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ABS TRACT 

Existing theory and experimental information on 

the design and performance of two-dimensional, low-drag, su- 

percavitating and fully ventilated hydrofoils is reviewed 

and summarized. The results of detailed calculations based 

on linearized cavity flow theory (neglecting gravity) at 

zero cavitation number are presented in the form of lift- 

cavity drag ratio vs. lift coefficient and non-dimensional 

bending modulus vs. lift coefficient of low-drag foils de¬ 

signed specifically for operation at depths of 1/2, 1, 2 and 

5 chords, as well as infinite depth. The design of foils 

for arbitrary depths, including methods of interpolation be¬ 

tween depths for which detailed plots are available is de¬ 

scribed. The necessary non-linear corrections and the effect 

of finite cavitation number are discussed and evaluated. 

The theory is shown to be in good agreement with experimental 

information found in the literature. A Summary Table of both 

experimental and theoretical work heretofore performed in 

this field is provided. 
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NOTATION 

A depth dependent constant in the hydrofoil-airfoil 
transformation 

Two dimensional non-linear drag coefficient = —2_ 

¿pü*c 

TVo dimensional non-linear lift coefficient 

c Chord length 

Cd(h,k,6jt) Two-dimensional, linearized drag coefficient 

of a two-term foil designed for depth chord 

ratio h, with camber index k, design angle of 

attack 6 and quasi-parabolic thickness co¬ 
efficient T, at a = 0 

c^(h#k,6) Lift coefficient of a two-term foil designed 

for depth chord ratio h, with camber index k 

and design angle of attack 6, at a = 0, (linearized) 

CL * CD Lift and drag coefficient for o ^ Oj (non-linear) 
a a 

D Two dimensional cavity drag 

h Depth of submersion/chord 

k Two term camber index. In a two term foil designed 
for infinite depth, k = c#(«,k,0) 

L Two dimensional lift 

m Non-linear two dimensional lift coefficient/^ 

p Cavity pressure 
w 

Pc Static pressure in the free stream 

T(8) Total thickness, at the trailing edge, due to angle of 
attack only = y (h, 1,0,5,0) + 6 

C 
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T(t) Total thickness, at the trailing edge, due to t only 

= yc(h,l,0,0,t) - yo(h,l,0,0,r) 

Um Free stream velocity 

X Distance along the chord measured from the leading edge 

as a fraction of c. The x axis is the foil reference 
line from which y and y are measured. 

U C 

yc Ordinate of the top cavity boundary, measured from the 
x-axis, expressed as a fraction of the chord length 

y0 Ordinate of the bottom surface of the hydrofoil, mea¬ 

sured from the x axis, expressed as a fraction of the 
chord length. 

yc at chordwise location x, in a two term foil 

designed for operation at h, with camber index 

k, design angle of attack 6 and quasi-parabolic 
thickness coefficient t 

y0 at chordwise location x, in a two term foil 

designed for operation at h, with camber index 

k, design angle of attack 6 and quasi-parabolic 
thickness coefficient t 

Z Hydrodynamic section modulus of the hydrofoil. This 

is the section modulus of a solid supercavitating foil 
whose top surface coincides with y 

c 

Z Non-dimensional section modulus = Z/c3 

a Angle of attack; the angle between U and the foil re¬ 
ference line (see Figure 3) 00 

ac bivalent angle of attack, i.e./the angle of 
incidence of a flat plate which develops the same lift 

, c#(h,k,0) 
coefficient as a given, pure camber = —í-p-r- 

(h,0,6)/6 

ae Effective angle of attack = 6 + a 

yc(h,x,k,6,T) 

y0(h' X* 6>t) 
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y A measure of circular arc camber = 1/2 the central 

angle subtending the chord of a circular arc hydrofoil 

6 Design angle of attack of a supercavitating hydrofoil* 

the angle between and the x-axis (the foil reference 

line). The actual shape of the foil depends on 6 (see 
Figure 3) 

i The real coordinate in the airfoil plane 

p Mass density of water 

o Cavitation number = -c 

ip ^ 

T Quasi-parabolic thickness coefficient. In a foil de¬ 

signed for infinite depth T(t) = 2x; in a foil designed 
for finite depth, T(t) > 2t. 
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LOW DRAG SUPERCAVITATINQ HYDROFOIL 

SECTIONS 

INTRODUCTION 

The requirement for increasing speeds of marine ve¬ 

hicles has focused attention on the design of high speed 

lifting surfaces. Such surfaces may serve as hydrofoil wings 

and thus be required to develop sufficient dynamic lift to 

raise an entire ship's hull clear of the disturbed surface 

of the sea. They may also serve as the means of horizontal 

control (rudders) of submerged, surface and over-the-surface 

high speed craft or to control the vertical motions (diving 

planes) of submerged vehicles. 

Hydrofoils designed for low speed applications con¬ 

sist of the well known fully wetted sections which very closely 

resemble the cross sections of subsonic airfoils. Such air¬ 

foil sections, with their blunt, well rounded leading - and 

sharp trailing-edges have been used successfully for decades 

in the design of low speed propellers, pumps, rudders, and 

diving planes. More recent years have also seen the applica¬ 

tion of fully wetted hydrofoils to the design of wings for 

a number»of relatively low speed hydrofoil craft. At suf¬ 

ficiently high speeds, however, the classical fully wetted 

section suffers severe loss in performance due to the onset 

of cavitation. The cavities that form due to high speeds or 

low ambient pressures are filled with the vapor of the sur¬ 

rounding liquid, or - in case air has access to the cavity - 

a mixture of air and liquid vapor. In a foil designed for 

fully wetted operation the onset of cavitation has the immed¬ 

iate effect of reducing the lift effectiveness of the foil 
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while generally increasing its total drag. In addition, 

the violent collapse of cavities whose length is smaller than 

the foil chord causes severe erosion of the hydrofoil sur¬ 

face. 

One of the most important parameters that character¬ 

ize the behavior of a foil after the onset of cavitation is 

the cavitation number a, expressed as the difference between 

the static pressure in the undisturbed stream and the pres¬ 

sure in the cavity (vapor pressure, in the case of pure- 

vapor cavities), normalized with respect to the free stream 

dynamic pressure. The effect of the cavitation number on 

the flow pattern about a hydrofoil is schematically illus¬ 

trated in Figure 1. Once a cavity is formed (the value of 

a associated with this condition is known as the incipient 

cavitation number) its length increases with decreasing 

cavitation number until, at a = 0 (i.e., when the pressure 

in the cavity equals the pressure in the undisturbed flow 

or, when the speed of the foil through the liquid becomes 

infinite) the cavity, in theory, becomes Infinite in length. 

At values of a for which the cavity is just sufficiently 

long so that the pressure pulses created by its collapse 

clear the surface of the foil, the latter is no longer sub¬ 

ject to cavitation erosion. In that condition, however the 

eddies and the re-entrant jet which exist at the downstream 

end of the cavity may impinge upon the foil trailing edge 

and cause severe buffeting and foil vibrations. Upon fur¬ 

ther reduction of the cavitation number the cavity length 

increases to the point where the reentrant jet is dissipated 

before it reaches the trailing edge of the foil. In that 

condition the flow is said to be supercavltating. Thus 
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TYPE OF PROFILE CONDITION OF FLOW 
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Figure I- The Effect of Cavitation and Ventilation on the Hydrofoil Row Pattern. 
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cavities associated with supercavitating flows are very long 

(at least two foil chords but, usually, much longer); they 

may be filled with liquid vapor or with a foreign gas or a 

mixture of both. Plows in which the cavity is filled with 

atmospheric air have come to be called ventilated or vented 

flows. The term "supercavitating" is, however, applied herein 

to all cases of sufficiently long cavities, regardless of 

whether these are filled with water vapor or air. 

Ventilated flows are of extreme importance in connec¬ 

tion with hydrofoil craft, propellers and rudders. The 

proximity of all these devices to the free water surface is 

particularly conducive to the phenomenon of spontaneous 

ventilation. At quite moderate speeds (say, 25-30 knots) 

sufficiently low pressures may exist on the underwater lift¬ 

ing devices to create adequate potential for ventilation 

which will occur very rapidly when the necessary path for 

air rushing in from the surface is created during turning 

maneuvers (yawed struts) or during operation in rough water. 

As has been pointed out by Johnson and Tulin (l), the con¬ 

sequences of spontaneous ventilation may well have cata¬ 

strophic consequences for hydrofoil boats utilizing fully 

wetted foils because the severe loss of support (as much as 

75 percent of the pre-ventilation lift) may cause the hull 

of the craft to crash into the water. 

The difficulties associated with the prevention of 

cavitation and ventilation can be avoided by inducing a 

properly designed hydrofoil system to ventilate at a suf¬ 

ficiently low speed. If the maximum speed of such a foil is 

only moderately high (say, 40-50 knots) the optimum configura¬ 

tion may be one in which only part of the suction side or only 



HYDRONAUTICS, Incorporated 

-5- 

the blunt trailing edge of the foil is ventilated. Such 

configurations are known as Base Vented hydrofoils. For 

higher speeds, however, the optimum configuration is often 

one in which the air-filled cavity springs from the leading 

edge. The advantage of a system Incorporating such Fully 

Ventilated hydrofoils is that they can be designed so that 

once ventilated, no further ventilation, nor any cavitation 

can occur, resulting in a stable lifting surface free from 

force discontinuities, erosion or buffeting. 

In Figure 2 an NACA photograph of a vapor cavibating, 

cambered hydrofoil (Figure 2a) at a speed of 80 fps and a 

cavitation number of 0.33 is compared with a photograph of 

the same foil (Figure 2b) operating fully ventilated, at 

the same angle of attack, a somewhat higher cavitation num¬ 

ber (a = 0.48) and a speed of only 20 fps. It is to be 

noted that except for a slight lengthening of the cavity 

associated with the drop in cavitation number the flows are 

very similar in appearance. The foil shown in Figure 2b is 

an example of natural vertílatlon in which air is being bled 
• ' 

to the foil upper surface from the atmosphere. Figure 2c, 

a photograph made recently at the David Taylor Model Basin, 

shows a cambered foil operating fully ventilated at a depth 

of two chords and a cavitation number of 0.10. As can be 

seen a much longer cavity is associated with the low cavita¬ 

tion number which, in this case, was obtained by pumping 

air to the upper surface of the foil. 

