw propel-
lers. Thus our scientific understanding remains relatively under-

desreloped even at the present time.

The practical possibllities for high speed propulsion uti-
lizing supercavitating operation were of course not completely
neglected during this period, and without the aid of any theory
or rational design methods, heavily cavitating screw propellers
were and still are successfully used to propel small racing boats
at speeds well in excess of 100 knots. A great deal of trial and
error in propeller choice must be involved in such applications
since the attainment of proper rotative speed is crucial for the

optimum performance of racing engines.




HYDRONAUTICS, Incorporated

_7_

Early Soviet VWork — V. L. Posdunine

In about 1940, V. L. Posdunine, a Soviet scientist and mem-
ber of the Academy of Sciences of the USSR, seems to have com-
menced his systematic studies of heavily cavitating sarew pro-
pellers, References 4-11; he also inspired other Soviet work,
References 12-15. Posdunine's studies are remarkable in a number
of respects. 1In the first place, they comprise, as far as I know,
the first really rational and systematic studies of the subject,
although other individuals had certainly tested and observed,in
isolated instances, propellers operating under heavily cavitating
conditions. Posdunine's work was especially strong on the ex-
perimental and intuitive side (the theory being weaker) and he ob-
served and discussed phenomena which have only recently received
notice and attention in our own work. For instance, he was well
aware that the inflow to a supercavitating propeller is quite dif-
ferent than that to be expected from the theory of subcavitating
propellers or from actuator disc theory; in fact, he wrote of ob-
serving during water tunnel tests that the inflow speed at a heav-
ily supercavitating screw was actually less than the approach
speed far ahead of the screw; for this reason he undoubtedly in-
spired a series of Soviet theoretical studies, References 12-14,
attempting (unsuccessfully) to derive an appropriate momentum
theory for supercavitating propellers. He also seemed to under-
stand the importance of blade interference for the operation of
supercavitating propellers; he had conducted (others actually per-
formed the tests) experiments on a systematic series of screws

with blade numbers from 2 o 16 and blade area ratios from .09 to
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1.12;he also stimulated. theoretical work on non-linear cascades of
flapped supercavitating profiles, Reference 15. Posdunine was

in fact so impressed by the new effects introduced into propeller
operation in the supercavitating regime that he wrote "The op-
erational differences between supercavitating and ordinary non-
cavitating propellers are so great in point of physical phenomena
that no common theory of operation or single type of construction
will suit the two kinds of screw." He clearly recognized the im-
portance of blade profile shape and by 1945 had carried out ex-
periments on at least 28 hydrofoils in a wide variety of shapes;
the most advanced of these look like good shapes to us except that
they are much thicker than we would ordinarily use, see Figure 1.
He failed, probably for this reason, to produce lirt-drag ratios
greater than 8.5. Posdunine did, however, determine from his ex-
periments at least two very fundamental facts about supercavitating
profiles: (1) that their quality decreases with inereasing thick-
ness, and (1i) that for best results they should be operated at

an incidence close to that for "shock-free entry." Much of his
systematic experimentation, particularly on screws themselves, has
not yet been paralleed by us and, unfortunately, he described his

results in only general terms.

In his published work (1941-47) on supercavitating propellers,
Posdunine made a plea for a better theoretical understanding of
the various important aspects of supercavitating propeller flow,
including: supercavitating flow about profiles and the inflow to
a supercavitating propeller. The published Soviet work in empha-

sizing fundamentals, seems to fail in presenting useful formulae
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or methods which allow for the design of a cavitating screw or

fcr the prediction of its performance, anc we are left only to
wonder whether supercavitating propellers »f rational design have
found application in the USSR. Posdunine'!s insight into the
problems of supercavitating propellers seem most impressive, de-
spite the fact that his insights found, at best, weak expression

in analytical terms. While foreseeing most of the problems, he did,
however, seem to neglect in his published work the structural pron-
lems that must be dealt with in supercavitating propeller develop-
ment — or can this perhaps be the reason that he experimented,

finally, with such thick hydrofoil sections?

The existence of rosdunine's work was vaguely known in the
West, but except for an early article in English, published in the
Transactions of the Institution of Naval Architects - Reference 5,
it was not read. Posdunine's views and his simple theory as ex-
pressed in his short British paper of 1943 are difficult to under-
stand - the theory is in fact incorrect in its assumptions — and
this is probably the reason why he did not inspire us. He did of
course succeed in introducing the word "supercavitating" into the
English language, through the publication of Reference 5. Fron
Great Britain this word seems to have been imported directly into
the David Taylor Model Basin.*

*¥ In view of this fact is does seem a little ironical that a
great literature having been bullt up here on the subject of
supercavitation and supercavitating propellers, a movement has
been inaugurated recently in Great Britalin to introduce in-
stead the use of the term "heavily-cavitating."
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Developments at the David Taylor Model Basin

Without any knowledge of the history so far recited, I began
theoretical studies of supercavitating two-dimensional flows at
the David Taylor Model Basin in about 1952. These were at first
definitely not inspired by a specific interest in propellers or
hydrofoil craft, but by a simple curiousity about the form of
theory for thin bodies in cavity flow. For my beginning knowledge
and interest in cavity flows, I was entirely indebted to Refer-
ences 16 and 17 and to conversations with Phillip Eisenberg. The
first application of linearized theory to supercavitating flow
was for the case of thin strut shapes, Reference 18, and then with
a growing interest in practical applications (as anticipated in
the Introduction to Reference 20} for the case of 1lifting hydro-
foil sections, References 19-21. Thus the principal of design
for low drag was discovered and applied, as an example, to the de-

sign of a particular hydrofoil section.

These theoretical results suggested, somewhat optimistically,
"that supercavitating hydrofoil sections could be designed with
efficiencies comparable to those of fully webted sections." There-
upon the utilization of a theoretical low drag section in a super-
cavitating propeller was undertaken in early 1954, at first by
H. L=rbs and later by A. Tachmindji.* As part of this effort,

the calculation of upver cavity streamlines was undertaken in 1954

* A number of other people at the Taylor Model Basin played an
important role in this early development, including: WMr.
William Morgan and Cdr. (now Capt.) Patrick Leehey, U.S.N.
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by the author and Miss Phyllis Burkardt, but was unfortunately

not included in any unclassified work., It was first attempted

to design a three-bladed propeller, but this was too highly stress-
ed because of the thin blade sections being utilized, and a two-
bladed design was finally accomplished, TMB Propeller 3460. It

was lightly loaded (CT = 0.145); of low blade area ratio

(BAR = .196), and of moderate pitch (Pitch Ratio = 1.107). It

is further described together with its performance and the de-
sign method utilized in Reference 23. This initial supercavita-
ting propeller, designed according to theory and without the use
of any experimental hydrofoil data whatsoever, was exceedingly
successful in that the design performance with regard to thrust
and efficiency were very closely verifiied during tests. The de-
sign method utilized may be described as imbedding two-dimensional
supercavitating theory (linearized) for the profile performance
into conventional (Reference 22) modern blade element theory.

Thus no account at all is taken of possible interference (blade
cascade) effects on the blade elements, of possible blockage ef-
fects that the thick cavity body might have on the approaching
flow, or of the possible effect of the cavities on curvature or
pitch corrections. 1Indeed, the experimental results in verifying
the design performance suggested that such effects could be safely
ignored, and such was the interpretation universally given them.
This interpretation was strengthened by the similar success of a
second supercavitating propeller of somewhat different charac-

teristics (TMB Propeller No. 3509, Reference 23; CT = 0.28; 3

blades; BAR = .332; Pitch Ratio = 1.533), which was in addition
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to laboratory tests installed on a small hydrofoil craft. Prob-
lems of propeller strength were to a certain extent recognized and
dealt with during these early developments and a practical design
method incorporating hydrodynamic (ac previously indicated) and
structural considerations resulted, References 23 and 24. How-
ever, the structural design remained based on the criteria of
spanwise bending stresses (Taylor's method), ignoring chordwise
bending. The latter turn out to be important for high speed pro-
pellers with thin leading edges. This design method thus ignores
both important hydrodynamic and structural effects. It neverthe-
less has served valiantly, succeeding very well in its early ap-
plications and it remains the only design method for supercavita-
ting propellers yet set forth in print; designers are therefore
much indebted to the Taylor Model Basin and the authors of this
method.

These initial developments at the Taylor Model Basin have
been steadily expanded there, mainly through further propeller
testing in both tunnels, towing tanks, and on small boats, Ref-
erences 25-34 ; these are well reviewed in Reference 1. These
tests have resulted in a better understanding of what may be ex-
pected in the way of operational characteristics of supercavita-
ting propellers, if not in an increased underst. Jing of their me-
chanism of operation. Outstanding, in our opinion, among the rev-
elations of these tests were the discoveries: (a) that the thrust
coefficient for a fully supercav.tating propeller possesses a
maximum, (b) that strength problems including leading edge vibra-

tion or "flutter" are of great importance in actual applications
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of supercavitating propellers and (c¢) finally, that the conven-
tional method of analysis of supercavitating propellers often

does not lead to accurate predictions of thrust or efficiency.

