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The 1950 Parsons Memorial Lecture entitled "Sir Charles Parsons and Cavitatlon"
describes the pioneer work of Sir Charles Parsons in connexion with the problem of
"cavitation" in marine propellers. Early letters reveal the difficulties which he encountered

in connexion with the trials of the Turbinia. The vessel was first fitted with a single

shaft, and the results obtained were extremely disappointing due to losses in the propeller.
Many propeller arrangements were tried and it was not until after three years of experimenting that the final result was achieved, with nine propellers fined on three shafts.
The first cavitation experiments carried out by Sir Charles in 1895 are described,

including the making of the first small cavitation tunnel, in which quite good photographs were obtained showing the nature of the phenomenon.
Following a period of development during which the si

of turbine installations for

marine purposes increased considerably, the first large cavitation tunnel was built at
Wallsend in 1910. Details are given of hitherto unpublished work carried Out in this

tunnel, with systematically varied model propellers, 12 inch in diameter, and the method
of presentation adopted by Sir Charles in connexion with these tests is discussed. There
follows a short description of the work which Sir Charles carried out to prove that
the erosive action of cavitation was due to the collapse of the bubbles on the blades of
propellers, and was mechanical in nature, and not chemical; and details are given of some
tests in the Walisend Tunnel in connexion with propellers for high-powered Atlantic
liners showing the correspondence obtained between the photographs taken of the model

propellers working in the tunnel under vacuum, and the erosion which occurred in
service. Finally is reviewed beiefly the modern approach to the problem of cavitation, and the developments which have taken place since the time of Sir Charles Parsons'

early work, and shows that the main conclusions at which he arrived are still valid
today, although slightly modified and extended in the light of recent theoretical and
experimental research work.
I. nrrRODUcnOsl

In preparing this lecture, I have derived many advantages
from the study of the various notes and papers to which I have
so kindly been given access, and not the least of these is the
insight which I have obtained into the working of the mind
and personality of Sir Charles Parsons, the greatest of marine
engineers, in the development of an entirely new project, and

also when beset with perplexing and almost overwhelming
difficulties.

The question of providing suitable propellers was obviously

only a very small part of the problem which confronted Sir
Charles when he turned his attention, in 1893, to the development of steam-turbines for ship propulsion, but it proved to be

a most prickly and thorny subject, and without his great
genius for experimenting and his extreme perseverance it might
well have caused the whole project to end in failure.

Even before the Turbinia was built, Sir Charles appears
to have foreseen clearly,

in

framing his original patent

specifications, that the problem of providing sufficient pro..
peller blade area to carry the required thrust loading was likely
to prove a difficult one, and when one considers that the idea
of cavitation had not then emerged, and the effects of this
phenomenon were quite unknown, his words "As the velocity
is necessarily high, it will be advisable to place several finepitched screws on the shaft, in order to obtain a sufficient area
of blade" and the rider which follows, "and one screw may be
prevented from interfering with another or others by suitable
guide blades or by other means" surely bear the mark of his
great genius nd inventiveness, as this was the solution towards
which he turned when the results of his first trials with the
Turbina proved to be disappointing.
There is evidence of his foresight also in his early assessment of the problem, when he stated that it was unfortunately
necessary to start with a small high-revolution installation
fitted in a small fast craft which would demonstrate the possihlities of his new engine by achieving extremely high spted.
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able value of P, the pitch of the propeller was obtained in this
way, by applying the expected slip.
This pitch was then associated with a diameter slightly
less than the loaded draft of the ship, and an assessment of the

although the advantage of the turbine lay mainly in the achievemerit of extremely high powers, until then unknown, and that
the problems of propulsion would become easier as the installations increased in size and the revolutions diminished.
Later, when the initial trials of the vessel proved that his

worst forebodings had been correct, and the result, in ship
spd, fell well below his expectations, he tackled the problem
with characteristic energy. In the first place, a new torquemeasuring coupling was devised which proved conclusively
that it was the propeller and not the turbine which was at
fault, To quote his own words again, "The results were
unsatisfactory, and it was apparent that a great loss of power
was taking place in the screw. To investigate the question
thoroughly, a spring torsional dynamometer was constructed,
and fitted between the engine and screw shaft. The measurements conclusively proved that the cause of failure lay entirely
in the screw".
His second action was to investigate the problem with the
aid of small models, to find Out what was happening to cause
this serious loss, and in the third place he immediately put in
hand several schemes for propellers of alternative sizes, and

thrust was made on the basis of a very simple form of the
momentum theory, using a volume of water projected from
the ship in cubic feet per second given by the simple formula
RP(A - a), where R = r.p.s., P = pitch in feet and (A - a) the
area of the screw disk less the area of the boss, in conjunction
with (RP - v), where v was the ship speed in feet per sec.
This thrust was then compared with the estimated resistance of the ship at the expected speed, and if too large or too

small, then the diameter was adjusted accordingly until a
balance was obtained. The efficiency of propulsion was then
either assumed by taking an arbitrary figure of 50 to 60 per
cent based on previous experience, or an estimate was made of

the total blade-friction, which was added to the "loss due to
slip".

also different arrangements of tandem- and triple-screw systems,

which could be tried out on the ship, pending the results of
his experiments.

Throughout his career, he appears to have turned to
experiments on small models when practical difficulties were
encountered, but he was always keen to try Out alternative
arrangements on the full-scale whenever possible, and his final
success in the many fields which he covered, was mainly due
to his extreme perseverence and "trial and error" methods,
coupled with his intuitive genius in solving mechanical problems and his ability to reach important conclusions as a result
of simple calculations.
In his experimental work on propellers, he was mainly

There were no clear ideas about suitable diameters, and it
was not until much later that the conception of an "optimum
diameter", in terms of slip or loading, emerged. In general, it
was considered that the pitch-ratio should be made as large as
possible, as it was considered that high pitch-ratios gave the
best efficiency, but it is not clear how this high pitch-ratio
was always to be obtained.
The blade areas in common practice were extremely .mall.

based presumably on the idea of reducing the loss due to

It was also quite usual to make the diameter slightly
larger than thought necessary by calculation, so that the propeller could be cut down if required, and, despite this precaution, it was frequently necessary to try several propellers
friction.

before a satisfactory result was obtained, except when the installation was of a type very similar to previous jobs.

It was against this background that Sir Charles Parsons
had to approach the problem of providing propellers for an

interested in "seeing" what was happening, rather than in entirely new type of installation.
making detailed measurements or the routine collection of
There was no previous experience to be turned to for
design data, which he left to others, and he always required guidance and, in fact, the previous experience with propellers
comparative tests to be made, so that one screw could be directly for :10w-running reciprocating steam engines was probably
compared with another, with a view to choosing the best practical arrangement.

misleading rather than helpful, as the new propellers were to
work under entirely different conditions.

In no branch of Naval Architecture, or Marine Engineering, has the influence of systematic research work been greater
than in connexion with propellers, and our present methods of
design are based almost entirely on the results of methodical
series of experiments with small models, which may be used to
analyse and explain the performance of full-size screws; as
will be seen later, Sir Charles Parsons did a great deal towards
initiating this procedure.
Our knowledge of propellers has advanced very consider-

in the last

On the theoretical side the
development of the aeroplane, with the concept of the aeroably

fifty years.

foil theory and the vortex-theory of propeller action, has acted
as a great stimulus to marine propeller design; while, from the
practical point of view, the testing of model propellers, both

in open-water and in the "behind" condition, in accordance
with the methods developed by Froude and Taylor, has provided the information required for a complete analysis of the
problem, and the satisfactory correlation of ship and model
results,

This was, however, not always so, and if we go back about
sixty years, towards the end of last century, when Parsons was

experimenting with the 7'urbinia, we may obtain a picture

.gainsr which to appreciate his achievement in this sphere.
At that time, it appears that the dimensions of propellers
were determined mainly on the basis of "slip", in conjunction
with very simple momentum considerations. That is to say,
it had been found, from experience that successful propellers
gave an apparent slip in service of appro,cimatelv 10 to 12 per
cent, and consequently the designer decided in advance that his
propeller should work at this slip, so that if V was the expected
ship speed, and N the intended revolutions per minute, then
the co-called "cpeed of propeller" was given by NP. and a suit150

ii. THE STORY OF THE TURnI1ITA TRIALS

The first record I have found of the Turbinia project comes

in a letter dated 12th December 1893, in which Sir Charles
mentions that they were "just starting preparations to build the
hull", this letter having been written before the establishment
of the first Marine Company. The vessel was 100 feet in
length, by 9 feet beam, by 3 feet draft, the corresponding displacement being 44 tons, and the eventual authenticated speed

was 3275 knots for 2,300 horse-power, although Sir Charles
himself later referred to a speed of 3ft knots as having been
achieved during the Naval Review at Spithead in 1897 (and
34 knots on the River Seine at the time of the Paris Exhibition).

