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PREFACE -------
In many cases, it has been found desirable in the study of cavity 

flows to vary the cavity pressure by injecting a gas into the cavity and there­

by controlling the cavitation number. To effectively control the cavitation 

number, the basic mechanism of air entrainment must be found and related to 

the quantity of gas injected into the cavity. The studies described in this 

report were directed to obtain information on this problem for ~drofoils of 

finite span submerged below a free surface. The studies were conducted in 

the St. Anthony Falls Hydraulic Laboratory. 

The investigationwas conducted during the period November 30, 1960, 

to FebrUary 28, 1962. The work was sponsoredby the Office of Naval Research 

under Project NR 062-192, Contract Nonr 710(04). 

Many members of the Laboratory staff were involved in various de­

tailsof the program. C. E. Bowers critically reviewed the report. The bulk 

of the experimental data was taken by W. Parmenter and Z. Tarapore. K. Yala ... 

man.chili was primarily responsible for data reduc·t,ion and F. Thomas for car­

riage operations. Dr. Song supplied the data from the free-jet water tunnel. 

Preparation of the manuscript for printing was carried out by Marveen Minish, 

Marjorie Olson, and Carol Takyi under the general supervisionof Loyal Johnson. 
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ABSTRACT --------
Experimental stud.ies have been made to determine the air-entrainment 

<1·· rates 61' ventilated cavities for hydrofoils of finite span submerged below a 
free surface. The study was .divided naturally into two parts; reentrant-jet 
cavities and pulsating or trailing-vortex cavities. .A correlation parameter 
has been derived to permit determination of the air-entrainment rates for cav­
ities in the reentrant-jet regime assuming that all the air is lost from the 
cavity through the reentrant jet. As air was also lost through the tip vor­
tices, some dependence was noted with aspect ratio. Air entrainment was a 
functi.on of velocity for a given cavitation number and ambient pressure. Cav­
itY" instability or pulsation rlas observed at high air-injection rates for thi.n 
cavities. Trailing vortices were observed for thick cavities at the higher 
injection rates. The frequency of the pulsations tended to increase as the 
foil approached the free surface. 

Measurements of lift and drag forces indicated little effect of the 
free surface for submergence ratios of 1 to 3 chords. Data extrapolated to 
0" = 0 agreedfavorably with theory-by Johnson, and data at the higher 0" cor­
related with theory by Cumberbatch. 
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VENTILATED CAVITIES ON SUBMERGED ---------- -------- -- ---------
THREE-DIMENSIONAL HYDROFOILS ----- ----------- ----------

I. INTRODUCTION 

With the higher speeds attained with hydrofoil craft, it is apparent 

that the supporting foils will be operating under fully cavitating conditions 

for considerable periods. It is thus necessary to utilize profiles that re· 

tain good force characteristics in the super cavitating-flow regime. Under 

natural cavitating conditions, the degree of cavitation will be primarily in­

fluenced by the ambient pressure as .. related to the submergence of the foil and 

by the velocity of the craft. The force characteristics for the profile vary 

with the cavitation number. It may be desirablefor certain regions of oper­

ation to exercise some additional control of the cavitation number. This can 

be done by inje cting a gas into the cavi ty, resulting in an increase in the 

cavity pressure and a decrease in cavitation number. Thus, by gas injection 

it is possible to create cavities at relatively low velocities. It is also 

possible in some cases to create a cavity in a wake region where normally a 

cavity could not be present for the given ambient conditions. The cavity de­

veloped by this process is referred to as a ventilated cavity. It has been 

previously found that the force and cavity characteristics are essentially 

the same in both cases for natural and ventilated cavities, provided the cav­

itation numbers are the same. As the type of gas injected into the cavity 

should have no effect on the cavity, air may be chosen for convenience. 

',I'o determine the economical feasibility of utilizing ventilated cav­

ities, it is necessary to have knowledge as to the quantity of gas required 

to achieve ventilation to a specified degree. Such information can be ob­

tained in laboratory tests at relatively low velocities. The presence of a 

free surface may be expected to have some influence on the ventilation pro­

cess. The investigations described in this report were initiated to obtain 

information of this type. The objectives of the current program were to ex­

perimentally determine the effects of the free surface on air-entrainment 

rates, force characteristiCS, cavity length, and cavity stability for hydro­

foils of finite span and compare the results with theory whenever possible. 
_'f. 

Earlier work reported under t his contract is given in References [1]" and [2]. 

-"-
"Numbers in brackets refer to t,he List of References at enti of paper. 
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It is necessarJto know the basic mechanism by which the air leaves 
the cavity to satisfactorily predict the air requirements. A description is 
given of various possible mechanisms of air entrainment and a correlation 
parameter for reentrant-jet cavities is discussed. 

II. GENERAL CONSIDERATIONS 

It is convenient to discuss the relationship between the air require­
ments and the cavitation number by referring to two rather distinct regions. 
The first region, in which the air demand is proportional to the cavitation 
number, is called the reentrant-j~t region. The second region, in which the 

,~t air demand is essentially independent of the cavitation number, has been as­
sociated with a pulsating cavity as well as formation of trailing vortices 
at the rear of the cavity and is called the pulsating trailing-vortex region 
for the purpose of this report. 

The reentrant-jet region is probably the region of most practical 
interest since increasing the air supply beyond certain limits will not fur­
ther reduce the cavitation number and will also produce the possible disad­
vantages of excessive air requirements and cavity pulsation. It is therefore 
de.sirable to establish these limits or conditions under which operation in 
the reentrant-jet region is possible. 

Air is being releasedin a reentrant-jet cavity on a foil of finite 
span in three rather distinct ways: (1) through the tip vortices, (2) dif­
fusion through the cavity walls, and (3) mixingin the reentrant jet itself. 

Cuthbert [3] has attempted to analyze the reentrant-jet region for 
two-dimensional cavities in which tip vortices are not present. He concluded 
that the quantity of air lost by diffusion through the cavity walls was small 
compared to the air lost at the rear of the cavity. Photographs and observa­
tions of ventilated bodies in the towing tank and the free-jet water tunnel 
at the St. Anthony Falls Hydraulic Laboratory tend to give strength to this 
conclusion. It was then assumedthat the phenomenon governing the entrainment 
was either the mixing in the region of the reentrant jet or the method by which 
the air was transported to the rear of the cavity. A parameter was proposed 
to describe the former, but was dismissed when considerable scat,ter was found 
in the data plotted with this correlating parameter. Attention was then di­
rected to the method of air transport in the cavity and the experimental data 
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were plotted utilizing parameters derived from this approach. 

