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Abstract.

The thesis deals witn a method of calculating the
performance of propellers operating in the cavitating
region. The analysis is based on the theory developed for
& screw operating under high loading.in cBnJunction with
two-dimensional characteristics of single sections in
cavitation. Allowance has been made for the cascade effect
in the propeller and the formation of cavities around the
blade. Such cavities modify the apparent outline of the .
blade and the section, lncreasing the cascade correction ..
which has t& be applied to a single section.

The present analysis which is limited to ogival sections
due to the lack of data for aerofoil profiles, has shown
that it is possible to detsrmine the performance provided
that back cavitation only is present.

Values of 1lift ahd drag coefficients and the increase
in solidity under caviiation are given for a number of
cavitation indices. A calculation has been performed for
a severely cavitating screw, the results indicating that
the presence of vapor pockets do not éssentially modify
thé propeller theory and that the cavitating region can be
considered as an extension to the normal operations.
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INTRODUCTION.

Since the formulation of the vortex theory for screw
propellers, a number of attempts have been made in predicting
the performance characteristics, with a view towards providing
a method for improving the design features and obtaining
the most efficient distribution of blade elements. such
treatments have been concerned with the performance of
propellers in the non-cavitating condition, and are based
on extensions of the Lanchester-Prandtl aerofoil theory.

The application of such a theory for lightly loaded propellers
was developed by Betz ( Ref. 1 ) establishing the best
distribution of thrust along the blades for minimum induced
drag. In the succeeding period varicus papers were published
by Helmboldt, Glauert, Pistolesi, Kawada, Burrill and Hill

( Ref. 2, 3, 4, 5, 6 and 7 ) applying the above theory to

the analysis of propeller probleme and the prediction of
propeller performances.

Such applications were, however, limited in predicting
the.performaﬁces in the non—cavitating region and in general
for the case of lightly loaded propellers. While the majority
of 6crews are designed. to operate with no cavitation, there
are instances where some form of cavitation has to be
accepted during operat;ng conditions and it is for such cases
that the present analysis nas been made. It is also realised,
that a more complete knowledge of the results of cavitation
might lead to a cemprenensive method of incorporating, during
the design procedure, features which mey retard the onset of
cavitation or in any event may decrease the effect wunich
cavitation has upon thrust and torque.

The theory with which the initial developments were made



is based on the conception that the induced velocities are
those formed by a system of free vortices which are initiated
from the blades and thus constitute the slipstream of the
propeller. This system of free vortices takes the form of
fielicoidal vortex sheets which originate from the trailing
edge of each blade and pass down aft of the propeller with

a pitch slightly greater than that of the blades. In an idesal
propeller with an infinite number of blades, these helicoidal
vortex sheets will be very close together and can thus be
considered as being equivalent to a compact system of
cylindrical vortex sheets. PFurther, in place of the closely
spaced helical vortex lines which constitute these cylindrical
sheets at each: radius, the vorticity cerresponding to each
annulus of the propeller can be considered to be made up

of a close succession of transverse vortex rings whoce
vorticity represents the increased axial velocity of the
slipstream, and a cylindrical surface formed by longitudinal
vortex lines whose vorticity represents the rotation of the
slipstream. A knowledge of the induced velocities formed

by the vortex system, affords a method of determining the
hydrodynamicesreaction on any blade from the modified
veldcitiesixn association with the aerofoil characteristics
corresponding to a two-dimensional flow.

The effect of cavitation of the blade will not modify
the above mechanism but will intreoduce additional factors
which have to be considered. In the case of a lightly loaded
screw propsller the contraction of the slipstream may be neglected,
but by the introduciion of cavitation, the vortex sheet
angle will be considerably affected. In adaition, due to
the fermation of a cavity at the blade section the effective
blade outline as well as the section outline wilil
be changed in such a way so as to reduce the thrust and



torque characteristics of the screw. The presencé of cavities
will effectively modify the propeller and mey prcduce the

same effect as a screw with blade sections and an outline
which includes the cavities. This change is not, however,
always truly defined owing to the fact that cavitation may
appear in laminar or pubble type, and in the latter case

while the effective thickness of the section may be actually
considered as being increased, the amount of increment in
that section is indeterminate. It is, therefore, logical’

that the above viewpoint has to be limited to a laminar

type cavitation where the changes in the section outline

are definite. Further, as the amount of bubble cavitation

is directly dependant on the air content in the water ( Ref.8 )
while this has relatively little effect on laminar cavitation,
it would be necessary to introduce & parameter invelving air
content when presenting the performance cﬂaractaristics in
the cavitating condition. Such s parameter, however, has

not yet been developed and a correction for bubble cavitation
would be unwarranted. .