The objects of the Marine Steam Turbine Company formed
in 1894 mention turbines of 1,000 hp. and upwards, having

a speed of revolution of about 2.000 per minute, and the
original turbine fitted in the Turhinia was designed to

develop "upwards of 1,500 actual horse-power" at a speed of
2,500 revolutions per minute. This first marine turbine was of
the radial-flow type, at Sir Charles had at that time just lost
the use of his axial-flow patents, and it was used to drive a
27 inch pitch
single two-bladed propeller 30 inch diameter
which is reported to have given the excessive slip of 488 per
cent when running at 1,730 r.p.m. The second screw tried was
a four-bladed screw which made 1.600 r.p.m. but gave similarly
unsatisfactory results. Multiple propellers set on this single
shaft about three diameters apart were then experimented with,

and the best results were obtained with three screws having
diameters of 20, 22 and 22 inch respectively, from forward to
aft, all being of unity pitch-ratio. With this arrangement the
clip was reduced to 17 5 per cent at 1.780 rpm.. the correc-
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ponding speed being l9

knots
This result, which was
achieved after seven different designs had been tried and no
fewer than thirty-one sea trials had been carried out, was still
extremely disappointing, and it was at this point that it was
decided to replace the single turbine by distributing the power

"I think the best course will be to follow out our patent
and put two screws one abaft the other, the front one of, say,
19 inch pitch and the after one 22 inch pitch, so as to gradually accelerate the water column in two stages, also make the
screws of the Archimedian form with maximum blade area
in three smaller units working in series and driving three and keeping the diameter down to 28 inch. If two screws are
separate shafts set well down in the boat, below the centre of not enough we will put on more".
gravity. This distribution of power on several shafts, which
3rd October 1895. "We had a preliminary run with the
had also been envisaged and provided for in the original patent boat yesterday to Tynemouth and back. The boat travelled
specifications, proved to be the final solution of the problem, very smoothly indeed and with 601b. steam and 9lb. vacuum
although many more trials with different combinations of pro- the speed appeared to be between 18 and 20 knots".
pellers were ruired before the desired result was achieved.
17th September 1896. "Steaming easily got 21 knots, had
It was towards the end of 1895 that the single-shaft expected 24 or 25. The sluggishness was due to mussels and
arrangement was replaced by the triple-shaft arrangement, the barnacles. If we assume the skin resistance slightly more than
new turbines being made of the parallel-flow type which gave a double that of a varnished surface it brings today's results in
slightly increased power at the design revolutions of 2,200, accord with calculation, actual mean slip-33 per cent. The
Sir Charles having in the meantime recovered the use of the calculated slip was about 20 per cent".
earlier patents The following extracts from leiters give some
28th December 1896. "I have been comparing results with
idea of the troubles arising from cavitation which he the model resistances and to my surprise find that in the case
encountered, and the progress which was made towards the of Turbina's speed and Steam pressure at 296 knots the resisfinal goaltance corresponds to about 281 knots.
26th March 1895. "I find on checking the speeds and
"I think our next alteration will be putting on the new
revolutions that we have almost exactly 50 per cent slip against propellers 24-inch pitch against the present 18-inch pitch. I
33 per cent calculated. There, therefore, appears to be vacuum think the turbines must be up to the full speed at 296 knots
behind the blades, which the larger area of the new screw will (viz., 2,400 revs.) and their eciency will not be reduced by
correct in all probability. I am arranging also to fit a second slightly slowing them The new screws were put in hand a
screw in front of the rudder, to get more blade area".
couple of months ago and are nearly finished".
28th March 1895. "There appears to be no oblection to a
5th 7anuary 1897. "The boat is going on to the slip the
two-bladed screw with great length of blade, say half turn to end of this week, we had a short run last Thursday and
each blade, thus covering the whole disk-area of the screw with measured the thrusts. We also took the revolutions which were
blade surface. The arrangement will eliminate the cutting or l.p. 2,450, i.p. 2,450, h.p. 2,650. The mean slip is now down
parting resistance due to a thick blade, as the length divided to 20 per cent. I have been puzzled at the smallness of the
by the thickness will be large. One would like to make it with thrust observed, considering the enormous h.p. developed and
increasing pitch backwards. I make out that at 18 knots the put it down at first sight to the screws 'ot being the best
slip of the present screw is 54 per cent, whereas 33 per cent obtainable, now that we have 9 instead of 3 only, as when
is that calculated. There appears to be vacuum, and increased they were found best for the single motor. I have been making
blade area will cure this. I will try a screw like the above on calculations of skin friction of blades and comparisons with
the model and also put one in hand for the boat".
the data of other screws, and also Froude's papers, etc.. and
30th March 1895. "For a speed of 30 knots, a thrust of have made out a balance sheet of the horse-power developed
somewhere about 6 tons appears to be necessary, and assuming and expended. There is necessarily some guesswork about it,
the screw 28 inch diameter this gives a mean pressure of 211b. but I think it is substantially correct. It shows the motors to
over the disk area of the screw (the present screw is 32 inch consume only 101b. of steam per effective brake h.p., that some
diameter but the blades cover only about of the disk area). 45 per cent of the whole developed power (i.e., 1,860) is going
Now its seems to me that water floving into such a column of in blade friction against the water, and 20 per cent in slip,
28-inch diameter will necessarily part company and vacuum leaving 850 for useful propulsion, or thrust horse-power, which
spaces be formed. For a screw 28-inch diameter the mean agrees with the resistance curves.
pressure works out 2lllb. per sq. in. and it would appear that
"This great waste in skin friction arises from two very
very little vacuum would be produced. A larger screw of the wide blades covering 06 of the disk area (they must be wide
Archimedean type would give excessive skin friction. I there- to prevent vacuum) and the fine pitch 18-inch pitch, 18-inch
fore propose to make an Archimedean screw 28-inch diameter diameter. Now that we have got the revolutions up to 2,450
and on working it out we will have probably the moderate slip or, say, 2,500 mean we can .ut then down to, say, 1.900
of 20 per cent. To assist this screw if necessary, I propose to without incurring a loss of more than 5 per cent or 7 per cent
place in front of it at a distance of about 4 feet a screw of in the turbines. This being so, increasing the pitch to. say.
24-inch diameter Archimedean type, and of the less pitch of 24 inch will at the same speeo of boat reduce the skin friction
19 inch (the speed of 30 knots and 2,400 revs, compares to a in the ratio of (I)' or by more than . I do not like to go
pitch of 15-inch exactly). This front screw will do half the beyond this at present, so I have put in hand another set of 9
acceleration and the aft screw (which would be reduced to screws exactly the same as the present ones only 24 inch
24-inch diameter if so assisted by the forward screw) would pitch against 18 inch as at present.
"It is a comfort to think that Yarrow tried 24 sets of
do the remainder. Besides this the velocity added by the front
screw will be much dissipated before reaching the back screw. different screws and raised his speed from 20 to 23 knots
The skin friction of the two screws (the after one being reduced thereby. I think we have a greater rise in store for us. with
to 24 inch) will be about the same as the single 28-inch screw". the same steam conumption we had in the last trials".
7th March 1897. 'We went out in the Turbinja on
Possible date 3rd April 1895. Marked "Important". "In
further reference to the propeller, the matter is now, I think, Thursday but it was blowing hard with sleet, so it was too
quite cleared up by a paper, proof of which I got this morning, rough outside and we got a run on the river. We estimate
that we reached 31 knots on part of the run, and on Friday
by Thornycroft.
"He makes out from trials of the Daring and two other very we luckily got a smooth sea with a long swell and got a long
high-speed boats that if the mean pressure of propulsion over run and measured the feed Water, altogether we covered 30
the blade area exceeds lllb. then vacuum, or as Froude has miles at 251 knots. Two runs on the mile N. and S. gave a
termed is 'cavitation' is set up, the slip goes up enormously mean 2812 knots. With the present screws No. 2 set, 24-inch
as well as the power required for a given revolutions. In our diameter, 24-inch pitch, 6 propellers, the revolutions maximum
present screw we have annie 601b. per sq. in. mean pressure were 1,900. The performance of these screws, which as you
on the blades and therefore enormous 'cavitation' set up
know were put in hand some 5 months ago and before the last
151