The Taylor Model Basin also introduced the ventilated propeller,
which operates with artificial cavities created by the introduc-
tion of air to the suction side of the blades, References 25 and 28.
This work was then followed here very closely by intensive studies
of ventilated propellers at the Naval Ordnance Test Station (NOTS)

in Pasadena, California.

Ventilation

It had been known at least since the wartime work of Reichardt
in his water tunnel at GOttingen, Reference 35 , that air may be
used to create cavities behind blunt bodies and thereby produce
flows which may be quite precisely correlated with natural cavita-
ting flows on the basis of equal cavitation number, defined as the
ratio of the difference between ambient and cavity pressure to the
dynamic head. Some of Reichardt's experiments were repeated at
the Taylor Model Basin just after the war by Phillip Eisenberg
and Hartley Pond. Attention was drawn not only in this way to so-
called ventilated flows, but during the same period a good deal
of experimental and theoretical interest in cavity flows had been
stimulated by problems involving the air-filled cavities formed
during the water entry of air launched torpedoes. We were there-
fore quite consciously aware of the possibility of ventilated

“*~ws from the beginning of our research.
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In 1955 just after the publication of Reference 20 and ap-
parently in response to the predictions of the theory contained
therein, personnel of the Hydrodynamics Division of the Langley
Laboratory of the then National Advisory Committee for Aeronautics
(NACA) began both experimental and theoretical studies of super-
cavitating flows. The greatest part of this work was done by
Virgil E. Johnson, Jr. The aim of Johnson and his co-workers was
o provide information which might lead to improved take-off and
alighting gear for water-based aircraft. They saw in supercavi-
tating operation a possible way to avoid the dangerous transition®
from fully wetted to cavitating flows which had up to that time
prevented the use of hydrofoils at high speeds. In the beginning
of this work it was realized that ventilated rather than naturally
cavitating operation offered the better prospect for smooth op-
eration from relatively low speeds to take~off. The NACA work
did indeed conf'irm the advantages and reveal the feasibility of
ventilated wing systems, Reference 36 . 1In fact, at the very
early initiative of Eugene Handler of the Bureau of Naval Weapons
a ventilated hydrofoil was designed and has been successfully ap-
plied to a small water-based aircraft, Reference 37 . Further,
in good part as a derivative of the early NACA work, very inten-
sive studies of ventilated wing systems for high speed hydrofoil
craft are being carried out today in various laboratories, in-

cluding our own.

Thus was the stage well set for the introduction of the ven-
tilated propeller in 1959. Taylor Model Basin tests, including

air requirement measurements, on a simple propeller operating both
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ventilated and with natural cavitation showed,as was to be ex-
pected, that performance was the same in the two modes of opera-
tion, the cavitation number being fixed, Reference 25. More re-
cent Soviet tests have shown the same thing, Reference 38. The
Soviets have gone on to utilize ventilation in order to operate
supercavitating propellers on self-propelled models at Froude
scaled speeds. In this way and by pressure measurements on the
model stern they have shown that supercavitating propellers may
be expected to reduce thrust deduction. Theory leads to the

same conclusion, as we shall see in a later section of this paper.

The Naval Ordnance Test Station (NOTS) in Pasadena, Cali-
fornia, together with the Ordnance Research Laboratory at Penn.
State University, has during the last four or five years con-
ducted intensive studies of ventilated propellers of both the
supercavitating and base ventilated type. They have publishcd
very interesting accounts of theilr research, References 39 - 42,
which included tests both in a water tunnel and on a 10 ft. tor-
pedo-1llke body run on a cableway. The etfect of air flow rate
to the propellers on the thrust, efficlency and radiated noise
were determined. This research was of a ploneering nature in
many regards. Almost in their own words, "a number of important
advances...(were) made for the first time: (a) a ventilated pro-
peller was used to propel a marine vehicle, (b) a gas other than
alr was used for propeller ventilation, and (c) a supercavitating
propeller was used {0 propel a torpedo-like vehicle." Although the
final conseque.aces nf the NOTS tests are unclear, they certainly

demonstrated the general feasibillity of ventilated propellers for
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real appllications. In connection with the NOTS experlimental stud-
les of ventllated propellers, particularly of the base-vented type,
i1t should be mentioned that these were unquestionably very much
stimulated by certain theoretical and experimental work on base-
vented hydrofoll sections conducted in the same laboratory, Ref-
erences 43 and U44; this work closely parallels that of Johnson,
Reference 45, and has been followed by more recent studies, Ref-

erence 46,

Ventilation clearly offers the possibility of operating
supercavitating propellers at lower forward speeds than would
otherwise be posslible — even, as the Sovlets showed, at the very
low speeds associated wich towing tests. This is certainly an en-
ticing possibility, but no full scale applications to ships of any
size have, to the best of my knowledge, been made. The develop-
ment cf ventilated propellers is continuing, though, as for in-
stance through studies of air requirements, ventilation inéeption,

and cavity pulsations, References 47-50.

It is worth noting, incidentally , that almost all steady cav-
ity flow theory 1is equally applicable to ventlilated and natural
supercavitating flows since no account 1s taken of the exact na-
ture of the light gas within the cavity. This 1s not, however,
true of unsteady cavity flow theory where the compressibility of

the cavity gas 1s crucial and must be taken 1nto account.

Developments Abroad

Following the publication of the early Taylor Model Basin
work and the 2nd ONR Syinposium on Naval Hydrodynamlcs, active

interest in supercavitating propellers spreud abroad, partlcularly



HYDRONAUTICS, Incorporated

~17-

in Sweden, Great Britain, the Netherlands and Japan. Activity
has involved actual application to high speed planing boats
(about which no detailed reports on performance or operating ex-
perience are yet available) and tunnel testing. Thes > foreign
tests contribute well over half of the more than 30 separate
supercavitating propeller test results available today, Refer-
ences 51-54., 1In addition, some foreign tests have not been re-
ported, as in the case of a series of 12 propellers which have
been tested by KaMeWa of Sweden. Incidentally, all of the test
results available refer to propellers tested according to the
DTMB design method, Reference 24, with the exception of the so-
called Newton-Rader series, Reference 51. These latter pro-
pellers utilize blade sections developed empirically and quite

unlike our own sections, Figure 1.

Variable pitch supercavitating propellers were quite early
suggested and tested by KaMeWa of Sweden, and the latter has
made available some test results which show what might be gained
during off-design operation by a variable pitch installation,

Reference 54,

These are confirmed by some tests conducted in our own water
tunnel for the Hamilton Standard Division of the United Aircraft

Corporation, Reference 55, which I shall touch upon again later.

Among the more interesting tests conducted abroad were those
at the NSMB in Wageningen, Reference 52, in which supercavitating

screws of different sizes were tested in a solid wall tunnel in
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order to obtain information on wall effects. These revealed the
existence of no such effects, and this may be explained theoreti-
cally, as we mention again later in discussing the momentum theory
of supercavitating propellers. Alsc in connection with wall ef-
fects, certain propeller tests carried out for HYDRONAUTICS in a
solid wall tunnel at the Swedish State Experimental Towirg Tank
in Gotéborg are interesting. In these tests we specified that
the length of the cavity behind the propeller be measured. In
fact, over part of the measurement range, which included very low
advance coefficients, the cavity extended completely down the
tunnel — thus causing choking. This phenomena may also be ex-
plained and predicted theoretically with the aid of momentum
tﬂeory.

Other Developments Here

We have already referred herein to the work at the Taylor
Model Basin and to ventilated propeller tests at the Naval Ord-
nance Test Station in Pasadena. Besides these, other very im-
portant work related to the theory and application of supercavita-
ting propellers has been conducted elsewhere in the United States

during the last nine or ten years.

Motivated by the promise held forth by the predictions of
the earliest theory, References 19 and 20, and by the possibility
of supercavitating applications to hydrofoil boats and propellers,
the Mechanics Branch of the Office of Naval Research deliberately
undertook to support, encourage, and co-ordinate a research pro-

gram in the area of supercavitating flows starting in late 1955.
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A number of groups in Universities were supported under this pro-
gram, including those in the Hydrodynarmics Laboratory at the
California Institute of Technology, the St. Anthony Falls Labora-
tory of the University of Minnesota, the Mathematics Departments

at the Renssalaer Polytechnic Institute and at the Delft Technical
University (the Netherlands), and the Ordnance Research Laboratory
at the Pennsylvania State University. In addition the ONR under-
took to provide the means for technical co-ordination of the Navy's
in-house interests in this field, particularly between certain in-
terested groups in the Bureau of Ships, the Bureau of Naval Weap-
ons and their laboratories. The ONR furthsr sought to encourage
scientific interest in supercavitating flows through the 2nd ONR
Symposium on Naval Hydrodynamics in 1958, one-half of which was
devoted to that subject. 1In fact the collected papers of that
Symposium already reflect the success of the ONR, even at that
early date, in stimulating activity in this field of research.

Much of this work, which was both theoretical and experimental,
served to elucidate our understanding of supercavitating flow past
foils and wings, of wall interference, of cascade flows, and of un-
steady effects. It has provided an invaluable foundation for the
research and applications which followed, both in reference to pro-

pellers and hydrofoil wings.