The sffect of cavitation on the blade will modify both .
the angle of the vortex sheeis and the magnitude of the
induced vle;ities, but these effects are automatically
introduced when the characteristics of the section in the
two-dimensional flow are considered. It is only necessary,
therefore, to develop the theory fer a heavily loaded but
non-cavitating secrew, the effect of cavitation and the
necegsary corrections for blade width augmentation being
introduced during the calculation process. |

The lack of two-dimensional data for aerofoil sections
in the cavitating region has limited this analysis to
propelliers having ogival sections only. In the lignt of
further developments, however, the analysis can be extended
for asrofoil sections, provided that the necessary
characteristics of the secticns are known.



PROCEDURE,

ANALYSIS OF THEORY.

The development of the theery which has been used&, is
the one introduced by Burrill ( Ref. 6 ) and is essentially
similar to Glauert's ( Ref. 12 ) and to Lock's ( Ref. 13 and
14 ) except for & few minor modifications. The elements of
thrust at any radius can be obtained on the basis of the
vortex theory or the simple momentum theory due allowance
being made for a propeller having a finite number of blades.
The Goldstein cerrection factor is in this case introduced
as a facter in the velocity rather than in-the circulation,
a complete discussion on this subjegt'being given in Appendix
A. This analysis takes account of the change in the angle
of the iortex sheets from ¢ to ¢ due to tne contraction of
the slipstream and hence of a modification of the Goldstein
factor k, to ke‘ If a is the axial inflow factor, then the
element of thrust dT at any radius r, is given by

daT
dar

This expression which has been derived by the simple

#
m 4fr.r.9-V2( 1+ k¢oa )okeoa oooao(l)

wmomentum theory can also be determined when based on other
considerations. Burrill ( Ref. 6 ) derives equation (1) en

the basis of pressure rise across the propeller, while similar
expressions can also be obtained from considerations of the
vortex theory method of approach by comparing the thrust at
the blades to the thrust in terms of the mean circulation in
the-ultimate wake.

* see Appendix B for derivation.
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It will be neticed that expression (1) is slightly.
different from the one derived by Lock ( Ref. 14 ) using
the Kutta-Joukowskl law. In terms of the notation used in
this development, Lock gets a thrust distribution given by :

art
dr

The above expression assumes that there is no contraction

- 4«.r.9.V2( l+a)kgen csccasse(2)

of the slipstream and hence that the angle ¢ and € are equal.
A calculation with expression (2) has yielded that the thrusi,
at any radius is about 5% greater than that given by
equation (1).

Another expression can be developed, on the assumption
that the mean inflecw at the screw is half of that at the
ultimate wake, thus neglecting the increment in hydrodynamic
pitch angle between the propeller and the slipstream at
infinity benind. On the basis of such an assumption the thrust
will be given by : |

aT - 2 .
ar 4ﬂ’or.f.V ( l + k¢.a )ok¢oa ooooou.a(})
the values derived from this expression being 3% greater .

than those celculated from equaticn (1) for the usual values
of advance rgtio. | '

- In view of the above considerations, equation (1) has
been used as the expression giving the thrust distribution
at any radius. It is now possible to equate (1) with an
expression for the elementary thrust in terms of the 1ift
and drag coefficient é; that radius and thus to obtain the
values of the axial and rotational inflow factors a and a',
as well as the value of the 1ift coefficient. As shown in
Appendix B,

,tan¢ - ta_n\,l
tant}l{l + tan ¢ ’tanﬁ-t-t(R . eesesceo(4)

aﬂ
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o = -%,keosin<botan$e{l~%§g%(1—'1%) veo(6)

( 566 Appendix A for Nomenclature and definition of Angles }
It will be noticed that these sxpressions are functions
of the hydrodynamic pitch angle 4, the advance angle ¢, the
hydrodynemic inflow angle $, the drag-1ift ratio tany, the
solidity s and the Goldstein factor k, and k., all of which
are known or determinable if ¢ 1s known. The elementary thrust

and torque coesfficients K x-&nd KQX can be expressed as

T
2
KTx = -%173.1&3"( l- a!)z( 1l + tan 4’ )QCL cozé:;‘l 000(7)

end K. = —gﬁ-wjox‘s.( 1 -a')2( 1+ tan )-Cp aizé:;- ¥) cee (8)

The value of the 1lift coefficient can be obtainsd
through & process of trial anf error if the two-dimensional
characteristics of the sections are known. In such a case a
value for the angle of attack of the section can be assumed,
and it is thus possible to compare the 1lift coefficient
obtained from expression (&) and from the experimental curves.
If the two 1$ft ceefficients do not egree then a change in ™
the ‘assumed angle of attack is necessary until such agreement
is reached.

