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ABSTRACT 

This report supplements an earlier report describing experimental studies 

conducted to determine the air requirements of ventilated cavities on hydrofoils 

and other submerged bodies in the vicinity of a free surface. Reentrant jet, 

trailing vortex, and pulsating cavities were observed. 

In the present report, primary attention was given to extending an analy

sis of the type reported by Cox and Clayden and later extended by Campbell and 

Hilborne for predicting the air requirements of trailing vortex type cavities 

C\nd for obtaining pertinent experimental data. It was shown that good agree

ment with the experimental data was obtained by both theoretical and semi

empirical expressions. 

Secondary attention was given to further verification of a correlation 

parameter previously derived for reentrant jet type cavities. The transition 

region between reentrant jet and trailing vortex cavities was also investigated. 

For some conditions, pulsating cavities were found in the transition region. 
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FURTHER STUDIES OF VENTILATED CAVITIES ..,...... 

ON SUBMERGED BODIES 

I. INTRODUCTION 

Many problems have arisen with the advent of very high speed hydrofoil 

craft. Traditionally the naval architect has been confronted with a cavita

tion problem which limited the speed at which a body could be efficiently pro

pelledthrough water. The emphasis in solving the problem has been in the 

prevention of cavitation. This line of approaoh created a cavitation barrier 

or a maximum speed beyond which it became uneconomical to operate. 

For naval craft, speeds greater than this limit were desired. The 

development of the supercavitating hydrofoil sections in effect has broken 

the cavitation barrier and allows craft to travel more economically at speeds 

much greater than previously possible. The force characteristics of these 

new sections are such that the performance ratio is maximized when the cavity 

is fu.lly developed. 

It may be desirable to control the cavitation number for some regions 

of operation. If the cavitation number is too high at a particular speed and 

depth, the hydrofoil may be in a subcavitating, incipient cavitating, partially 

cavitating, or buffeting condition where the cavity is only slightly larger 

than the hydrofoil chord. All of these conditions are undesirable for various 

reasons. 

The control of the cavitation number may be achieved by the introduction 

of a gas from an external source into the wake region of the hydrofoil, thus 

creating a fully developed cavity where one would either not normally exist 

at all or exist in the incipient, partially developed, or buffeting state • 
. :;. -< .. ~. 

By this method a cavity may also be obtained at relatively low velocities. 

In the experiments described in this re;port, air was used as the ventilating 
! 

gas. ~ 

~ I 

The cha;acteristics of such artificially ventilated caviti.es, with em-

phasis on the air requirements, will be ekamined in this paper. It is convenient 

to discuss the relationship between the air requirements and the cavitation 

number by referring to two types of cavities. The first type, for which the 

air requirement is proportional to· the cavitation number, is called the re

entrant-jet cavity. The second type, for which the air requirement is 
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essentially independent of the cavitation number, is identified with for

mation of trailing vortices due to gravitational effects as well as pulsations 

of the cavity under some circumstances. 

There is a definite transition between the two types of cavities, which 

is evident in the experimental data and in photographs of the cavity. Obser

vation of the wake region of the cavity attached to a flat plate hydrofoil of 

aspec't ratio 6 shows that small trailing vortices are present even if a strong 

reentrant jet is the dominant mechanism for eliminating air from the cavity. 

, Rather exterisi ve studies' of reentrant Jet cavities behind rectangular 
" .* 

flat plate hydrofoils were described in Ref • [I}. Some additional data for 

other hydrofoils and bodies are presented in this report.' ' For the most part, 

the discussion in this' report will be devoted to the trailing vortex type 

cavity. 

II. REENTRANT JET CAVITIES 

The main mechanism of air entrainment for relatively short cavities is 

the reentrant jet origina'ting at the rear of the cavity. The jet strikes the 

walls of' the cavity, and air is removed from the cavity by means of a turbulent 

mlxlng process. The reentrant jet cavity, while considered a steady flow, is 

in reality unsteady because of the stochastic fluctuations superimposed on the 

average steady reentrant jet. This fluctuation in the reentrant jet thus re

sults in the air entrainment having both steady and unsteady'components. As 

this mechanism is very complex, it is advantageous for most purposes to con

sider the process on an average basis and ,treat the flow as steady. 

In a previous report [lJ an expression has been derived for determining 

the' air requirements for reentrant jet cavities. This expression contained 

an empirical constant derived from measurements made for various bodies. As 

the equation will be used in ,this report it is repeated for reference purposes. 

The air requirements were given by 

C P VACD" 
W = __ ~ __ ~~,a~a~~====~ __ 

2(1 - C) [1 + ..Jl + CJJ RT, 
(1) 

* Numbers in brackets refer to List of References on page 25. 
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W = cavity air-requirement, Ibs per sec, 

C = concentration of voids by volume, also called correlation para
a meter, 

P = P - P= part:i.al pressure of air in the cavity, psfa, a c V . 
Pc == cavity pressure, psfa, 

Pv == partial pressure of water vapor in the cavity, psfa, 

V == free stream velocity, fps, 

A == planform area of the body, sq ft, 

CD = drag coefficient (cavity drag), 

o = cavitation or ventilation number based on average cavity pres
sure, P, c 

R == gas constant for air = 53.:3 ft lbs per Ib per degree Rankine, 
and 

T == gas temperature in cavity, degree Rankine. 

C was determined experimentally for various bodies by measuring all a . 
the other factors in the equation. An empirical relationship relating C 

a 
to 0 and aspect ratio was found to satisfactorily correlate the available 

data. 

Part of the effort of the present experimental program was devoted to 

an extension of the previously reported experiments to determine the concen

tration of the voids as a correlation parameter in analyzing the air demand 

data for reentrant jet cavities. 

In the report, the terms "concentration of voids" and "correlation 

parameter" will be used interchangeably. In the reported experiments, a wide 

variety of body shapes were used, including flapped hydrofoils and hydrofoils 

with non-rectangular planform and non-lifting flat plates. A description of 

the experimental apparatus, test bodies, and procedure is included in the Ap

pendix. 

Since the drag coefficient was found to be an important parameter in 

the study of the air requirements for cavities, the forces on the various 

bodi.es were measured. The force data for the flapped foils were analyzed in 

a previous study conducted at this Laboratory and were presented in Ref. [2J. 