During the past five years the grcups most active in theoreti-
cal research on supercavitating flows have been located at the
California Institute of Technology, NOTS Pasadena, Stanford Uni-
versity, and at HYDRONAUTICS, Incorporated. A thorough review of
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the literature is not available, but reasonably lengthy bibliog-
raphies are available (in the form of references) in References 56
and 57 ; these are supplemented by certain references in the pres-

ent paper.

The intensive HYDRONAUTICS effort in the field of super-
cavitating flows has been very closely associated with propeller
development. This work has been supported primarily by the Bureau
of Ships of the U. S. Navy. It has involved theoretical and ex-
perimental research and full scale design. Some of the results of
our theoretical research on the mechanism of operation of super-
cavitating propellers azre indicated in another section of this
paper; these results largely explain the off-design operation of
supercavitating propellers and have led to improvements in design.
In addition to this work, detailed studies of the performance of
a wide variety of hydrofoil sections, including strength as a
parameter, have been carried out, References 58 and 59 . Without
results such as these it is not possible properly to design super-
cavitating propellers taking strength into account. We have also
introduced two new features in section design, which improve very
much the strength qualities of useful sections. These are:

(a) the section annex, which is appended to the base of the usual
section within the cavity envelove, thus increasing its bending
strength without interfering with its hydrodynamic operation while
supercavitating and (b) the use of almost parabolic thickness in
addition to camber and incidence, thus increasing in an optimum
way both the strength of the nose in chordwise bending and the
spanwise bending strength of supercavitating sections. A section

utilizing both of these features is shown at the bottom of Figure 1.
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In early 1960, HYDRONAUTICS undertook studies of propellers,
pod and tail strut for the H. S. DENNISON, a 100 ton, 60 knot hy-
drofoil ship built by the Grumman Aircraft Corporation for the
U. S. Maritime Administration. It was recognized from the begin-
ning that the propellers would have to be supercavitating. After
a study of alternatives, including dual propellers mounted fore
and aft on a nacelle, it was decided to utilize a single propeller
mounted at the aft end of a fully wetted pod and attached to the
hull by a vertical strut of very special design. It was during
the first tests (at the DIMB) of a three bladed propeller of our
design for the DENNISON that it was first discovered that a super-
cavitating propeller suffers adverse loss of thrust at low advance
coefficients; previous available supercavitating propellef tests
had not been conducted at sufficiently low advance coefficients
to reveal the arched shape of the fully supercavitating thrust
characteristic curve. It was this discovery that sparked our
studies of cavity blockage and blade interference effects, which
are discussed later in this paper. This first propeller proved
unsuitable for a number of reasons and we subsequently designed
and had manufactured in stainless steel a two-bladed 42 inch pro-
peller of pitch ratio 0.98 employing low-drag annexed sections and
a blade area ratio of 0.25. Many of the design features incor-
porated were a result of concern about the provision of adequate
thrust at take-off, as this became of great importance to us fol-
lowing the revelations of the earlier tests. This two-bladed pro-
peller was tested, final revisions in design incorporated, manu-
factured, and finally utilized to power the DENNISON during her
very first trials in July 1962. Quite adequate hydrodynamic
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performance both off-design and at the cruise speed were attained,
the propeller being very well matched to the turbine, Reference 60,
as is essential for fuel economy and best turbine utilization. Af-
Ter a few hours of operation this propeller failed in an out-
becard region near the leading edge probably due to corrosion fa-
tigue. This failure had been preceded about a week earlier by the
very similar failure of a quite different three-bladed supercavi-
tating propeller of Taylor Model Basin design during high speed
model tests. These feilures together led to the realization that
chordwise bending could not be neglected in the design of super-
cavitating propellers and that available methods of propeller
stress analysis are therefore quite incdequate. An alternate
three-bladed propeller of Taylor Model Basin design was aiready
under construction prior to and during the first trials of the
DENNISON and following the failure of our two-bladed propeller,
this alternate screw was modified to thicken the leading edges

and was subsequently utilized, Reference 60.

The DENNISON was a successful and very useful pioneer in
many respects. Speaking only of the propeller, she demonstrated
that a supercavitating screw could successfully take-off and pro-
pel a large hydrofoll boat at speeds even in excess of 60 knots
with propeller efficiencies in the neighborhood of 60 percent and
while absorbing powers approaching 15,000 h.p. Furthermore it was
demonstrated that this would be done while obtaining a good
matching between the propeller and turbine. This achievement in-
volved a solution to the problem of mating the propeller, pod and

supporting strut, and of the recognition and partial solution of
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the off-design problem for supercavitating propellers. Finally,
of course, the experience with the DENNISON taught us the in-
valuable lesson that stress problems for high speed propellers

operating in seawater are more severe even than we had thought.

The design and construction of the DENNISON was overall a
bcld prcject. In connection with propulsion it must be particu-
larly pointed out that the successful development of shafting,
gears, and turbine by the General Electric Company, to deliver
over 15,000 h.p. from the hull to the submerged screw through a
long right-angle drive system was a noteworthy engineering

Zchievement.

The use of naturally supercavitating propellers is limited
to sufficiently high forward speeds and loadings; therefore dif-
ficulties arise in many potentially fruitful applications in-
volving speeds where the operation of subcavitating propellers is
inevitably accompanied by serious harmful cavitation, but which
are yet not high enough for naturally supercavitating propellers,
Reference 61. The ventilated propeller offers the possibility
of supercavitating operation at quite low forward speeds, as we
have commented here already. So, too, does the naturally super-
cavitating propeller in a Kort nozzle which we have proposed and
studied analytically, Reference 62 . This system seems to offer
particular advantages for the propulsion of hydrofoil craft in
the speed range between about 20-4%40 knots and would therefore

seem to deserve scme experimental study.
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In order tc bring this history right up to date, a recent
interesting developmer.t might be mentioned. It involves the
proposal for a variable camber supercavitating propeller by
George Rosen of the Hamilton Standard Division of the United
Aircraft Corporation. The propeller would employ a hinged for-
ward portion. We have recently designed and tested such a super-
cavitating propeller for the United Aircraft Corporation, Ref-
erence 55; these tests indicate that a marked improvement in
off-design thrust capability is attainable with a variable camber
propeller in comparison both with fixed pitch and variable pitch
propellers. These results are not only of potential practical
importance, but they seem to us to confirm our theoretical con-
clusions (as discussed later in this paper) regarding the nature
of the off-design problem and the importance of camber in dealing
with it.
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GENERAL CHARACTERISTICS OF CAVITATING PROPELLERS

Definition of Supercavitating Operation

The onset of cavitation on a marine propeller has been de-
scribed mapy times. Cavitation may occur first in the hub vortex,
the tip vortices, or on the blades. At first appearance it has
little effect on the propeller performance, although it may be ac-
companied by olade erosion and radiated noise. The appearance
and extent of cavitation depends both upon the cavitation number
based on rotative speed, On’ and the propeller loading. In gen-
eral the spread of cavitation over a blade is accelerated by re-
ducing o and increasing the propeller loading. Cavitation gen-
erally spreads from the tip downward to the hub. This is illus-
trated in Figure 2, showing the cavitation patterns and thrust
associated with propeller operation over a range of rotative
speeds, the forward speed and ambient pressure being fixed. The
spread of cavitation is seen to be accompanied by a diminishing
of the rate at which thrust increases with rotative speed, until
when cavitation occurs over nearly the whole blade, an increase
of RPM may (as in the cas: illustrated) result in no additional
thrust, or even a slight decrease of the latter. In these cases
the losses due to cavitation completely absorb the additional
power supplied to the screw. If, however, the rotative speed is
even further increased, then the thrust generally rises again.
This is illustrated in Figure 3 which 1s schematic based on actual
test data. At the same time the cavities become longer and more
fully developed. It is at this stage that the propeller may be

sald to be supercavitating. To be precise, we may define super-

cavitating operation as beginning at the rotative speed where the
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rate of thrust increase with rotative speed is first a minimum,

the forward speed and ambient pressure being held fixed. This

definition is in part arbitrary, but it is based on the experi-
mental observation that the thrust increases more rapidly with
rotative speed once the spread of cavitation over the blade from

tip to hub is completed.

In Figure 4a are presented the thrust characteristics of a
supercavitating propeller obtained in towing tank tests with sim-
ulated cavitation (ventilation), Reference 38. They represent
the most complete set of thrust characteristics for a single pro-
peller known to the author and they are at the same time typical
of other availahle data. The propeller was 3 bladed, had a pitch-
diameter ratio of 1.4, an area ratio of 0.51, and utilized "wedge
sections which are usual for supercavitating propellers'" although
"due to the necessity of setting the tubes for air supply and
cavity pressure measuring, the blade thickness including the
thickness of the leading edge was increased in comparison with
the predicted values." The operating characteristics for the
same propeller are shown in somewhat different form, Figure U4Db,

where contours are given for constant values of Gn rather than T,

(note that the cavitation number based on true tip circumferential
speed would be about on/lo). These curves are very instructive.
They do no., however, permit the rapid determination of conditions
which correspond to supercavitating operation. For this purpose,
these same thrust characteristics are presented in a different
form in Figure 5; here the slope of a given contour is propor-
tional to the rate of change of thrust with rotative speed (for-

ward speed and ambient pressure fixed). Utilizing the definition




HYDRONAUTICS, Incorporated

-27-

of supercavitating operation just given, the region so defined is
drawn in and is later used in constructing Figure 6. The narrow
extent of this region is quite evident, and particularly striking
is the shrinking of this region down to the so-called fully su-
percavitating line for low advance coefficients. This diagr

also reveals that for low J's there exists a rotative speed for
which the thrust is a maximum, the forward speed and ambient pres-

sure being fixed.