The pitch angle ¢ of the vortex sheets in the glipstream
of the propeller will be slightly greater than the one at the
propeller plane owing to the contraction of the slipstream.

The value of such an angle can be obtained in terms of the
inflow velocities and the hydredynemic pitch angle at the
prepeller, and as shown in Appendix B is given by

1

tan e = T_1-:§ETT{ 2(1 - a'),tand = tan‘#} c0os (9)
- This expression cannct, however, be svaluated in the
initial stages of the calculation but if the angle | is
neglected in comparison with ¢, it may be approximsted to

€ = ¢ + P cesecsoecsossossncsacscs(L0)



Effect of pressure drop in the ultimate wake.

The rotation of the slipstream with an angulsr velocity
varying at each radius will produce a reduction in presgsure
in the final wake and will, thersfore, have some influence
on the thrust and torque. This influence is, however,
oextremely small in the outer parts of the propeller, a’ '
position at which the majority of the thrust is concentirated.
The pressure drop will have an appreciable effect on-the.
angles of incidence, 1ift coefficients and efficiencies of
the inner sections and in the case of an unusual propeller
designed to give an approXximately constant thrust distribution
over the blade it might be desirable to include such effect.
For normal screws the effect may be safely neglected ( Refo 15 )
and in tne present calculation such effect has been entirely
omitted.

It may be pessible, if such a corrsction is warranted,
to introduce it by considering the total pressure drop across
the propeiler to be altered by the dynamic pressure
¥ .(1 -~ kﬁ.a')ganzrz. The efficiency of the section will, .
therefore, bg decreased by the term ( 1 - k..a'). As the
efficiency ¢f any section is

. tan ¥
X tan($ + )

the term tan(é+ y ) will bs changed and will be given by
tan( ¢+ y ) with rotation = ( 1 = k..a')tan(¢+ y)
' - without rotation
If the drag-1lift fatio y was constant the solution would
be simple, but as y is itself a function of the angle of
attack and hence ¢, a series of § values have to be assumed

and the corresponding angle of incidence calculated until the
above equation is satisfied.

Such an analysis, however, introduces a very small



correction and due to the fact that the theory is in itself
an approximation, such correctionsg are not warranted for
the usual type propellers.

Cavitation index.

The usual cavitation index is based on the dynamic
pressure corresponding only to the axial velocity of advance,
though there have been some advecates ( Ref. 16 ) stating that
such an index should be based on the total dynamic pressure,
consgidering both the rotational and the axial velocity. The
usual cavitation index, hereby denoted by 6%} is therefore
only a comparative number. In the M.I.T. propeller tunnel
the index = is used for ease in experimenting and which is
based on the rotational component only. This index has an
additional adventage in that it is possible to distinguish
the onset of face cavitation when the characteristics of a
propeller are plotted with such a parameter. During this
analysis, therefere, calculations have been performed for
cengtant S ggluos, though the corresponding-q; values have
also been given.

- The cavitation index c% for any sectien has, however,
to be based on the dynamic pressure of the resultant component
of both velocities at that section, as only such resultant
is xmeasured during two~dimensional flow experimentation,

The relation between Sy and S is derived in Appendix
B and is given by :

O_v
6 = > oooooo(ll)
X 2 2
( 1 - &')2 t&n2¢ + {ﬂ'o;l
tan“y J

The above equation can be simplified by néglecting the



inflow velocities, and thsn

. A
G‘XP 2 9@0@00060900000(12)
1+ ‘mxz
J2

such expression being used as a fipst approximation.

IWO-DIMENSIONAL CHARACTERISTICS OF BLADE SECTIONS.

From considerations of the developed propeller theory
it is seen that two-dimensional characteristics for sections
under cavitating conditions are necessary in order to calculate
the values of the lift and drag coefficisnts. Such data is,
however, extremely rare and only a limited number of tests
have bsen carried out for sections under fully developed
cavitating conditions, the majority of experimenters being
contended with tests up to the onset of cavitation. The
influence of complete cavitation on the 1ift and drag
characteristics has only been investigated by Walchner, Ackeret,
Hinterthan and Martyrer ( Ref. 17, 18, 19, 20 and 21 ) for *
a limited nuﬂgar of sections. Due to the lack of data on
aerofoil profiles, it was decided te perform the analysis
for a propeller having ogival sections. This was also
substantiated by the ease in combining the characteristics
of such sections, as the only necessary parameter is the
thickness~-chord ratio. Some characteristics for sections
used in turbine blading. ( Ref. 22 ) were compared to those
directly applicable to propeller sections and found to be
in general agreement.