The drag coefficients which were used in the present computations of the cor

relation parameter were taken from that source • Additional force data obtained 

with a non-rectangular planform foil and a normal flat plate are shown in Fig. 1. 

The normal flat plate was oriented so that the 0.369 in. dimension was per

pend:'Lcular to the flow. As indicated in the Appendix, the submergence, f, 
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was measured from the leading edge of the foil to the free water surface. The 

angle of attack, a, was taken as the angle between the velocity vector and 

the under surface of the foil. 

The drag data for the normal flat plate at small cavitation numbers 

were expected to fall close to the curve calculated from 

CD = CD (1 + a) 
a = 0 

(2) 

The value of -CD from the two-dimensional hydrodynamic theory for a 
a = 0 

normal flat plate is 0.88. The present experiments indicate a value of 

CD = 0.785 for an aspect ratio of 32. The ratio of the two-dimensional 
a = 0 

to the three-dimensional drag coefficients corresponds approximately to the 

value obtained from measurements taken in wind tunnels for the same body. 

Plots of the air flow requirements vs. cavitation number are shown in 

Figs. 2 and 3 for the non-rectangular planform foil and the normal flat plate, 

respectively. These data, as well as data for a foil with a trailing edge 

flap and a foil of aspect ratio 2 presented in Fig. 4, have been red1.lced in 

terms of the concentration parameter, C. As additional data for larger and 
a 

smaller aspect ratio foils became available, it appeared that the dependence 

of C on aspect ratio was less significant than first implied. It was thus 
a 

possible to reasonably express the concentration parameter as a function of 

a alone. This relation was written as 

C = 0.59 - 0.83 a a 

which corresponds to the empirical expression previously given in Ref. [lJ evalu

ated at an aspect ratio of 6. Equation (3) has been plotted in Figs. 2, 3, 

and 4 and it will be noted that this expression fits the experimental data quite 

well, even for flapped foils with flap angles up to 20 degrees. The latter 

data were for a flap-chord ratio, cflc, of 0.25. Equation (3) has been sub

stituted in Eq. (1) to calculate the air flow requirements for the normal flat 

plate, and the results are shown by a broken line in Fig. Ja. Considerable 

scatter exists in the experimental data in this case, particularly for cavi

tation numbers between 0.08 and 0~16. 
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Very long transients in the cavity characteristics were found for 

this particular range of cavitation numbers. The cavity pressure did not 

attain a constant value in the available test run. Various methods were used 

to ventilate the cavity and it was found that if the air wassuppUed after 

the desired test speed was attained, . the transient was much reduced in the ca

vitation number range of 0.14 to 0.2. For the longer cavities, better results 

were obtained with the air supplied before the carriage was started. Various 

proportions of air supplied before the carriage was started and after constant 

speed was reached produced fairly suc,cessful results. The calculated curve 

represents roughly an average of these conditions. 

The relationship betweE;ln air flow rate and cavitation number was depen

dent on the type of cavity for the range of velocities used in these tests. 

For reentrant jet cavities, an increase in veloci ty required an increase in 

air flow to maintain a constant a. If the. air flow rate was held constant, 

the oavitation number increased and the cavity length decreased with increasing 

velocity. For non:-re€)ntrant jet cavities, the opposite trend was found to exist. 

Thus, if .a long stable cavity was desired, providing a large air flow at the 

start of the test run resulted in a cavity shorter than necessary; this cavity 

would increase in size as the velocity increased. If a short cavity was de

sired, setting the air flow rate at the start of the test run resulted in an 

initial cavity considerably longer than necessary. The time required for the 

cavity pressure to attain a constant value was much longer in the latter case, 

and it was therefore concluded that transients associated with a collapsing 

cavity were of more significance than for a developing cavity. These effects 

are currently being investigated more fully in conjunction with other studies 

on unsteadiness effects, and will be discussed in a separate report. 

In addition to the work previously discussed, an effort was made to cor

relate, with the same concentration parameter, air entrainment rates obtained 

under quite different flow conditions in the laboratory free jet water tunnel. 

Reference [lJ has shown that the air entrainment rates for bodies in the free 

jet were substantially higher than those for similar bodies tested in the 

towing tank. 

There are two main differences concerning the tests in the towing tank 

and the vertical free jet tunnel. The direction of the gravity field in the 

towing tank is normal to the longitudinal axis of the cavity, while in the 

vertical free jet it is parallel to the longitudinal axis of the cavity. In 
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the free jet there are two free surfaces, one .on each side of the hydrofoil 

cavity system, while in the towing tank there is only one. The presence of 

the free surfaces influences the force coefficients to some extent, particu

larly in the case of the free jet. This, however, is taken into account in 

the calculation of the correlation parameter by using the measured drag coef

ficient. 

The direction of the gravity field produces a significant difference 

in the behavior of the reentrant jet. In a horizontal cavity the jet enters 

from the rear and fa.11s until it strikes the lower surface of the cavity. At 

the intersection of the reentrant jet and the lower surface, the ventilating 

gas is entrained and swept to the rear of the cavity and is thus lost from 

the cavity. In a vertical cavity the reentrant jet contacts both cavity walls, 

thus making both cavity walls effective in eliminating gas from the cavity. 

It will now be shown that the air demand for vertical cavities is approximately 

twice that for horizontal cavities. Equation (1) may be modified by a factor, 

n, which specifies the number of cavity walls effective in eliminating cavity 

gas. In the case of a horizontal cavity in a towing tank, n = 1, whereas 

in the case of a vertical cavity in a free jet, n = 2. The modified Eq. (1) 

now becomes 

or 

where 

nC P VACD a a 
W = ~--:-~-"'--r======--

2(1 - Ca ) [1 + "1 + cyJ RT 

K' C = .-.;.;~-
a 1 + K' 

K' =.2W(1 + ~) RT 

nPaVACD 

(4) 

(5) 

To determine the validity of this modification, additional data were 

taken in the free jet tunnel with a flat plate foil of 2 in. chord and aspect 

ratio of 2.5. The force data and the concentration parameter reduced from the 

measured air flow rates are shown in Fig. 5. The velocity for these tests 

varied from about 25 to 44 fps, as indicated in the legend. The agreement of 

the data with Eq. (3) is satisfactory. 
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In a final attempt to establish the validity ofEq. (3) and its useful

ness in the prediction of air entrainment rates, data for a wide range of con

ditions have been plotted in Fig. 6a. These data were taken for various lifting 

and non-lifting bodies with aspect ratios varying from 2 to 32. A number of 

angles of attack, flap angles, and submergences were included. The points 

shown db not represent all the experimental data accumulated, but are typical 

of those obtained. The solid line drawn through the data has been determined 
+ from Eq. (3). The two dashed lines represent a -10 per cent variation from 

the empirical curve. The bulk of the data lie within these extremes •. Analy

sis of the data indicated that about ~2 per cent of the deviation could be 

attributed to reading 'errors in the instrumentation system. 

that the air entrainment rates are directly proportional to 

It will be recalled 
C 

a 
1 - C a 

Consid-

ering a ~10 per cent deviation in C , 
a 

the error of using this method for 

calculating the air entrainment is shown in Fig. 6b as a function of the cavi

tation number. 