An excellent general discussion of cavitation and 

ventilation phenomena, employing interesting parallels be¬ 

tween hydrofoil and airfoil design has been given in Re¬ 

ference (l) as part of the present series of BuShips sponsored 
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reports. For an interesting discussion of the mechanics 

of cavitation and on the behavior of bodies in supercavltat* 

ing flow the reader is referred to Eisenberg (2), Snd 

Tulin (3)> and to the extensive bibliography therein. 

In order to obtain satisfactory performance charac¬ 

teristics in supercavitating (or fully ventilated) opera¬ 

tion it is, of course, necessary to design foils specifically 

for that condition. The pressure surface of such a foil 

must be so designed as to insure the absence of cavitation 

thereon, and so as to minimize the form drag that results 

from the presence of a trailing low pressure region (the 

cavity). Its upper surface should be shaped so as to 

fall within the cavity generated by the pressure surface 

so that frictional drag is minimized. These foils, which 

are generally wedge shaped with relatively thin leading 

edges, moderately cambered lower (or pressure) surfaces 

and blunt trailing edges, have come to be known as super¬ 

cavitating foils. 

The study of supercavitating flows has reached the 

point at which it is possible to establish methods of de¬ 

signing practical, low-drag, two dimensional hydrofoil 

sections that are prerequisite to the design of optimum 

supercavitating hydrofoil systems. It is the purpose of 

this paper, after a brief review of the pertinent studies 

of supercavitating flow about two-dimensional lifting sur¬ 

faces, to present the results of detailed studies of the 

behavior of a family of such foils, designed to give op¬ 

timum performance (i.e., minimum cavity drag) while deliver¬ 

ing a desired lift and maintaining a desired section bend¬ 

ing modulus. This report is concerned only with the two 

dimensional aspects of the problem; the methods of using 
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(a)- Vapor, 80 fps , = 0.33

(b)- Air (Natural Ventilation), 20 fps, <^ = 0.48

(c)-Air (Forced Ventilation), 30 fps, <r = o.lO

Figure 2- Photographs of Air and Vapor Cavities on Supercavitating Cambered Hydrofoils
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the two-dimensional information in the design of actual, three- 

dimensional wings are subject to separate study. 

The cavitation number associated with adequately ven¬ 

tilated foils operating at reasonably high speeds is very small. 

For example, a foil' fully vented to the atmosphere, moving at 

60 knots at a depth of 5 ft. operates at a = O.031 and at 80 

knots the cavitation number is only O.OI8. The c of a pure 

vapor cavity under the same conditions (at 60 knots) is ap¬ 

proximately O.18; and the value of a associated with a pure 

vapor cavity at the 0.5 radius of a 3 ft. diameter, supercav- 

itating propeller operating at 2000 rpm at a shaft submergence 

of 5 ft. and a forward speed of 60 knots is approximately 

0.044. Since the effect of small values of a is very small (up 

to, say, a = O.03 it is very nearly negligible) a major part 

of this study is concerned with foils designed for zero cavita¬ 

tion number and the effect of finite a (< 0.4) is evaluated 

separately. 

The early mathematical investigations of cavity flows 

such as those performed by Kirchoff (4), Helmholtz (5), and 

Levi-Civita (6), (see Milne-Thomson (7), chapter 12 and Birk- 

hoff (8), chapter 2) are almost all concerned with exact (non- 

linearized) solutions. It is an unfortunate fact, however, 

that exact solutions in closed form to the direct problem 

(i.e., the problem of ascertaining the characteristics of a 

given shape) have been obtained'only for the very simple case 

of a flat plate at incidence. The exact solution of the latter 

was obtained by Rayleigh (9) for the case of an infinite fluid 

and by Green (lO), and Chapjigin (11 ), for the case in which a 

free surface is present in the vicinity of the suction side of 

the plate. 
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The dilemma is resolved by the acceptance of two basic 

changes in the method of attack on the problem. The first of 

these, suggested by Levi-Civita (6), is that we consider what 

is normally regarded as the Inverse problem. In this method we 

construct fully cavitating flows without initially specifying 

the shape of the hydrofoil. Instead, we specify the pressure 

on the strëamline which forms the loaded side of the hydrofoil 

and on the cavity boundaries (the free streamlines^ and then 

proceed to calculate the hydrofoil shape that produces these 

pressures, and the shape of the free streamlines. If the re¬ 

sulting shape is a practical one, we use the initially prescribed 

pressure distribution to calculate the performance character^ 

istics. The second necessary step in the direction of ob¬ 

taining practical methods for the design of supercavitating 

hydrofoils was accomplished when Tulin (12) Introduced a first 

order linearized cavity flow theory. The loss of accuracy 

caused by the linearization is insignificant as long as the 

requirements of linear theory (small slopes and small velocity 

perturbation) are satisfied and is, at any rate, overwhelmingly 

overshadowed by the fact that without linearization the detailed 

design of low-drag foils, especially for the case of finite 

operating depths, is not within the realm of practical possi¬ 

bility. • 

The practical possibilities of designing low drag super¬ 

cavitating foils were first discussed by Tulin and Burkart (13). 

They applied the linearized cavity flow theory to the inverse 

problem and shoVted that the hydrofoil problem may be transformed 

into the problem of an equivalent thin airfoil. Thus they pro¬ 

duced a linearized theory for determining the forces and moments 

on fully cavitating hydrofoils of arbitrary shape and specified 
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pressure distribution, operating at zero cavitation number and 

proceeded to show what kind of pressure distributions lead to 

effective, practical foils. 

The pressure (or vorticity) distribution on the equivalent 

airfoil may be expressed in terms of a Fourier Series. Tulin 

and Burkart (13) chose a low drag shape by specifying the first 

two terms in the Fourier expression so as to result in the low¬ 

est cavity drag that is commensurate with, the condition that 

the pressures on the pressure side of the foil be nowhere less 

than the static pressure in the undisturbed stream. This shape 

has since come to be known as the Two-Term Camber and foils in 

which it is combined with angle of attack and, if necessary, 

with an appropriate thickness distribution, have come to be 

known as Two-Term Supercavitating Hydrofoils. 

Although Tulin and Burkart (13) presented general expres¬ 

sions for the location of cavity boundaries they specifically 

calculated only the cavity boundary (and thus, the maximum foil 

thickness) due to a flat plate at incidence. They did not, in 

that reference, calculate the minimum design angle of attack 

that must be combined with a given amount of two-term camber in 

order to obtain a finite cavity thickness over the entire chord 

length. This problem was, however, treated by Tulin and Burkart 

at the David Taylor Model Basin at about the time of publication 

of the previous reference in connection with the design of 

supercavitating propellers. The results were later incorporated 

into a propeller design paper by Tachmindji, Morgan, Miller and 

Hecker (l4) which thus reported on the first practical applica¬ 

tion of low drag supercavitating hydrofoil sections. Figure 3 

shows a typical flow pattern on a supercavitating propeller at 

the David Taylor Model Basin.. It is to be noted that a large. 
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Figure 3- A Two- Bloded Supercovitoting Propeller
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fully developed eavlty emana tea from each leading edge, covera 

the entire back of each blade and extends far downstream, and 

that the blade faces (pressure sides) are entirely free from 

cavitation. 

Johnson (15) extended the work of Tulin and Burkart to 

Include camber distributions (for Infinite depth) derived from. 

In one case, the first three and. In a second case, the first 

five terms of the vortlclty series expansion and presented ap¬ 

proximate calculations of the upper cavity streamline. Polls 

Incorporating the camber distributions resulting from the 

first three and the first five terms are known as ttree- and 

Five-Term Supercavltatlng Hydrofoils. In later papers, John¬ 

son (16) and (17) also developed a method for estimating the 

effect of finite depth on the lift of two-, three-, and five- 

term foils designed for Infinite depth. The three- and five- 

term foils deliver higher llft-cavlty drag ratios than the two 

term foils. It will be seen below, however, that this state- . 

ment Is strictly correct only when foil strength Is not taken 

into account. 

The effect of depth on cavity drag was evaluated for the 

first time In Reference (18). m that report It was also shown 

that the transformation between the hydrofoil and Its equivalent 

airfoil is a function of the operating depth and since the deriva 

tlon of the appropriate hydrofoil shape (l.e., the shape that 

will produce the specified pressure distribution) Is dependent 

upon the hydrofoil-airfoil transformation. It Is clear that the 

methods of (18) result In foils which are designed for a specific 

operating depth. The original two-term foils (13), as well as 

the original three- and five-term foils (15), are specifically 

designed for the condition that the liquid medium extend to 
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are specifically applicable to supercavitating hydrofoils op¬ 

erating at depths that are very large compared to their chord 

length and to supercavitating propellers whose thrust is 

directed along a*line parallel to the surface. Despite the 

importance,of the free surface upon foil performance, low drag 

foils designed for finite depths are generally similar in 

shape to those designed for infinite depth, differing from the 

latter only in detail. 

When considering supercavitating hydrofoils that are 

to operate at a finite depth below a free surface, two choices 

are presently available. In the first of these a foil whose 

shape is designed for infinite depth Is operated as efficiently 

as possible at the desired, finite depth by making appropriate 

changes in the geometric angle of attack. When such an in- 

finite-depth foil approaches the surface, its effective angle 

of attack increases. Since it is necessary to maintain the 

condition in which the dividing streamline coincides with the 

leading edge (the condition of "shock free entry"), the foil 

must be operated at an angle of attack which is smaller than 

the infinite depth design angle. The lift due to camber and 

the chordwise pressure distribution due to camber also change 

as the depth of submersion is varied. Since the shape of the 

foil is fixed, the precise evaluation of its characteristics 

amounts to solving the direct problem which, as stated above, 

is a very difficult task indeed, even when only the linearized 

theory is used. As mentioned previously, Johnson (l6, (17, and 

(19) developed an approximate method for calculating.the effect 

of depth on angle of attack and on the lift due to camber of a 

foil whose shape is initially fixed. The method is quite 
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adequate and very useful in ascertaining the effect of depth 

variation on the performance of a foil of given shape. 