Sir Charles Parsons and Cavitation
01 tests carried out three years later on a 10-fret model at the
Admiralty Experimental Works, Haslar, only gave two to three

trials (at which you were present) seems to conllrm our own
conclusions that smaller diameters and larger pitch ratios will
give better results, and that our No. 3 set of 9 screws 18-inch
diameter and 24-inch pitch will be more superior. The bottom
of the boat is getting slimy and this will, with the roughness
of the sea account for about l knots.

per cent difference.

It is interesting to note that this 6-feet model was also run

in rough water in a quarry near Parsons' home with a view
to judging the behaviour at sea in rough weather, and he
remarks, "The screw did not appear to draw any air", thus
showing that he appreciated this difficulty at this early stage.
In this model, the screw was fitted slightly abaft the stern,
the rudder being offset from the centre-line. These model
tests, as might be expected, did not reveal the presence of

"We are going to slip the boat this week and put on

No. 2 set of screws which are ready. I expect we shall then
reach 32 knots and steam steadily at 30 to 31.
"Prof. Ewing of Cambridge and Prof. Weighton of the
Newcastle College are willing to come and make a joint report".
From the correspondence which is quoted above, and from
other references, it appears that the shaft dynamometer which

cavitation, and it was not until many tests had been made with
the Turbinia that this was suspected.

is referred to in the introduction, and which has been des-

cribed and illustrated in the Parsons Memorial Lecture of 1938
by Mr. S. S. Cook, F.R.S., was made during the early part of
1895.

Briefly, this showed that the maximum shaft horse-

power developed at 2,400 revolutions per minute was 960 s.h.p.,

and as the e.h.p. had been estimated from model experiments
it was concluded that an abnormally large loss of efficiency
was taking place in the propeller or propellers. This led Sir
Charles to investigate the problem of cavitation by means of
special model propeller tests, aid to the division of power on
three shafts. The final propeller arrangement consisted of

nine screwsthree on each shaftall having a diameter of 18
inch and a pitch of 24 inch, the projected surface ratio being
about 046, which would correspond to a blade-area ratio of,
say, 060, in modern terminology. With this arrangement

IV. THE FIRST CAVITATION EXPERIMENTS

These tests appear to have been started early in 1895,
and in this connexion, I have received the following note from
the Hon. Geoffry Parsons. "As far as I remember, the first
cavitation experiments were made at Holeyn Hall (Wylam-onTyne), with a saucepan borrowed from the kitchen, the water
being heated to the required temperature of a little below boiling point. The late Mr. A. A. Swinton took photographs, but
I don't think they were very successful".
There is also a reference in Richardson's book (1911) to a
circular tin vessel 12 inch in diameter, the screw being mounted
on an axis passing through a gland in the side in such a position

speeds of the order of 32 knots were obtained during the early
months of 1896 and the total power was estimated to be about
2,000 equivalent indicated horse-power.
During the following year, in April 1897, official trials
were carried out under the supervision of Professor Ewing,

F.RS., about 20 runs being made on the measured mile at

speeds from 61 to 321 knots. These showed that the propeller
slip rose steadily from about 24 per cent wings, 11 per cent
inner, at 10 knots, to 306 per cent wings, 26 per cent inner,
at about 20 knots, and thereafter fell to 255 per cent wings, 16

per cent inner, at 32j knots. For the maximum speed, the
revolutions of the wing shafts were 2,230 r.p.m. and for the

centre shaft 2,000 r.p.m.
III. MODEL TESTS IN CONNEXION WITH THE TURBINIA

In the above review of the Turbinia trials, no detailed
reference has been made to the model tests. The tests with
towed models have been described in some detail by Mr. S. S.
Cook, F.R.S., in the lecture mentioned above, but it is felt
that a short summary may be repeated here, as it is of considerable interest to follow the course of these tests to the point
where Cavitation experiments began.
The first model tests were made in 1894 with a small model

2-feet long which was towed in a pond at Ryton-on-Tyne. With
this model the tests were mainly concerned with the shape of
stern and a flat stern was finally adopted to prevent squatting.
It was also fined with a strong rubber motor driving a single
screw inch in diameter and of unity pitch ratio, and a speed

of about 6 knots was obtained with 18,000 r.p.m. at the propeller. The second model was 6-feet long. It was also fitted
with a rubber motor but the propeller drive in this case was
through a single-reduction spiral gearing, the propeller running
at 8,000 r.p.m. at the working speei. The torque delivered to

the propeller was assessed by means of an ingenious air fan

arrangement with adjustable blades running in a light box fitted
with internal blades, which could be substituted in place of the
propeller. The revolutions were varied by adjusting the four
blades until they agreed with those obtained with the screw, and
the torque was then measured by means of a weighted lever fitted
to the outer cover of the box. This 6-feet model was carefully
towed at various speeds in a pond at the Heaton Works of the
Company by means of a wheel and falling weights, with riders
to give additional starting force, and then constant speed. The

line used for towing had two markers 30 feet apart and the
time was taken as these passed a fixed point. A very simple
arrangement. but one which gave excellent results, as the result'
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that its thrust was tangential to the direction of rotation of
the water. By this means the screw worked at a moderate slip

in the rotating water, and photographs were taken through a

window in the side of the vessel. Parsons, himself, referred in
1897 to "a bath f water heated to within a few degrees of the
boiling point", and the photograph which Richardson gives on

Plate XXXV of his book appears to refer to a later copper

tunnel, which is still in existence (see Fig. 1, Plate 1).
This small copper tank was clearly the forerunner of the
modern cavitation tunnel. It consisted of an oval vertically
disposed closed Circuit of uniform rectangular cross-section, the
screw shaft being inserted horizontally through a gland in the
upper limb and driven from outside, first by means of a small
vertical steam engine and later by means of an electric motor.

There were windows on either side of the upper limb

through which successful photographs were taken. A plane
mirror was fixed to an extension of the shaft This reflected
the light from an arc lamp on to a parabolic mirror, one later
covered with black material except for a narrow band. This
lit up the screw for a fixed period at each revolution. The
photographs had an exposure of 10 seconds at f/l6 with fast
plates. The duration of the illumination of the propeller during each revolution is stated by Richardson to have been 1/3,000

of a second. A lamp was arranged below the tank for the
purpose of heating the water.
In connexion with the cavitation tests in this oval tunnel
Parsons states. "To enable the propeller to cause cavitation more
easily the tank is closed and the atmospheric pressure removed

from the surface of the water above the propeller by an air
pump. Under these conditions the only forces tending to

hold the water together and resist cavitation are the small head
of water above the propeller, and capillaritv".
"The propeller is 2-inch diameter and 3-inch pitch; cavitanon commences at about 1,200 revolutions and becomes very
pronounced at 1.500 revolutions. Had the atmospheric pressure not been removed, speeds of 12.000 and 15,000 revolutions per minute would have been necessary, rendering observations more difficult".