Another method of presenting data for ventilated cavities which has been 

utilized by other investigators groups the rate of air flow, velocity, and the 

vertical projection of the wetted hydrofoil area in the dimensionless parameter 

WIAp V. When the data of the current program were plotted in this form against 

the' cavitation number, a maximum deviation was found of ~47 per cent of 

wlA V based on the mean value at a cavitation number of 0.2. This error p . 
is much greater than the !17 per cent deviation shown in Fig. 6b for the same 

cavitation number. This seems to indicate, for the data taken at this Lab

oratory, that the use of the concentration of voids as a correlation parameter 

is a definite improvement over the correlation parameter defined by wi A V. 
P 

III. TRAILING VORTEX CAVITIES 

As the gas supply rate to the cavity is increased, 8. point is reached 

1..rhere another mechanism for eliminating gas from the cavity is dominant over 

the reentrant jet, which, although present, is relatively weak, and the cavi

tation number is practically independent of the gas supply rate to the cavi

ty. Rather large trailing vortices appear at the rear of the cavity due to 

gravitational circulation about the cavity. These vortices occur in pairs 

and are noted in addition to the tip vortices which are produced by lift of 

the finite span foil. The cavity vortices can be observed more readily in 
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cases w.here the tip vortices are r~latively weak. The trailing vortices are 

apparent as air-filled tubes far downstream of the cavity tail in Fig. 7a for 

a cambered foil equipped with circular end plates. The origin of the tubes 

can also be seen at the tail of the cavity. Under some conditions, the cavity 

displayed a periodic pulsation phenomenon. An exatilple of pulsation is shown 

in Fig. 7b for the same foil with a s~ightly lower quantity of air supplied 

to the cavity. This pulsation phenomenon will be neglected in the following 

discussion. It should be noted, however, that even in the presence of cavity 

pulsation, some resemblance of the trailing vortices is present far downstream 

of the cavity. 

The existence of vortex tubes at the higher air~flow rates was found 

in previou~ investigations of ventilated cavities conducted at the California 

Institute of Technology [4 J to determine the air entrairnnent behind a circular 

disk submerged below a free surface. In these studies it was found that as 

'the' air':'flow rate was increased the cavj;ty changed from a reentrant jet to a 

trailing vortex type cavity. Cavity pulsations were apparently not observed. 

Subsequent tests of the same nature were performed by Cox and Clayden 

[5] and later by Campbell and Hilborne [6]. A theory based on aerodynamic 

theory, which determined the size of the trailing vortex tubes, has been de

veloped by the former authors and extended by the latter. 

It was assumed that since the cavity pressure remains essentially cons

tant throughout the cavity, the velocities on the upper and lower walls of the 

cavity must differ because of the hydrostatic pressure difference ,on the cavity 

walls. This gave rise to a circulation which pel'I(li tted an approximation to the 

size of the vortex tubes. The tubes served as pipes ,through w.hich the gas was 

carried away from the cavity. 

The approach utilized in Refs. [5J and [6J will be followed here with 

some minor modification to make the results consistent with the physical con

ditions of the current tests. 

The cavity is approXimated in the vertical meridian plane by an ellipse 

and, following a linearized approach, the circulation set up by the gravita

tional field is 

(6) 

:) 



-where r = gra~tational circulation in sq ft pel' sec, g 
2 =.acceleration due to gravity = 32.2 ft pel' sec, g 

d = maximum cavity thickness in ft, and m 
;, = cavity length in ft. 

9 

The transverse velocity, qc' around the periphery of the vortex tubes is, 

by application of Bernoulli's equation, given by 

The diameter of the vortex cores is then given by 

or 

r 
a =~ 

nq 
c 

gd ;, 
m a = -=--

4V2~ 

(8) 

According to Campbell and Hilborne the volume of gas needed to be supplied 

to the cavity to maintain a constant cavitation number is given by 

(10) 

or to be consistent with the nomenclature of this paper by 

(11) 

for each pair of vortex tubes. In the experiments wi th the circular disks 

of Refs. [5J and [6J, only one pair of tubes was observed. 

Visual observations of the cavity and photographs taken in the present 

study of lifting hydrofoils indicate that the number of pairs of the trailing 

vortices present is not only one as observed in the experiments 1n th the oir

culardisks, but depends a great deal on the aspect ratio of the body. For 

high aspect ratios several pairs of vortex tubes have been noted. For low 

aspect ratios (lR = 2.5 or less) there seems to be only one pail' present. 

In general the phenomenon appears to be quite complex. 
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Part of the problem of determining the air demand for such cavities is 

thus reduced to determining the number of pairs of vortices and ,the cavity di

mensions in the vertical-longitudinal planes where each pair of vortices leaves 

the main cavity. 

The three-dimensional effect on the cavity characteristics is shown in 

the photograph of Fig. S for a typical flow condition. In this particular case 

of a 3- by IS-in. flat plate hydrofoil, several of the previously described 

trailing vortices are seen leaving the cavity. The outermost pair are, of 

course, the tip vortices due to the lift and finite span of the hydrofoil. 

The direction of rotation of these tip vortices has been observed to be oppo

site to those in the interior flow field. It is obvious from this photograph 

that the cavity length is different at the points where each pair of vor

tices leaves the cavity. It can be presumed that the maximum cavity thick

ness also changes in a spanwise direction. across the cavity. Experimental 

data concerning the cavity dimensions were·determined from photographs simi

lar to Fig. S. 

Information relative to the cavity dimensions is available from the 

non-linear theory byWu [7J for a two-dimensional cavity in an infinite fluid. 