The chart shown as Figure 5 (CT vs. 1/J; 9, fixed) seems
very useful to us and we recommend it for propulsion system anal-
ysis. For instance, the thrust required vs. forward speed for a
given craft may be plotted on the same diagram, the propeller
diameter having been tentatively selected, and the required ro-
tative speeds and regimes of operation of the supercavitating pro-
peller are then exhibited in a particularly clear way‘for the

whole speed range of the craft.

Fully Supercavitating Operation

Imagine that the rotative speed of a propeller has been in-
creased until supercavitating operation begins, and is now fixed
along with the forward speed, but that the ambient pressure is
decreased or, equivalently, that the cavity pressure is increased.
The thrust acting on the propeller will now at first decrease,
because the lifting effectiveness of the blade elements is re-
duced by the effective increase in pressure on the suctlon side

(reduction in blade cavitation number). As the blade cavitation
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numbers based on true rotative speed approach zero (say - become
less than .03 or so) further loss of effectiveness with reduction
of ambient pressure is virtually halted. The thrust thus ap-
proaches a certain limiting value which depends on the advance
coefficient and is hardly affected by further decrease of the
cavitation number. We might then say that the propeller is fully

supercavitating. The typical characteristic curve for fully su-

percavitating operation may be roughly described as a circular or
parabolic arc with a maximum near the middle of the propeller's

J range. This curve is quite apparent in Figures 4a and Ub.

Fully superca&itating operation of propellers is of great
importance for high speed hydrofoil boats (say 50 knots and up),
both at cruise and take-off conditions. For example, take a boat
wi*h a cruise speed of about 50 knots (co = 0.4), a take-off
speed of about 23 knots (co = 1.9), using the supercavitating pro-
peller whose characteristics we have been discussing. Suppose
£ = 0.065 and J = 0.76 at
the cruise point. Further suppose that the take-off at 23 knots

this propeller has been designed for k

requires the same thrust as at cruise. Then take-off (60 = 1.,9)
will occur close to the point on the fully-supercavitating curve
at J = 0.4 and kt = 0.065. The figures used are typical for a
hydrofoil craft, and they demonstrate that high speed hydrofoil
boat propellers are likely to be fully supercavitating or nearly

so, at both the cruise and take-off points.

Note that the cruise condition is to the right and the talie-
off condition to the left of the maximum in the fully-supercavi-
tating characteristic curve. 1In testing a propeller for appli-

cation to a high speed hydrofoil boat it 18 therefore important
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to obtain data adequate to define this curve over a reasonable
range about its maximum. In fact, the first evidence that this
curve possessed a maximum at all was obtained in tests at the
Taylor Model Basin of a 3-bladed supercavitating propeller de-
signed for the H. S. DENNISON. The shape of this curve is, of
course, unfortunate in that for the lower advance coefficients

it implies reduced thrusting ability of the propeller with re-
duced forward speed. The propeller efficiency is at the same
time dropping with decreasing advance coefficient. The attain-
ment of adequate thrust at take-off, where more is generally
needed than at cruise, is thus made difficult both because of the
danger of running out of turbine RPM and of turbine torque (or
power). Fortunately, properly designed supercavitating propellers
generally manage at take-off if fthe thrust required there is not

too much more than the thrust required at cruise.

Th.e shape of the fully supercavitating characteristic curve
is at first glance startling and unexpected, for the reason that
it implies for operation to the right of the maximum in the curve
a loss of 1lifting ability on the blades (reduced kt) accompanying
an increase in the relative flow angle to the blades (reduced J).
In fact, we are now quite convinced that this actually occurs, and
that the explanation lies in the interference between a blade and
the cavity shed from the preceding blade. This interference tends
to reduce the blade 1lift by an amount which increases as the spac-
ing between blade and preceding cavity narrows - as occurs when
the advance coefficient is reduced. Over all of the fully-super-
cavitating operating range this blade-cavity (or cascade, as we

sometimes call it) interference is important and it dominates the
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flow behavior at the lower advance coefficients. Later on in

this paper we shall give some theoretical justification for these
statements and we shall describe in a little more detail the na-
ture of the flow through and about fully-supercavitating propellers.
Let us only state here that quite different phenomena than we ave
used to for non-cavitating propellers accompany the operation of
fully-supercavitating propellers; that not only is the interference
between blades and cavities important, but also the overall block-
age to the flow which is due to the great volume of cavities around
the blades; and that as a result we must be prepared to construct

a new and appropriate theory of the operation of fully-supercavi-

tating propellers.

Partially Cavitating Operation

The particular supercavitating propeller under consideration
seems to operate over almost all of its thrust characteristic
diagram in a partially cavitating state. By the latter we mean
thalt a cavitation sheet does not completely cover the blade back.
Generally speaking, operation in the partially cavitating regime

is to be avoided as it may be accompanied by harmful cavitation.

The partially cavitating regime may be divided into two
parts, separated by a line of "maximum thrust." To the high J
side of this line an increase in rotative speed, the forward speed
and ambient pressure being fixed, results in an increase in pro-
peller thrust, while to the low J side of this line the same in-
crease in rotative speed causes a loss in thrust. This la¥tter be-

haviour is similar to that experienced by a fully supercavitating
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propeller at suitably low advance coefficients, and is probably
due both to the spread of the cavitation pattern down to the in-
board portion of the propeller and to the onset of blade-cavity
interference. The existence of these regions and the line of
maximum thrust are of considerable practical importance, for they
reveal that only‘limited amounts of thrust can be produced by a
given propeller for a given 0y and that this maximum thrust is

not necessarily produced at the highest attainable rotative speed.

The Four Regimes of Propeller Operation

A great deal more might be said about supercavitating pro-
peller operation such as can be deduced from the various thrust
characteristic curves of the type presented here, but we must be
satisfied for the present to have defined and briefly commented
on the various regimes of operation and briefly to discuss the

static thrust situation.

The four (or five) regimes of propeller operation discussed
so far are depicted in Figure 6. A map such as this is useful in

the interpretation of data presented in the usual k, - J diagram.

t
The definitions of these regimes have been given earlier in this
paper and we have also given some idea about how the flow about
the propeller is different in these various regions. This infor-

mation is summarized below:
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1. Non-Cavitating - No significant cavitation. Thrusting

ability increases shérply with decreasing advance coefficient.
Thrust increases at least as rapidly as rotative speed squared.

A single thrust characteristic curve.

2. Partially Cavitating -~ Significant cavitation present,

but cavitation patterns are not completely developed. Part of
the blades may not be cavitating. A family of thrust charac-
teristic curves which depend upon a cavitation number. Thrusting
ability generally decreases sharply with decreasing advance coef-
ficient (for g, fixed) or cavitation number (for J fixed). Re-
gime divided into two parts by a line of maximum thrust (for

fixed oo):

(A) INCREASING THRUST REGIME: On the low J side of
the maximum thrust line an increase in rotative speed results in

an increase in thrust. Cavitation effect thus relatively weak.

(B) DECLINING THRUST REGIME: On the high J side of
the maximum thrust line an increase in rotative speed causes a
loss in thrust. Effect of spreading cavitation and blade-cavity

interference thus predominate.

3. Supercavitating - Cavitation patterns fully developed.

All blade elements operating in supercavitating flow. However,
local section cavitation numbers are high enough so that effective-
ness of blade elements decreases with decreasing O, causing thrust

loss. A compact family of thrust characteristic curvaes. Inter-

ference effects between blade and the cavity irom the preceding
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blade are important. Cavity volume large and causes important

blockage effects on *i1» inflow to the prcpeller.

4, Fully-Supercavitating - Section cavitation numbers very

low (cn approximately less than 0.25 - 0.30 for most ol the J
range), so that effectiveness of blade elements ceases to change
significantly with decreasing Gn' A single thrust characteristic
curve of arched shape. Pronounced blade interference and block-
age effects. Inflouw and blade element performance quite different
than for non-cavitating propellers. This regime is of considerable
importance for high speed hydrofoil craft and for ship propulsion

at speeds in excess of 10 - 45 knots.