'The shape, form and growth of thc cavities about the

blades could be clearly seen and traced. "It appeared that a
cavity or blister first formed a little behind the leading edge.
and near the tip of the blade; then as the speed of revolution
was increased, it enlarged in all directions until at a speed cor-

responding to that in the Turhinia's propeller, it had grown
so as to cover a sector of the screw disk of 90 deg. When the

speed was still further increased, the screw, as a whole, revolved
0 a .'slindrical cavity, from one end of which the blades scraped
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off layers of solid water, delivering them to the other. In this
extreme case nearly the whole energy of the screw was expended
in maintaining this vacuous space. It also appeared that when
the cavity had grown to be a little larger than the width of the
blade the leading edge, acted like a wedge, the forward side of
the edge giving negative thrust" (see Fig. 2, Plate 1).
It is also of interest to relate the conclusions at which he
arrived as a result of these tests, and the observations which he
made at the time concerning the nature of cavitation and its
avoidance in practice.
"The excessive slip of the propellers beyond the calculated
amount, and their inefficiency, indicated a want of sufficient

in tandem on each shaft, and she obtained a speed of 37 knots
for 12,300 Lh.p.

words, the water was torn into cavities behind the blades. These

1903, which had originally two propellers on each wing shaft
and one on the centre. Noise and vibration were experienced
in way of the forward outer propellers and when these were
removed knot extra speed was obtained for the same power.
Later, single propellers of larger size were fitted to the outer
shafts and the speed was increased by knot. The loss in
efficiency with the original tandem arrangement was attributed
partly to interference and partly to cavitation. The tandem
arrangement of propellers was thereafter abandoned and it is

The Cobra (2235 feet x 205 feet x 390 tons) also had
initially two screws per shaft hut the number was later increased to three. The ayde passenger boat King Edward
(250 feet x 30 feet x 6 feet draft x 650 tons) built in 1901
had three shafts with two propellers on each of the wing shafts

(755 r.p.m.) and one on the centre (505 r.p.m.), but later a
single propeller was fitted to each shaft. In the Brighton
(280 feet x 34 feet x 1521 feet depth) built in 1903 there
were three shafts and the h.p. turbine ran at 523 r.p.m. and

the l.p. at 577 r.p.m. The equivalent i.h.p. was 6,500 and the

speed 2l37 knots.
It is interesting to record the experience in the Emerald,

blade area upon which the thrust was distributedin other

cavities contained no air, but only vapour of water, and the
greater portion of the power of the engine was consumed in
the formation and maintenance of these cavities instead of the
propulsion of the vessel".
"From these experiments it would appear that in all screws,
of whatever slip ratio, there will be a limiting speed of blade,

depending upon the slip ratio and the curvature of the back
in other words, on the slip ratio and thickness of blade; beyond

this speed a great loss of power will occur; and that, should
the speed of ships be still further increased, the adoption of
somewhat larger pitch ratios than those at present used will

stated that this decision was later verified by tests on the
Turbinia with a single propeller on each shaft.
The first application of helical spur gearing to drive a

pulsion effect. In the model experiments, however, in hot water,
the effect was both loss of propulsion effect and also racing, as

propeller was made by Parsons in 1897. The turbine was of
10 h.p. geared to two wheels, each wheel driving a propeller
shaft. The revolutions of the propellers were 1,400 per minute
and the gear ratio 14 to 1. The gear was single helical. In
1904 it was examined and found to be in perfect order. In
1909, Parsons decided to test turbines mechanically geared to
the screw shaft in a typical slow-speed vessel and an existing
cargo vessel named the Vespasion was purchased for this pur-

cold water on the lines described would be extremely interesting,

pose.

be found desirable".

"Generally speaking, the effect is felt in the case of the
real ship, not in the racing of the screw, but in loss of prowould naturally be expected from the fact of greater vapour
density of the water in the latter case rendering the cavities
more stable. A series of model experiments on cavitation in

The gear ratio was 199 to 1, and the propeller ran at

speeds up to 73 r.p.m. The experiment was successful and was
followed by other installations with single-reduction and
double-reduction gear, thus solving for the time being the major

and probably instructive, but would require more elaborate,
powerful and extremely high speed apparatus than was at our
disposal".

problems of cavitation due to high speeds of rotation of the
propeller. The first destroyer with reduction gearing on both
shafts was the Leonides built in 1912 and thereafter the direct

Later, in 1900, he wrote "The inference to be drawn from
these experiments seems to be that for fast speeds of vessels, wide
thin blades, a coarse pitch ratio, and moderate slip, are desirable

drive arrangement was abandoned.
As the horse-power of the various installations had, how-

for the prevention of cavitation", and in 1899, in the course of
his Presidential Address to the Institution of Junior Engineers
he stated "Cavitation, which, though previously anticipated,

ever, continued to rise, the effects of cavitation began to be
manifested in another form, namely erosion and pitting of the
blades due to the high thrust loading. Sir Charles Parsons
had continued his interest in the subject of cavitation and in
1910 built the first large cavitation tunnel at Wallsend (see
Fig. 3, Plate 2). In this tunnel, which will be described in the
next section, model propellers 12 inch in diameter were tested
under cavitating conditions at speeds up to 143 feet per sec.
and the tunnel continued in operation up to the time of his

was first practically found to exist by Mr. Thornycroft and
Mr. Barnaby in 1894, and by them it was experimentally
determined that cavitation commences to take place when the

mean thrust pressure on the projected area of the blades exceeds
11 lb. per sq. in. This limit has since been corroborated during
the trials of the Turbinia". As a matter of record, it has been

stated elsewhere that it was R. E. Froude who first used the
term "cavitation".

death in 1931.

It is also worthy of note that Sir Charles stated, in connexion with these experiments, that dynamometric measurements were taken of power and thrust with various widths of
propeller blade, and Richardson records that when the blades

VI. THE FIRST LARGE CAVITATION TUNNEL

This tunnel, the original drawings of which are reproduced
in Figs. 4 and 5, consisted of a closed circuit about 66 feet long,

of the propeller were broadened so that the projected area

reached about 07 of the disk area, the falling off of the thrust

the diameter of the main circular piping being 36 inch. As
will be seen from the drawings, there was an upper limb in

was very small, even in boiling water. This is mentioned because
this projected surface ratio of 07 appears to have been favoured
by Sir Charles Parsons at that time, and also in later works.

which the model propeller drive was situated, and a lower limb
which carried the impeller which served to circulate the water
at various speeds. To those familiar with recent developments
in cavitation tunnels, the large settling tank 14 feet in diameter

V. THE PERIOD 1897 TO 1910

During this period the turbine was gradually adopted for
larger and more powerful vessels, and, as the size of the installations increased,

the number of

revolutions per minute

decreasedfirst from 2,000 to about 1,000 and then to 700
and 500, and later to 300 and 200 r.p.mand consequently
the size of the propellers increased and the danger of cavitation
diminished. At first Sir Charles appeared to favour the tandem

or triple screw arrangement, but this was later abandoned in
favour of the single propeller. The Viper (l898 210 feet x
21 feet

370 tons, for example had four shafts with two screws
153

and llft. 6in. high, which formed one of the ends of the
circuit, will be of particular interest. This tank was filled with

vertical pipes about 6 inch in diameter, and the water which
entered at a low level flowed up through these pipes and then
ran out over the top of them into the main part of the container before entering the measuring section. The purpose f
this tank was to obtain clear water, free from bubbles, in the
measuring section. and it may therefore be regarded as the
forerunner of the "resorber" fitted in connexion with several
recent American tunnels.
The rneasurittg clion was approximately rectangular with

FIG. 4Original drawing 0/the 1970 tunnel (elevation)

FIG. 5Original drawing o/ the 1910 tunnel (plan)