In this analysis, the cavity length, 1" and maximum thickness, d, are 
m 

given by 

where c = chord in ft and 

E = 1/2 1,n (1 + a). 

d = er 1, 
m 

(12) 

(13) 

For cavitation numbers in the range of interest (er < 0.15), it was assumed 

that CD = CD (1 + a). For small er, the quantity //6 ismuchless than 

unity and canOtherefore be neglected. The expression for the cavity length 

then reduces to 
4cCD 

1, - __ 0 
- 2 

. TIer 
(14) 



11 

This equation may be madl:l dimensionless by l'l:larranging it into the fo:rm of a 

reduced cavity length, 

where· M == 4/rr, and 

n == 2 

are the theoretical values from the two-dimensional, non-linear theory by 

Wu. 

Experimental data were analyzed to dete:rmine M and n for three

dimensional foils aT~d various conditions. The values of CD were computed 

by Johnson t s method [llJ which has been experimentally well' verified. The 

cavitation number varied between 0.0.5 and 0.4, the submergence from 0 • .5 to 

3 chords, and the angle of attack from 8 degrees to 20 degrees for these ex

periments. 

The reduced cavity length, as expressed by Eq. (1.5), was plotted against 

the cavitation number on logarithmic paper and it was found that a straight 

line of the fo:rm of Eq. (1.5) could be fitted to the experimental data. M was 

found to change with angle of attack, submergence, and aspect ratio while the 

value of n scattered slightly about unity. Since this scatter was small, 

n was taken equal to unity and the coefficient, M, was revaluated. 

The fact that the cavity length depend~d inversely on the first power 

of the cavitation number rather than the second power as predicted by the non

linear theory was of some interest. It was first thought that this trend was 

an effect of finite span since the cavity length for a.x.i-symmetric bodies is 

proportional to 1/0. However, reexamination of the data taken in the free 

jet water tunnel [12J for the cavity length of two-dimensional foils sb.owed 

that the 1engt.h data were better represented by an inverse first power of 

cavitation number in this case also. It may be possible that the influence 

of the free surfaces reduced the power of the cavitation number. 
~ . 

Figure 9 shows some cavity length data for an aspect ratio 2 • .5 flat 

plate hydrofoil compared to curves varying inversely with the cavitation num

ber. The length was measured from the leading edge of the foil to the ex

treme tail of the cavity. FUrther reduction of the data showed that for a 

given submergence and aspect ratio the coefficient M was proportional to 
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some power of the angle of attack and the submergence. The resulting em

pirical relationships for an aspect ratio 2.5 hydrofoil are 

M = 169 f 0.32 
1.2 a 

(16) 

where f = submergence in chords, a = angle of attack in degrees, and 

-1L- _ 169 f 0.32 
cCD - 1.2 

a cr 
o 

The solid curves through the data plotted in Fig. 9 were calculated using 

Eq. (17).' For purposes of comparison, points computed from the non-linear 

theory (length varies with the inverse square of the cavitation number) are 

also plotted. It can be seen that the agreement between these curves [Eq. (15) ] 

and the data is not satisfactory. 

There were insufficient data available to determine similar generalized 

expressions for the aspect ratios of 4 and 6. However, the available data for 

a few specific conditions are presented in Table I below. 

TABLE I 

&= (MCD )/crn (n = 1.0 Assumed) c 
0 

Foil 
ex M Dimensions 

!J. degrees 'f = lc f = 2c f = 30 inches ... ---.-

2.5 8 13.60 17.10 No data 3 by 7.5 
2.5 10 10.51 11.49 12.44 3 by 7.5 
4.0 10 11.77 lJ.f..17 lL~.35 3 by 12 
6.0 10 12.12 15.62 16.53 3 by 18 
2.5 12, 8.22 12.00 12.48 3 by 7.5 
2.5 14 6.89 8.56 9.93 3 by 7.5 
4.0 14 9.17 9.75 No data 3 by 12 
6.0 14 8.36 9.86 10.74 3 by 18 
2.5 16 5.77 7.62 8.27 3 by 7.5 
2.5 18 5.01 6.31 7.70 3 by 7.5 
6.0 18 6.36 7.'19 No data 3 by 18 
265 20 4.06 5.55 5.78 J by 7.5 

For small aspect ratio hydrofoils ·the trailing vortices leave very close 

to the extreme rear of the cavity and the empirical cavity length given by 

Eq. (17) may be used in Eq. (11). 
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of the oavityslenderness ratio, 
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[7J non-linear analysis resulted in a value 

d / t, equal to the oavi,tation number., The 
m 

various linearized developments indioate that the slenderness ratio is equal 

to the oavitation number divided by 2. ~easurements based on photographs 

taken of oavi ties in the free jet water tunnel and on photographs presented 

in Ref. [8J show that at small oavitation numbers (0" < 0.1.5) the slenderness 

ratio for two-dimensional oavities is approximately equal to the oavitation 

number. 

For three-dimensional oavities, however, the, observed slenderness ratio 

was greater than the cavitation number. Reiohardt's data [9J for oavities 

on axi-symmetrio bodies indioate al3lenderness ratio of 2.180" at 0" = O.l. 

Limited measurements in the free jet water tunnel indicate that for an aspeot 

ratio 2 • .5 flat plate hydrofoil, ,the slenderness ratio is roughly 20" at low 

cavitation numbers. 

If the oavity length from Eq. (1.5) and the experimentally observed 

slenderness ratio of 20" are substituted into Eq. (ll) for the air require-

ments, the following expression i~ obtained for low aspect ratio :hydrofoils 

(JR = 2 • .5 or less) where only one pair of trailing vortioes has been observed. 

244 4 
TT g 0 C n M Pa 

W = __ --~~~o ____ -
8V)0"3 RT ' 

(18) 

The ooeffioient Moan be obtained direotly from Eq. (16). Equation (18) 

oan be further reduoed by expressing P = P - P, and P = P - 1:2P V2 0" . a 0 v 0 ex> 
as was done in Ref. [lJ in developing the air demand for reentrant jet oavi ties. 

The final result is 
, TT g20 4C4n M4 P 

W = ~, [0" - 0" J 
16 V 0"3 RT, v 

per pair of vortex tubes. 

pressure. 