Static Thrust

A propeller can suffer severe deterioration of its fhrusting
ability due to cavitation even ot zero forward speed if it is op-
erating at high rotative speeds. 1In fact, based on the evidence
presented in Figure 6 it seems likely that static thrust operation
often occurs in the "declining thrust" portion of the partially
cavitating regime, and this means that the propeller operation is
dominated by the effects of cavitation, including blade-cavity
interference. There exists no adequate theory to deal with op-
eration in this regime. It is therefore especially useful to have
such thrustdata as are presented in Figure 4a for low and zero
advance ratio. These data are not presented in that figure in

their most useful form for the rapid estimation of static thrust,
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and in Figure 7 are shown the results of a replotting in the form

of 8 kt/%cn Vs. l/bn. The advantage of this curve is that it

immediately allows an estimation of the variation of thrust with

rotative speed.

Efficiency

A subcavitating marine propeller suffers power losses on
account of the friction acting on its blades and on account of the
kinetic energy which it transfers to the fluid passing through its
disc (induced losses). The former depends on the blade area and
to a certain extent on the blade loading, while the latter de-

pends largely on the net thrust loading, C,_; therefore the relative

T!
losses due to these two distinct causes depends very much on the
net thrust loading. For moderately or lightly loaded subcavitating

propellers, the frictional losses will usually predominate.

A supercavitating body generally (although not always) ex-
periences a pressure drag which accompanies the separation of the
flow streamlines and which has no counterpart in the smooth flow
about a streamlined body such as a subcavitating blade element at
normal loadings. The shape of modern supercavitating foils is
constructed to minimize this pressure or cavity drag. Nevertheless,
the losses suffered by a heavily supercavitating propeller are
largely due to cavity drag. Other losses, usually smaller, are also
incurred due to the friction drag on the pressure face and in
many cases where the cavity thickness is inadequate, by friction

on the upper blade surface. The induced losses are, we b-rlieve,
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much less for a supercavitating propeller than for its subcavita-
ting counterpart operating at the same net thrust loading. In

fact, ideal efficiencies greater than unity may be experienced by
supercavitating propellers. This situation is discussed later on

in "1is paper.

Despite the possible alleviation of frictional and induced
losses, the efficiencies of supercavitating propeliers are in
general not as high as those enjoyed by properly designed sub-
cavitating propelliers operating at the same thrust and advance
coefficients. Of course, it is often not at all possible to avoid
cavitation, because the speed or loading is too high, and in such .
cases a properly designed supercavitating propeller is called for,
not always because of erficiency but often in order to avoid
blade erosion. But all of this is well known, References 1, 24,
and 61,

The cavity drag of supercavitating tlade elements depends
very much on the foll shape, References 19-21, and the use of
appropriate cember is crucial for the production of optimum blade
efficiency. Detailed theoretical studies of two-dimensional su-
percavitating foil design including strength as a parameter hae
been carried out, References 58 and 59. It has not generally
been appreciated, however, that the two-dimensional efficliency of
supercavitating blade elements is degraded in application to a
propeller or wing due to the reduction in blade 1ift effectiveness
caused by finite span effects; this is discussed again later in

this paper.
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Achievable supercavitating efficiencies depend upon a va-

riety of parameters. Foremost among these are: loading (CT),

advance coefficient (J), and strength requirements. The in-
fluence of loading is seen from the experimental points in Fig-
ure 8, which all refer to propellers designed according to the
TMB method, Reference 24. Therefore, they all have similar
strength characteristics. However, they do represent different,
although typical, values of advance coefficient. Despite this
the influence of loading is clearly to be seen. Also shown are
estimations of efficiency for a family of typical propellers
calculated according to the TMB method, Reference 24, which is
known generally to overestimate efficiency, Reference 1, and as
estimated by our own method, which takes into account the effect
of wide-bladedness and back-wetting on sectional efficiency.
These calculations have been carried out by Mr. R. Barr of
HYDRONAUTICS.

1n our opinion the strength of propellers designed according
to Reference 24 may often not be adequate, so that generally
thicker blades must often be utilized. Neither are such propel-
lers designed to operate in strongly non-uniform flows, which re-
quire increases in the mean incidenc= of the elements in order
to avoid face cavitation. For both of these reasons the effi-
ciencies indicated in Figure 8 are not necessarily to be achieved

iIn practice.

In the early stages of design a cruise advance coefficient
must be selected. The achievable efficiency depends very much

on this selection, which 1s usually based on a compromise between
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the interests of the gear and shaft designers and the propeller
designer. Therefore the improvement of supercavitating propeller
efficiencies in high speed applications depends not only on the
solution of hydrodynamic problems but also upon mechanical de-

velopments,

The variation of propelier efficiency during heavily super-
cavitating operation at off-design conditions is of considerable
importance for hydrofoil applications, as the possibility of
running out of turbine power at take-off is by no means insignifi-
cant. The detailed calculation of off-design efficiency is not
in general possible, but good estimations may be made. In fact,
the behaviour of the efficiency is rather simple; at sufficiently
low advance coefficieuts the supercavitating efficiency becomes
essentially independent of the cavitation number and linearly de-
pendent on J! This is illustrated in Figure 9, which is a sche-
matic, This result, which has beer. found for many supercavita-
ting propellers, is at first glance surprising, since at a given
J, the thrust produced by the cavitating propeller depends a great
deal on the cavitation number. There 1is, however, a simple ex-

planation for this result.

At sufficiently low advance coefficients the production of
thrust due to blade incidence will dominate the camber-produced
thrust. The force acting on each blade element will thus very
closely be normal to the line between the blade leading and trail-
ing edges. This force decomposes into contributions to the thrust
and torque whose ratio depends only on the blade pitch out not

on the magnitude of the blade normal force; this ratio is thus
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indeperdent or the inflow conditions. Under these conditioi.s the
blade efficiency becomes independent of cavitation number, and
linearly dependent cu advance coefficient. This result is indi-
cated in the sketch inset in Figure 9, which shows, for simplic-

ity, a flat-faced blade element.

THE MECHANISM OF OPERATION OF SUPERCAVITATING PROPELLERS

Subcavitating Propellers - Review

The observation in water tunnels of operating supercavita-
ting propellers reveals the existence of substantial cavity forma-
tions, such as are shown in Figures 10a - 10d. Indeed, the ex-
istence of these large cavities was noted by Parsons some 70 years
ago. These cavities are so large and their proximity to the
blades so close that it would be really surprisirg should they
not seriously affect the cperation of the propeller. In fact,
they cause the flow through a supercavitating propeller to be al-
together different than for a subcavitating propeller. Let us

review some of the things we know about the latter.

Usual subcavitating propeller blades are sufficiently thin
so that the effect of their thickness on the flow is not in any
way essential. The action of the blades is thus primail y due to
thelr camber. They may thus be thought of as vortex surfaces
composed of continuous distributions of vortex lines. These lines
must of course be continuous in the fluid, so that they are shed
from the blades into the propeller wake to form there one con-

tinuous trailing bhelical sheet per blade. The space behind the
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propeller is thus to a certain extent filled by shed vorticity.
The latter may at each point where it exists be vectorially de-
composed into longitudinal and circumferential components, which

induce, respectively, rotational and axial velocities in the flow.

If the number of blades becomes very large and the chord of
each very short, it becomes possible to represent the axial flow
field due to the propeller by consideration only of the effect
of the circumferential component of the shed vorticity. This
vorticity may, in turn, be thought of as comprising a continuous
distribution of concentric vortex sheaths. These are of a radius
which contracts behind the propeller, but for light loadings this
contraction may he neglected. The propeller blades themselves
degenerate into a disc composed of essentially radial vortex lines.
These induce equal but opposite circumferentia. velocities across
the disc. The longitudinal shed vorticity induces angular ve-
locities which exactly cancel out the influence of the disc at
any point in front of or outside the propeller slipstream, where
the flow, in view of its irrotationality, cannot possess argular
momentum. The angular velocities Jjust behind the disc are thus
half due to the longitudinal component of shed vorticity and half
due to the bound vorticity in the disc. The increase in angular
momentum at any point across the disc is in reaction to and lin-

early related to che local torque on the blade system.

Simple momentum theories incorporatc the axial flow system
as described above plus an assumed discontinuity in flow stagna-

tion pressure across the disc, but neglect the rotational f{'low
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in the slipstream — this may be shown to be a consistent procedure.

Furthermore, in the case of light loadings it is possible to rep-
resent the flow field due to the trailing vortex sheath by a disc
of sink singularities whose radial strength depends on the loading
distribution, and the actuator disc rather than the vortex sheath
picture is usually taken as the starting point of the momentum
theory. Despite the usual neglect of rotation, the idealization
of the propeller action introduced in the simple actuator disc
model is fair enough in portraying the propeller as a device func-
tioning continuously to accelerate fluid aft and to do useful work
as a result of the reaction on the blades and shaft. The axial
flow field is asymmetric when viewed from the propeller plane by
an observer moving with the speed that prevails there. This
asymmetry has as a consequence that the total increase in flow mo-
mentum,as observed in the wake far downstream where the pressure
has returned to ambient,is just twice the increase in flow mo-
mentum as observed at the propeller disc. The pressure just be-
hind the disc is, of course, greater than ambient and therein is
stored half of the momentum eventually to be delivered to the
3lipstream. In view of continuity the flow velocity immediately
in front of the disc is identical to the veloéity Jjust aft of it,
ut no work having been done on those fluid elements which have
ret to pass through the disc, the increased momentum of the in-
roming flow has been realized at the expense of the pressure,
thich is suitably reduced.