Fio. 9Wide three biaded destroyer propeller (1922)

Sir Charles Parsons and Cavitation
working drawing for a destroyer built in 1922, as it indicates
the high blade surfaces which were sometimes used, and the
type of sections which were adopted.
Systematic tests were also carried out with propellers of
and
ahead of the working propeller to simulate conditions in the varying projected surface ratio and different pitch-ratios,
records
of these tests, which are still in existence, have very
ship, and tests were made with various designs of brackets kindly been
placed at my disposal for the purpose of this
to determine the effect of these on the flow into the propeller.
of testing, and also the
Immediately above the propeller position there was a header lecture. These indicate the method
were presented, which are

rounded corners, 2ft. 3m, wide by 2ft. 6in. deep, and large

windows were fitted on either side through which the propeller
could readily be seen, as shown in Fig. 6, Plate 3.
It was arranged to have a shaft support, or shaft-bracket,

in which the results
tank, or vacuum chamber, so that the pressure above the manner
working propeller could be varied to represent different ship extremely interesting in comparison with present day procedure,

and reveal the tremendous amount of thought, time and energy
which was put into these early investigations of the "cavitation"
large settling tank and to an air vessel which could be evacuated problem, by Sir Charles Parsons.
The aithor was, in fact, greatly astonished to find the wide
by means of an electrically driven reciprocating air-pump. The
this tunnel, at
model propeller shaft was introduced through a water packed range of tests which had been carried out in
gland in the downstream end of the upper limb. This shaft such an early date as 1910, the results of which have not
was driven from an electric motor by means of a rope-drive previously been published.
which passed round a system of pulleys.
Vii. METHODICAL SERIES TESTS IN THE LARGE CAVITATION
The torque was measured by determining the difference in
TUNNEL AT WALLSEND (1910-1931)
tension in the ropes on either side of final driving pulley, by
During the period 1910-1914 Parsons carried Out tests
means of a weighted lever and spring as shown in Fig. 7, with a large number of 3-bladed model propellers of varying
Plate 3.
pro jected surface ratio and face-pitch ratio. The range of these
The thrust was measured directly off the outer end of the experiments covered variations in projected surface ratio from
shaft, also by means of a weighted level and pulley, as shown 020 to 1'SS, with variations in pitch ratio from 090 to 150.
conditions. This is also shown in Fig. 6, Plate 3, and cross-

connecting pipes were fitted from this point to the top of the

Means were provided for counting the
revolutions of the shaft at any time,
Illumination of the propeller was obtained from a large
searchlight, the light being reflected by a revolving mirror

in Fig. 8, Plate 3.

The results of these tests were embodied in a series of extremely well-presented diagrams, most of which are still in

existence, and I have selected and assembled the results shown
in Figs. 10, 11, 12, 13, and 15 to illustrate the breadth of this
investigation, and the conclusions which may be drawn from
it. Fig. 10 shows a series of propellers all of 124 pitch-ratio

directly into the propeller disk, and the photographs taken with
exposures of 1/20,000 sec. to 1/30,000 sec. were very satisfactory.

In connexion with these photographs, it is to be noted that
the camera was focused on the particular part of the blade
which was of interest, and no attempt was usually made to

and with projected surface ratios of 020, 035, 050 and 070,
respectively, while Fig. 11 shows a similar series with screws
of 090 pitch-ratio and projected surface ratios 035, 050, 070,
This
explains
the
appearance
photograph the whole propeller.
085 and 155 respectively. Fig. 12 shows the effect of pitchof one blade only in the photographs reproduced in Figs. 18 and ratios varying from 090 to 150 with a fixed projected surface
20, Plate 4, usually in the 6 o'clock position (i.e., vertically ratio of 070. In all of these diagrams the results of the tests
at atmospheric pressure are shown on the left-hand side, and
downwards).
The propellers tested were uniformly 1 foot in diameter, the corresponding results under vacuum are shown in parallel
and they were tested at speeds in accordance with Froude's on the right-hand side. Insofar as the vacuum conditions are
Law. The following table, taken direct from the existing known, they are included in the diagrams, but generally speakrecords, shows clearly how the corresponding speeds, etc., for ing the air pressure was reduced to about 09 inch Hg or
045lb. per sq. in. above the propeller. The speeds were
ship and model sizes were determined.
obtained from pressure readings taken from an internal venturi-

nozzle, fitted in the lower limb of the tunnel at the exit side,
and the tests in question all appear to have been repeated at
water speeds of 86, 100, 119 and 143ft. per sec., respectively,
which appear to have been chosen to represent full-size speeds

Ratio
Ship

Diameter
Pitch
Pitch ratio
V.

19'58 feet

1800 feet
0'92
28 knots

V1

245 knots

Immersion
Atmospheric

33ft. Oin.

Total head
S.h.p. (per shaft)
E.h.p. at 55 per cent
Thrust
Exp. surface
Surface Ratio
Thrust lb. per sq. in.
Slip
Estimated r.p.m.

Model

between
full and model

d

12 inch

l'O

092

a

of 18 knots, 21 knots, 25 knots and 30 knots, respectively, for a
propeller diameter of 125 feet.

1105 inch

The value of the Cavitation Number a-

936 ft. per sec.

22ft. 6in.

55ft. 6in.
39,500

d

21.725

288,800 lb.
190 sq. feet

0633
1055
188 per cent
I 697

283 cci

10

3848 lb.
72 sq. in.
0633

I0

188 per cent

d3
d2

d

0534

751

These figures are for propeller 54, the results for which
are shown in Fi& 19.
From the records it appears that distilled water was used
in this tunnel, and also that small quantities of copper sulphate
were added to the water, which was cleaned and liltered from
time to time. There are no records of air-content, but Mr.

S. S. Cook recalls that the tunnel was run for some time
under vacuum in order to take the air out of thc water.
In this large tunnel, tests were made in connexion with

the propellers for a number of warship propellers and the
drawing shown in Fig. 9 has been reproduced trom the actual

is not

recorded and it is a little difficult to state this precisely, but
an estimated value has been included in some of the diagrams.
As the vacuum chamber was always exhausted for the vacuum
tests, it is clear that variations in the a- value were not intended
to be covered in this series, but as the water speed was varied,
changes occurred in the value of this cavitation number, and
Fig. 13, which refers to four mødel propellers of 090 and 10
pitch ratio, and 050 and 068 projected surface ratio, respectively, has been included to show this effect. This diagram
illustrates a number of interesting points, and is very similar
to those obtained by other investigators at a very much later
date. 'rliere appears, for example, to be a change in effective
pitch as between the tests at various a- values, and the point
at which the thrust and torque break down occurs is advanced
to low slips at the lower , values. The curves also show a
cavitation thrust
tendency for the atmospheric thrust ratio to increase with slip
at the lowest values of Cr.
Most of these model propellers appear to have had segmental or round hack sections. and the drawings of propellers
26 and 29 are shown in Figs. 14(a) and (b) to illustrate the
general design of the blades and the boss-diameter ratio.
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There are, however, several tests with varying blade
sections, mainly concerned with the sharpening of the edges,
and the fining or filling out of the leading and trailing parts
of the sections. Fig. 15 shows an interesting comparison between four propellers all of 125 pitch ratio and 070 projected
surface ratio, but with different blade sections.
In propellers 26 and 35 the bls.de shape is of the "normal"
symmetrical type, the sections being round-back with rather
thick edges, and of similar type, but with a thick trailing part
and a sharp leading edge, respectively.
In propellers 31 and 39 the blade shape is of the "scimitar"
type, the sections being approximately of flat-faced aerofoil
type with the maximum thickness ordinate moved forward to
0-47 of the width at 07R and to 037 of the width at 09R, and
with the same edge thickness variation as above.