Here 0" is the oavitation number based on vapor 
v 

In Fig. lOa, Eqs. (4)"and (18) are oompared with data taken with a 

2 • .5 aspeot ratio flat plate hydrofoil of4~in. chord. The test conditions 

are noted on the figure. Figure lOb shows a comparison of data taken with a 

2.5 aspect ratio flat plate hydrofoil of 3-in. chord with Eqs. (4) and (18). 
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The intersection of the two curves agrees quite well with the transition from 

reentrant jet to non-reentrant jet cavities. Cavity pulsations did not occur 

for the tested condition in the case of the 4-in. chord hydrofoil and occurred 

inside the indicated region on Fig. lOb in the case of the 3-in. chord foil. 

It was also of interest to determine the sensitivity of Eq. (11) to 

slenderness ratio and cavity length. Therefore, the theoretical two-dimensional 

infinite fluid values of M = ~ and the inverse square of the cavitation num-1T 
bel' were used in computing cavity length, and the slenderness ratio was taken 

equal to cr. The resulting expression is 

8g2C4C~ p 
oa 

W = (20) 
1T3V3cr7 RT 

Equation (20) is also plotted in Fig. 10. It can be seen that the in

tersection of Eq. (20) and Eq. (4) also agrees fairly well with the lowest 

cr for which reentrant jet cavities were observed. 

Examination of these plotted curves of Eqs. (18), (19), and (20) shows 

that the calculated slopes of the W versus cr curve are very steep in the 

region of applicability. W is inversely proportional to the velocity and W 

also is directly proportional to the number of pairs of vortices involved if 

all pairs were assumed to carry the same amount of air. All three of these 

trends have been observed experimentally. At very high speeds when cr ap-
v 

proaches or is equal to cr, the air demand approaches or is equal to zero 

as expected. 

It can also be seen in Fig. lOb that w.hen the values of M and CD 

for the various submergences are inserted into Eq. (18), the effect of submer2 

gence on the minimum cavitation number is shown quite accurately. Wu's values, 

based on a theory for an infinite fluid were used in Eq. (20); therefore this 

equation provides no information as to the influence of a free surface. For 

comparison, the dashed curve in Fig. lOa was computed using M and CD for 

the indicated flow conditions of the test. 0 

The application of thi,~ type of analysis to larger aspect ratio foils 

is as yet uncertain. On three-dimensional cavittes the cavity length varies 

along the span as observed in Fig. 8. It is evident that the length in any 

given plane on a three-dimension.~.J. cavity must be a function of aspect ratio 

and distance from the center along the span as well as c, CD' and (J as 
o 
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indicated by Eq. (12). It is the length where the vortex tubes in question 

depart from the cavity which probably should be used in Eq. (11) to compute 

the weight rate of air lost through the pair of vortices leaving the cavity 

in that location. The problems of finding exactly where these vortices will 

leave the cavity and of determining the number of pairs that will leave the 

cavity are as yet unresolved. 

The influence of the free surface on the air entrainment rates for 

trailing vortex cavities was determined by another method. Experimental data 

'indicate that the actual slope of the air demand versus cavitation number curve 

is even steeper than predicted by Eq. (18) or Eq. (20). There appears to be 

a minimum cavitation number, for given conditions,/below which further reduc

tion cannot be achieved by artificial ventilation. This minimum cavitation 

number is considerably influenced by the submergence of the body. After ob

taining the general trends of this behavior from curves such as those pre

sented in Fig. lOb, extensive data were taken with an air injection rate suf

ficiently large so that the resulting cavities would not pUlsate. The re

sulting data on the minimum a for several velocities and chords were found 

to be correlated l.;rell by the product of cavitation number and the Froude num

ber based on the vertical projection on the chord, c sin a. 

The dependence of Fa. 
. I' man on submergence and its relative independence 

of velocity and angle of attack is shown in Fig. 11. Plotted in the figures 

is also an empir~cal expression given by 

Fa. = K(l _ e-l •66f ) 
I' man 

where 

F _ ;;:==V== 
r~ sin a 

amin = minimum a obtained by forced ventilation, 

f = foil submergence in chords, and 

K = some fUnction of aspect ratio. 

(21) 

Experiments conducted with foils of various aspect ratios ha,ve shown 

that the constant, 1.66, does not vary with aspect ratio, while the constant 

K varied as indicated in Table II. 
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TABLE II 

Aspect Ratio 

2.5 
4 
6 

K 

0.86 
0.95 
0.733 

Using Eq. (21), fairly good estimates can be made regarding asymptotic 

values of the air demand curves. Accurate predictions in the region of in

terest are very difficult due to the very. steep slope of the curve. 

IV. PULSATING CAVITIES 

For the tests conducted in the towing facility, with finite span foils, 

cavity pulsations mayor may not occur in the transition region between re

entrant jet cavities and trailing vortex cavities. ,Considerable effort has 

been expended to determine both experimentally and theoretically the condi

tionsunderwhich cavities will pUlsate. However, the complete solution of 

this problem is still unavailable. 

The cavity pulsation phenomenon was first observed experimentally by 

Silberman and Song [12J on bodies in a vertical free jet water tunnel. In 

this vertical facility the gravity effects, which produced a pressure difference 

~cross the cavity in the towing tank, were not present and, therefore trailing 

vortices were absent. The cavity progressed from a reentrant jet cavity to a 

pulsating cavity under any and all conditions as the air flow rate into the 

cavity is increased. 

Another observation of pulsating cavities was noted in towing experi

ments and was described 'in Ref. [IJ. The principal difference between the re

sults from the two facilities was in the gravitational effects on the hori

zontal cavities in the towing tank. These gravitational effects proved to be 

dominant when a sufficient supply of air was injected into the cavity_ Under 

these conditions the cavity pulsations are regarded as a transition phenomenon. 

However, as described in Ref. [lJ the cavity pulsations did not occur in the 

transition region under al~ circumstances. The angle of attack and the hydro

foil chord length seemed sensitiveparaYileters in determining whether or not 

the pulsation would occur. In general, under conditions which produce thin 

cavities such as low a.ngles of attack and small chord lengths, pulsation of 

the cavity would occur. At larger attack angles and chords, the cavity 

progressed directly from a reentrant jet to a trailing vortex cavity with 
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increasing air injection rates without exhibiting any pulsations. Higher 

towing velocities also seemed to reduce the tendency for a cavity to pUlsate. 