It Is quite clear, however, that foils whose shape Is 

specifically designed for their anticipated operating depth de¬ 

liver better performance than infinite depth foils whose in¬ 

cidence has been corrected for finite depth operation. For 

this reason, a comprehensive study of two-dimensional, super- 

cavitating (a = 0), depth-adapted hydrofoils was Initiated at 

HYDRONAUTICS, Incorporated. This study utilized the depth 

dependent conformal transformation (1Ö) to derive the linearized 

general expressions for the foil lower surface shape, cavity 

shape, lift, drag and moment of hydrofoils whose pressure (or 

.vorticity) distributions are specified in the plane of the 

equivalent airfoil. These general expressions were used to de¬ 

rive analytical expressions for the shapes and performance of 

foils which have the following types of pressure distribution: 

(a) two-term camber, (b) three-term camber, (c) five-term 

camber, (d) constant pressure camber, (e) the pressure distri¬ 

bution on a flat plate at incidence, and (f) the pressure dis¬ 

tribution associated with a symmetric parabola at infinite 

depth and a similar, non lifting shape at finite depths, which 

has, hence, been called "quasi-parabolic thickness". The re¬ 

sults of this study were published in a previous HYDRONAUTIÒS, 

Incorporated Report (20). Semi-parabolic thickness was intro¬ 

duced because its.use makes it possible -- usually but not al¬ 

ways at the cost of some additional drag — to round the other¬ 

wise extremely sharp leading edges of superca.vltating foils. 

Recently accumulating experimental evidence has shown that the 

extremely sharp leading edges associated with angle of attack 

are prone to excessive vibration. Figure 4, reproduced here 
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Figure4- Photograph of the F.ow about o Flat Bottomed hydrofoil, 

lllustroting Leading Edge Vibration 
a = 8“. h =0.21,U«= 148 fps

Enlarged Leoding Edge

Figure 5- Typical Two Term Hydrofoil Section Designed for a Depth
of One Chord,

= 0.195, ^ = 34.5, z =4.1 x 10''^
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from Reference (21) illustrates the type of leading edge vibra¬ 

tion that has been observed; Figure 5» reproduced from Reference 

(20), shows a typical two-term foil with angle of attack (6) and 

a moderate amount of quasi-parabolic thickness (denoted by t). 

As can be seen in the enlarged view of the forward part of the 

foil, the leading edge is quite nicely rounded. A two-term 

foil designed for the same depth, producing the same (linearized) 

lift coefficient and obtaining the same section modulus (see de¬ 

finition on page 26) without benefit of quasi-parabolic thick¬ 

ness has a much sharper leading edge* and its lift drag ratio is 

36 versus the L/D = 3^.5 of the foil in Figure 5* As mentioned 

in Reference (20) a high-speed digital computer at the David 

Taylor Model Basin was used to calculate the performance charac¬ 

teristics and the section bending moduli of foils that were com¬ 

posed of all reasonable combinations of the pressure distributions 

listed above. The section moduli thus calculated were based on 

the assumption that the entire volume of the cavity would be 

solidly filled with metal. This computer study was done for the 

purpose of ascertaining, by means of a computer-programmed optim¬ 

ization procedure, which combination, if any, of types of pres¬ 

sure distribution will result in foils whose lift-drag ratio is 

highest for given values of lift and section bending modulus 

(see definition on page 26) at a given depth. The study was 

carried out for five finite depths, ranging from 1/4 to 5 chords, 

as well as for infinite depth. At each depth, a potential total, 

of 4980 different foils was taken into consideration by the op¬ 

timization procedure. The optimization process indicated that 

# 

The thickness-chord ratio at'2# chord of the foil without quasi¬ 

parabolic thickness (6 = 2.05°, k = O.132, t = O) is 0.356$ while 
that of the foil with quasi-parabolic thickness (Figure 5b) is 

0.493$ - an increase of 38$ over the previous value. 
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’for practical values of the depth chord ratio h, the section 

modulus coefficient Z, and the lift coefficient c^ (i.e., 

h ^ 0.5, 0.0002 < ^ < 0.0006 and 0.05 < c^ O.50), foils comprised 

of two-term camber, angle of attack and quasi-parabolic thick¬ 

ness are almost always preferable to any other combination of 

pressure distributions. In the very few cases that form an ex¬ 

ception to this rule, the difference between the optimum lift- 

drag ratio of some other combination of pressure distributions 

and that of the appropriate two term foil is insignificant. It 

was concluded that within the applicability range of the lin¬ 

earized theory, at nearly vanishing cavitation number and very 

high Proude numbers, when strength is taken into account, the 

* two term supercavitating hydrofoil is superior, for all reason¬ 

able values of lift coefficient, section modulus and operating 

depths, to the other combinations of the pressure distribution 

under investigation. 

The detailed characteristics of two-term supercavitating 

sections designed for operation at a finite depth are presented ' 

in the next section. 

TWO-TERM SUPERCAVITATING HYDROFOILS 

FOR FINITE DEPTH 

The derivation of two dimensional, two-term supercavitat- 

ing hydrofoils for operation at a specified depth below a free 

surface at zero cavitation number and very high Froude numbers 

has been described in Reference (20). In this section the re¬ 

sults of numerical computations, based on the expressions for 

lift, drag, foil shape and cavity shape, will be presented in 

tabular and graph form. Before proceeding with that presenta¬ 

tion, however, it will be necessary to reiterate some of the 
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prineiples of the linearized theory and to explain the notation 

involved in the description of the foils and their characteris¬ 

tics. 

The supercavitatlng sedtions under discussiorr are designed 

by means of the linearized solution to the so called "inverse 

problem of classical airfoil theory. In the inverse problem 

the pressure distribution, rather than the shape of the foil is 

initially specified and the hydrodynamic characteristics as 

well as the shape are calculated in terms of the given pressure 

distribution. 

The hydrofoil is first transformed by means of a suitable 

conformal transformation into its equivalent airfoil. The shape 

and characteristics of the latter are then calculated in terms 

of the pressure distribution in the airfoil plane and the solu¬ 

tion is then transformed back and obtained, finally, in the 

physical (hydrofoil) plane. The transformation is a function of 

the hydrofoil operating depth and is given by 

dx _ hg 

d£ air(g+a ) [1 
where 

h = the depth-chord ratio 

X = the chordwise coordinate in the hydrofoil plane along 

an axis through the leading edge, parallel to the di- 

. rection of the undisturbed stream, x is normalized 

with respect to the chord length. 

§ = the chordwise coordinate in the plane of the equiva¬ 

lent airfoil, normalized with-respect to the chord 

length. 

a = a real constant, dependent on depth. 



HYORONAUTICS, INCORPORATED 

Figur# 6- Th« influtnctof D#pth on in« Poramdtr 0 

• ^ 

Figure 7- The x-f Transformation 

i
 l! p¡ ui inti m

wm
 liiii ii ui 



HYDRONAUTICS, Incorporated 

-20- 

The value of a is given implicitly in terms of h by 

h = aw 
[2] 

and the relationship between x and Ç is given by 

X - Ç2 (h = oo ) 

X = ír 1 f " in (1 + f) ] ( 0 < h < «) [3] 

where Ç < 0 for points on the upper cavity boundary and Ç > 0 

for points on the lower surface of the foil and on the lower 

cavity boundary. 

The values of a vs h and vs ^ are plotted in Figures 

6 and 7, respectively. Accurate values of a for a number of 

discrete depth-chord ratios are given in Table I. Tabulations 

of Ç vs x for the calculation of ordinates on the foil lower 

surface and on the upper cavity boundary, at h = 1/4, 1/2, 1, 2, 

5 and » are given in Table II. 

Two term supercavita ting hydrofoils are composed of the 

two term camber distribution whose magnitude is denoted by the 

camber index k, a quasi-parabolic thickness distribution denoted 

by T and an angle of attack denoted by 6. Since 6 is built into 

the foil (the shape of the upper cavity boundary and hence - the 

shape of the upper foil surface depends on 6) it is called the 

design angle of attack. The lift developed by a given foil de¬ 

pends on the depth, the camber index and the operating angle of 

attack a + 6. The drag depends on h, a + 6, k and on the quasi¬ 

parabolic thickness, t. In the design condition, the ordinates 

of the foil bottom surface and the ordinates of the top cavity 

boundary depend on h, k, 6, t, and, of course, on the abscissa x. 

Hence the notation c^k, a + 6), cd(h,k, a + 6, t), yo(h,x,k,6,T) 
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TWO TERM CAMBER 

odtodto 

1 
DESIGN ANGLE OF ATTACK 

oMtdtO 

QUASI-PARABOLIC THICKNESS 

•quoit 

TWO TERM COMPOSITE FOIL 

AT DESIGN CONDITION (a>0 ) 

with additional madtnct •quoit 

1 
TWO TERM FOIL AT ABOVE¬ 

DESIGN INCIDENCE 

Figures- Schematic Showing Composition of Supercavitoting Hydrofoils (no! to scale] 
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and yc(hjX,k,6,t) has been adopted to denote, respectively, the 

lift coefficient, drag coefficient, bottom (foil) shape and top 

(cavity) shape of two term supercavitating hydrofoils, y and 
o 

yc are both measured from the x-axis and normalized with respect 

to the chord length. To illustrate, cd(2.3, 0.I5, 3.0°, 0.004} 

denotes the drag coefficient of a foil with k = 0.I5 and t = 0.004 

operating at an angle of attack of 3*0 degrees, at a depth of 

2.3 chords; yo(0.6, 0.6, 0.12, 2°, 0) denotes the ordinate, at 

0.6 chord, of the bottom surface of a foil whose k = 0.12, that 

has been designed to operate at an angle of attack of 2°,at a 

depth of 0.8 chords; this foil contains no quasi-parabolic thick¬ 

ness. 

The exact definitions of and the distinction between the 

angles 6 and a are illustrated in Figure 8. The two term foil 

is built with reference to the "foil reference line" (the x-axis) 

an arbitrary line in space. If a pure camber line is subjected 

to uniform flow in such a way that the reference line Is 

parallel to U^, it will - according to the linearized theory - 

develop a lift per unit span equal to Ipl^c c^ (h, k, 0). When 

T = 0 this camber line forms the bottom surface of the foil. In 

order to develop a cavity large enough to contain a foil of suf¬ 

ficient strength the camber line must be rotated through an angle 

of attack which is large enough to cause the generation of such 

a cavity¿ That angle is 6. If we assume, for the sake of ex¬ 

planation, that the entire cavity will be filled with metal it 

is clear that the top and bottom surfaces of the foil are found 

by adding, respectively, the top and bottom surfaces generated 

by 6 and k. If such a foil were ever to operate at an angle of 
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attack smaller than 6, its top surface would wet. When quasi¬ 

parabolic thickness is incorporated into the design of the foil, 

the - top and bottom surfaces due to t are also added linearly to 

those due to 6 and k. A foil designed with a built-in angle of 

attack 6 may, of course, be operated at some other incidence. 