Returning to Figs. 10, 11 and 12, it is of interest to note
the method of presentation adopted.
In these figures, the top three pairs of diagrams are taken
direct from the existing records. The method of plotting
adopted was to record efficiency, slip and a factor K to a base
of thrust in lb., with an auxiliary scale of thrust per sq. in.
of projected surface for the full-size propeller. Thus the thrust

is

the relative position of the curves for the propellers 26, 27

The section shape variation covered by these tests

therefore approximately as shown below in Fig.

16.

It is interesting to note the differences in efficiency between
several

these

propellers, plotted to a base of slip, for the

atmospheric condition and with vacuum, respectively. These
are more or less in line with expectation in the light of modern
developments, the aerofoil type showing to advantage under
atmospheric conditions but falling off with vacuum.

loading at which breakdown occurred was clearly seen. Alternatively, the efficiency curves were plotted to a base of K, where

this constant is given by

K=N4
which is, of course, essentially the same as the Taylor Bp value.
In this way, the effect of blade surface on efficiency is clear,
and it is to be remarked that at moderate and high Bp loading

and 28 is completely reversed in the atmospheric and vacuum
conditions, the higher surfaces showing to advantage when
Cavitation is present. and to disadvantage under the atmospheric
loading.

Propeller 29 which is the very narrow bladed screw shown
in Fig. 14 (b) gives a low ciency under the atmospheric head,

It is also to be noted that "under vacuum" the aerofoil

presumably due to the relatively high thickness-ratios, and

type with a sharp leading edge, while, for the round back
type, the sharp leading edge and fuller tail gives the better

In the lower diagram of Figs. 10, 11 and 12 the results
given by the three upper diagrams have been converted to the
9t5flt5tIOfl, And it is of interest to note
modern KT, 7,

type with full leading edge is more efficient than the aerofoil
result.

under vacuum the result is disastrous.
,
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5i.

FIG. 14(a)Propeller No. 26. Propellers No. 27 and No. 28 similar but having p.s.r.
05 and 035 respectively
12 inch
15 inch

Diameter
Pitch
Surface

945 sq. in.
3r.h.

Blades

B.a.r

P.s.r. 070

0835

that the peculiar kinks in the upper diagram have disappeared,

the curves taking the usual form with which we arc now

Modern investigators may also be interested in the
earlier K form of presentation used by Parsons as a useful
familiar.

alternative method, as it shows graphically the effect of breakdown to a base of loading.
In Fig. 12 where the models all have the same blade area,
but different pitches, the effect of Bp on the choice of pitchratio is quite clear, both under the atmospheric head and with
cavitation present.
In passing, it may be noted that the results for propeller

32 under atmospheric conditions are not available, and also
that as the original experiments were intcnded to be comparative, care should be exercised in applying these results quantitatively, since no corrections appear to have been applied, and
there may be some errors arising from hearing friction, etc.

In connexion with the factor K, it should be added that

5.

it is not quite clear exactly what horsepower the P value in the

FIG. 14(b)Propeller No. 29
12 inch
15 inch

Diameter
Pitch
Surface

2825 sq. in.

3r.h.

Blades

B.a.r. 025

P.s.r. 02

represents, in Parsons original diagrams.
formula K=N
Mr. S. S. Cook tells me that this was also used as a design
coefficient and for that purpose the value of P was evaluated
by multiplying the e.h,p. (naked) by 2, thus assuming a pr
pulsive coefficient of 050. It appears that a wake factor was
used in connexion with the determination of V for design

70

'S
60

ATMOSPHERIC PRESS.

so

20

TO

0

50

50

70

80

50

THRUST L8S
9%

SO

OR '. H

30

HO

SO

THRUST L8s

IC bASt OF THRUST (Lbs

TO BASE OF THRUST (LBS)

FTC,. 15E'ect on efficiency oj vying section shape. (Pitch-ratio 125. p.s.r. 0 70. I
Atmospheric conditton.c on left. Wit/i ,'Ticuum on right
162

Sir Charles Parsons and Cavitation
PROP NO.

LEADING EDGE
SHARP.

.2.__
NO.39.

ROUND E D.

ISHARP.

NO.31.

-

ROUNDED

Fio. 16Sketch showing section txariations tested

purposes, but a thrust-deduction factor does not s
been applied.

to have

It is naturally a little difficult to expect sufficient records
to be still available to settle all these points of detail, but it
snss clear that Parsons used a fixed multiple of t.h.p. in his
propeller coefficients, rather than a P value derived from the

torque records. That is to say, although the coefficient K has
the form of a power constant, the manner in which it appears
to have been derived makes it analogous to Taylor Bu rather
than Bp. An attempt has been made to clear this issue farther
by an analysis of the actual records, but this question is still
a little obscure.
It may be mentioned that Parsons also plotted his results
to a b of slip, and in the case of the efficiency lines these
were compared with the theoretical (l-S) line, but as there is
some doubt regarding the pitch values used in determining the
slip, these diagrams have not been included.
Taken by and large, it is felt that the results reproduced
speak for themselves, and form a remarkable tribute to the
pioneer work of Sir Charles Parsons in the realm of cavitation
tunnel research. For comparative purposes, the results, and the
conclusions which may be drawn from them, are still valid
today.

On the subject of aerofoil sections, Parsons, in a letter

which he wrote in 1913, said that although the fish or "cod's
head and mackerel tail" form was suitable and advantageous for
aeronautical work, it was unsuitable for marine propellers, due

to cavitation, and be then suggested "as thin blades and entrance as is consistent with strength". In this co!Inexion,
he carried out a number of tests with blades having extremely
sharp leading edges but be does not appear to have followed

up this idea in practice.
The eeect of varying the pitch from radius to radius does
not appear to have attracted his attention to any great extent,
although there are records of six propellers having "variable
pitch", which were tested in his large tunnel at an early date.
He was, however, extremely interested in the effect of blade
shape on cavitation, and there are many tests with "scimitar"
blade shapes, for which he took Out a patent in 1907, but space
does not permit an analysis of these results to be included here.

He was also interested in the idea of raking the blades
slightly forward to counterbalance the bending tlfect due to
centrifugal forces, and even as early as 1895, in connexion
with the Turbinia, he stated in a letter, "The trial of the larger
3ft. 6in. screw with sword-like blades will throw more light
on this (i.e. the loss due to slip). We will make the blades as
thin as possible and cant them forward at an inclination of
I in 10".
In a paper before the Royal Institution on May 4th 1906,
Parsons wrote, "Serious cavitation causes an inordinate loss
of power, chiefly because it disturbs the stream lines around
the propeller blades, and it was proved (by experiment) how
easy it is to put too much work on a screw. There is a limiting

thrust that it will bear, and if we exceed this thrust it will,
so to speak, more or less strip its thread in the water and its
efficiency will rapidly fall. The solution of the problem, as
regards the screw propeller, has therefore resulted in a modifi-

cation of the proportions of the ordinary propeller, and has
lain in the direction of smaller diameters, wider blades, and
a slightly finer pitch-ratio, which three slight changes combined have led towards higher angular speeds of the propeller,
without material loss of efficiency".

ff

FIG.

17Drawing of lincr propeller No. 5Ozerof oil sections
12 inch

Diameter
Pitch
Surface
Blades

1248 inch
634 sq. in.

4r.h.
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vacuous cavities closing up against them. Though the pressure
bringing the water together was only that of the atmosphere,
yet it was proved that at the nucleus 20,000 atmospheres might
be produced".
"The phenomenon may be described as being analogous

There is also evidence, from his Presidential Address to
the North East Coast Institution in 1912, that he had by that
time appreciated in an elementary way the idea of an "optimum" diameter, in that he wrote, "the loss by slip and the
loss by skin-friction are, in design, generally made similar in
quantity, because if the former is reduced by increasing the
diameter of the propeller, the latter is increased; therefore the
laws of maxima and minima demand some approximation to

to the well-known fact that nearly all the energy of the arm
that swings it is concentrated in the tag of a whip. It was
shown that when water flowed into a conical tube whch had
been cvacuatcd a pressure of over 140 tons per sq. in. was

equality".

recorded at the apex, which was capable of eroding brass, steel,
and in time even the hardest steel".