The data is plotted in Fig.(16) through Fig.(35) on the
basis of thickness-chord ratio for each cavitation index.
Such data has been 6bta1ned from Walchnert's, Hinterthan's
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and Martyrer's tests for ogival éections, though it must be
realised that the number of sections tested is inadequate

to certify these results. The plots are faired through the
experimental points giving a range of thickness~chord ratio
from 0.025 %0 0.1l5 which represents the common values for
marine propeller sections. The cavitation index refers to

that of the section and is based on the total velocity fhat
the section encounters. The dotted line on the lift coefficient
curves represents tne approximate angle of attack for a

given thickness-chord ratio at which the section will start

to cavitate, while the chain-dotted lines on the drag curves
are those for negative angles of attack and are plotted to

an inverted scale in order to avoid confusion with the
positive angle of attack curves.

. Pig. (1) shows the relationship betweean cavitation index
and 1ift coefficient for one thickness-=chord ratio and it

will be seen that in general such a relationship is a straight
line so that linear interpolation may be used between the

Fig. (16) - (35) for cases of intermediate cavitation indices.
If some doubt, however, exists as to whether the section

LY

'5-.

operates at, er near, the peak it is advisable to make an
auxiiiary plet for that particular section and for the desired
angle of attack and thus determine the value of the 1lift
coefficient at the desired 6’ value,

The variation of the no-lift angle as the cavitation
increases is shown by the contours in Fig.(2). It will be
noticed that as the cavitation index is decreased the
position of the no-1lift line moves from the back to the
face of the section. This indicatss that in order to obtain
the same 1ift coefficient under cavitating conditions as
that'existing'during normal operation, the angle must be
increased by,an amount, at least, equal to the change in the
no-l1ift angle.

L AR
b
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CASCADE CORRECTION UNDER CAVITATION.

As in the case of non-cavitating operation a correction
factcr must be applied to the two-dimensional characteristics
of a single section, in order to account for the cascade
interference in the blades. The formation of a cavity around
the blade will accentuate that effect and will modify the
section, increasing both the thickness and the chord ahd thus
producing an offectively smaller gap ratio between the blades.
The magnitude of such an effect 1s quite considerable decreasing
the 1ift coefficient by as much as 50% when the presence of
the cavity is taken into account. :

Unfortunately, however, no tests in cascade under cavitating
conditions have been performed and the correction for cavity
formation hes tc be dene artificially. This correction is ,
1ntroduced'as an increase in chord, neglecting the increment
in thickness, and thus accounting for the formation . of back
cavitation. Face cavitation, will in the majority of cases,
take the form of an increase in thickness excepi under extreme
conditions whe;e the cavity might extend beyond the trailing
edge of the section, and will only then produce an effective
chord length which is greater than the actual.

Knowing the effectively increased chord length it is
possible to obtain an effective solidity for the propeller
at that radius end using that value determine the cascade
factor from non-cavitating tests. The increment in chord
length, plotted as an increment in solidity, is shown in
Fig. (3) and (4) for different conditions of operation but
for one particular propeller and has been obtained from
observations in the prepeller tunnel. Such date has also
been compared te Walchner's observations for single gections
and is shown in Fig.(5) plotted against angle of attack for
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contours ¢f cavitation indices.

It must be realised, however, that such values are
1liable to an error which mey amount %o 54 for certsin
conditions of operation, as the data is obtained by visual
observation or photegraphs and the end of the cavity is not
always clearly defined.

ysing the actuul solidity, increased by the amount given
in Fig.(5), it is now possible to obtain the cascads correction
factor, Fig.(6), which has been derived from Guische's ariginal

cascade tests and reprcduced from Ref. 6.

QUTLINE OF GALCULATION PROCEDURE.

The precedure fer calculating the characteristics of a
propeller consists in determining the elements of thrust and
torque at a number of radii along the length of the blade and
integrating such results. This involves a knowledge ©f the
iift cosfficient er the angle of attack of the soctions and
sucih values can only be computed by a process of trial and
error. The cavijation index at which a section operates being
approximately.known,( equation (12) ), an angle of attack
hes to be tried until the lift cocfficient obtained frem
equation (6) and from the characteristics eof the gection are
equal. The effective solidity of thes section can then be
computed, the cascade correction factor determined and the
value of the drag coefficlent read from Fig. (16)-(35).

The process is reasonably quick, and it has been found
that usually two trials for the angle of attack will
determine the 1ift within one per cent. This is due to the
fact that the value of the 1ift coefficient calculated and
determined from the charts converges from two opposite ,'
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directions.