In the zbsence of blade f "~tion or form drag, the uwork done
n an element of the flow on passing through the disc is simply

he pressure increase across the disc times the velocity of the
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flov at the disc, say Uiy, while the useful work done by the cor-
responding element of the propeller is simply the net thrust
loading times the absolute forward velocity of the propeller, say
Uo' The net thrust loading is also just equal to the head rise
across the disc. The ideal efficiency is thus UO/Ul. The pres-
sure increase across the actuator disc, which equals the local
net thrust loading, is also just equal to the gain in kinetic
energy represented by the acceleration of the flow from far up-
stream to far downstream. As noted earlier, this pressure rise
is also equal to the loss in rotational kinetic energy across the
disc. These last facts allow the derivation of the result that
the induced velocity at any point in the propeller disc is normal

to the resultant relative velocity of a blade section.

A prediction of the actual thrust produced by a given pro-
peller depends of course upon the hydrodynamic performance of the
blades themselves, and this is usually predicted from two-di-
mensional theory or tests, suitably corrected for "wide-blade" or
aspect ratio effects through the application of so-called "curva-
ture corrections," see References 63 - 65. These are generally
designed to compensate for the reduction in blade 1ift effective-
ness due to spanwlise changes in the blade and due to the flow
spillage about the tip. A most noteworthy aspcct of the situation
for subcavitating blades is that the performance of the separate
blade elements is hardly at all affected by the presence of the
other blades, Reference 64, In other words, blade interference
or cascade effects are of negligible importance. This is in

sharp contrast to the case of supercavitating blades, as we shall

see,




HYDRONAUTICS, Incorporated

“ho.

Cavity Blockage

The shed vortex field which we have described above also
exists in the case of a thrusting supercavitating propeller, but
superimposed upon this is an equally important field due tc the
cavities themselves. The latter flow may be thought of as due
to cavity drag, whiie the former is due to thrust. The shape of
cavities shed from a supercavitating propeller 2re highly variable;
they depend upon the propeller thrust and efficiency, and upon
the cavitation number. They may also depend upon tunnel wall ef-
fects - especially in the case of a completely closed water tun-
nel test section. These cavities originate in the plane of the
propeller blades and extend downstream of the latter. Their
length increases with decreasing cavitation number and becomes
infinite for Go = 0. Generally, however, cavity lengths lie be-
tween 1/2 and 2 propeller diameters. By reducing the available
flow area behind the propeller disc they cause the flow speed
there to accelerate rapidly. 1In fact, they cause the flow speed
behind the disc to take on a value which just corresponds to a

flow pressuré there equal to the cavity pressure.

The rotating cavities act in the manner of an obstacle to
the flow approaching them and thus tend to retard this flow. The
smaller the blade cavitational efficiency the stronger is this
action. Due to this effect the accelerating action of thrust up-
on the approach flow may often be largely eliminated for a fully
supercavitating propeller and it may not be uncommon for such
propellers to operate with a net retardation of the inflow at the

disc., It is clear that the usual subcavitating predictions of
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axial inflow are inapplicable; these facts are demonstrated by
Equation [1), given later. On the other hand, the angular in-
duced velocity at the disc is entirely torque dependent and may
be calculated in much the same way for subcavitating and super-
cavitating propellers. Note that the net induced velocity at the
disc of a supercavitating propeller is not normal to the relative

blade velocity as it is in the subcavitating case.

For a subcavitating propeller, the ideal efficiency always
takes on values less than unity. In the present case, however,
the inflow may be retarded, and the ideal efficiency may thus
assume values in excess of unity. This is, at first, startling
to contemplate. However, it is well known that even subcavita-
ting propellers operating in strong wakes (regions of retarded
flow) may enjoy efficiencies greater than unity. In blocking the
oncoming flow, the cavities on a supercavitating propeller create,
in a sense, a wake ahead of the propeller and in this way an in-
crease in ideal efficiency 1s caused at the expense of cavity

drag or blade efficiency.

Thrust Deduction

Subcavitating propellers placed behind a hull normally cause
an increase in the drag of the latter because of the falling
pressure gradient (suction field) which accompanies the accelera-
tion of the flow in front of the disc. This drag or sc-called
"thrust deduction" is often significant. In the case of a super-

cavitating propeller placed behind a hull the thrust deduction
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may be largely eliminated; this has been noticed experimentally,
Reference 38 and 66. The thrust deduction may conceivably take
on negative values, especially in the case of very close proxim-
ity of the hull and supercavitating propeller. This effect arises
because of the flow retardation due to cavity blockage, as this
retardation may result in net rising pressure gradients around
the ships stern. 1In considering the combined effects of the thrust
field and the drag (or cavity) field on the thrust deduction, it
should be kept in mind that the spatial decay of these two fields
directly ahead of thz screw are different, the induced velocities
due to thrust decaying in the far field like (distance)~?, while
those induced due to drag decay like (distance)™®. It is thus
conceivable that the flow might be retarded directly before the
screw, but slightly accelerated at larger distances forward. For
this reason there probably exists no very simple relation between
the ideal efficiency and thrust deduction accompanying fully su-

percavitating operation.

Typicali flow patterns accompanyling sub-and supercavitating
operation are shown in Figure 11. It is worthwhile to examine
those carefully. The altogether different character of the su-

percavitating and the subcavitating cases is easily seen.

New Momentum Theory for Supercavitating Flows

The designer will be interested to know Jjust how serious are
the cavity blockage effects on the inflow, for he must accurately
predict the latter if his design is to meet the specifications.

I have recently derived a momentum theory suitable for fully
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supercavitating propellers which allows a prediction of the axial
induced velécity at the propeller disc in terms of the non-d4di-

mensional thrust loading (CT), the blade cavitation efficiency
(nc), and the free stream cavitation number (00). An important

result of this theory is:

U,

ﬁ_-;— = Vi+ o+ CT/T)C -V CT(_l - nc)/nc supercavitating (1]

where
U is the free stream speed
Uy 1s the axial speed at the propeller disc

g is the free stream cavitation number, pm—pc/%ona

C, 1is the thrust coefficient, T/3pU_°A,

M is the blade cavitation efficiency, n/n;.L
n, 1is the ideal efficiency, UO/Ul

n is the net propeller efficiency.

This result may be compared with that from the usual (sub-

cavitating) momentum theory:

= subcavitating [2]
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Numerical calculations from Equation [1] for typical values
of CT’ S and 1, show quite clearly that the distribution of
flow velocities and pressures which attend the operation of a

heavily supercavitating propeller will not at all correspond to

the predictions of theory for subcavitating propellers, as we
have stated earlier. The use of the latter thus seem to us to be
unjustified. Even for a relatively weakly supercavitating pro-
peller it seems problematical that predictions of inflow speed

based on subcavitating propeller theory are useful,.

A number of other very useful facts may be deduced from this
new momeéntum theory. It can, for instance, be shown that in an
unbounded stream the cavity length is finite for 9, > 0 and is
infinite for 0, = 0. The cavity maximum diameter is shown in
the latter case to be finite only when the inflow and free stream
speeds are identical. In the case of cavities of finite length,
a loss of head occurs across the region of cavity collapse, The
resulting head in the wake is still higher than the free stream
head for a thrusting propeller and lower for a drag disc. The
outflow speed just behind the region of cavity collapse is shown
to be greater than the inflow speed for all cases of retarded
inflow and for moderate degrees of accelerated inflow; for suf-
ficiently large fthrusts the reverse may be true, It can also be

shown that no corrections to inflow speed are required for a su-

percavitating propeller operating either in an open jet or between
solid walls; this is somewhat in contrast to the case of the sub-
cavitating propeller for which inflow speeds must be corrected for
the presence of solid walls. Finally it may be shown that con-

ditions occur under which a supercavitating propeller will choke
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a solid wall water tunnel; that is, the cavity length wil:. become
infinite at non-zero cavitation number (oo > 0). All of these
results should serve to convince us that in dealing with the de-
sign, testing, and operation cf supercavitating (or ventilated)
rropellers we are faced w:th certain phenomena which have no

counterpart in our previous propeller experience.

Blade Interference Effects

Supercavitating blades of the same propeller, unlike their
subcavitating counterparts, interact with each other in a most
serious way. In fact, as we have already discussed earlier, it
is essentlal to take into account the interference between a blade
and the cavity shed from the preceding blade in order to under-
stand and explain the arched shape of the fully supercavitating
characteristic curve (kt vs. J). Furthermore, these effects
generally occur not only during off-design operation, but at the

design point too.