In the current program, observation of the cavity flows created a 

rather strong impression that the mixing in the reentrant jet was the govern­

ing factor. With this in mind, a slight modification has been made in the 

parameter as utilized by Outhbert. If it is assumed that all of the air sup­

plied to the cavity is being entrained in the reentrant jet, and thflt the en­

trained air moves at the same velocity as the jet, then the equation of con­

tinuity can be written 

w = cw A *V. = cp f*v ./RT 
a J a J 

(1) 

where W = .air-flow rate into the cavity in Ib per sec, 

c = concentration of voids by volume in the reentrant jet, 

Pa = partial pressure of the air in the cavity in Ibs per sq ft, 

R = gas constant for air = 53.3 ft Ibs per Ib per degree Rankine, 

T = cavity temperature in degrees Rankine, 
-* A = area of reentrant jet in sq ft, 

Vj = velocity of reentrant jet in ft per sec, and 

wa • specific weight of the air in the cavity in Ibs per cu ft. 

By using energy principles and assuming no losses, the well-known 

relationship betweenthe free-stream velocity Vo' cavity-wall velocityVc ' 

and V. can be written 
J 

v =V.=V -/l+CT 
C J 0 

(2) 

P - P 
where 0" = cavitation number based on cavity pressure,. o c 

2 • 1/2pV o 

The assumption of no energy loss in the reentrant jet is somewhat 

weak. There is, of course, some amount of energy loss which can not be cal­

culated at present. However, in this analysis a functional correlation param­

eter is being sought rather than a detailed description of the entrainment 

mechanism. It will be shown later that the concentration of voids in the re­

entrant jet calculated by means of this analysis is closely verified by direct 

measurement. 
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* The area of the reentrant jet, A, can be detenninedfrom the mo-

mentum equation in terms of the drag on the body 

A. 2 
D = p.V .A"(1l + V.) = CD 1/2ApV 

J J 0 J 0 
(3) 

where D - drag on body in lbs, 

p. =. density of air-water mixture in reentrant jet in slugs per eu ft, 
J 
p = water density in slugs per eu ft, 

A = area of body between separation points in sq ft, and 

CD = drag coefficient • 

. - The density of the air-water mixture, Pj' inthe reentrant jet can 

be expressed in the following form 

p. = cp + pel - c) 
J a 

(4) 

Since the density of the air, Pa' is small compared to the den­

sity of the water, p, it is reasonable to assume that 

pel - c) > > cp a 

Combining Eqs. (2), (3), and (4), the area of the reentrant jet is 

A~!- = Crf 

2(1 - c) 

1 

[1 + 0- +.jl + 0-] 
(5) 

This area redueestc the area givenin Birkoff [4] when c = O. Now 

combining Eqs. (1), (2), and (5), the air-flow rate is 

cP V ACD a 0 

w = --------------------------
2(1 - c) [1 +v'l + 0"] RT 

(6) 

Perhaps the greatest difficulty in using this expression is in de­

terminingthe value of the concentration, c. It was thus attempted to eval­

uat'e c experimentally through measurements of the drag coefficient CD' t:;) , 

andW, and use it as a correlation parameter. 

Rewriting Eq. (6) 
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2W(1 + Jl + a")RT 
c = (7) 

P v AK a 0 

where 

2W(1 + Jl + O")RT 
K = Cn + 

PVA a 0 

This development can be carried further by setting the total cavity 

pressure equal tothe sum of the partial pressures of the air and water vapor 

in the cavity. 

Pc = Pa + Pv (8) 

The cavity pressure may also be expressed in terms of the velocity and cavi­

tation number. 

CTp 2 
P =p --V 
co2 0 

Combining Eqs. (6), (8), and (9), the air-flow rate is 

or 

cCIf 
W = --:--:-:----:--:-----;.:::==::::::;-

2RT(1 - c) [1 + ../1 + 0-] 
[ (p - p)V - CTp V 3 ] 
. 0 v 0 2 0 

pV 3ACDO' [1 - ~] 
o v CTv 

W • --- ------;::===--
213T[1 + ../1 + 0-] 

c 

1 - c 

where 0"' v • cavi tation number based on water vapor pressure, or 

p - p 
o v 

1/2 :II 2 p 0 

(9) 

(10) 

(11) 

Thus, to hold a constant 0-, it is apparent that the air demand will increase 

with velocity at low velocities, reach a maximum, and then falloff to zero 
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asthe velocity becomes sufficient to maintain a natural cavityat the desired 

cavitation. number. That is,W = 0 when 

or 

o-p 3 
(p - p)V - ---- V o v 0 2 0 

0--
p - p o v 

1/2PVo2 
=0-v 

- In order to determine the velocity where the air demand is .maximum, 

the differential of Eq. (10) with respect to velocity is 

or 

oW cCrf 
--=~~~~~==~ o V 2Rl'(1 - c) [1 + ./1 + 0"] 

(p - p ) 
o v 

Therefore, the maximum air demand for a desired cavitation number is 

cCIf(p - p ) 
W __ --: __ ~::"""';;o;......-;:v==::::::;:--- I __ ~_~ 

max 3RT(1 _ c) [1 + ../1 + 0"] ~CTP 

at V 
Ow max 

where 'W 
a 

If Eq. (6) is made dimensionless, 

w c 
--~---- == ~~--~~~--r===~~ 

wVACn 2(1-c) [l+./l+O"J 
a ° 

p 
== a -. 

RT 

(12) 

(13) 

(14) 

The left side of Eq. (14) was essentially the parameter utilized in 

the analysis by Cuthbert, wno rejected it after the experimental data avail­

able to him exhibited considerable scatter when plotted in this manner. The 
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air-flow data used by Cuthbert were obtained from Reference [5]. No drag data 

were presented in that report. It thus appears that the drag data must have 

been secured from another source and may have caused some of the objectionable 

scatter • 

. The concentration, c, has been plotted as a function of cr in 

section IV for a wide range of foil geometries and flow conditions and was 

foundto be essentially a linear function of cr. This will be discussed more 

fully in that section. If the concentration factor is determined by experi­

ment,and if CD can be calculated for a given foil operating under specified 

conditions, then the air requirements for any given (J and velocity can be 

determined from Eq. (10) or (11). 