A closer approximation can be calcu)qted, if desired,
by using the values obtained during the .irst computation
for the hydrodynamic pitch angle at the propeller and in
the slipstream. In that case it 1s possible 1o use the
corroct oxpression for the cavitation index ( equation (11) )
instoad of the approximate one ( equation (12) ), but it
will be found that such correction will only amount to an
increment of 1% to 28. As, however, the 1ift and dreg
characteristics of the section cannot.be certified to such
an accuracy, it is considered sufficient to use the approximate
expressions.

A detailed procedurs and a sample calculation are given
in Appendix D.




RESULTIS.

The calculation was performed on a 4-bladed merchant
pfopeiler having ogival sections and features as shown in
Fig. (7) and (8). The propelier was specially chosen for its
ability of producing severe cavitation under comparatively .
high cavitation indices. Data pertaining to the pr0pellef is
given in Appendix C. '

Calculated characteristics have besen obtained for the
non-cavitating condition in order to test the validity of the
theory and determine whether any modifications are necessary.
It has been found, however, that the calculated resuits were
consistent with the derived experimental values. The cavitating
cperation was investigated for two constant dh values, 1.0 and
0.8, over a range of J values such that the amount of cavitation
was unduly severe extending over both the face and the back of
the sections. Detail values obtained during the calculations
are given in Tables III-XII, Appendix F, while the thrust and
torque distribugions are given in Fig. (36)-(45).

The propeller was also tested in the cavitation tunnel in
order to determine experimentally the characteristice under both
cavitating and non-cavitating conditions, the results being
shown in Fig. (9), (10) and (11) on which the calculated points
have also been plotied. The extend of cavitation is shown in
Photographs (1)-(8) which have been obtained for the conditions
- under which the calegulations have been performed.

buring the calculation the approximate expressions for
the cavitation index of the section and for the nydrodynamic
pitcn angle in the slipstream have been used. The error
introduced by the use of such expressions is shown in Tables

a
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I and II which compare the valpes derived from the approximate
and the correct equations. It is seen that the difference is
decreasing towards the tip, a pcsition at whicn the ma jority
of the thrust and torque is concentrated, end which does not,

therefore, warrant a second calculation.
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DISCUSSION OF RESULTS.

The calculated results for a propeller having ogival
sections are shown in Fig. (3), (10) and (11) where they
can be compared with experimsntal values from tunnel tests.
The characteristics having been plotted with constant S,
values show tne range of face cavitation, which starts at
the point of increase in slope of the comstant cavitation
index lines. It will be noticed that when the blade is
subjected to back cavitation only, the calculated points are
consistent with the experimental values, the error being not
more than 6% for the thrust and torque coefficients. Such
deviation is reasonable due to the uncertainty in computing
the effective increcase in choxrd length which is liable to

‘an error of the same magnitude. The theory, while being

based on certain approximations, does give consistent resulis
as borne out by the non-cavitaiing points which do not have
more than 2% variation from the test results.

As the cavitation extends towards the pressure side of
the section the difference bstiween experimental and calculated
values increases quite considerably. This is to be expected,
as during the calculation the effect of face cavitation has
not been teken into account. It might be said that this
particular propeller operates mainly with negative angles of
incidence at high J values,‘a condition which egravates face
cavitation and which is not often encountered in normal
operation.

A particular feature ef the calculation in the range
where face cavitation is present, is the close agresment betwesn
experimental and calculated torque coéfficients as corpared
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to the thrust ccefficients. Such an agreement for the torque
is due to two affects which counterbalance each other and
which may be regarded in the following way. The effect of
face cavitation being neglected during the computation, the
effective gsolidity at that radius 1is decreased, thus increasing
the value of the lift and of the elesmentary thrust coefficient.
This means that when face cavitation is not introduced, Yy the
ratio of drag to lift cecefficient is smaller than what it
should be. But as : |
Key © S Kpetan(¢+ f)
the increment in K, is countsracted by the degrement in ¢ + |
and thus the error of the calculated torque coefficient is
decreased. As a result this produces a considerabl® increase
in the value of the efficiency (Fig. (11)).

A correction for the effect of face cavitation cannot
be introduced at the present time due to insufficient deta

on two-dimensional characteristics and the lack of casgcade

experiments in the cavitating region. .