For reference purposes, the data of Ref.[lJ are presented in Fig. 12. Some 

additional data taken with the non-rectangular planform have also been added. 

Each of the curves for a given parameter, such as velocity, indicate a pulsa

tion threshold. Cavi ties pulsated on ventilated hydrofoils operating at angles 

of attack below the curve for a given parameter. Foils operating at attack 

angles above the curve did not exhibit cavity pulsation in the transition 

region. It will be recalled that Figs. lOa and lOb show conditions for which 

pulsations are not or are occurring respectively, in the transition between 

reentrant jet and trailing vortex type cavities. 

Theoretical work concerning the stabili ty of ventilated cavities has 

been performed by Song [13J and by Hsu and Chen [14J. 

In the analysis by Song, the kinematical requirements of the pulsating 

cavi ty were matched to the solution of the dynamical model. His dynamical 

model consisted of an annulus. The core of the annulus represented the ca

Vity, and the annular distance between the inner and outer walls represented 

the surrounding water in the free jet system. The area outside the annulus 

represented the atmosphere into which the free jet was discharging. This 

model, although considerably simplified, was analyzed in terms of a mass

compliance system, in which the damping terms were neglected. 

Information for the kinematical model was obtained from experimental 

eITidence which has shown that a number of waves appear on the cavity and tra

vel with the flO1riT along the cavity surface. 

Song determined the number of wave lengths on the cavity as 

fm~' sustained cavity oscillations. 

f 
..J2 = n Vp 

c 
(22) 

The frequency of the waves must match the resonant frequency obtained 

from the dynamic model. This frequency was determined as 

f 
P 

(23 ) 
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where IS. = constant, 

R = radius of external boundary, 
0 

1" = radius of circle filled with gas, 
0 

s = area of cavity for steaqy conditions, and 

f = frequency of pulsation. 
p 

Song concluded from his analysis that the pulsation phenomenon is asso

ciated with a free surface. Since the volume of the cavity changes with time, 

it follows that in an incompressible infinite fluid or in a closed chamber the 

volume of the water must change. Thus, if the water is assumed incompressible, 

cavity pulsations will not occur. A free surface, however, will a.llow the total 

space occupied by the cavity-water system to change; thus cavity pulsations 

can occur. All known visual observations of cavity pulsation have been in 

the close vicinity of a free surface. 

Hsu and Chen have attempted to show theoretically that the compressibility 

of water is sufficient to permit cavity pulsations even in an infinite fluid. 

~n their analysis the change in volume of the cavity calculated by considering 

the interaction of the streaming flow and the cavity was matched to the volume 

calculated by an appropriate gas law. Experiments to verify this theoretical 

result have not yet been performed. In addition to the ability of a ventilated 

cavity to pulsate in an infinite fluid, their results indicate that the occur

rence of resonance involves properties of the gas in the cavity and the flowing 

liquid and not the size of the body itself. In the towing tank experiments 

where gravity is an important factor, the boqy size, however, was shown to 

have an influence on the initial stability of the cavity as p!'eviously dis

cussed. 

The available data relative to pulsating cavities have been previously 

correlated by plotting the cavitation number based on measured cavity pressure 

against the cavitation number on vapor pressure. This has been the technique 

used in Refs. [lJ, [12J, and [13J. The semi-empirical equation developed by 

Song [13J agrees with the data quite well. This equation is given by 

(24) 

The consta.nt 3.45 is determined basically from the physical flow parameters. 
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It was also of interest at this time to compare Hsu and Chen's calcu

lated results reduced to the form of a (J versus (J plot. This compari-v 
son is shown in Fig. 13 together with experimental data collected from tests 

conducted in the free jet tunnel and the towing tank facility. A number of 

curves are presented in this plot. The solid lines were plotted from Eq. (24). 

As np is the number of waves on the cavity, it must be an integer, and dif

ferent curves are obtained for each particular value of n. The number of 
p 

waves is indicated at the upper limit of each curve. The dashed lines have 

been plotted from an empirical equation first presented in Rei'. [12J. Theory 

by Hsu and Chen results in curves shown by the long and short dashed line. 

In general, it will be noted that the semi-empirical equation by Song 

[13J agrees quite well with both the experimental data and the fully empiri

cal equation by Silberman and Song [12J. It should also be mentioned that 

the experimenta,1 data obtained from the towing tank experiments lor the higher 

values of (J may be in error by plus or minus one wave length. The number v 
of waves were determined from photographs of the cavity, and the cavity may 

or may not have been just :pinched off at the instant the photo was taken. 

The theory by Hsu and Chen results in two sets of curves for each 

assumed number of waves on the cavity. A critical value was found at a ratio 

of cavity length to chord length of 4, and this condition is represented by 

the curve appropriately labeled. .The predicted trends do not appear to be 

reflected by the experimental data. Reentrant jet cavities were generally 

observed at any cavitation number above the data shown in Fig. 13. The up

permost curves which lie above the J, I c = Lj, curve as computed by Hsu and 

Chen would therefore lie in the reentrant jet regime. 

An exwnation of the photos of pulsating cavities in t.he vertical 

free jet water tunnel presented in Ref. [12J indicated that the alUplitude of 

the surface waves on both cavity walls was essentially the same for symmetrical 

?odies and of the same order of magnitude in the case of an unsymmetrical pody 

such as a. lifting hydrofoi1. It was of interest to determine whether or not 

such a behavior existed for a foil moving horizonta.lly beneath a free surface. 

Several tests were consequently conducted in the towing facility with foils 

at both positive and negative angles of attack. Photographs were taken of 

the cavity from beneath the water surface. Typical photos are shown in 

Fig. lLj,. Fig-ure 14a shows a pulsating cavity attached to a flat plate foil 

at 8. positive angle of attack of 12 degrees and moving from right to left at 
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a velocity of 12 fps. The foil submergence was 2.5 chords and the foil had 

an aspect ratio of 2.5. The top image in this photograph shows the upper sur

face of the cavity, as reflected by the free water surface. Definite cavity 

pulsations or waves of large amplitude can be observed, particularly near the 

rear of the cavity. The underside of the cavity, as seen in the lower image, 

appears to be free of any well defined wave. 