During the period 1914-20, Parsons appears to have
turned his main interest in the subject of cavitation towards

The large tunnel at Wallsend was in use up to the time
Sir Charles Parsons' death in 1931, and, amongst the
many other investigations which were carried out, a number

the study of the nature of the cavitation bubbles, and the forces
which arise when they collapse on the blades.
He was Chairman of the Propeller Erosion or Corrosion
Committee of the Board of Inventions, which was appointed

of

of cavitation tests were made in connexion with the propellers
for several important Atlantic Liners.
To illustrate this work, Figs. 17, 18, Plate 4, 19, and 20,
Plate 4, have been reproduced, showing respectively the correspondence obtained between the pictures taken in the tunnel

by the Admiralty in 1916, during the first World War, and,
assisted by Mr. S. S. Cook, he carried out the now famous
experiments upon the pressures which arise when a vacuous
cavity collapses in water. In this connexion, it was proved
that shock pressures as high as 180 tons per sq. in. could

and the erosion which occurred in service, and also typical
curves o thrust and torque to a base of slip for a propeller of

occur, and that the erosive action was in the main not chemical,

but mechanical in nature. To quote his own words again,

this class.
Fig. 17 shows the propeller drawing for a well-known
Atlantic Liner, and Figs. 18(a) and (b), Plate 4, shows respec-

"As the cavities collapse, the metal of the blades is, upon contact, severely bombarded by the watera phenomenon closely

tively the picture obtained in the tunnel at 13 per cent slip,
and the erosion which occurred in the actual propeller. A

resembling water hammerwith consequent erosion of the
mal, and vibration of the blades".
In 1919, he said, further " The erosion was due to the
intense blows struck upon the blades by the nuclei of the

model of this propeller was also tested in the Hamburg Tunnel,

and details of the results obtained there were later given by
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Sir Charles Parsons and Cavitation
I. There is no fixed conclusion possible as to high (or low)

Dr. Kempf in a paper which bc read before the Institution of
Naval Architects in 1934. In this instance, erosion occurred
inlyon the driving-face towards the leading edge and it was
later eliminated by cutting back the leading edge, and increasing the turn-up on the driving face. Fig. 18(a) clearly shows
the existence of foaming round the face of the leading edge at

pitch-ratios being tlic most desirable, from the point of
view of cavitation.

Each set of conditions demands its own optimum pitchratio, which may be high or may be low according to circumstances. The optimum pitch-ratio (Or, what amounts to the
same thing) the optimum diameter is now seen to be dependent
upon the loading coefficient Bp, the best propeller being that
which permits the highest loading for a given efficiency, or the
highest efficiency for a given loading. Fig. 12 illustratcs this
point very satisfactorily, and it will be seen that the best pitch-

a comparatively high slip value.
Fig. 19 shows curves of thrust/(rvvolutions)' and torque/
(revs) for propeller 54, which was one of two propellers tested

for another important liner, plotted to a base of slip. Fig. 20,
Plate 4, shows the corresponding photograph taken in the
tunnel at 233 per cent slip.
In this case, the main pitting occurred on the hack of the
blades towards the trailing-edge, although there was also some
erosion on the face side towards the boss. Fig. 20, Plate 4.
shows quite clearly the cavitation bubbles on the back of the
blades, the foaming on the face having already disappeared at
a quite low slip value. It is of interest to note that as the
model propeller diameter was one foot, the parameters T/N
and Q/N' which were used can readily be converted to the
modern K5, K0 constants. The vacuum tests were carried out
at speeds of 936ft. per sec. and 10-Oft, per sec., the pressure

ratio increases as the loading coefficient K decreases.

Recent work also indicates that when cavitation is not

present the optimum pitch-ratio is higher for propellers of large
blade area ratio than for corresponding propellers of low blade
area

ratio, for a given loading coefficient K (or Bp) and

theoretical considerations show that this is mainly governed by
the drag of the blades. That is to say, as the blade drag in-

creases the optimum diameter is decreased and the sections
work at higher slip angles for optimum efficiency.
When cavitation is present to a marked extent, and the
back of the blades may be completely denuded of wa'er, there
reason to believe that the section drag decreases and is
bead being reduced to 0-58 inch Hg with a water head of islimited
to the frictional drag of the pressure side. In these
2ft. 3m, at 440 deg: F. so that the tests cover a range of ,r circumstances, the author has found is to be advantageous to
The
particulars
given
on
l'67.
value from about 191 to
decrease the pitch-ratio and increase the diameter until, taking
page 9 refer to a service speed of about 281 knots, and the the racing of the propeller into account, the blade incidence
tests at 10'Oft. per sec. were intended to cover the somewhat angles are reduced to about the same value as obtains when
higher trial speed.
cavitation is not present.
The importance of section shape and centreline camber arc
now recognized as having a very considerable influence on
VII. REVIEW OF MODERN DLVF.LOPMENTS IN REI.ATION TO
the peak .cuctions for a given section loading in relation to
SIR CHARLES PARSONS' WORK
blade width.
Having described Sir Charles Parsons' experience in conFor example, it is now recognized that the adoption of
riexion with the cavitation of marine propellers, and the manner flat-faced sections with large centreline camber is disadvanin which he tackled this important problem, both in practice tageous for the thick root sections of marine propellers, and it
and by experiments in his various cavitation tunnels, the is therefore now usual to adopt only a moderate centreline
question might well be asked as to where we stand today in camber for such sections, and to introduce tu-n-up of the face
relation to this subject; i.e. what advances have been made, from the basic pitch-line at both the leading and trailing edges.
and how far are his conclusions still valid?
it is also clear that the use of markedly aerofoil sections with
To describe all the work which has been done, arid to deal bluff leading edges results in concentrating the hack-suction
with current propeller theory in detail would, I fear, take too towards the forward part of the sections, which may be advanlong, but I may perhaps be permitted in the time available to tageous when cavitation is not likely to occur, hut can lead
outline the position briefly, as I see it from the present-day to an early breakdown under cavitating conditions.
designer's point of view.
Round-back sections, on the other hand, lead to more
First of all, may I say that although the problem of moderate peak suctions, and the suction load is more evenly
cavitation still exists, and in some cases this phenomenon can distributed on the back at small angles of incidence, but they
hardly be avoided, the modern designer need no longer fear have the disadvantage that high local peaks may occur near
that his propellers will prove to be entirely unsuitable, or that the leading edge, if the angle of incidence is varying rapidly
during the course of each revolution, due, for example, to local
wake concentrations.
Special sections having a more or less uniform suction distribution, or a slightly favourable pressure gradient on the hack
at small angles of incidence are a comparatively reccnt devclopmerit, and will he referred to again later.

serious erosion will occur.

The problem has, in fact, resolved into that of obtaining
the highest efficiency possible, in spite of cavitation, and the
avoidance of local pitting or roughening.
The original conception of a fixed limit of unital thrust
for all screws has disappeared, as the Importance of speed of
rotation has been realized, and this idea has been replaced by
that of a limiting lift-coefficient (or

'l'lie radial distrihutien of blade area Can influi'n.'c tile

dependent on the

which may be defined as the ratio
cavitation number r
between the availahic pressure head divided by the parameter
pv, sometimes known as the impact pressure.
q
The conclusions of Sir Charles Parsons, and other curly
investigators of the problem, still hold good, however, to the
following extent: (a) Adequate blade area is still the most sure means of
avoiding cavitation.