The distribution of thrust and torqus for any particular
condition of operation iz shown by Fig. (36) to Pig. (45). It
will be noticed ﬁﬁat the effect of cavitation decreases the
amount of thrust and torque near the tip of the propeller
while the distribution near the hub remains unchanged. The
percentege thrust developed by the root of the blade in the
cavitating condition increases considerably and it, therefore,
becomss important to consider the way the thrust is distributed
when approaching the hub. In non-cavitating operation such
a congideration is only a minor one and will only slightly
affect the total thrust. In this analysis careful consideration
has been.given as to whether the thrust at the root section
should be equal to zero or should have a finite value.
Theoretically the thrust will only be zero at the axis of
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the screw and there will be a definite amount devoloped by
the root section. It is thought that in the actusl casge the
thrust distribution w;ll be equal to the theoretical up to a
section not far from the hub, gradually falling to 2z8ro
towards the bottom of the blade. As, however, the manner in
which this falling off occurs is unknown and undeterminable,
the thrust has been carried up to the root section and a
discontinuity allowed to form at that point. Such a procedure,
while not strictly correct, introduces a small error but may
be nearer to the actual thrust distribution due to the
presence of fillets which exist near the root and which are
not taken into account whem the outline of the section is

considered.

Error invelved in using epproximate expressions for cavitetion
index and hydredynamjc pitch angle in the slipstream.

The calculation has been performed with the expressions
giving the first approximation to the cavitaticn indei of the
section ( equation 12 ) and to the hydrodynemic pitch angle €
in the race of the propeller ( equation 10 ). The values
have also been c&Eputed from the correct expressions in order
to determine whether a second calculation is necessary. It has
been found ( Table I and II, Appendix F ) that the error
invelved in the overall thrust coefficient amounts to 2%, a
value which does not warramt a repetition of the process, as
errors of that order are inyolved in calculating the effectivs
solidity. Equation (12) gives a value of the cavitation index
which is lower than that given by the correct expression (1l)
and which, therefore, tends to yield smaller thrust and
torque coefficients. When further two-dimensional experiment-
ation is performed giving more accurate results, it would ba

of advantage %o use the correct expressions in determining



the cavitating index and- the piteh angle. At the present
time, 1t is omly advisable to perform a check on those values
if gome boubt exists in the case of unusual propellers.

Effect of cevitation on 1ift and drag coefficients.

It 15 well knewn that during cavitation the lift of &
section will be decxaased due to the preseunre on the suction
side reaching the vapor pressure this being accompanied hy
a diminution in drag due to the formation of a cavity which
decreases the frictional resistance. It is generally assumed
that such effects are introduced immediately following the
onget of cavitation. A consideration, however, of Fig. (1)
will show that a discontinuity occurs in the lift cur#e
during the initial stages of cavitation, the trend in the
drag being exactly similar. This has also been noticed in
propeller testing, whore it has been found that some increment
of thrust and torque is experienced as soon as the propeller
first st rts to cavitate., It appears that the amount as well
as the pogition of the jump is dependent on the type of
section and the angle of attack at which the section operates.
For the sams angf% of attack such Juﬁp is much smaller for
aeroroil sections than for ogival ones. Though the mechanism
of such phenomanon is unknown the following eiplanation may
be offered as to the reason for such discontinuity.

Regarding the effect from a physical viewpoint, it is
reasonable to assume that the formation of a cavity, on say
an ogival section, will effectively modify the profile of
that sectiovn. Such modification is effected in a wanner
trannforming the ogival scection intc an aerefoil, thus
producing & higher 1lift coefficient, notwithstanding the fact
that some suction on the back of the section is lost due to

cavitation. This process is a function of the angle of attack
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and as it cen bo seen from Pig. (1) at & small angle, namely
0° or 1°, the discontinuity dees not cccur., This would
indicate that for small angles of attack and for thin
sections, ogival profiles have characteristics not very
different from aerofoils, a belief which is borne out by two-
dimensional experimentation.

If the above concept is true, then it should be poasible
to test sections in their initial stages of cavitation and.
determine whether such secticns are efficient in normel
operation by observing the presence of a discontiuuity. If
guch a discontinuity exists then it should be possible to
modify the section ir order to give a higher 1ift coefficient.
Such information will only be applicable to one éarticular
angle of attack and ons thickness fraction. This would not
neceaaarilj mean, however, that the section will have the best
drag-1ift ratio as it must be remembered that the drag

coefficient may also be liable to a discontinuity.

The drag coefficient has also besn found to be a Yunction
of the Reynolds number for values of ¢ greater than those at
the jump ( Ref. 23 ). It appears that the phehomenon is not
a simple one and a.number of factors may be involved for a
complete consideration, but it secems probablo that future
experimentation in two-dimensional flow will differentiate
such factors.

Effect of scale on cavitation.