The same foil was then modified to permit the introduction of air to 

its under surface, and the foil was placed at a negative angle of attack of 

12 degrees, so that the pressure side of the foil was nearest the free water 

surface. A photo of the resulting cavity with the other conditions remaining 

the same is shown in Fig. 14b. Several differences in the cavity characteris

tics are to be noted. It is now apparent that waves exist on both cavity walls. 

Also, the cavity planform is more two-dimensional in shape. The tail of the 

cavity is almost parallel to the leading edge of the foil, whereas in the 

case of the foil at the positive angle of attack, the cavity tail becomes 

more rounded. This effect is further emphasized in Fig. 15. The photos in 

Fig. 15 were taken from above the cavi ty . and through the free surface. The 

upper photos were taken with the foil at a negative angle of attack, and the 

lower photos with the foil at a positive angle of attack. The difference in 

cavity planform exists for both pulsating and non-pulsating cavities. 

The appearance of waves on the underside of the cavity raises some 

questions concerning the role of the free surface in the pulsation phenomenon. 

More work, both experimental and theoretical, is necessary to arrive at a sat

isfactory solution to the problem. 

V. VENTILATION CHARACTERISTICS AT LOW ANGLES OF ATTACK 

Difficulty has been experienced at this laboratory as well as at other 

laboratories in obtaining stable, 'force-ventilated cavities at low angles of 

attack and low velocities. As shown in Fig. lA of the Appendix, the foils 

used in the current investigation were of wedge cross-section with a 6 degree 

wedge angle~ The leading edge was sharp. It should also be noted that an 

auxiliary air port was provided very close to the leading edge of the foil, 

in an attempt to achieve ventilation more readily by supplying air into the 

separated zone in that area. Furthermore, the air jet may in turn stimulate 

a boundary layer separation. This method was partially successful, although 

even with this artifice, the lowest angle of attack at which a stable cavity 
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could be initiated and maintained throughout the available test run was about 

8 degrees. Photographs have been taken of the cavity under these conditions, 

and several typical photos are presented in Fig. 16 to indicate the general 

behavior of the cavity. The first four photos were taken with the foil moving 

at a velocity of 12 fps. The air flow rate to the cavity was increased in 

each successive run. The last two photos were taken at a towing velocity of 

18 ips. 

Observation of the cavity in Fig. 16a will indicate that the cavity does 

not spring uniformly from the leading edge across the span. Furthermore, 

the inflated tip vortices are not attached· to the tips on the upper surface 

of the foil, but appear to be emanating from the trailing edge. A portion of 

the top surface of the foil near the tips remains wetted. A slight increase 

of the air flow rate results in a pulsating cavity, Fig. 16b, althougb part 

of the foil is still wetted. At times itwas not possible to obtain a cavity 

from the leading edge, even at higher air flow rates, as seen in Fig. 16c. 

The air is swept back and the cavity initiates at the blunt base of the wedge. 

It can be seen that the supplementary air supply to the leading edge resulted 

in an inflated region restricted to the immediate vicinity of the supply port, 

and no full cavity was obtained. With an additional increase in the air flow 

rate, the air ejecting from the main ports at the junction of the strut and 

foil disturbs the relatively thin cavity. The beginning of this disturbance 

can be seen in Fig. 16d. Larger air flows result ina more or less complete 

interference with the upper surface of the cavity, and these conditions have 

been excluded from further consideration. In general, a smoother cavity can 

be obtained at a higher velocity as shown in Fig. 16e. However, a wetted re

gion still remains at the tips of the foil. A pulsating cavity is shown in 

Fig. 16f for higher aj.r flow rates. The problem of ventilation at low angles 

of attack is currently being studied in detail in this laboratory under dif

ferent contracts. 

VI. CONCLUSIONS 

(1) Air requirements for hydrofoils with reentrant jet cavities 
can be computed by 

n.C P ACD W = ______ ~_a~a~~~--------
2 (1 - C ) [1 + ..J 1 + 0- ] RT 

a 

(4) 
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(2) The correlation parameter, 
cally as 

c , a has been determined empiri-

C = 0.59 - 0.83 a a 

It was shown that the air requirements for a great number 
of different types of supercavitating bodies and hydrofoils 
operating under a variety of flow conditions with reentrant 
jet cavities can be satisfactorily predicted by the appro
priate use of the above equations. 

(3) An empirical expression for the cavity length for low as
pect ratio hydrofoils (less than 2.5) has been determined 
as 

(17) 

This expression was obtained from experimental data with 
the cavitation number varying from 0.05 to 0.4, submergence 
from 0.5 to 3 chord lengths, and angle of attack from 8 to 
20 degrees. 

(4) Limited data taken in the free jet water tunnel indicate 
that the slenderness ratio (ratio of cavity thickness to 
cavity length) for low aspect ratios (less than 2.5) is 
roughly 2a at low cavitation numbers. 

(5) A reasonable approximation of the air requirements for trai
ling vortex cavities can be obtained from 

2 4 C 4 M4 P TTg c D a 

W = 0 

8V3 a3 RT 
(18) 

(6) The intersection of Eq. (18) and Eq. (4) satisfactorily pre
diets the transition between reentrant jet and trailing vor
tex cavities. 

(7) The product of the Froude number, based on the vertical pro
jection of the chord, and the minimum cavitation number is a 
function of the foil submergence and aspect ratio [Eq. (21) J. 
The minimum cavitation number is the smallest value obtained 
by artificial ventilation. 

(8) For a body moving horizontally beneath a free surface, the 
phenomenon of cavtty pulsation appears to occur only in the 
transition region between reentrant jet cavities and trailing 
vortex cavities. The determination of the exact conditions 
necessary for a forced-ven~ilated cavity to become unstable 
and pUlsate has not yet been possible. 
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Fig. 7 - Photographs of Cavities for a Cambered Foil with End Plates 
(a) Trail ing-vortex 
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Figo 8 - Multiple Pairs of Trailing Vortices on Cavity for Aspect 
Ratio 6 Flat Plate, a = 100 , f = 1 chord, (1 = 0008 
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Fig. 15 - Photographs of Cavity for Aspect Ratio 205 Foil at Positive and 
Negative Angles of Attack (Plan View), V:= 12 fps, f:= 1 c 
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Fig. 16 - Photo~aphs of Cavities 0'0 a Foil at 8 Degree Angle of Attack, 
a. = 8 ,f= lei AR::; 2.5 
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APPENDIX 

The facilities utilized in the studies described in this report were 

the maintpwing _tank and the free _j_e~ water tu.nnel in the St. Anthony Fa~ls 

Hydraulic Laborato!'Y. 