It is also interesting to note that since W varies directly· with 

CD' a foil selected for optimum performance will also require the least a­

mount of air to achieve the given cavitation number. It may also be expected 

that as the air supply to the cavity is increased, a point may be reached at 

which another mechanism of air release fromthe cavity would be required. In 

this case, it appears that the cavity would begin to pulsate and/or display 

vortex tubes at the rear of the cavity. 

Song [6] has developed a theory of pulsating cavities by extending 

resonant bubble theory to the case of a resonating two-dimensional cylinder. 

Results imply that pulsationwill occur with slender cavities and only in the 

region of a f:ree surface and would not be found in an incompressible fluid of 

infinite extent. In the free-jet tunnel, the flow was vertical and two free 

surfaceswere present. Hence, a gravity field normal to the cavity was absent 

and ambient conditions were ideal for pulsating cavities. 

The existence of vortex tubes was found in earlier investigations 

made at the California Institute of Technology [7] to determine the air en­

trainment behind a circular disk submerged belowa free surface. It was found 

that asthe air-ilowrate was increased,the cavitation number decreased until 

a minimumwas reached. From this point, the cavitation number could no longer 

be reduced even for very considerable increases in the air~flow rate. It was 

found that two rather distinct flow regions existed: a reentrant-jet region 

and a trailing-vortex region. The reentrant jet was observed for the rela­

tively low air-flowrates and correspondingly high cavitation number. In the 

region where the air-flow rate had little effect on (j", the reentrant jet 
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disappeared and twin trailing vortices were observed at the rear of the cav­

ity. The rather sudden increase in air demand was then associated with the 

trailing vortices, which were assumed to act as pipes carrying the air from 

the cavity. 

Cox and Clayden [8] have developed a theory based on aerodynamic 

conditions 1-vhich determi.ned the size of the vortex tubes. It was assumed that 

since the cavity pressure remains essentially constant, the velocities on the 

upper and lower side of the cavity must differ because of the hydrostatic pres­

sure difference on the cavity walls. This gave rise to a circulation which 

permi tted an approximation to the size of the vortex tubes. The analysis was 

i~L complete up to the determination of an experimental constant related to the 

frj.ction factor of these tubes, which actually served to make the data fit the 

theoretical curve. Campbell and Hilborne [9] have extended the theoretical 

and experimental work of Cox and Clayden, also using circular disks placed 

nOrIllal to the flow. 'r'he experimental studies were conducted in a rotating 

arm facility. Of particular interest were effects of the boundaries, both 

the tank bottom and the free surface, on air requirements. They also found 

that for the lower air-f19w rates and consequently higher cavitation numbers 

a reentrant jet exists in the cavity_ As the air flow was increased and the 

cavitation number decreased, the reentrant jet disappeared and trailing vor­

tices were found at the rearof the cavity which acted as pipes to carry away 

air from the cavity. This would partially account for the high air~flow re­

quirements in this region. 

Campbelland Hilborne also assumed that the difference in hydrostatic 

pressure on the upperand lower side of the cavity created a circulation which 

formed twin trailing vorticesat the rear of the cavity. A theoretical analy­

sis was made with certain assumptions as to the maximum cavity thickness and 

length for a circular disk based on 'previous experiments by other investiga­

tors. The resulting ~xpression was written in terms of a nondimensional en­

trainment coefficient 

Q n 
C ... --.",.... tit ---~.....-

Qd U i 15.8 F4Qh \ 
o 

wijere Q = volume of gas at cavity pressure entrained per unit time, 

Uo ... velocity of disk, 

(15) 



d = disk diameter, 

F = U / ~ Froude number based on disk diameter, and 
o 

0"= cavitation number based on cavity pressure. 

9 

This parameter provides a reasonable prediction for air entrainment 

which agrees broadly with the experimental results. It also indicated why 

the data of C. I. T. were found to correlate roughly with the product of 0-

and F. An investigation was also made of the effect of Froude number based 

on disk diameter on the air demand, and a correlation between air demand and 

the product of cr and Froude numb~r was found. Tests conducted in fluids 

with various surface tensions indicated that surface tension h.ad ~ittle or no 

effect on the air quantity for a given cr • 

III. EXPERHlENTAL APPARATUS AND PROCEDURE 

A. Towing Facility 

The experimental studies de scribed in this report were conducted in 

a towing tank 9 ft Wide, 6 ft deep, and about 200 ft long. A self-propelled 

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

being determined in this case by the time required to obtain a steady cavity 

and the available length of channel for a test run. The water depth for all 

tests was maintained at 4.5 ft. 

B. Hydrofoils 

The foils used for this series of tests were flat plate and modified 

Tulin-Burkart sections of dimensions as listed in the following table. Only 

rectangularplanforms were utilized. 

Chord - in. SEan - in. ASEect Ratio ~ 
2 :; 2.5 Flat Plate Profile 

3 7.5 2.5 Flat Plate Profile 

4 10 2.5 Flat Plate Profile 

3 12 4 Flat Plate Profile 

3 18 6 Flat Plate Profile 

2.5 7.5 3 0.3 x 30 Tulin Profile 

The cross sectionof the majority of the fiat plate hydrofoils used 

was a 6-degree wedge with a hand-sharpened leading edge. In a few cases, a 
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foil with a profile of an 11.3-degree isosceles triangle with a 2-in. base was 

utilized. 

Air was introduced into the cavity byports at the base of the strut 

-vJith a supplementary supply to the leading edge inmost cases. The photograph 

of Fig. 1 shows a typical example of a hydrofoil constructed in this manner. 

A few tests were run introducing air to the cavity at the tips of the hydro­

foil and other tests were run with air introduction at various points along 

the sides of a sting on a sting-mounted foil. A discussion and observations 

concerning the various methods of air introduction to the cavity are included 

in section IV. 

,~ The strut in all caseswas an NACA 0012 section with a 2-in. chord. 