. }
It will be noticed that the celculation was done fer a

model propeller and while in the normel cperating case such
calculation will not be different from a fuil size one, the
presence of cavitation may introduce a ® scale effect ®., It
ie not at all certain that the lift and drag coefficients

for any particular cavitating section can be applied to the
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full size propeller, as such values of 1ift and drag have

been obtained on sections e¢f model size and if such an effect
exists they would have to be modified. It can be said on the
basis of a large number of medel cavitaiion tests that have
been mede in the various propeller tunnels that it is necessary
to yun the model at a cavitatiom index which is 0.85 to 0.75
that of the full scale propeller. Although it is known that '
improvements in the test methods may be expected to give more
consistent results it is still an open question whether ihe
step from the model to the full size propeller does not involve
some scale effect in cavitation.

In this connection, it is necessary to bear in mind that
the known similarity relations do not consider the time during
which the fluid particles remain in the low pressure zone. In
other wordé, these considerations assume that the time necessary
for the formation and collapse of the vapdr pockets 1s in all
cases negligible compared to all other hydraulic phenomena
involved. This is in so far as the formation and colldpse of
the cavities is concerned, 86 it is known that vaporization
and condensation are molecul@ar phenomena depénding on molecular
velocities that are of a much higher order of magnitudse than
the hydraulic velocities involved. It seems, however; that
this argument does not necessarily include the ™ growth ® of
the vapor bubbles after their formation, and it is possible
that this effect is opposed by their surface tension. If so,
the size of the cavities will not increase proportionally
with time but their rate of increase will constantly vary
-as the surface tension effect must decrease with increase of
bubble size. On the other hand, for the same fluid velocities,
the increase in the dimensions of the propeller will increase
the time slement for the fluid particles passing through’any
particular area of the screw, proﬁortionally to the linear
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dimensions. That is to say, in a propeller 20 times the
dimensions of the model, fluild particles will remain in the
low pressure zone twenty times as long as in the model. If the
growth of cavities was proportional to time, similarity would
be maintained, but as under the influence of surface tension
it may not be constant the cavities on the full scale and
model propeller will be dissimilar. In view of the above
considerations the increase in gsolidity as given by Fig. (5)
cannot be considered to apply for the full size propeller if
such time element is present.

The above may be an explanation of the fact encountered
in propeller tunnels, where ths cavitation number tested is
not equal to the one in actual conditions. It might also be
said that the discrepancy varies according to the tunnel, the
Taylor Modei Basin using a factor of (.85 while the Haslar
Tank using 0.75. This may be due to the maénitude of the fluid
velocities which being lower than the full size ones will at
least partly, tend to cancel the time effect.

If the above argument is valid then it must not be assumed
that the calculated 1lift and drag coefficients are those which
apply to the full‘aize propeller. The effect of time is,
however, father indetermninate at the present state of knowledge,

but this effect seems to warrant careful consideration.
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CONCLUSIONS AND RECOMMENDATIONS.

The results derived from the calculation show that the
performance characteristics for cavitating propellers can be
determined with a close agreement, provided that face cavitation
is not present. The method used is limited to ogival sections
only, but this limitation can be removed when further
experiments are performed on asrofoil profiles in the cavitating
region and thus a complete set of two-dimensional data can
be plotted. The theory has shown that not withstanding the
approximations used for its development the results are
consistent with tunnel tests, and the procedure developed for
the cavitating cases has indicated that while approximate
expressions are used, such expressions yield réhults well
within the error introduced by the two-dimensional data on
sections. The knowledge of more accurate values for the lift
and drag coefficients of cavitating sections will alloé the
use of the correct expressions and will produce results
having the same magnitude of error as the experimental tests,

The present 8nalysis is valid only for the case of cavitation
extending over the suction side of the profile. The presence
of face cavitation cannot at the prasent state of knowledge
be corrected, due to the lack of two-dimensional cascade
experiments. It has been extremely appdrent during this
investigation that the fundémentals of cavitation are not
known to the desired extent and that basic expseriments arse
needed in order to differentiate the effect of a cavity on
the face or the back of a prefile when it is introduced in a
cascade of sections. While during this analysis a correction
factor has heen introduced for the cascading seffect, such
factor has besen developed through artificial means by
considering the effective increase in chord length and does

,
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not, therefore, talke account of face cavitation which produces
en increase im thickness. It is essential that sxpsriments

in cascading lattices be performed which will yleld results

of a directly experimental mature, accounting for both face
and back cavitation and which can then be introduced in the
calculation of a propsller. ' _

Work on fundamsntal processes occuring in cavitation 1is
just as important in order to determine the effaect of factors:
which have been found to have little or no consequemce in
the non-cavitating conditions but which may be major parameters
when operating under cavitation. Reynolds number may be an
important variable for at least a part of the cavitation
range and the effect of surface tension and air content may
prowe to be essential in order to dupliecate full scale results
by model tests. Though the above factors may eventually be
introduced in the calculation of the characteristics, such
investigations cannct be done directly on a propeller as it
would not be possible to differentiate the resulis of s&ach
effect. They would, therefore, have to be performed on
experiments of fundamental nature in two-dimensional flow.