The actual operating angle of attack is denoted by a + 6, and 

the lift and drag are functions of a + 6. In a foil whose upper 

surface coincides with yfc(h,x,k,õ,T), the condition > 0 must 

hold if the cavity is to begin at the leading edge, a and 6 are 

both measured from the foil reference line, and a is thus the 

difference between the operating angle of attack and the design 

angle of attack. 

The analytical expressions for the foil and cavity ordin¬ 

ates and for the lift and drag coefficients due to two-term cam¬ 

ber, angle of attack and quasi-parabolic thickness have been pub¬ 

lished previously (20). The values of yc and yo due to camber, 

yc due to pure incidence and yc and yo due to quasi-parabolic 

thickness are plotted in Figures 9 and 10*, and listed in Table III, 

for a number of discrete depth-chord ratios. The influence of 

depth on the lift- and drag-coefficient due to camber, angle of 

attack and t is shown in Figure 11 and listed in Table I. 

It is important to note that for a given value of t the 

foil thickness (i.e. yc - yQ when the entire volume of the cavity 

is filled with metal) due to t alone decreases with depth at a 

faster rate than the drag coefficient due to t. The significance 

of this is illustrated by a plot of cd(h,0,0,T) for a given 

thickness T(t), where T(t) = yc(h,l,0,0,i) - yo(h,l,0,0,T). As seen 

c (h, 0,0,t ) 
in Figure 11 the value of --- decreases as the surface 
__[T(t)]2 

Figures 9 and 10 are located at the end of the report. 
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is approached while the value of 
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cd(h,0,0,r ) 
exhibits a sharp 

rise. The same situation exists with respect to the foil thick¬ 

ness due to angle of attack alone: While the drag coefficient 

of a flat plate at a given angle of attack increases as the sur¬ 

face is approached (see Figure 11), the more rapid concurrent 

increase in cavity thickness (Figure 10a) results in an ac¬ 

companying decrease in the drag for a given thickness due to 

angle of attack. Since the drag-lift ratio of a flat plate is 

independent of depth, we find that for a given cavity thick¬ 

ness the drag-lift ratio of a flat plate at incidence also de¬ 

creases as the plate approaches the surface. This is illustrate^ 

by the plot of v5 h In Figure 11, «here D/L Is 

the ratio of cavity drag to lift and T(6) = yc(h,x,0,6,0) - 

yo(h,x,0,6,0). 

According to the linearized theory the lift, foil shape 

and cavity shape of a composite foil (i.e., a foil which is a 

combination of camber, angle of attack and quasi-parabolic 

thickness) is obtained by adding the respective properties of ' 

the separate components. The drag of such a foil is obtained 

from the square of the sum of the square roots of the compon¬ 

ent drags. Thus, 

c^(h,k,a+6) = c^(h,k,0) + c (h,0,a+6) 

cd(h,k,a+6,r) = -^cd(h,k, 0,0) + -^cd(h,0,a+6,0) 

+ -^(11,0,0,7) 
yo(h,x,k,6,T) - yo(h,x,k,0,0 ) + yo(h,x,0,6,0). 

+ yo(h,x,0,0,r) 

[4] 

[5] 

[6] 
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yc(h,x,k,6,T) = yc(h,x,k, 0,0) + yc(h,x, 0,6,0) 

+ yc(h,x,0,0,x) 

The values of the lift and drag coefficients as well 

as the section moduli that would result If the entire cavity 

were to be filled with metal, were calculated for foils de¬ 

signed for depths of 1/2, 1, 2, 5 and « chord lengths. The 

results are shown In Figures 12 through 16*. The section 

modulus was calculated by assuming that the neutral axis is 

parallel to the direction of the undisturbed stream. The ac¬ 

tual location of this neutral axis was calculated and the area 

moment of inertia about it was divided by the distance between 

the neutral axis and the "furthest fiber" to give the section 

modulus Z. The parameter Z in Figures 12 through 16 is the 

non-dimensional section modulus coefficient defined by 

The foil section properties are presented in the form 

of lines of constant 6 and constant k on a grid of (a) L/D vs 

C/ (b) Z vs c^, for a given value of t and a given value 

of the depth-chord ratio h. In assembling the data for the 

Figures, all possible combinations of k, 6 and t were considered 

with k assuming 10 values between 0 and 0.6, 6 assuming 13 

values between 0 and 3 degrees and t assuming 9 values between 

0 and 0.1. These combinations of k, 6 and r that result in 

zero or negative foil thicknesses were, of course, discarded. 

Since the linear theory is not valid for large lift coefficients 

# 

Figures' 12 through 16 are located at the end of the report. 
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it must be kept in mind that the information in Figures 12 

through 16 is valid only for smaller than approximately 

0.4. 

Figures 12 through 16 are intended, generally, for one 

of two different uses. In the first of these the lift, drag 

and section modulus of a foil with given angle of attack, cam¬ 

ber index and t, designed for one of the discrete, plotted values 

of depth-chord ratio, is found, directly, from a particular 

plot. When using the curves for this purpose care must be 

taken not to extrapolate indiscriminently beyond the envelope 

of the curves in the direction of decreasing Z. Interpolation 

between plotted values of k, 6, t and h will yield reasonably 

accurate results. The second common use of Figures 12 through 

16 is that of ascertaining which values of k, 6 and t will re¬ 

sult in a foil designed for a given depth, with given values 

of c ^ and Z. When using the curves for this purpose it must 

be remembered that the lift coefficient is independent of the 

quasi-paraboli thickness t and that the latter is intended 

for the purpose of increasing the section modulus and the nose 
t 

thickness of the section. It will further be remembered that 

a given value of t contributes more towards increased Z, nose 

thickness and drag as the depth chord ratio becomes smaller, 

while the drag associated with a given thickness due to t dim¬ 

inishes with decreasing depth. Thus the choice of t for a 

particular design, while based, almost entirely on experience 

acquired through manipulation of the various parameters in¬ 

volved, can be made independently of the desired lift. After 

a value of t has been chosen, there is one and only one com- 

bination of k and 6 that will result in a given and Z at a 

given depth. " "" 
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It is highly unlikely, of course, that in a practical 

case the desired operating depth will correspond èxactly to 

one for which a curve is presented. The indicated interpola¬ 

tion across depth must be done with great care. The suggested 

method is that of constructing a plot of 6 vs h for the desired 

values of and Z and the predetermined value of r. After 

the design angle of attack 6 is determined with such a plot, 

the appropriate value of k may be calculated with the aid of 

Equation [4], and Figure 11. The cavity drag is then found 

from Equation [5] and Figure 11. Due to the impracticability 

of presenting such 6 vs h curves for all likely combinations 

ofCj , Z and r, this task must be left to the designer in each 

case. 

It must be reemphasized that the design procedure de¬ 

scribed herein applies, strictly speaking, only to foils of 

infinite aspect ratio. In order to apply this Information to 

practical (finite aspect ratio) wings, three dimensional cor¬ 

rections must be incorporated into the design procedure. In 

general terms, three dimensional hydrofoil wing design is pat¬ 

terned after the methods used in the design of marine propel¬ 

lers: First the camber index, the design angle of attack and 

the amount of quasi-parabolic thickness are chosen for the span- 

wise sections of a postulated wing subjected to two dimensional 

flow, so as to result in desired values of lift coefficient and 

section moduli. When that is done appropriate corrections which 

depend on aspect ratio, depth, and spanwise load distribution 

are applied to k, 6 and t in such a manner that the finite 

aspect ratio wing will have the same lift distribution and the 

same Z distribution as the two-dimensiona»l wing. Additional 

drag due to finite aspect ratio is then calculated and added 
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to the two-dimensional drag. 

The actual performance characteristics of the two dim¬ 

ensional sections resulting from the design procedures described 

heretofore are, of course, strictly relevant only within lin¬ 

ear ranges of operation and must at times be suitably corrected 

for non-linear effects. A very successful, approximate method 

for correcting the predicted performance for non-linear effects 
is described in the next section. 

NON-LINEAR CORRECTIONS 

Within the currently practical range of lift coefficient 

(say, O.O5 < cl ^ 0.20) the linearized theory predicts lift 

and drag coefficients which are approximately 2-1/2 percent too 

high at cL = .05 and 10 percent too high at c ^ 0.20. Por 

more heavily loaded foils the error is proportionately increased. 

These errors are corrected by means of the method presented by 

Johnson (16, IT, 19). Johnson's method utilizes Green's (10) 

exact solution for the lift curve slope of a two-dimensional 

supercavitatlng (0 = 0) flat plate near a free surface. The 

lift due to angle of attack is treated directly by Green's 

method. To evaluate the non-linear effects on the lift con¬ 

tributed by camber, Johnson used the concept of a camber- 

equivalent angle of attack. ac. The curves representing Green's 

solution are reproduced here from Reference (l6), as Figure I7. 

The corrected two-dimensional lift of a given combination of 
camber and angle of attack is given by 

c. = n, a «2!Í2±6l 
L e cos a e 

[8a] 
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where 

cL(h,0,ae) 

m = -r-obtained from Figure IT, for given 
e 

values of ag and h = non-linear lift of a flat 

plate /a 
e 

a+6 = operating angle of attack measured from foil 

reference line 

ae = <* + & + ac 

c (h,k,0) 
a = camber-equivalent angle of attack = -f- V „— 
c [0^^,0,0)/0] 

As shown in Figure 17, Green's solution was, necessarily, given 

in terms of the spray thickness rather than the depth-chord 

ratio h. The relationship between h and the spray thickness 

is very complex and depends on three dimensional as well as 

gravity effects. Fortunately, however, Johnson (l6) has deter¬ 

mined this relationship experimentally for some specific aspect 

ratios and types of lifting surfaces. It is quite clear from 

this experimental information that in assuming the spray thick¬ 

ness to be equal to the depth chord ratio when using Figure I7, 

the error incurred in the value of m is no larger than I.5 per¬ 

cent. 

In the case of infinite depth. Green's solution reduces 

to that given by Rayleigh (9), namely, 

2tt sin a cos (a+6) 

CL 4 + 7t sin a (h - ») [Qb] 
e 

In a practical design case, then, one must first deter¬ 

mine the values of k, 6 and t which, according to the linearized 

theory, will result in the desired lift coefficient c£ and sec¬ 

tion modulus and proceed to calculate the value of cL (non-linear) 
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from Equation [8]. Since the result is, of course, smaller 

than the desired, initial value of cL, the total effective 

angle of attack, a^, must be Increased to give a new value of 

the non-linear lift coefficient. Hie desired value of c is 
L 

usually obtained after a very small number of such iterations. 