C. Instrumentation 

The cavity pressure was measured with a 1 psid Statham pressure 

transducer mounted directlyon the strut above the water surface. A hypoder­

mic tube running the length of the strut connected the transducer with a cham­

ber machinedinto the suction face of the foil and locatedaft of the midchord. 

A. membrane of very thin diaphragm rubber was loosely placed over the chamber. 

The entire system then was filled with water. This type of pressure-measure­

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

test run, although it was not suitable for measuring pressure fluctuations. 

A 2-1/2 psid Statham miniature pressure transducer was mounted di­

rectly 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 cavity pulsations. 

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

supply line. Two air tanks on the carriage were used as the air supply. An 

essentially constant reservoir pressure was maintained by means of a pressure 

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 
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was a two-component strain-gage type in which the lift and drag could be re­

corded independently,simultaneously, and continuously during the 'test. 

The force and pressure signals were recorded on a Sanborn fou,r­

channel recorder mountedon the carriage. A record of the instantaneous car­

riage speed was also obtained. This permitted a direct determination of the 

lengthof test run, which was extremely useful in evaluating the significance 

of transient effects of the cavity associated with the acceleration of the 

carriage. 

D. Procedure 

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 meaS­

ured from the water surface to the leading edge of the foil in all cases, as 

shown in Fig. 2. The chord, C, was taken as the distance from leading to 

trailing edge. The Reynolds number based on chord for the plate varied from 

1 x 10' to 6 x 10' at an essentially constant water temperature of 17 C. 

Submergences of 2, 2.5, 3, 4,6, and 9 in. were selected, although all sub­

mergences were not used for each profile. Runs were first made for a partic­

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

termine the extent of natural ventilation,if any. For all tests reported, 

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 supercavita­

tion 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 a full cavity across the 

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

forces were continuously recordedwith the Sanborn recorder. As the test run 

was rather short at the higher velocities, it was not readily convenient to 

obtain information as to hysteresis effects created by reducing the air flow 

to the cavity after a full cavity had once been established. Photographs of 

the cavity were then taken with a 200fL sec electronic fiash for a number of 

conditions and were used to determine cavity lengths. A reference mark was 

made on the Sanborn recordat the instant the photo was taken. A stroboscopic 

light was used to visually determine the extent of vibration as evidenced by 

the formation of waves on the surface of the cavity .. 
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IV' •.. DISCUSSION OF RESULTS 

K. Methods Used to Ventilate Cavities 
. . 

Various methods were utilized to inject air into the cavity. Ori-
ginal tests were conducte<i: by venting air into the cavity by ports at the base 
of the strut. The air was directed outward. along the upper surface of the 
hydrofoil. Difficulty was experienced in forming a cavity on foils operating 
at angles of attack of less than 12 degrees and particularly for those foils 
with chordslarger than 2 inches. In v:j.ewof this difficulty, tests were made 
introducing the air to the cavity at various ·locations on the qydrofoils. 

~ In ,one series of tests, tl1e air was introduced directly at the tips 
of the hydrofoil. To prevent the jets of air from excessively disrupting the 
flow in the region of the tips, small deflectors were provided that directed 
the air jets downstream essentially perpendicular to the foil span. This 
methodof air injectionwas still unsatisfactory in its ability to form a cav­
ity early in the tes t run. The upper surface of the cavity on foils vented 
in thi·s manner was observed to be much clearer than cavities on foils with 
base-of-strut venting., particularly for the higherdischarges, indicating less 
interaction between the air flow and the cavity itself. The air requirement 
for foils vented in this manner also seems to be very slightly reduced. 

In later testsand inmost of the tests reported in this paper, air 
was vented into the cavity through ports on the base of the strut, as in the 
original tests, and a supplementary air supply was provided to the leading 
edge to force ventilation at small angles of attack. This was accomplished 
by running a separate air-supply line down the strut and embedding it in the 
foil to a distance of a quarter of an inch from the leading edge. An exces­
sive amount of air introduced in this region disturbed the upper wall of the 
cavity and was considered an undesirable condition. A needle valve in this 
line permitted satis;f.'~ctory regulation. A typical qydrofoil utilizing vents 
of this t~e has been ·shown in the photograph of Fig. 1. This method of air 
injection proved satisfactory, in that a cavity could be formed almost im­
mediately at the beginning of a test run. 

Tests were also run on a hydrofoil mounted on a sting with ports 
located in the sides of the sting. The air was directed along the surface of 
the hydrofoil in the same manner as in the case of the strut-mounted foil. 
However, this sting was provj_ded with several vents, all of which could be 
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plugged. This provided a convenient method of investigating the effect of 

introducingair at various distances relative to the hydrofoil. It was found 

that as long as the supplementary supply to the leading edge was operative, 

the position of the vents on. the sting was completely arbitrary as long as 

they were located forward of the trailing edge of the foil. Vents located 

aft of the trailing edge of the foil would not form a cavity even with a rel­

atively large amount of air supplied to the leading edge. 

Another method was tried to form cavities at the lower angles of 

attack. This method was based on the hysteresis properties of ventilated cav ... 

ities. Adevice was constructed that permitteda sudden decrease in the angle 

of attack. Inoperation, the foilwas set at anangle for which a cavity could 

,easilybe formed during the acceleration period. Aftera cavity was developed, 

the angle of attack was decreased to a lower value. It was found that the 

cavity would remainon the foil for the lower angles of attack. However, es­

sentially the same lower limit of attack angle was obtained by utilizing the 

more convenient method of introducing air to the leading edge. Therefore, 

the hysteresis method was not employed in further tests. 

It was thus determined that the vents shoUld be located in such a 

position that the stream of air will not be directed against, or in any way 

disrupt, the cavity walls. If the cavity wall is disrupted, more air will be 

required to maintainthe desired cavity. In accordance with this, the momen­

tumof the entering airstream should be kept low. This.could possibly be ac­

complishedby employing a greaternumber of ports. If tip vortices are present 

and small cavitation numbers are contemplated, a portion of the air could be 

vented through the tips. For conditions under which forced ventilation is 

necessary, an air supply to the leading edge or at the normal cavity separa­

tion point is important to insure formationof the cavity. A relatively small 

supply of air to this region should suffice. A large quantity of air in this 

region is highly undesirable as the cavity wall would become turbulent and 

more air would be required to maintain a cavity of given characteristics. 