The calculat&onu have shown that it is possible to
predict the characteristics of a cavitating propeller provided
that sufficient data is avallable on the individuel sections.
Though such calculaticns are rather laborious and will not
in any way replace cavitating tests, they are ugeful 1in,
showing the distribution of 1lift ahd drag coefficients, angles
of attack and efficiencies dlong the length of the blade. It
is felt that such knowledge may provide a means for improving

future designs of propellers which operate in the cavitating
region.
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SUPPLEMENTARY )4ITRODUCTION,

l. Nomenclaiure.

d Diameter of propeller

R Radius of propeller

r Radius of section

x = r/R Fraction of blade length

p Pitch of propeller at x-

i Thickness of section

c Chord length at x -

Z Number of blades -

T Circulation

v Velocity of advance

W Resultant velocity at x

2 Angular velocity

n , Revolutions per sscond

J = V/n.d o Advance ratio

8 ® Z.c/med.x Solidity

8y Effective solidity

of angle of attack

@ = tan "} ( p/wedox )  Pitch angle at x

¢ = tan "t ( I/mex ) Advance angle at x

¢~ 6-x Hydrodynamic pitch angle at propeller
plane

€ - Hydrodynamic pitch angle in
slipstream

pe= ¢ -¢ Hydrodynawic inflow angle




Goldstein factor corresponding to

Cavitation index for section

¢
angle ¢
e Goldstein factor corresponding to
angle €
GL Lift coefficion*
GD Drag coefficient
§ = tan 'l( CD/GL ) Lift-drag ratio
a Axial inflow factor
al Rotational inflow factor
KT Thrust cecefficient
KQ Torque coefficient
dKT .
KTx = 33 Element of thrust coefficient
dK |
Koy = -EEQ& Element of torque coefficient
e Efficiency of ropeller
8, Efficiency of blade section
P Static pressure on blade
0. j Vapor pressure .
- ¢ Density
P - Py |
i ¢ = : Cavitation index based on velocity
Yodeve ’ |
% P = pv : ' '
‘ %\ Gh- éf’nadﬁn Cavitation index based on revolutions
§ P = p,
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2. Definition of angles.

Fig (12) shows the various angles of the blade element
which are refered to in the text. The angle 8 corresponds
to the face pitch angle of the blade at a radius r and is
defined ag tan -l(pitch/anr). As the propellsr ic considered.
advancing with a uniform velocity V and having & uniform
rotation f1, the advance angle § will be squal to tan "l(v/ﬂ.r)o
Tho hydrodynamic pitch angle is denoted by ¢ , '

where
V. (1+a)
nar ( l - 8.'“)

= tan ¢ i z :, )

the values a and a' being the axial and rotationa’ inflow
factors. -
' The angle of attack, denoted by «, is measured from
the face, while $ ,the hydrodynamic inflow angle is equal
to ¢ - ¢ . ‘ '

The no-1ift qule uo is measured from the face of the
section, and as all other angles pertaining to the face
are measured couhter-clockwiae, “o is a negative angle with
respsct to the remaining.

The angles at infinity behind the screw are given'by

tan ¢ =

- Pig. (13). The angle of the .vortex sheets at a.radius r

behind the propeller is given by ¢ and the total

hydrodynamic inflow angle is approximated to 2B as shewn
in Appendix B.
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Jo Propeller witn a finite number of blades.

A8 it can be shown from the vortex thebry there is an
increase in velocity while the water passes through the plane
of the propeller, this increment being due to the formation

of trailing vortices in the slipstream and being equal to.

one half of that at the prOpell@r plane, In addition a

system of radial dound vortices exists at the propeller,

but ewing to their symmetrical disposition, thess have no
influence on the axial induced velocities in the glipstream.
They do, however, contribute to the induced angular velocities
which are one half of those at infinity behind.

The above theory is based for its developmént on the
assumption of a propelier with an infinite number of blades,
and a correction must be introduced when dealing with an
actual propeller. In this case, the trailing vortex sheets
are separated from eacn other, resulting in a radial
veloeity which decresses the mean induced velocity. Betz
( Ref. 1 ) has shosn that a propeller will operate in its
optimum condition when the trailing vertices in the ultimate
wake lie on a regular screw surface. In that cas® the induced
velocities of the slipstream are calculated by assuming that
the vortex sheets forms a rigid memb<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>