In order to understand the nature of blade interference it
is conceptually useful first of all to depict the blade section
as an element in a two-dimensional cascade, Figure 12, although
we should not forget that the real connection between cascade
and propeller flous 1s somewhat vague., For the high stagger
angles (low pitch angles) usually utilized in supercavitating
pronellers, the largest part of the cascade effect would seem to
be taken into account simply by allowing for the presence of a
free surface beneath the blade element, Figure 13. This is much
simpler to do than to deal with the cascade flow itself and as
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long as the cascade turning angle is small, leads to reasonably
good agreement (for the hydrofoil force ccefficients) with re-
sults from the cascade theory itself, as we show later (Fig-
ures 14 and 15). This simple theory is, furthermore, probably

just as valid as cascade theory in application to propeller flows.

In a fully supercavitating propeller, the gap between the
pressure face of each blade and the cavity shed from the pre-
ceding blade is not large relative to the blade chord. If the
cavity is thin, then this gap — in ratio to the blade chord and
measured normal to the chord — depends upon the ratio of the lo-
cal advance ratio of the blade, and the local blade area ratio;

as the cavity thickens, this ratio decreases. Thus,

Gap < Ug-cos P _cos B Uo ). ( WDE) (3]
Chord T oooT nD Be
nBec )

where
U is the free stream speed

n 1s the rotative speed in rev./unit time

D is the local disc diameter at the section
3 is the number of blades
¢ is the local chord

B is the local pitch angle
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As an approximation for the entire propeller, this may be written,

Gap ¢ J (4]
Chord T+ BAR

where J 1is the usual advance ratio

and BAR 1is the expanded blade area ratio.

It is thus clear that for usual supercavitating propellers
(J < 31.0; BAR > 0.3) the gap-chord ratios for the blades are al-
ways less than 1.0. 1In fact, they are often less than 0.5.

When a supercavitating hydrofoil operates under a free sur-
face at depth-chord ratios less than 1.0, it is well known that
the performance characteristics of the hydrofoll are very much
influenced by the proximity of the free surface, Reference 58.
The same proves to be true when a hydrofoll operates above a free
surface. The solution of the appropriate boundary value probiem
is given in Reference 56 for a flat plate hydrofoil at ¢ = O, and
the results are presented in Figure 14. The 1lift i1s increasingly
reduced as the plate approaches the free surface, as is to be
expected., For a cambered foil, the effect of the surface 1s not
as pronounced, as is shown in Figure 15, which is based on un-
published theory and calculations. This fact can be taken ad-
vantage of in designing to mitigate the adverse effects of blade-

cavity interference during off-dzsign operation.

Also shown in Figures 14 and 15, for comparison, are re-
sults taken from more elaborate compuvtations based on cascade

theory and presented in References 67 and 68 (for the flat plate)
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and Reference 69 (for the cambered plate). The former of these
utilizes exact theory and the latter two, linearized theory.

Two of these theories (References 67 and 69) are based on a
choked flow model, i.e. the cavitation number is not fixed in ad-
vance, but varies with the geometrical parameters (stagger angle,
incidence, camber, and solidity) so as to produce an infinite
length cavity. Other theory relating to choked cascade flows is
presented in References 15, 7(, and 71. The only detailed study
of cascade flows with finite cavities has been carried out by
Cohen and Sutherland, Reference 68, using linearized theory, and

it relaves to flat plate cascades.

The phenomena of cascade choking has implications for fully
supercavitating propeller flows and is therefore important to dis-
cuss, although it is not likely to occur in propellers because of
the relieving effects of the radial flow. Two-dimensional choking
is most easlily understood through reference to a non-1ifting, or
simple cascade such as a series of vertical plates arrayed at
equal intervals - one above another. The flow around one of these
plates is exactly like the flow around the same plate between
solid walls which are separated by the same distance as separates
the plates in cascade, Figure 16. The drag on the plate must re-
sult in a net axial momentum difference between the flow far up-
stream and far downstream. If the cavity pressure, P, is ldenti-
cal with the unstream pressure, Py then the velocities far up-
stream and far downstream are identical and no plate drag can be
accounted for - nor, incidentally can the mass flow be balsnceqd

unless the cavity thickness vanishes. If the plate drag is n~%
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zero it ig thus quite clear that the cavitation number correspond-
ing to infinite cavity length must of necessity be greater than
zero., Indeed, a2 simple relationship between choking cavitation
number, cf and the product of plate drag coefficient and plate

spacing ratic may be derived:
Cp (% ) = ¢*+2-2 Vi1 +g* (5]

This is shown as Figure 16.

An increase in 1lift on the cascade element lowers the choking
cavitation number as the net consequence of flow turning between
far upstream and far downstream. The relations governing a choked

cascade flow may be derived from momentum considerations and are:

cy’ ﬁi —c*+2-2cossV1l+a [6)
o
C.° ﬁg- =2sin6V1+o* -0 ctng [7]
= 0
where
CL is the 1ift coefficient
4] i1s the turning angle, see Figure 17.
B is the pitch angle, see Figure 17
and o is the choking cavitation numher based on the

relative speed to the section,
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The relieving effect of flow turnin. due to 1ift on the choking
cavitation number is indicated in Figure 17. It is even seeéen
to be possible to operate a turning cascade at zero cavitation
number provided that the blade efficiencies (L/D) are suitably
high. If (D/L)? << 1, then for s = O:

L.o. 2 (8]

For smaller L/D's than given by (8], g is greater than zero.
With the aid of [8] it may be shown that a flat plate cascade
typical of a supercavitating propeller is much too inefficient

to operate unchoked at low but typical section cavitation numbers
(several hundredths); even a cambered cascade is unlikely to op-

erate unchoked down to zero cavitation number.

We have already commented that the radial flow that occurs
in the flow through a propeller probably relieves the tendency
toward cascade choking. It is nevertheless useful to under-
stand the two-dimensional results, for they serve to convince us
that we can not likely make esftimates of the length or shape of
the cavities shed from the blades on the basis of isolated flow
results pertaining to the length and shape of cavitles shed by
the individual sections. On the contrary, the overall length and
shape of the collective cavity or "bubble" behind the propeller
disc is almost surely determined by the flow around the outside
of that bubble together with gross characteristics such as thrust

coefficient (C.), forward cavitation number (oo), and blade cavi-

)
tational efficiency (nc).
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The existence of cascade choking and a lower bourd to pos-
sible cavitation numbers in the two-dimensional theory hampers
us in its application to propellers, since theoretical predictions
at suitably low section cavitation numbers may not therefore be
attainable. PFurthermore, the validity of a cascade model for a
typical propeller flow is somewhat dubious. For these reasons
and because of its much greater simplicity we very much favor the
interference model based on a nydrofoil operating over a free sur-
face. This model has in our experience proven to be very useful

for the estimation of propeller section force coefficients.

Based on this model, the 1ift on a cascade element may be

written:
T
L =p/2 U%.c- 5 o & (h/c) [9]
where
U 1is the relative speed to the element
a 1is the entering incidence
and g(h/c) is a function which takes into account the

effect of the gap in reducing 1ift
(for h/c = «, g — 1.0).

It might be suggested, taking heed of Acosta's comments in
Reference 69, that the correlation between this model and the
real cascade flow might be improved by taking into account the
turning of ithe flow in the latter, which tends to reduce the ef-

fective incidence of the flat plate elements. Thus, the effective




HYDRONAUTICS, Incorporated

-5h4-

angle of attack, Uopps might be taken as the average of the in-
ci’ence of the flcw entering and leaving the cascade, or

aeff =Qq - 6/2, where 5 is the turning angle. The latter may be
estimated from the follo 'ng result, which may be obtained by
equating the transverse force on the blade ruw to the rate of

cnange of transverse momentum:

[10]

However, for low-pitch cascades such as are involved here, this

angle is always small compared to the entering incidence, so *that

OLef.'f = Q.

The validity of our approximations (at least relative to
cascade flows) for low pitch angles may be judged by the correla-
tion, presented earlier in Figures 14 and 15, between the 1lift
effectiveness as calculated thereby with calculations according
to both linearized and exact theories; the correlation 1s seen

to be quite good enough for our present purposes.

Aprropriate valuss of g(h/c) in [9] may be obtained from
Figure 14, For the flat plate:

g,(h/c) =~ .50 h/c for (h/c) < 1.0 [11]
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This useful result allows a predictiocn of the highly non-

linear 1ift curves of foils in cascade, as shown below.

The Pully Supercavitating Characteristic Curve

The parabolic or arched shape of the supercavitating charac-

teristic curve (k, vs. J) may now be explained. To do this we

€
consider the performance of a flat plate cascade at a pitch angle
typical for the outboard sections of a supercavitating propeller,

as shown in Figure 18.

The flow entering between any two blades is conserved, so
that:

W +s sin (ﬁo— a) = Wich [12]

where 1t has been assumed that the flow between the plate and

cavity beneath it is essentially parallel, For small S then

W =~ W, and:
o A

oM ey
21
=
]
Q

or,

R oy
—~
™
1
Q
g

TEAR) [13]
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where it has been assumed that Bo = sin ﬁo’ i.e. that Bo < about

300, as is usual over the most important .art of the blade. Again,

BAR is the propeller expanded blade area ratio.