B. Mechanisms of Air Entrainment 

It was observed that in the case of ventilated bodies traveling 

normalto the gravitational field and in the vicinity of a free surface there 

were essentially five dfrferent mechanisms of entrainment. 
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In section II, it was indicated that the major mechanisms of air· re­
lease from the cavity were entrainment of air in the reentrant j~t, loss by 
a pulsation phenomenon, and loss by trailing vortices formed by tqegravita­
tional field. Inasmuchas these phenomena were discussed in section II, they 
will not be discussed here except to point out some effects of aspect ratio 
on reentrant-jet cavities. At aspect ratios of 4 and 6, the reentrant jet 
normally did not occur alone but was accompanied by one or more sets of small 
trailing vortices. 

The two remaining methods of ail.' release are through the tip vor­
tices and through turbulent diffusion at the cavity wall. 

Since all hydrofoils testedin this programwere of rectangular plan­
form, tip vortices were present in every- case. The exact role of these tip 
vortices in the entrainment process is not known at the present time. For 
foils at low angles of attack and without the supplementary-air supply to the 
leading edge, the air introduced along the upper surface of the foil was swept 
downstream and a cavity was not formed immediately. The ~ir was diffused as 
bubbles into the region of the tip vortices, producing hollow vortex cores 
far downstream of thehydrofo-il. These inflated tubes then slowly moved 
c1oser.to the foil until they became attached to the tips of the hydrofoil. 
At the time of attachment, the cavity formed across the entire span. This 
behavior was particularly noted for relatively low air-supply rates. Thus, 
it seems a possibility that for certain conditions at; high (j, lost air is 
actually being "fed .back" to the cavity by means of the tip vortices. How­
ever, at low (J", i.e., high cavity pressures, it seems unrealistic for the 
air to return to the cavity and some air is probably being lost through the 
tip vortices. The exact role of the tip vortices should be determined by fu­
ture research. 

Small amounts of air pass through the cavity wall by turbulent dif­
fusion. General observations of cavity flows in the free-jet water tunnel 
have shown a boundary-layer effect on the cavity attached to the trailing edge 
of the foil. The cavity changed from a laminar, transparent surface .to a 
turbulent, white, opaque surfacea short distance (less than a half inch) aft 
of the trailing edge. In this white region, observations with stroboscopic 
lights showed small amounts of air being entrained and carried away from the 
cavity wall by the stream. However, the cavity wall which sprang from the 
sharp leading edge remainedclear until disrupted by the reentrant jet at the 
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rear of the cavity~ This boundary-layer effect was observed on the cavity 

wall attached to the trailing edge of the foil in the towing tank also. High 

air-flow rates into the cavity also created considerable turbulence of the cav­

ity wall. 

c. Air-Entrainment Rates 

As previously mentioned, the relationship between the quantity of 

air required to achieve a specified cavitation number can be separated into 

two rather well-defined regions: a reentrant-jet regionand a pulsating-cavity 

or trailing-vortex region. The value of (j at which the divisioli between 

these regions occurs was found to depend on submergence , velOCity, chord, and 

aspect ratio. A t;ypical.plot of air requirements for a flat plate profile at 

a given angle of attack is shown in Fig. 3. It will be noted that the divi­

sion occurs at about cr = 0.1. As the foil nears the free surface, the re­

entrant jet persists for smaller (T. Note that a minimum (J" exists for each 

submergence. 

It has been found that the angle of attack could be eliminated as 

a variable by incorporating it into the denominator of the air-flow parameter 

as sin a.. Typical results are shown in Fig. 4 for two angles of attack. 

Velocity had a considerable effect on air-flow requirements as seen in Fig •. 

5. The curves presented are lines faired through experimental data, such as 

obtained from Fig. 4. To avoid confusion, the data have not been shown on 

this plot. In the reentrant-jet region, air requirements to maintain a con­

stant CT tended to increase with increaSing velocityat those low. velocities. 

The critical or, or the value of or at which the reentrant jet disappears, 

was also in~luenced by velocity. As the velocity increases, the critical or 
was slightly lower, with the result that a lower or could be obtained for the 

same air-flow rate. 

In an attempt to find the correlation parameter that would eliminate 

the effect of velocity on air requirements in the reentrant-jet region, the 

development previously summarizedin section II was carried out. As a result, 

the concentration, c, described by Eq. (7) wasused as a parameter for plot­

ting the experimental data. .This parameter is valid only in the reentrant-jet 

region; therefore the experimental data used were restricted to that region. 

The shape of the body should have little effect on the parameter. A brief 

series of tests was conducted in which the concentration of air in the reentrant 
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jet was measured direct1ywith an electronic concentration meter available at 

the Laboratory. This meter is described in Reference [10]. The measured val­

ues agreedwe11 with the calculated values as shown in Fig. 6for a submergence 

of one chord. It will be shown later that submergence has no effect on the 

concentration factor. This agreement was encouraging, and thus a wider range 

of variables was considered in more extensive tests. The concentration fac­

tor was found to be useful in correlating data taken at different submergences, 

velocities,ang1es of attack, chords, and cambers. The data form essentially 

a straight line relating the concentration and a-, as can be seen in Fig. 7. 

Different aspect ratios produce slightly different slopes of the line (Fig. 

7f) • An empirical equation relating concentration, cavita.tion number, and 

aspect ratio is 

c = 0.59 - 1.325 a+ 0.0825 ARa- for 2.5 < All < 6 (16) 

The solid line shown on each of the plots in Fig. 7 is the line given by Eq. 

(16) • 

It should be mentioned that the towing tank tests were conducted at 

relatively low velocities and high ambient pressures. Therefore, () was 
v 

re1ative1y1arge (about 6 to 12). Since () was generally small « 0.3), the 

term 1 - a/er was approximately unity. To determine the validity of Eq. v 
(11) under conditions for which 0- was not large, higher velocities or low-v 
er ambient pressures than could be obtained in the towing tank were required. 

It was thus decided to make a comparison with a previously determined empiri­

cal equation presented in an earlier report summarizing data taken in a free­

jet water tunnel [5]. The equation for the reentrant-jet region was 

where 

W = KA.(0.9 - 0-/ er) sin a v (17) 

K = a constant, either 4.8 x 10-4 or 

a = angle of attack, and 

A = foil area in sq inches. 