In order to decide whether the increase in a should be ob- 
© 

tained by increasing k or 6, one must be aware of the follow¬ 

ing: 

(a) A comparison between yc(h^c,0,6,0) as obtained 

from the linearized theory and that obtained by Johnson (l6) 

from Green's exact solution shows that for small angles of 

attack and reasonable depth-chord ratios, the cavity ordinate 

values predicted by the linearized theory are approximately 

one percent too high (e.g., at h = 1 and 6 = 4<>, (linear value- 

exact value) + exact value = 1.08 percent). The smallness of 

this error indicates that at practical angles of attack and 

operating depths the non-linear effects on cavity thickness 

may be neglected. 

(b) A recent investigation of second order effects in 

supercavitating flow (22) showed that since non-linear effects 

on drag are approximately of the same relative magnitude as 

non-linear effects on lift, the lift drag ratio predicted by 

the linearized theory is very accurate. 

(c) In a practical foil, the thickness contributed by 

camber is very small compared to that contributed by angle of 

attack and semi-parabolic thickness. 

(d) An increase in 6 (in order to obtain th*e desired 

lift coefficient) will result in increased section modulus and 
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increased drag. An increase in k, however, will, in practical 

cases, cause only a very small change in both L/D and Z. Since 

for 6 = constant, neither the Z vs c£ nor the L/D vs c^ curves 

are monotonie, the change in L/D and Z can be either positive 

or negative, but will, in any case, be very small. In prac¬ 

tical designs it is almost always advisable to undercut the 

cavity to some degree (i.e., build the actual foil so that 

only part of the predicted cavity volume is filled with metal). 

The loss in Z that could ensue when the desired (non-linear) 

lift is achieved by an increase in k is, in all practical cases, 

small enough to be absorbed by undercutting. 

We conclude that (a) in the process of correcting a foil 

that has been designed with linearized theory, the desired lift 

is to be achieved by an appropriate increase in the camber 

index rather than the design angle of attack; (b) the non-linear 

cavity drag is found from the non-linear lift and the linearized 
lift-drag ratio, that is 

°D ' (V'd) 191 

For example, consider the design of a foil that is to operate 

at a depth of one chord and develop a lift coefficient of 0.1Ö9 

and a Z of 3.35 X 10 . Assume that for the purpose of obtain¬ 

ing a rounded leading edge it has been decided to use r = 0.004. 

From Figure 13(e) we find that, according to the linearized theory 

6 = 1.40° and k = 0.15 will give the desired c. and Z and that 
Xr 

the associated L/D = 3Õ.0. From Figure 11 or Table IV we find 

that c^(h,k,0) = k x 0.91642 and c^(h,0,6) = 6 X 2.0538. Hence 

ac = ^2¾¾91642^ = 0-0è69 = 3.03° and ae = 1.40 + 3.83 = 5.23° 
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Prom Figure 17, m = 1.854 so that, from Equation [8], the exact 

CL = We now increase the value of k and find, after a 

number of iterations, that the desired cL of O.189 is obtained 

with k = O.176. With that value of k and with 6 = 1.4°, we 

find, from Figure 13(e): z = 3.42 x 10*4 and L/V = 38. 

OPERATION AT FINITE CAVITATION NUMBER 

A free streamline theory, based on the Roshko Model, for 

the performance of supercavitating hydrofoils at infinite depth 

and finite cavitation number, was developed by Wu (23). Although 

the theory holds over a wide range of angle of attack and cavi¬ 

tation number, its application to practical foils is, of neces¬ 

sity very complex and time consuming. For the types of foils 

that are likely to be used in practical hydrofoil craft design, 

i.e., foils whose camber and angle of attack are small and whose 

design o is of the order of 0.2 or smaller* it is quite adequate 

to use the much more easily evaluated expressions derived from 

linearized theory. The linearized expressions for finite 0 de¬ 

rived by Wu (24) may be rewritten in the following form for the 

case of a two-term supercavitating hydrofoil designed for in¬ 
finite depth: 

c^(00>k,6) 
a 

7T / P -3w a+& + 72“ k 

2 (°+6 + I >0(1 + o) + l§a* —- g (1- ¿) [10] 
(a+6 + k)2 2 

cd (“,K.B,0) . I (a+6 + JL k)2(l+(j) + || <J2 -P1—(1- f) [11] 
a+6 + r- k 

5ir 

* 

Typical, conservative values of a are 0.2 for vapor filled 
cavities and O.03 for fully ventilated cavities. 
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where I = the cavity length, measured from the trailing edge 
of the foil to the trailing edge of the cavity, 

normalized with respect to the foil chord. 

The lift, drag and cavity length of circular arc super- 

cavitatlng foils at infinite depth are given by 

ct° (clrc.arc) = | (a + 6 + | 7)(1+0) + If 02 

cdo^clrc'arc) " §(a+6 + fv)2(l+°)+ If c2 — 
a+ 

* = ~ (° + 6 + J y)2 (1 + I c) 

+ a [14] 

[151 

where y is a measure of circular arc camber = 1/2 the angle 

subtended by the circular arc (see Figure 19). 

It must be remembered that, according to the linearized theory 

(16) the angle between the foil reference line and the chord 

of a circular arc supercavitating hydrofoil is 1/4 -y. That is: 

Angle of attack measured from chord line - (a+6) = J 

Equations [1C] through [15] are considered adequately 

accurate for all cases in which ¿ > 4. 

The maximum thickness T of the cavity whose length is 

thus calculated from linearized theory may be found by methods 

given by Tulin (25) from the expression 
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T = — # 
1 2 1 [16] 

The linearized theory tells us, in addition, (25) that the shape 

of the trailing half of the cavity very closely resembles an 

ellipse. Very little is known, however, about the exact shape 

of the cavity in the region of the foil itself, when the cavi¬ 

tation number is finite, even when the presence of the free 

surface is neglected (h = »). we can only make a qualitative 

statement of the obvious, namely, that cavity thicknesses will 

be smaller than those obtained when o = 0. Thus, to prevent 

wetting of the upper surface foils operating at finite a must 

be undercut", i.e., their upper surface must be constructed 

so as to be below the cavity streamline predicted by the o = 0 

theory. Quantitative evaluations of the amount of such under¬ 

cutting must await further studies, and, more importantly, 

much needed experimental measurements. Near surface, high 

speed hydrofoils which are fully vented to the atmosphere op¬ 

erate at cavitation numbers no larger than 0.03 or 0.04. Por 

such foils it may be expected that the 10 percent - 20 percent 

undercutting used in practical cases to prevent upper surface 

wetting during operation in a seaway would also suffice to 

cover the finite a complication. 

The non-linear corrections to the lift and drag must, 

of course, be applied at finite as well as at zero cavitation 

number. It would seem logical that a good approximation to 

the non-linear lift at finite o can be found from 

- Cjß° 

CL (h = 0°) [17] 

where cL = the non-linear lift coefficient at a ^ 0, 
a 

Cjß = the linearized lift coefficient at a ^ 0 
o . 
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ci = the linearized lift coefficient at o = 0 

and cL = the non-linear lift coefficient at c = 0, found 
from Equation [8b]. 

Comparisons with tunnel experiments (26,2?) in which 

wall effects were not taken into account show that at high 

incidence (6 + a * 10°) and relatively large cavitation num¬ 

ber (a * 0.3) Equation [17] yields results which are approxim¬ 

ately 8 percent above measured values. This apparent discrep¬ 

ancy does not seem very serious in view of the fact that the 

presence of walls tends to slightly reduce the lift developed 

(3). For lightly loaded foils and small cavitation numbers 

(CL < °*25 a < 0.1) Equation [17] is in very good agreement 
with experimental information now in existence. 

In order to obtain - for current use - an expression 

that applies more accurately at larger foil loadings and cavi¬ 

tation numbers, several alternate methods of applying the non¬ 

linear correction at o / 0 were tried. The expression that com¬ 
pares very well with existing experiments is 

\ = CL^ + + ~ IV ^ (b = «, o < 0.4) [] 
Li 

in which the second term, while having the same o dependence 

as the second term in Equations [10] and [13] (the linearized 

versions), is strictly empirical. It is recommended that Equa¬ 

tion [18] be used until more experimental verification of one 

method or the other ([l7] or [18]) can be obtained. 

As in the case of zero cavitation number, the cavity drag 

for a / 0, corrected for non-linear effects is found by dividing 

the corrected lift by the lift-drag ratio given by the linearized 
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theory (at o / 0). Thus 

Accurate information on the effect of finite cavitation 

number on the lift and drag of two dimensional foils designed 

for near surface operation must await further theoretical and 

experimental study, even for the linearized case. As mentioned 

previously, however, near surface fully ventilated foils oper¬ 

ate at cavitation numbers of the order 0.04 or less. At such 

small values of o it would seem reasonable to expect very good 

results from the approximations 

= (1 + o) cL 

* (1 + a) cD 

h / 08 o < 0.04 

[20] 

[21] 

TP LINEARIZED THEORY COMPARED WITH EXPERIMENTS 

Many of the heretofore conducted experimental studies 

of the behavior of supercavitating hydrofoils were concerned 

primarily with foils of finite aspect ratio. Although most 

of these tests have shown excellent agreement between the lin- 
• 

earized theory (as modified by the non-linear corrections and 

including three dimensional effects) and experiment (e.g. John¬ 

son, 1961), the fact that the effects of finite aspect ratio were 

often large renders such tests far from ideal for purposes of 

checking the validity of a two-dimensional theory. The three 
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comparisons made here between theory and experiment are restric¬ 

ted to tests made in two dimensional flow. 

The first of these comparisons, shown in Figure 18, is 

between the present theory and tests conducted by Waid and Lind- 

*berg (26) on a two-term foil designed for infinite depth with 

a camber index of k = 0.1468. The experiments were conducted 

in CIT's High Speed Water Tunnel in which a two-dimensional 

channel had been Installed. The foil whose chord length was 31 

inches was located in the center of a 14 inch high section. It 

is assumed that this was a reasonably good simulation of infinite 

depth operation^ Hie cavitation number, based on measured 

cavity pressure, varied between 0.04 and O.30. In Figure l8 

the lift coefficient, drag coefficient and lift-drag ratio are 

plotted vs. cavitation number for angles of attack of a + 6 = 

. 2.286°, 4.486°, 6,486° and 9.486° (these correspond to Waid and 

Lindberg's a = 3°, 5° and 10°, respectively). The solid and 

dotted lines represent the linearized theory for finite 0 at 

h = « (Equations [10] and [11]) corrected for non-linear effects 

(Equations [8b], [l8] and [19]). Since the tests were con¬ 

ducted at Reynolds Numbers well in the transition region, the 

theoretical drag and lift-drag ratio are plotted both without 

friction (cavity drag alone) and with a turbulent friction co¬ 

efficient of 0.00468. The experimental points in Figure 13 are 

taken directly from the test data tabulation (uncorrected for 

tunnel effects) in Reference (26). 