The towing tank is 9 ft wide, 6 ft deep, and about 220 ft long. The wa ... 

tel' depth for a1.1 tests was maintained at 4.5 ft. A sel~-propelled carriage 

was used to obtain speeds up to 18 fps for these tests, the top speed being 

dete!'lnined in this case by the time required to obtain a fully developed ca ... 

vity and the available length of the channel for a test !'Un. 

The free jet water tunnel is· a free ... falling, nonrecirculating type u

tilizing Mississippi River water and with a transparent, vertical two-dimen ... 

sional test section. The working velocity range of this tunnel is between 20 

and 50 fps. 

The majority of the bodies used in the eXperiments were flat foils with 
. . 

rectangular planforms. These are listed in the following table. The cross 

section of the hydrofoils was a 6 degree wedge with a hand-sharpened leading 

edge. 

TABLE III 

Chord, in. Span, in. Aspect Ratio 

2 7.5 2.5 
3 .5 2.5 
4 10 2 • .5 
3 6 2 
3 12 4 
3 18 6 

In addition to these hydrofoils, severa~ other configurations were also 

tested. The 3 ... by l2 .. in. flat plate was fitted with fixed, full span flaps on 

the lower surface of the foil near the trailing edge. The ratio of the flap

chord to the foil-chord was 0.25 and the flap angles were 4, 6, 8, 12, 16, 

and 20 degrees. Also, a non-lifting flat plate with dimensions 0.369- by l2 ... in. 

was used. The small dimension was placed perpendicular to the free stream 

velocity. As most of the hydrofoils previously used in the investigation were 

of rectangular planfo!'ln, it was of interest to conduct a series of tests with 
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a non-rectangular planform foil with a swept leading edge. This hydrofoil had 

a taper ratio A. of 0.2.5 with a 4-in. center ohord, a lO-in. span, and an as

peot ratio of 4 based on the mean ohord of 2 • .5 inches. The trailing edge of 

the hydrofoil was not swept. This resulted in a sweepback angle, A, of the 

quarter chord line of 24.3 degrees. These foils are shown schematically in 

Fig. lAo 

Air was introduced into the cavity by ports at the base of the strut with 

a small supplementa.ry supply to the leading edge in most cases. The ports at 

the base of the strut provided a stream of air that moved spanwise aoross the 

upper surface of the foil. The ail' jet issuing from the small tube to the 

leading edge was opposite to the direotion of foil motion. This jet served as 

a means to ventilate a sma.ll separation bubble in that area as well as to stim

ulate a boundary layer separation at the lower angles of attack. Figure lA 

shows a typica.l example of a hydrofoil constructed in this manner. 

The strut in all cases was a NACA 0012 section with a 2-in. chord, at

taohed to the foil at midspan. The location of the air ports with respect to 

the leading edge of the foil was not constant for all foils. 

The cavity pressure was measured with a 1 psia Statham pressure trans

ducer mounted directly on the strut above the water surface. A hypodermic 

tube running along the strut connected the transducer with a chamber maohined 

into the suction faoe of the foil and located aft of the midchord. A very 

thin plastic diaphragm was loosely placed over the chamber. The entire sys

tem then was filled with hydraulic oil. This type of pressure-measurement 

system permitted a continuous record of the cavity pressure during the test 

run, although it was not suitable for measuring pressure fluctuations because 

of its inherent high damping and low frequenoy response characteristics. 

In a limited series of tests, a 2-1/2 psia Statham miniature pressure 

transducer was mounted directly on a 4-in. by 10-in. foil with its diaphragm 

exposed to the interior of the cavity. This arrangement was used in pilot 

studies of a limited nature to detect transient and unsteady cavity behavior 

such as the amplitude of the pressure fluctuations associated with pulsating 

cavities. 

The air-flow rate was measured with an orifioe meter placed in the supply 

line. Several auxiliary air tanks on the carriage were used for the air supply. 

An essentially constant upstream pressure was maintained by means of a pressure 
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reducer placed in the line between the air tanks and the orifice meter. Pres

sures and temperatures were recorded to permit determination of the air-flow 

rate. 

The foil strut was attached to a device that permitted adjustment of the 

angle of attack within 1/4 degree and a dynamometer for measuring lift and drag 

forces for the various cavity conditions. The unit was attached to a towing 

strut with which the submergence could be varied. The dynamometer was of the 

two-component strain-gage type in which the lift and drag could be recorded 

independently, simultaneously, and continuously during the test. 

The force and pressure signals were recorded on a Sanborn four-channel 

recorder mounted on the carriage. A record of the instantaneous carriage speed 

was also obtained. This permitted a direct determination of the length of test 

run, which was extremely useful in evaluating the significance of transient 
\ 

effects of the cavity associated with the acceleration of the carriage. 

The foil was set at a given angle of attack and submergence, The angle 

of attack was measured from the chord line and the submergence was measured 

from the water surface to the leading edge of the foil il1 all cases, as shown 

in Fig. lAo The chord, c, was taken as the distance from leading to trailing 

edge. The Reynolds number based on chord length of the plate varied from 

1 x 105 to 6 x 105 at an essentially constant water temperature of 170 C. 

A range of submergences from about 0.25 to 3.75 chords was selected, although 

all submergences were not used for each profile, Runs were first made for a 

particular angle of attack and submergence with no air admitted to the foil 

to determine the extent of natural ventilation, if any. For all tests report

ed, no cavitation or ventilation of any type was observed until the metered 

air was supplied in the region of the foil. Also, only cases where supercavi

tation occurred (cavity covering the entire chord or more of the foil) are re

ported. 

Before each run, the air-flow rate was adjusted to a predetermined value. 

After the carriage acceleration period and after a full cavity across the span 

was formed, the flow rate was again checked. The cavity pressure and forces 

were continuously recorded with the Sanborn recorder. Photographs of the ca

vi ty were then taken with a 200 f.1 sec electronic flash for a number of conditions 

and were used to determine cavity lengths. A reference mark was made on the 

Sanborn record at the instant the photo was taken. A stroboscopic light was 

used to visually determine the extent of cavity pulsation as evidenced by the 

formation of waves on the surface of the cavity. 
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