8.6 x 10-4 depending on cr , 
v 

If this air-flow rate is set equal to that in Eq. (11) and measured 

values of CD from the free jet are used, it is possible to reduce the data 

in terms of the concentration c. for a lower range of <T. Results of this 
v 

reduction for a foil with infinite aspect ratio are shown in Fig. 7f. The 

values tend to be higher than those obtained in the towing tank, although the 
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slopes of the lines are nearly the same. However, it must also be mentioned 

that the direction of the gravity field relative to the longitudinal axis of 

the cavity was different in the two facilities. Observations of the reentrant 

jet revealed that in the vertical free-jet experiments, the reentrant jet im­

pinged on both walls of the cavity, whereas in the towing tank only the lower 

surface of the cavity wall was struck by the falling reentrant jet. 

Furthermore, it will be noted from Eq. (11) that the air entrain­

ment is a function of velocity for a given (J.. Figure 8 shows the variation 

of air entrainment with velocity for several cavitation nmnbers and a fixed 

ambient pressure on a particular hydrofoil. For a given (J, the air entrain­

ment increases with velocity to a maximum, and then decreases to zero as the 

velocity approaches that required to have natural cavitation of the same de-

gree. 

At the lower velocities, the velocity for a given ambient pressure 

was not sufficient to permit the formation of a natural cavity. The cavity 

was forcedby the intrc:;ductionof gas into the region. Thus, the partial pres­

sure of the air in the cavity was dominant over the partial pressure of the 

water vapor. However, as the velocity increases, the contribution of the par­

tial pressure of the water vapor to the total cavity pressure increases until 

eventually the point will be reached where no air is required to maintain a 

given or. The curves shown in Fig. 8 were based on data taken in the tOWing 

tank at atmospheric pressure and velocities less than 20 fps, i.e., for ve­

locitiesless than the critical velocity at which maximum entrainment occurred. 

The data taken in the free-jet water tunnel were taken at higher velocities 

and lower ambient pressures, but the range was still not sufficient to cover 

a region through the critical velocity. Thus, in an effort to determine the 

general validity of the curves, a brief test was conducted in a closed water 

tunnel where it was possible to achieve the desired conditions. Results for 

a circular cylinder are shown in Fig. 9 for two cavitation numbers. Since 

the lack of a dynamometerin this facility prevented determinationof the drag 

coefficient, the concentration factor was not.calculated. Thus, the curves 

shown in Fig. 9 are not calculated, but are simply drawn to best fit the ex­

perimental data. Note that the shape of the curves is essentially the same 

as that predicted by Eq. (11) and plotted in Fig. 8, thereby qualitatively 

veri~ying the analysis. 
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D. Cavity Length and Planform 

Studieswere made of cavitylength and planformby taking photographs 

from directlyabove the cavities. From these photographs , cavity lengths were 

measuredand typical results are shown in Fig. 10. The cavity length was meas­

uredfrom the leading edge of the foil. As the cavity length was rather dif­

ficult to define accurately in many cases, considerable scatter may be' ex­

pected in the results. 

It may be concluded from an examination of the ,curves that for re­

entrant-jet cavities the cavity length was nearly independent of .submergence, 

velocity, angle of attack, and aspect ratio, and directly proportional to the 

chord length. 

In the pulsating-trailing vortex region, at the lower cavitation 

numbers there seems to be a slj.ght effect of aspect ratio and very definite 

effects of submergence and angle of attack. In general, for this type of cav­

ity it was found that for a constant cr the cavity length decreased for de­

creaSing submergence, aspect ratio, and angle of attack. 

It is interestingto note that Kermeen's [11] tests in a closed-jet 

water tunnel also showed a similar dependence on aspect ratio and angle of 

attack well into the reentrant-jet region. 

of particular interest was the variation of the width of the re­

entrant jet itself with aspect ratio. Figures 11, 12, and 13 show typical 

photographs of the cavity p1anform and reentrant-jet shapes at various air­

supply rates for the three aspect ratios tested (i.e., 2.5, 4, and 6). The 

change in mode of air entrainment can also be noted. Associated with each set 

of photographs, an air-demand curve relates the position of each individual 

photograph on the curve by the letter adjacent to each point on the graph. 

It appears that, as the aspect ratio increases, the reentrant jet 

occupies re1atively.less of the cavity width (i.e., the reentrant jet de­

viates more from the two-dimensional ~attern as the aspect ratio increases). 

More complete investigation shou.ld be made 0 f this behavior. 

It is also interesting to note the several sets of trailing vor­

tices which accompany the relatively long reentrant-jet cavities and the pul­

sating cavities, particularly for the foils with aspect ratio 4 and 6. These 

vortices appear to extend over the regionbf the cavity, not covered by the 
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:reentrant jet, andpossess some symmetry with respect to the longitudinal axis 

of the cavity. The photographs presented by Kermeenalso exhibit these trail­

ing vortices for the larger aspect ratios investigated, It is clear from his 

data that, si.nce the measured (j fS were less than the calculated CT v fS, air 

was present in the cavity although the source of this air is not known, 

E. Cavity Stability 

Cavities which release air by entrairlment in the reentrant jet and 

through trailingvortices are steady cavities" i.e., the shape does not change 

with respect to time. Pulsating cavities, on the other hand,are unsteady. 

The existence of instability or pulsation at the h:i.gher air-flow rates is 

evidenced by cavity pressure fluctuations or relatively high amplitudes and· 

low frequency (40 cps to 60 cps), definite transverse waves appearing on the 

cavity surface, and an audible sound emanating from the cavity. 

This pulsation phenomenon in the cavity free-jet systemhas been de­

scribed at length by Silberman and Song [5]. It has also been reported by 

Wetzel and Schiebe [1] for tests conducted in a towing tank. In a more re­

cent paper, Song [8] considered a mass-compliance model ofa cavity free-jet 

system. 

lows: 

The con~lusions drawn from this theoretical analysis were as f01-

(1) One or more free surfaces are required for .the pulsation 

phenomena to exist unless the fluid iscompr'essible. 

(2) The phenomenon is one of resonance in which'the resonant 

system: is the large bubble clinging to the back of a hydro­

fo:il and the sustaining energy is being supplied by the 

flow past the foil~cavity system. 