The second and third comparisons are illustrated in Fig¬ 

ures 19 and 20. They concern tests conducted by Parkin (2?) on 

a circular arc (7 = 8°, 2.380 inch chord) supercavitating foil 

and on a supercavitating flat plate (1.740 inch chord). These 

foils were tested in the same tunnel and test section as the 

previously mentioned two-term foils. The solid and dotted lines 
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Figure 19- Comparison Between Theory and Experiment fora Circular Arc Foil (ct* 8*) in Two-Dimensional Flow at 

Infinite Depth and Finite Cavitation Number.(Experiments by Parkin) 
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represent the linearized theory for finite a at h = » (Equa¬ 

tions [13] and [14], corrected for non-linear effects (Equa¬ 

tions [8b], [18], and [19]). Wie experimental points were 

taken directly from the test data tabulation in Reference (27). 

Since the theory applies only to moderate values of a only 

test points at a < 0.5 are reproduced here. Similarly, only 

angles of attack (a + 6) of 8® and 13® for the circular arc 

and 8°, 10° and 15® for the flat plate are shown in Figures 19 

and 20, although Parkin's experiments were conducted over a 

much wider range of incidence. Comparisons between th®ry and 

experiment at low incidence are omitted because of the obvious 

upper surface wetting that occurred in that condition (the 

upper surfaces of the circular arc foil and of the wedge used 

for the flat plate experiments were not designed to remain 

within the cavity at low angles of attack). High angles of 

attack are omitted because the linearized theory cannot be ex¬ 

pected to apply to that condition. 

Figures l8, 19* and 20 show that the largest discrepancy 

in lift between the present theory and experiment is less than 

3 percent, a value which is smaller than the scatter of experi¬ 

mental data. This discrepancy occurs at a large angle of at¬ 

tack and a large a (Figure 13a). At smaller and hence‘more 

practical incidences and cavitation numbers the agreement is 

even better. The theoretical predictions of drag and lift 

drag ratio are in quite good agreement with measured values. 

As shown in Figures 18b, c, 19b, c, and 20 b, c, the pairs of 

cD with and without friction and L/D with and without friction 

straddle the test points in most cases. The exceptions occur 

at small angles of attack where it is not known whether or not 

the upper foil surface (which was not designed to remain within 
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Figura 20- Compariton Between Theory and Experiment for a Flat Plate in Two-Dimeneional Flow at 

Infinite Depth and Finite Cavitation Number. ( Experiments by Parkin) 
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the cavity) became wetted. 

Further evidence of the usefulness of the linearized 

theory can be found in the lightly loaded, low blade-area- 

ratio supercavitating propellers that were constructed at the 

David Taylor Model Basin (14). These propellers which were 

designed on the basis of pure linearized theory (with 3 dimen¬ 

sional effects) performed very much according to expectations. 

Unfortunately, no experimental information on two dimen¬ 

sional supercavitoting hydrofoils at finite depth is available 

in the literature. However, the agreement between theory and 

experiment at infinite depth would seem to be a olear indica¬ 

tion of the general validity of linearized theory (with non¬ 

linear corrections). Experimental information on the location 

of the upper cavity boundary in two. dimensional flow is also 

not available at this time. In this connection it is only 

possible to make the qualitative statement that the wetting of 

the particular wedge tested by Parkin (27) (see above) at low 

angles of attack, is predicted by the linearized theory. It 

is very noteworthy, of Course, that tests conducted by John¬ 

son (16, 17, 19) on two, three and five term as well as flat 

plate foils in three dimensional flow at finite depth showed 

excellent agreement between theory and experiment with respect 

to the location of the cavity boundary as well as the forces 

experienced by the foils. 
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SUMMARY BIBLIOGRAPHY 

A chronological listing of some of the work that has 

heretofore been accomplished in the field of supercavitating 

flows is to be found in Table IV. Generally the Table is in¬ 

tended to list contributions pertaining specifically only to 

supercavitating (or ventilated) lifting surfaces. In some 

cases, however, closely related subjects such as symmetric 

flows, air entrainment and ventilation inception have been 

included in order to emphasize their importance or to provide 

a measure of continuity. Where applicable, the Table denotes 

the types of profiles investigated, range of cavitation num¬ 

ber, type of theory .developed or used and - for reports on ex¬ 

perimental work - the range of speeds, aspect ratio, the type 

of facility, etc. The contributions are listed in the Tfeble 

only by author, origin and reference number and are identified 

more fully in the list of references. 
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TABLE I. THE PARAMETER a AND THE LINEARIZED TWO DIMENSIONAL 
LIFT AND DRAG COEFFICIENTS DUE TO TWO-TERM CAMBER, 
ANGLE OF ATTACK AND QUASI-PARABOLIC THICKNESS AT 

VARIOUS DEPTH-CHORD RATIOS 

h 
c^(h,k,0) c^(h, 0,6 ) 

k 6 

cd(h>k,0,0) 

T2 k2 

1/4 O.O650907 
1/2 O.II7II6 
3/4 0.162420 

1 O.203256 
2 O.33903O 
3 0.451460 

4 O.54Ö454 
5 O.63547O 
6 O.715IO3 

ö O.Ô50206 
10 0.905650 

100 3.67600 

00 00 

0.670617 2.31787 
0.693440 2.18081 
0.907016 2.10460 

O.916397 2.05374 
O.937169 I.94286 
O.947693 I.88679 

O.954335 I.85IO7 
O.959OI2 I.82563 
O.96253O I.80628 

O.96755I I.77827 
O.97IO2I I.75856 
O.99126O I.63438 

1 ir/2 

14.7461 O.OII516I 
9.II33O O.OI67619 
7.10755 0.0240946 

6.05140 O.O282996 
4.32959 0.0394117 
3.67979 0.0461863 

3.32445 0.0509464 
3.09543 O.O545603 
2.93329 0.0574349 

2.71548 O.O617954 
2.57333 O.O65OO67 
I.65OOO O.O860871 

7T/2 6/(25tt) 
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TABLE III. FOIL BOTTOM SURFACE AND UPPER CAVITY BOUNDARY DUE TO TVO- 
TERM CAMBER, QUASI-PARABOLIC THICKNESS AND ANGLE OF ATTACK 
AT VARIOUS DEPTH-CHORD RATIOS. 

(a) h « i 

,5* TpCi.x.kAO) ye^t^fktO.O) Jç^StOtOiO 7q(ÍiX«0|0|T) yg(^iX»0*5*0) 
W k K T T Ö 

1 .00278256 
2 .00577334 
3 .00890256 
4 .0121429 

.00240004 -.282806 

.00471803 -.387634 

.00699686 -.463822 

.00924990 -.525408 

.334289 

.491173 

.619972 
..734714 

.0684080 

.115269 

.156988 

.195920 

5 . 01 54768 
6 .0188914 
7 .0223762 
8 .0259224 

.0114842 

.0137041 

.0159129 

.0181121 

-.577784 
-.623700 
-.664778 
-.702068 

.840791 

.940936 
1.036774 
I.I29325 

.233052 

.268908 

.303817 
•337986 

9 .0295222 
10 .0331686 
15 .0518919 
20 .0709648 

.0203040 

.0224892 

.0333509 

.0441479 

-.736297 
-.767987 
-.899515 

-1.002099 

1.219324 
1.307263 
1.727071 
2.I28537 

W5 
565585 
722092 

.0898321 

.107997 

.124998 

.140395 

.0549138 

.0656623 

.0764041 

.0871410 

086922 
159571 
223289 
280143 

2.521490 
2.910134 
3.296652 
3.681999 

.876532 
1.029910 
1.182774 
1.335347 

45 
50 

.153764 

.164691 

.172771 

.177607 . 

.0978561 

.108599 

.119336 

.130068 

.331538 

.378477 

.421704 

.461788 

4.066044 1.487494 
4.450811 I.639976 
4.835231 1.792346 
5.219357 1.944613 

.178807 

.156730 

.140806 

.151549 

.162201 

.I7293O 

-1.499172 
-1.534210 

5.603684 2.006967 
5.988187 2.249394 
6.369380 2.400512 
6.753334 2.552725 

85 .139542 
90 .116813 
95 .088169 

100 .053239 

.183229 

.193386 

.193746 

.203857 

.627879 

.655953 
.682709 
.708271 

7.121888 
7.485377 
7.498245 
7.860111 

2.698834 
2.842935 
2.848036 
2.991493 
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TABLE III, (continued) 

(b) h - $ 

yo(è.*tk,0,0; 7„(i,JCtk,0,0) 7«(i.x,0t0.T) 
5- -8-Í-T- 

7C(*»**0»0.T) 7fl(*.x.0,8,0) 
~— ö J- 

1 .00283272 
2 .00590234 
3 .00912112 
4 .0124550 

.00236115 

.00461489 

.00681499 

.00897831 

-.227434 
-.314398 
-.378526 
-.430931 

.255973 

.371636 

.464620 

.546038 

5 
6 
7 
8 

.0158827 

.0193888 

.0229610 

.0265891 

9 .0302643 
10 .0339788 
15 .0529128 
20 .0719540 

25 .0905372 
30 .108173 
35 .124419 
40 .138861 

45* .151107 
50 .160777 
55 .167506 
60 .170937 

65 .170721 
70 .166513 

il :!S|g 
85 
90 
95 

100 

.126589 

.103082 

.0739335 

.0388235 

.0111136 

.0132267 

.0153214 

.0174005 

.0194663 

.0215207 

.03I66O7 

.0416508 

.0515466 

.0613800 

.0711711 

.0809315 

.0906721 

.100397 

.110107 

.119816 

.129517 

.139215 

.148908 

.158600 

.168291 

.177945 

.187641 

.197338 

-.475903 
-.515631 
-.551414 
-.584095 

-.614255 
-.642319 
-.760228 
-.853767 

-.932139 
-.999986 

-1.060033 
-1.114027 

-I.I63I7O 
-1.208324 
-1.250131 
-1.289087 

-1.325581 
-1.359923 
-1.392368 
-1.423127 

-1.480262 
-1.506915 
-1.532444 

.620175 

.689225 

.754481 

.816785 

.876718 

.934710 
1.204423 
1.453289 

1.690322 
1.919974 
2.144787 
2.366281 

2.585515 
2.893125 
3.019505 
3.235179 

3.450245 
3.664868 
3.879156 
4.093256 

4.307174 
4.520197 
4.734095 
4.947939 

.0586314 

.0977164 

.131973 

.163542 

.193324 

.221806 

.249290 

.275978 

.302015 

.327509 

.449164 

.564649 

.676520 

.786097 

.894152 
I.OOII51 

I.IO7433 
I.213192 
1.318543 
1.423687 

1.528632 
1*633432 
1.738119 
1.842753 

1.947324 
2.051478 
2.156074 
2.260654 
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TABEE in. (continued) 