(h) Thin blades are most desirable.
Cc) I.ow-slips, or what is the same thing, small angles of
incidence, are indicated by recent theoretical and
experimental work,

position at w/uh cas station occurs.
For a given blade area (or given thrust per unit of area)
a propeller blade may have either a wide-tip and narrow root,
an approximately elliptical distribution, or a narrow tip and
wide root, and it is obvious that this will have an influence on
the position on the blade at svhich cavitation may occur. fly
means of the vortex-momentum theory the radial distribution
of loading may be calculated with a fair degree of accuracy,
and furthermore the distribution of pressure and suction round
each section may be estimated by means of the now well-known
Theodorsen method.
Thus the positions at which cavitation is likely to take place
can be determined in advance by calculation, and modifications
may be made to distribute the loading as evenly as possible, if
this is found necessary. Experience shows that the positions
at which erosion due to ca'vitation is likely to occur are.
respectively,

hut the following mcdifying, or extending conclusions have

appeared:

(a
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.-lt the tip, due to the high peripheral speed.

Sir Char/cs Parsons and ('ai'ita (ion
(h)

There is some reason to believe that the calculate'1
l.udwieg and Ginzel curvature corrections are rather higher
than experience with actual propellers would suggest as being
time.

it 0 7 radius, duc to the high loading carried by
this part of the blade.
.1, the root, duc to the thick sections which are netessary for strength purposes (and possibly also due to
blade interference or venturi effects).
On the boss itself.

most suitable, and this problem is clearly a subject for systematic
tests in the cavitation tunnel and on the full scale.
It is interesting to note in this coonexion that Sir Charles

Parsons in 1895, in the letter dated 28th March quoted on
page 3 stated "One would like to make it (the propeller) with
increasing pitch backwards", this clearly anticipating this

It will be evident, therefore, that each propeller design
must be examined on its own merits, according to the speed
of rotation and thrust-loading, and in this conncxion it is well
to examine the conditions under which the sections will work,
both on trial and in service, at the positions (a), (b), and (c),
mentioned above.

effect.

To illustrate the foregoing remarks, Fig. 21 has been
included as an example of a modern propeller designed to work
at high revolutions, and with high thrust loading, under conditions in which cavitation is difficult to avoid. This propeller
was designed and made in 1943, and incorporates most of the
features discussed above. It is of interest to note the hollowfaced sections in the outer parts, changing to sections with low
centreline camber and a rounded face at the root of the blades,
and to mention that this propeller was completely machined

It is also worth noting here that as the

blade is widened at any part it may also be made thinner, for

equivalent strength.
It is difficult to lay down any precise ruling as to the best
radial distribution of blade surface, but from experience I would
suggest a distribution which is only slightly wider in the outer

parts than the elliptical chordal width distribution, and not
an extremely wide-tipped distribution, such as is sometimes

by planing on both the face and back of the blades, to a

adopted for heavily loaded screws.
-

10_l

TQOWAPDE55

AFT E'gS

fl,AEC'Ir., Or flvAhCr

Fin. 21Drawing of a modern propeller for high resolutions and Jug/i power
27 inch
35 inch
440 sq. in.

Diameter
Pitch
Surface
Blades

1,420 at 2,230 rpm.
tolerance of 01)1 rich at all points, this being necessary to
secure the required accuracy of section shape for the onerous
conditions of loading. This propeller was fitted to a small fast
craft, and was successful in obtaining a substantial increase in

I/ic radial d:cfr,l'ulion of pit-h ion he varied to reduce the
loading at critz..al positions.
It is clear that variations in the local pitch angles from the

uniform pitch distribution may be adopted with advantage,
although for a given total load it is evident that the unloading speed, of several knots, for the same revolutions and power,
of one part of the blade must entail an increased load t other as compared with the best result obtained with several previou.
parts, and this must be closely considered in conjunction with propellers having much wider blades, and segmental sections
item (3) above. One advantage of pitch reduction at the root from root to tip.
Finally, a few words may be added about modern caviis that this allows a greater width of blade, and slightly thinner
tation tunnel research, and the problems at present under
root sections, to be fitted on a given length of boss.
The centreline camber of the outermost sections is impor- consideration.
Since the first large cavitation tunnel was erected by
tant.
With wide thin blades of low aspect-ratio, it is certain Parsons in 1910, many similar tunnels have been built. There
that due to the action of the propeller itself the flow across arc now five in this country, at least four in America, and
the Outer parts is curved, and for this reason the camber which
is obtained with a long thin flat-faced section is not sufficient
to allow for this effect. This has been realized for some considerable time, and although thin wide blades with a hollow

one in Holland, France, Sweden and Spain, respecrivelv.

absence of reference points once the hollow face is cut, this

Such tests are usually made with varying pressures above
the water surface, so that a complete history of the performance
of a screw may be obtained at various values of o', the cavitation number already referred to.

face in the outer parts are difficult to make, owing to the

feature has been adopted with advantage in a number of heavily
loaded screws over the past ten years or so. It is only quite
recently, however, that any clear theoretical guidance has been

In these, models up to 18 inch in diamer may be tested
at water speeds up to 36 feet per set., although the majority
of current testing is carried out at between 12 and 20 feet
per Sec.

The problem of correlating these tests with full size ship
data still presents some difficulties, and in some tunnels it is
is the subject of a great deal of examination at the present necessary to apply a correction factor of from O'70 to 085

made available to designers in this conncxion, due mainly to
the work of Ludwieg and Ginzel, and this question is one which
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to the cr values, in order to secure similar conditions in the
tunnel and on the ship, although it would appear that with
the large models of 16 to 18-inch diameter this is no longer
necessary. One of the difficulties is concerned with the effect of

air dissolved in the water, and it has now become current
practice to control the air-content of the Water in the tunnel.

Natural sea water has a high air-content, and it would

appear that this causes cavitation to occur earlier than would

be expected in water which has been denuded of air. This question is one which is being carefully studied at the present time,

and, with a view to establishing standard methods of testing,
experiments are being made with the same model screws in a
series of tunnels.
The influence of Reynolds Number, or scale effect, is the
subject of other similar tests, as it has become clear that model
propellers under say 9 inch in diameter are considerably influenced by this effect.
Recent developments in Cavitation research have been concerned mainly with the so-called "uniform velocity", or "lami-

to are shown in Fig. 22 which has been reproduced from my

paper on Reversible Propellers read before the Institute in 1948.

During recent years, sections of this type have attracted
the attention of aeronautical engineers, not because of their
uniform-suction characteristic, but because of the possibility
of achieving low drag values, due to increased laminar flow,

and a stable boundary layer far back along the sections. Consequently, a number of alternative sections, known as "laminar
flow' aerofoils have been developed and these have been tested
in various wind-tunnels, and also in flight. These new sections
are now available to the marine propeller designer, and apart
from their application to heavily loaded screws there is a possibility that they may allow smaller blade surfaces to b: adopted
for propellers bearing only a moderate or light loading.
This is the subject of current research work, and is closely
associated with the study of flow curvature in way of thc blades.
Recent work on the Continent and in America has shown
a tendency towards the adoption of hollow-faced sections of

the Karman-Trefftz type having sufficient face camber to
develop the required lift at nose-tail incidence, allowing for a

nar flow" type sections, and with the effects of curvature in

curved flow in accordance with the Ludwieg and Ginzel theory.
but I am inclined, by experience, towards the adoption of sec-

way of the outer sections.

Blade sections designed to give a Suction distribution
which is more or less linear over the whole of the back, but
which increases slightly towards the trailing edge, for small

tions having a moderate face.camber and working at a small
positive angle of incidence, as this corresponds to the usual
condition for optimum efficiency, when section-drag is taken

angles of incidence, have been used in practice in this country
for about twelve years. In adopting such sections it was hoped
to avoid cavitation and serious erosion by reducing the maximum suction for a given load, and also by moving the maximum Suction ordinate towards the rear part of the section.
As there had been no previous experience, it was thought
that the overall efficiency might be adversely affected, but this
was considered to be of secondary importance, relative to the
achievement of uniform suction.

into account.
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FIG. 1S(a)Model propeller in tunnel. Slip 13 per cent. Face
cavitation at leading edge

FIG. 18(b) (ahove)Actual propeller in service. Deep pit ting
on face near leading edge due to erosion

Fm. 20 (lcft)Modcl propeller No..4 in tunnel s/towing hack
cavitation at 32" per cent slip
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