(3) There may be any integral number of waves appearing on a 

cavity wall. The cavities may be classified according to 

the :number of wave lengths appearing on the cavity wall 

and called first-stage, second-stage, etc. 

(L.) To each number of stages there corresponds a definite amp­

litude of pulsation and maximum air-car~ing capacity. 

(5) . Both frequency and amplitude of pulsation are very in­

sensitive to air-supply-rate change. 
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(6) The Strouhal number 

wall vel oci ty V c' 
equal to the number 

based on cavity length t c ' cavity 
and frequen~y of pulsation f, is 

of stages or wave lengths appearing 
on the cavity wall n. 

(7) An equation useful for cbrrelatingdata for pulsating cav­
iti.es was given as 

where (j = cavitation number based on vapor pressure, v 
n = number of stages, and 
(j = cavitation number. 

(18) 

(19) 

Observations and measurements obtained in the towing tank generally 
confirm the se conclusions. There are some definite observations, however, 
which should be mentioned. 

Incertain cases, there seemedto be a changein the number of stages 
as the quantity of air injected into the cavity was i.ncreased. In general, 
however, the mode of air release shifted from the pulsating cavity to the 
trailing-vortex cavity without shifting the number of stages as the air rate 
was increased. In this case, the frequency of pulsation was relatively in­
sensitive to air-supply rate. There was only a slight decrease in frequency 
with increasing air-supply rate with no apparent change in number of stages. 
In contra st, frequency measurement in the free jet .showed practically no vari­
ation in frequencywith changes in air-supply rate unless the number of stages 
changed. 

The data for the amplitude of the pressure pulsation obtained in the 
towing tank were somewhat limited. The onlyway that the amplitude of pulsa­
tion could be measured was by introducing a pressure transducer directly in 
the cavity. This proved to be inconvenient, except for the flat plate of 4-
in. chord. However·, the trend of the available data qualitatively showed that 
the amplitude was relatively insensitive to a change of air-supply rate. 
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As a typical example of the magnitude of these features, a pulsating 

cavity on a 0.1- by 2-degree Tulin HYdrofoil of aspect ratio 2, operating at . 
3-chords submergence and at a velocity of 14 fps, was investigated. The cav­

ity had approximately six wave lengths or stages and a frequency of pulsation 
, 

of 56 cps. The peak-to-peak pul'sating pressure amplitude within the cavity 

was 0.35 ft of water. The observedwave form of the cavity pressure was very 

nearlya pure sinusoid. Preliminary measurementsmade by placing a hydrophone 

in the towing tank 4 ft below the cavity indicated that as the cavity passed 

over the hydrophone the radiated soundwas in excess of 116 microbars~ Thus, 

a pulsating cavity was an intense source of low-frequency sound in water. 

It was indicatedin the last sectionthat for pulsating cavities the 

cavity length shortened asthe free surfacewas approached. This implied that, 

for a given velocity, cavitation number, and number of stages, the frequency 

of pulsation should increase according to Eq. (18) as the free surface was 

approached. Several calcula tions have shown this to be true. 

In regard to Eq. (19), it should be mentioned that the numerical 

constant, 3 .LS ,was determined empirically from conditions 'in the free-jet 

water tunnel. It was shown that this constant was a function of the jet width 

and the ratio of the portion of cavity volume filled with gas to the portion 

filled with water and water vapor. This ratio can be easily shown to depend 

upon velocity by analysis presented earlier in this paper., Therefore, the 

constant for' other conditions, such as those present in the towing tank, would 

be expected to be different.' Also, the relationship required between cavity 

area and CT in Eq. (19) was determined from theory for flow about a thin 

wedge. Other shapes may alter the form of the equation to some extent. For' 

comparative purposes, Fig. 14 shows towing-tank data for a flat plate foil 

and lines represented by Eq. (19) plotted on log-log scales. The discrepancy 

noted is probably due to the functiQnal relationship of the numerical factor 

with submergence or jet width in Eq. (19) which was hot taken into considera­

tion. It should also be emphasized that the accuracy of determining the ,num­

ber of stages from photographs is plus or minus one stage. EquaM,on (19) can­

not be used to predict the inception of pulsation until it is possible to de­

termine the number of stages, for given, initial conditions. This as yet, has 

not been completely determined. 

I~ was noted that under some operating conditions the cavity would 

change from a reentrant-jet cavityto a pulsating cavity as the air-injection 
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rate was increased and finally, at very high injection rates, to a cavity with 
trailing vortices. It was also noted that under some conditions the cavity 
would change from reentrant-jet conditions to trailing-vortex conditions with­
out pulsations of the cavity occurring at any time. For example, as the angle 
of attack was increased, the tendency was for the cavity to develop trailing 
vortices rather than to lose air by pulsation. 

It can be seen from the work of Cox and Clayden, and Campbell and 
Hilborne, that the thickness of the cavity plays an important role in deter­
r..ining the strength of the circulation around the cavity set up by gravita­
tional forces. The actual thickness of the cavity was not measured in the 
testS--and a more indirectmethod was utilized to determine its effect on sta­
bility. 

A brief series of tests was conducted to determine the conditions 
under which the mode of entrainment would change directly from a reentrant jet 
to trailing vortices without experiencingany pulsation or instability as the 
air-injection rate was increased. 

At high angles of attack, trailing vortices have been observed at 
the rear of the cavity whereas at the lower angles pulsation of the cavity 
generally occurred for the high air-flow rates. Thus, for given conditions, 
a critical angle existed that determined which type of entrainment would ac­
tually occur. Typical preliminary data of this type are summarized in Fig. 
15. The curves shown in Fig. IS are drawn through these critical angles. For 
the. foil placedat an angle of attack that lies under the curves, the cavities 
would pulsate when sufficient air was injected. For angles above the curves, 
the cavity had trailing vortices and would not pulsate for any air-supply 
rates. It can be seen from Figs. lSb and lSc that as the velocity and chord 
length increase the critical angle decreases. If this trend continues for 
prototype conditions, pulsation may not occur. 

As the foil approaches the free surface, the critical angle decreases 
and the tendency to pulsate decreases. Itis also apparent that cavity char­
acteristicsfor the low-aspect-ratio foils are conducive to cavity pulsation. 
From the limited amount of data, it appears that for increasing aspect ratio 
the critical angle also increases slightly. Future investigation may reveal 
that an optimum aspect ratiomay be found for which the cavity is least likely 
to pulsate •. 
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It should be mentioned that these latter tests are not conclusive 
and mo~e data are required to completely define the phenomena. 