(c) h = 1 

x 70(1»X| 1^0,0) yc(l,x#k,0,0) 7^1,1,0,0,t) 7e(l.*.0,0,T) 
(W k k x- -T— 

1 .00288430 .00232221 -.18840? 
2 .00603293 .00451274 -.262100 
3 .00933949 .00663616 -.317040 
4 .0127632 * .00871246 -.362316 

•204829 
.294991 
.366445 
.428280 

5 .0162791 
6 .0198692 
7 .0235194 
8 .0272183 

.0107523 -.401442 

.0127627 -.436217 

.0147482 -.467708 

.0167123 -.496609 

.484010 

.535434 

.583620 

.629260 

9 .0309561 
10 .0347242 
15 * .0537744 
20 .0726587 

.0186578 -.523401 

.0205867 -.548433 

.0300356 -.654683 

.0392455 -.740213 

.672835 

.714696 

.905747 
I.077I66 

25 .0908073 
30 .107745 
35 .123055 
40 .136351 

.0482897 -.812712 

.0572117 -.876090 

.0660403 -.932651 

.0747957 -.983885 

1.236616 
1.387984 
1.533550 
1.674777 

45 .147279 
50 .155497 
55 .160683 
60 .162524 

.0834925 1.030821 1.81266? 

.0921423 -I.0742OO I.947936 

.100753 -1.114579 2.081112 

.109332 -1.152388 2.212594 

65 .160716 .117885 
70 .154965 .126416 
75 .144980 .134929 
80 .130480 .143426 

-1.187965 2.342696 
-1.221586 2.471663 
-I.253472 2.599688 
-1.283809 2.726932 

85 .111186 
90 .0868243 
95 .0571235 

100 .0218173 

.151910 

.160383 

.168847 

.177303 

-1.312755 
-1.340442 
-1.366983 
-1.392477 

2.853522 
2.979564 
3.105143 
3.230332 

Tgil»*# 0,8,0) 

8 

.0514650 

.0850523 

.114145 

.140701 

.165549 

.189141 

.211754 

.233578 

.254747 

.275361 

.372326 

.462467 

.548276 

.631077 

.711677 
•790605 

.868233 

.944830 
1.020598 
1.095691 

I.I7023I 
1.244314 
1.318017 
1.391405 

1.464526 
1.537426 
1.610136 
1.682687 
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TABLE III. (continued) 

(d) h « 2 

x Jofox.k.O.O) yc(2,x,k.0,0) yo(2,x,0,0#T) 7e(2|Xt0,0,T) je(2,x«0,0,0) 
¢) k k T T 5 

1 .00293311 
2 .0061S472 
3 .00954037 
4 .0130430 . 

.00228571 -.161254 

.00441839 -.225374 

.00647223 -.273564 

.00847031 -.313529 

.I7IO7O 

.245019 

.303052 

.352873 

.0462610 

.0759605 

.101455 

.124563 

5 .0166341 
6 . 0202935 
7 .0240057 
8 .0277580 

.0104249 -.348248 

.0123439 -.379249 

.0142325 -.407439 

.0160951 -.433409 

.397461 

.438347 

.476435 

.512315 

.146053 

.166345 

.185700 

.204293 
9 .0315398 

10 .0353420 
15 .0543995 
20 .0730076 

.0179346 -.457567 
•0197535 -.480212 
.0285991 -.577114 
.0371323 -.656046 

•546398 .222251 
.578981 .239667 
.725774 .320712 
.854932 .394863 

25 .0906013 
30 .106724 
35 .120987 
40 .133039 

0454390 
05357II 
0615634 
0694409 

-.723602 
-.783145 
-.836666 
-.885458 

.973045 
I.O83473 
1.188203 
1.288526 

.464488 

.530858 

.594756 

.656702 

45 .142561 
50 .149254 
55 .152836 
60 .153039 

.0772223 

.0849216 

.0925509 

.100118 

-.930414 
-.972182 

-1.011251 
-1.047996 

1.385331 
1.479262 
1.570806 
1.660333 

.717067 

.776121 

.834077 

.891095 

65 .149604 
70 .142284 
75 .130837 
60 .1150 27 

.107633 -I.O82717 

.115100 -1.115655 

.122526 -1.147009 

.129914 • -1.176943 

1.748138 
1.¿34462 
1.919496 
2.003400 

.947303 
1.002814 
I.0577IO 
1.112067 

85 .0946282 
90 .0694133 
95 .0391637 

100 .0036633 
.151895 
.159169 

-1.205597 
-1.233086 
-1.259519 
-1.204979 

2.086314 
2.168348 
2.249603 
2.330156 

1.165949 
1.219406 
1.272486 
I.325225 
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TABLE III. (continued) 

(e) h = 5 

X yo(5.x.k,0.0) yc(5.x.k,0,0) yft(5tx,0,0,T) 7„(5.x,0,0,t) 

W 5 —k— T; ■ 
7^5,1,0,6,0) 

6 

1 .00298867 
2 .00629085 
3 .00976101 
4 .0133449 

.00224486 -.137800 

.00431376 -.193412 

.00629157 -.235520 

.00320529 -.270644 

.143046 

.203909 

.251269 

.291649 

.0415628 

.0678221 

.0901726 

.110294 

5 .0170108 
6 .0207357 
7 .0245024 
8 .0282975 

.0100679 -.301310 

.0118892 -.328812 

.0136753 -.353918 

.0154299 -.377130 

.327574 

.360337 

.390707 

.419186 

.128901 

.146381 

.162978 

.178353 

9 .0321094 
10 .0359283 
15 .0548615 
20 .0729933 

.0171578 

.0188610 

.0270792 

.0349158 

-.398794 
-.419165 
-.507028 
-.579436 

.446121 .194125 

.471766 .208881 

.586038 .276870 

.684928 .338165 

25 .0897746 
30 .104781 
35 .117660 
40 .128106 

.0424707 

.0498030 

.0569530 

.0639486 

-.642009 
-.697623 
-.747985 
-.794205 

.774055 

.856296 

.933357 
1.006346 

45 .135846 
50 .140630 
55 .142228 
60 .140423 

07O8I34 
0775630 
0842116 
0907721 

-.837052 
-.377085 
-.914727 
-.950304 

I.076O35 
1.142981 
1.207607 
I.270237 

.135011 

.125797 

.112594 

.0952231 

.0972497 

.103653 

.109993 

.116270 

-.984075 
-1.016251 
-I.047005 
-1.076480 

1.331133 
1.390503 
1.448521 
I.50533O 

.394991 

.448544 

.499568 

.548555 

.595863 

.641750 

.686420 

.730033 

.772712 

.814565 

.855679 

.896128 
85 .0735103 
90 .0472874 
95 .0163916 

100 -.0193369 

.122491 

.128661 

.134785 

.140863 

-1.104800 
-1.132067 
-1.158371 
-1.183790 

1.561051 
1.615791 
1.669635 
1.722662 

.935971 

.975268 
1.014062 
I.052395 
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TABLE III. (concluded) 

(f) h * » 

X ypKx.k.O.O) 7c("tx,kt0t0) 70^#x,0#0,t) 7c(«.x,0,0#t ) 70(^0,6,0) 
W k k T T g 

1 .00312368 
2 .00660619 
3 .0102^12 
4 .0139886 

.00214773 

.00406930 

.00587558 

.00760024 

-.100000 
-.141421 
-.173205 
-.200000 

•100000 .0334068 
•141421 .0538470 
.173205 .0709617 
.200000 .0861749 

5 .0177780 
6 .0215920 
7 .0254106 
8 .0292182 

.00926102 

.0108692 

.0124327 

.0139572 

-.223606 
-.244948 
-.2645 
-.2828 

5 

.223606 

.244948 
.100092 
.113043 
.125235 
.136807 

9 .0330023 
10 .0367526 
15 .0547287 
20 .0709229 

.0154472 

.0169061 

.0238215 

.0302502 

-.300000 
-.316227 
-.387298 
-.447213 

.300000 
•316227 
.387298 
.447213 

.147857 

.158462 

.206454 

.248594 

25 
30 
35 
40 

.0848826 

.0963022 

.104957 

.110674 

.0363143 

.0420882 

.0476217 

.0529509 

-.500000 
-.547722 
-.591607 
-.632455 

.500000 

.547722 

.591607 

.632455 

45 
50 

.113314 

.112760 

.108915 

.101694 

.0581025 

.0630980 

.0679540 

.0726844 

-.670820 
-.707IO6 
-.741619 
-.774596 

.670820 

.707IO6 

.741619 

.774596 

65 .0910259 
70 .0768439 
75 .0590912 
80 .0377162 

.0773007 

.0818127 

.0862286 

.0905552 

-.806225 
-.836660 
-.866025 
-.894427 

.806225 

.836660 

.866025 

.894427 

85 .0126721 
90 -.0160835 
95 -.0485898 

100 -.0848826 

.0947996 

.0989665 
•103061 
.107088 

-.921954 
-.948683 
-.974679 

-1.000000 

.921954 

.948683 

.974679 
1.000000 

.286785 

.322060 

.355055 

.386200 

.415801 

.444086 

.471230 

.497372 

.522624 

.547078 

.570810 

.593887 

.616362 

.638285 

.659696 

.680633 
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TABLE IV- SUMMARY Bll 



EXPERIMENT REMARKS ("J 

/ ^ 
/ ^ / & / // 

/ V 

ï' , 

/j 

/ 
oV 
Vi 

V 

% 

7/ 
r 

/v / 
/^/ / 

/// 
A/* 

/cyi' // <i / 
¡/i hn / r/ / ^ / 

Wccovery ol free streamline (Helmholtz) motion 

Exact solutions for wedges 
Introduction of Rlabouchlnsky Model for finite cavities 

l 2-30 .39-6 0 

m 
• 

X 

• • 

X X 

reel. Planing 
Hie only exact finite depth solution 
Re-entrant Jet observedj Bnplrlcal expressions derived 
Introduction of Re-entrant Jet Model In formal literature 
Comparison between Re-entrant Jet and Rlabouchlnslcy Modela 
Electrica, simulation: discussion of cascade flow Incluied • 

i 30 .5,1,2 X X X 
Abrupt-and ssiooth-(shock-free ) entry discussed 
Surface piercing struts; side force also measured 
Introduction of linearized theory of supercavltatlng rinn 

1.277 2-4 
0 • 

X 
• 

X 
reel. 
reel. 