In order to simplify the result further we may assume that
h/c < about 1.0, as is very often the case. Then, [9] becomes,
using [11] and [13]:

L

= - a) [12]

. I /
=~y 2B,

The 1ift produced by the cascade thus reaches a maximum at
an incidence equal to one-half of the section pitch angle, i.e,

when a = ﬁO/B. The maximum 1lift reached is:

5? (nax.) ~ =2 [15]

The maximum 1ift is seen, in this approximation at least, to be

independent of the blade area ratio or cascade solidity.

The meaning of the result, [14], is that the decrease in
blade-cavity gap which accompanies an increase in entering in-
cidence (a) causes a loss in 1lift effectiveness which for suf-
ficiently small gaps (corresponding to a > 50/2) more than offsets
the increase in 1ift due to increasing incidence alone. This is

the way in vhich the arched shape of the fully supercavitating
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thrust characteristic curve may be explained. We may, i~ Vacti,

write:
7> L Tt
kg = 15| g5 © §§'[K(BO' A)]
or
k, ~ 4 Kk (max)- [é (1 - -gg)] [16]

where we have neglected terms of the order ﬁos, where A is J/7,

and where,

It would be surprising if this analysis, in addition to ex-
plaining qualitatively the observed behaviour of fully super-
cavitating propellers could be used as well for prediction, ror
many approximations have been made. PFor example, the change in
prop2ller inflow which accompanies changes in the thrust and
cavitational efficiency has been neglected. Nevertheless we have
mo.e a comparison between the experimentally determined fully su-
percavitating characteristic curve earlier presented in Figure 4,
with the predicivion according to [16]. The result is shown as
Figure 19.
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The Advantages of Camber

It is well known that the use of camber in supercavitating
hydrofoils is essential for the optimization of the lift-drag
ratio, Reference 20, and intensive quantitative studies of op-
timum foil design have been carried out taking into account the
foil strength. (ihe latter is, incidentally, absolutely crucial
to consider in any realistic comparison of foils, and conclusions
reached in the absence of structural considerations are not likely

to be meaningful).

Further, our preceding analysis of blade-cavity interference
reveals the additional advantage of camber in improving the thrust-
ing performance of fully supercavitating propellers during off-
design operation. This advantage lies in the relatively milder
effect of the cavity proximity in reducing 1ift due to camber in
comparison to its effect on 1ift due to incidence, as is shown by
comparison of Figures 14 and 15. Experience bears out theory in
this respect, to the extent that larger maximum values of kt are
attainable with cambered blades than without.

The Effects of Blade-Cavity Interference at the Design Point

It seems crucilal to consider interference effects in esti-
mating performance not only during off-design operation but at the
design point itself. 1In fact, we have found that lack of agree-
ment, References 1 and 52, between experimental and préedicted de-
sign thrust coefficients and efficiencies for supercavitating pro-

pellers designed according to the method of Reference 24, is very
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much reduced by the application of interference and blockage
corrections to both thrust and efficiency. The interference cor-
rections to the thrust take into account the reduced 1ift effec-
tiveness caused by the proximity to the pressure faces of the
cavity from the preceding blade, while the blockage correction
takes into account the increased incidence due to reduced inflow
speeds. These two effects act in opposite directions and often
tend to cancel each other., This is,in our opinion, the reason
why in the case of the first few supercavitating propellers de-
signed and tested at the Taylor Model Basin such good results
were obtained. However, these effects do not always negate each
other, as in the case of the three supercavitating prcpellers

tested at the NSMB, Reference 52. The agreement with design kt

was not good. When account is taken of interference effects in

the prediction of k however, good agreement is obtained as is

s
shown in Figure 20.t The latter is based on calculations carried
out by Mr. R. Barr of HYDRONAUTICS. In these calculations cur-
vature corrections derived from subcavitating theory were used

and pitch corrections based on curvature corrections were utilized,
as we believe is appropriate. The generally good agreement that
we have obtained leads us to believe that supercavitating curva-
ture corrections are unlikely to differ very significantly from
the subcavitating case. The experience of Johnscn, Reference 36,
in his very successful application of the subcavitating Jones
finite-span correction to low aspect ratio supercavitating wings
further reinforces our belief. At any rate we cannot agree with

Reference 1 in blaming the disagreement between conventional
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predictions and experimental values of thrust on incorrect curva-
ture ccrrections. Rather we believe that most of the disagree-

ment lies in fthe neglect of blockage and blade interference effects.

It is also now agreed, Reference 1, that experimental ef-
ficiencies at the design point consistently fail to attain the
values predicted by the conventional design method, Reference 2L,
The explarnation for this 1is not, in our opinion, to be found in
any single wieakness of the theory, but rather is due to a number
of faults. PFirst of all, and very important, a reduction of 1ift
effectiveness whether in incidence or camber inevitably results in
a proportionate reduction in lift-drag ratio. The reason rfor this
lies simply in the fact that following a reduction of 1ift effec-
tiveness an increase in incidence or camber must be employed to
maintain approximately the same pressure distribution or 1lift;
and since the drag is proportional to the product of the bottom
slopes of the hydrofoil and the bottom pressures, the drag itself
is consequently increased in propecrtion to the incidence or camber.
The 1ift effectiveness of two-dimensional sections in isolated
flow is reduced when these sections are employed in a propeller
both on account of blade-cavity interference and finite span ef-
fects (the curvature correcticn). In fact, over vhe outboard
regions of supercavitating propellers the 1lift effectiveness and
resultant section efficiencies (L/D) may be reduced to 1/4 of the
theoretical values for isolated flow. The conventicnal method of
efficiency prediction does not take this reduction into account.

A second important reason for disagreement between predictions and

results lies in the usual assumption that the backs of the blades
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are not uvetted and therefore do not suffer frictional resistance.
It is a fact, Reference 1, that many supercavitating propellers

do net in fact operate with cavities well clear of the blade backs.
This is probably partly due to the incorrectness of the basic de-
sign procedure and partly to the employment of sections whose
backs have been designed empirically. Mr. Barr of HYDRONAUTICS
has estimated the design point efficiencies of supercavitating
propellers taking into account by theory the loss of section L/D
due to reduced 1lift effectiveness and assuming that the frictional
resistance of the backs is 50 percent of that of the faces. The

results are compared with experimental measurement irom various

sources and are seen to be in good general agreement.

We have been using a design method taking into account all
of the factors discussed in the foregoing and have experienced
good resul®ts. We are thus convinced that we have at least ap-
proached a good understanding of the mechanism of operation of

fully supercavitating propellers.

SUMMARY AND CONCLUSIONS

The present paper is designed to serve a number of purposes.
It contains a review of the historical background and development
of supercavitating propellers. This review includes a discussion
of the pioneering research of the Soviet scientist Posdunine and
of the early work at the Taylcr Model Basin, as well as a brief
survey of other U. S. and foreign work carried out up to the
present time. This paper also discusses in general terms the im-

portant operating features of supercavitating and ventilated
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propellers and some aspects of their design. Four regimes of
propeller operation are defined: subcavitating, partially cavi-
tating, supercavitaiing, and fully-supercavitating. Further, the
partially cavitating regime is shown generally to be divided into
two regions wherein the thrust either increases or decreases with
increasing rotative speed. A non-ambiguous definition of super-
cavitating operation is given, as beginning where the rate of
change of thrust with rotative speed is a minimum. It is shown
how to present propeller data so as to allow rapid determination
of the supercavitating regime of operation, and it is shown with
a specific example that the supercavitating regime occupies a
relatively small region of the complete propeller operating map.
The characteristic arched shape of the fully-supercavitating curve
(kt vs. J) is described and explained in terms of blade-cavity
interference. The relatively simple shape of the supercavitating
efficiency curve at moderate and low advance coefficients 1s also

described and rationalized.

An important purpose of this paper is to briefly describe
the mechanism of operation of supercavitating propellers and
especially to introduce some "new" hydrodynamic phenomena which
are associated with their behaviour. By the latter I refer
particularly to blade-cavity interference and cavity blockage.
Taken together, these effects cause the flow about supercavitating
propellers to be fundamentally quite different than the flow about
subcavitating propellers. Cavity blockage even causes the inflow
to a supercavitating prbﬁellér to be retarded, and may thus re-
sult in negative thrust deductions and ideal efficiencies exceeding

unity. Blade-cavity interference drastically affects the 1ift
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effectiveness and profile efficiency of supercavitating blade
elements. It is directly responsible for the arched shape of the
fully-supercavitating characteristic curve (kt vs. J) and thus for
the poor thrusting ability of supercavitating propellers at very
high rotative speed. ©Supercavitating cascades and choking are also
discussed nerein in connection with blade-cavity interference.
Quantitative results pertaining to both cavity blockage and blade-
cavity interference are given. The latter lend further importance
to the use of camber, not only to optimize design efficiencies but
also to improve off-design performance. Finally it is stated that
perfcrmance predictions which take into account the "new" phrnomena
discussed herein are in good general agreement with experimental
results, and some specific results of calculations are given. We

cornclude, therefore, that we have at least approached a good under-

standing of the mechanism of operation of fully-supercavitating
propellers. At the same time it must be admitted that present
theory is entirely inadequate to calculate many details of the flow
about supercavitating propellers, and that a great deal of work

therefore remains to be done.
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