F. Force Measurements 

There has been considerable effort devoted to the determination of 
hydrodynamic force characteristics of a submerged three-dimensional hydrofoil 
operating with a finite CT. Wu [12] has calculated force coefficients for 
two-dimensional hydrofoils in an infinite fluid for an arbitrary CT. In prin­
ciple, this method can be used for any arbitrary profile; however, it is ex­
tremely complicated for sections other than simple flat plates and circular 
arcs. 

Johnson [13] has developed a theory for the force characteristics 
for three-dimensional hydrofoils of arbitrary section at finite submergences 
for CT = O. He has conducted experiments that have verified this theory and 
has also shown that the cavity shape and hydrodynamic characteristics are es­
sentially independent of the gasin the cavity if the cavitation number based 
on cavity pressure remains the same. The data from these experiments con­
sisted of photographs and force measurements under natural and ventilated con­
ditions. 

Cumberbatch [14] has theoretically considered the tip effects on 
the cavitating flow past a large aspect-ratio lifting hydrofoil. The two­
dimensional lift coefficient, as determined from Wu, was thus modified to give 
the three-dimensional lift coefficient in an infinite fluid for a finite cr. 

Johnson's calculations can be reduced to Wu I s for a two-dimensional 
hydrofoil in an infinite fluid at (j '" O. However, Cumberbatch's theory can ... 
not be reduced to Johnson's values at (j '" 0 as several assumptions are no 
longer validin that case. Cumberbatch has made comparisons with the experi­
mental work of Kermeen [11] with correlation being obtained for the moderate 
aspect ratios ( < 4) and values of CT> 0.1. 

A comparison of St. Anthony Falls experimental data and calculated 
force coefficients using Johnson's and Cumberbatch's theoriesis shown in Fig. 
16 for a flat plate foil with an aspect ratio of 2.5. In these plots ,Cumber­
batch's theory was used for cavitation numbers down to 0.04, although the 
theory is probably not valid for such small CT. However, the computation 
serves to emphasize the difference between the two theories at the small CT • 
Experimental data for the foil at angles of attack of 12, 16, and 20 degrees 
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are also shown. As Cumberbatch's theory was derived for an infinite fluid, 

the comparison is made with data taken for the foil at a submergence of 3 

chords, thereby approaching the infinite-fluid case. It can be seen from Fig. 

16a that the experimental and calculated lift coefficients agreed well for 

the higher or's, the agreement with Cumberbatch's solution deteriorating at 

the smaller or as expected. The data can reasonablybe extrapolated to agree 

with theory at or = O. Figure 16b indicate s that the drag coefficient can ap­

parently be predicted with good success (the legend is the same as for Fig. 

16a). The calculated drag coefficient was obtained from the tangent rule 

(CD = 01 tan a) for all or fS where the length of the cavity exceeded the 

chord length. This relation assumed that the contribution of skin friction 

on the lower surface of the hydrofoil to the total drag was small. 

Figures 17, 18, and 19 show additional force-coefficient data for 

three aspect ratios and submergence ratios for a flat plate foil. The points 

at (j = 0 were calculated using Johnson I s theory. The lines through the data 

for (j> 0 and each angle of attack were draw to best fit the data and are 

not theoretical curves. A largernumber of data points were available to de­

termine the location of this line than are shown in these figures. Some of 

the points were intentionally omitted to prevent excessive confusion of points 

on the small graph. The strut drag has been subtracted from the total drag 

before reducing the data in the form of a drag coefficient. In most cases, 

it will be seen that submergence has ver,y little effect on the force coeffi­

cients. 

It was also possible to compare data with that reported by Kermeen 

for a particular aspect ratio. This comparisonis show in Figs.18e and 18f 

for an aspect ratio of 4. The agreement appears to be satisfactory. St. An­

thonyFalls data at a submergence of two chords were used in this comparison 

as little effect of submergence was noted. 

Data for the largest aspect ratio available are show in Fig. 19. 

It will be noticed that in this case the angles of attack were different from 

those for the previous two aspect ratios. During the course of the tests for 

this particular foil,it was found that the device used to measure the angle 

of attackwas displaced by 1.5 degrees from its original zero position. Thus, 

rather than repeat the experiments at the same nominal angles previously used, 

it was decided to present the data in the form shown for comparison purposes. 
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V. CONCLUSIONS 

Based on the experimental data taken for ventilated cavities, it is 

possible to draw the following conclusions: 

(1) Forced ventilation 'at low angles of attack can be more 

easily obtained by introducinga small quantity of air in 

the regionof the leading edge of a foil. Larger quanti­

ties of airmay be introduced alongthe span at essential­

ly any chord-wise position. For higher angles of attack, 

the supplementar,r air supply is not required. 

(2) For reentrant jet cavities, the main source of air en­

trainment is the reentrant jet itself. Therefore, the 

concentration of air entrained in the reentrant jet is a 

suitable correlation factor forventilated cavities. Air­

entrainment rates for a hydrofoil of rectangular planform 

can be determined fromEqs. (11) and (16) for aspect ratios 

of 2.5 to 6. 

(3) In general, instability of the cavitywas observed for the 

relatively thin cavities. The high cr inherent to the 
v 

towing tank (high ambient pressures and low velocities) 

restricted the form of pulsation to a large number of waves 

or stages. As the foil was brought closer to the free 

surface, the frequency of pulsation and the cavity length 

varied essentially as that given by Eq. (18). The con­

ditions necessary for the prediction of pulsation have 

not yet bee.n completely q.efined. 

(4) Experimental force data indicated only a slight influence 

of the free surface. Results of data extrapolated to 

(1'= 0 agreed satisfactorilywithth~ory developed by John­

son [13]., ' Correlation of data with theory by' Cumberbatch 

[14] was found at the highe'r cavitation mnnbers. Close 

agreement with force data taken in a c1osed,water tunnel 

by ,Ke,rmeen [11] was obtained for the, finite-span nat 

plates. 
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Fig. I - Photograph of a Typical Flat Plate Hydrofoil 
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