Introduction of the Roshkc Dissipation Model 
Planing 
Surface plercln.: 
Introduction of .ow drag supercavltatlng foils 
Partial cavitation 

• • 
Finite depth effects Included for fully wetted foils 
Inverse pro.:-m 

5 
3,3.3 

(B 
OD 

X 
X 

X 
X X X 

X 
X 

roct. 
rect. 

Min. drag struts V f.a bodies at 0 ■ 0; P at 0 / 0 ”* 
MACA ti6-C12 tested under supercavltatlng conditions 
Jelchner profile also tested 

J 
) 

3.3 
1.7^,2.38 

OD 
00 

OD m X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

reel, 
reel. Hu’s theory used (Reference 23) 

3 2.5 
00 00 

X 
• 

♦ 
• 

X 
• 

• 

X 
• • • 

rect. 
rect. 

Partial wotting of top surface 
Exp. lift and drag calculated from pressure measurements 

) M .113 0 X X X X X rect. 

«lall effects discussed 
Cavity separation from arbitrary point on upper surface 
Planing 

1 14.14,36 
_3 

.25 
OD 

.02-.10 
«• X 

X 

X 

•f 
+ 

X 

X X X X 

X rect. 
rect. 

Jail effects discussed 
Vortex ventilation Investigation} scaling investigated 
Wii's the ry used (Reference 23) 

X X 

Friction drag Included to obtain optimum lift coefficients 
Experiments cn disks at Incidence In free surface tunnel 

1.01 1 0-,85 X X X X X X X aqua re Experiments also at finite a 

Y var. .25-2 
X X 

X 

X 

+ 
X 

X 

X 

X 

X 

X 

rect. 
rect. 

Separation from arbitrary point on upper surface 
Free Jet tunnel 
Surface piercing foils; dihedral 
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/ EXPERIMENT (4) / / y REMARKS 
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4/ 
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4. 
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Z / l> / 
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(/ 
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\) / 

T 

A / / / ,<? / 
///A / / / 

7 / e / 0 / / 
io 

35 

¢.00-7.07 

3.^0 

1.3 

3.2 

0-. Ö5 

.40-2.07 X 

X 

X 

X 

♦ 

X 
• 

X 

X 
• 

! x 

X X 

X 

r«*ct. 

tapered 

Polla tested with and without end plates 
' Review 

V 

7.W 1 •b-1.5 X 

- 

♦ X square 
ooaprehenslve discussion oll ventilation It Its Inception 
liuae vented rolls v 

or partially vented 

r~ 
* 

—7 ' 
1.44,. OD 

-- kr 

X 

X 
-- 

♦ 

-- 

X 

X 
x 
X 

\~r 

!x 
X ! x ■J— 

X 

- - 

square Duse vented foils ~ --- 

NACA a - 1 lo.i, with 0010 thickness k (JACA 65-015 
Slender delta win* 

f—-- 

1 ^ 

k - — 

I x 

1— 

X aqua re — 

kr L- . 

--- 
3-D effects near free surface 

1.5(--. >0 0.5-4 

0-i 

a 

X 1 X 

X 

X X 

—t-1- 

X 

X 

X 

X X 

X rect. 

reel. 
ilnse vented foils 

- 
3.43-10.» 

—Í--3 J X 

—rx 
X 

M-i - a . r<-ct. 

.survey; comparisons between hydrofoil and aircraft environin't 
otudy of air entrainnent 

1.3 
.07-.05 
.07,.14 

a 

X 

• 
— 

X 
• 

—H 

X X 

* * 
♦ • 

X 
• 

• 
— 

X X 
. 

square 
root. 
rect. 

Experiments also at finite 0 
.^irvey; comparisons between hydrofoil and airfoil design 

aa a • • 
— 

1 
1 

-1 

• 

1 
_ 

" ■ -» -0«.iiara ellects a .0 discussed 
Hr e Jet tunnel; theory for pulsating cavities 
Hydroelastic effects 
Hase vented foils 

Î 1 
Pol:, designed for depth --— 

Spoiler flaps 

6,34-0 
2.-(,- 

2.5,- 
3 

2,3.2 

1-3 
.75-1.25 
.3-2.6 

X 

X 

X 

X 

i 
♦ 

X 

X 

X 

X 

X 

X 
X 1 

X 

X 

X 
rect. 
rect. 
tapered 

Whirling tank 

Hydrofoil wing series; design charts -— 

Second order theory; arbitrary profile 
Also annular foil with flnnn. ». ..... 

• 
- 

• • • • 
- 

• 
— 1 

Unatild^r ^ flflpS;Cambereá wîth ¿‘l»P dlscuslij Unsteady forces due to sinusoidal gust 
Effect of surface tension discussed for Sp case 
Design charts and methods 

TABLE IV-CONTINUED 



HYDRONAUTICS, Incorporated 

TABLE IV. (Continued) 

Explanation of Notes 

(i) 
Origin usually denotes where the work was done, not neces¬ 

sarily where it was published 

Abbreviations: 

ARE Armament Research Establishment 

ARL Admiralty Research Laboratory 

BARA Bureau D'Analyse et de Recherche Appliques 

CAM Central Aero-Hydrodynamical Institute, USSR 

CIT California Institute of Technology 

DIMB David Taylor Model Basin 

Orum Grumman Aircraft Engineering Corporation 

HYD HYDRONAUTICS, Incorporated 

IAN Izvestla Akademie Nauk 

IW Instituut Voor Toegepaste Wiskunde 

IU Indiana University 

KhfIS Kaiser Wilhelm Institut für Strömungsforschung 

Minn University of Minnesota 

NACA National Advisory Committee for Aeronautics 

NASA National Aeronautics and Space Administration 

NOL Naval Ordnance Laboratory 

NOTS Naval Ordnance Test Station 

NSWUT New South Wales University of Technology, Sydney 

PRS Proceedings of the Royal Society 

RPI Rennselaer Polytechnic Institute 

SIT Stevens Institute of Technology 

SUI State University of Iowa 

VL Volkenrode (Guided Missile) Laboratory, Germany 
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TABLE IV. (Continued) 

(2) Types of Profile 

P flat plate at incidence (assymmetric flow) 

Fn flat plate normal to the stream (symmetric flow) 

2 two term camber 

3 three term camber 

5 five term camber 

C circular arc camber 

P constant pressure camber 

T quasi-parabolic thickness 

p parabolic thickness 

A NACA "a = 1" mean line 

Sp plane symmetric flow 

Sa axially symmetric flow 

L Lenticular 

sn sharp nosed 

W wedge 

cyl cylinder 

Asp plane assymmetric flow 

d disk 

/-V X Theory developed 
* Theory discussed 

/^\ X Tests performed 
' * Tests quoted 

(5) "finite" depth means "finite or zero depth".- an x or « 
in this column does not necessarily mean that the zero 
depth (planing case) is treated specifically. If only 
the planing case is treated, a zero appears in the column. 

(6) I = length only; w = max thickness only; + = w and l only 

(y) X = measurements of cavity location 
+= visual observations recorded to indicate whether or 

not cavity was developed as intended. 

(8) cavity area 

(9) cavity width 
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X 

(0)- Top Covfy Shop« 

(b)- Bottom Surfoc« Shape 

Figur« 9- Bottom Surface ond Top Covity Shape Due to Two-Term Camber at Variou» Depth-Chord Ratio» 



HYDRONAUTICS, INCORPORATED 
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Lift Coefficient 

(a) T « 0 

PIQURE 13. - LIÍT-DRA0 RATIO AND SECTION MODULUS VS. LIFT COEFFICIENT 

OF TWO-TERM FOILS DESIGNED FOR OPERATION AT A DEPTH OF 1 

CHORD. CONTOURS OF CONSTANT CAMBER INDEX AND ANGLE OF 

ATTACK. 
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o 
B 
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O' 
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w 
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Lift Coefficitnt, Cj 

Lift Coefficient, 

(b) T = 0.001 

FIGURE 13. - (continued) 
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Lift Cotfficient, 

0) 
o 
u 

2 
■D 
X3 
0 
2 

c 
o 
o 
0> 

<n 

0.3 0 4 0.5 

Lift Coefficient, 

(c) T - 0.002 

FIGURE 13. - (continued) 
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Lift Coefficient, 

(d) T 

FIOURE 13. 

- O.OO3 

(continued) 
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PI (JURE 13. - (continued) 
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h*l 

T.0 005 

Lift Coefficient 

r= 0.005 

■J.M ii ij 

Lift Coefficient, c. 

(f) T 

FIGURE 13. 

0.005 

(continued) 
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•« 

» 

Lift Coefficient, c« 

(g) T = 0.006 

FIGURE 13 (continued) 
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V 

f 
Lift Coefficient, 

(h) T = 0.008 

FIGURE 13. - (continued) 7 
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Lift Coefficient, 

FIGURE 14. - LIFT-DRAG RATIO AND SECTION MODULUS VS. LIFT COEFFICIENT 

' OF TifO-TERM FOILS DESIGNED FOR OPERATION AT A DEPTH OF 2 

CHORDS. CONTOURS OF CONSTANT CAMBER INDEX AND ANGLE OF 

ATTACK. 
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Lift Coefficient, Cj 
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Lift Coefficient, 
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Lift Coefficient, c¿ 

(c) T - 0.002 

FIGURE 14. - (continued) 
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PIQURE 14. 

- 0.003 

- (continued) 



•> 

HYDRONAUTICS, INCORPORATED 

(e) T • 0.004 

FIGURE 14. - (continued) 
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Lift Coefficient, c¿ 

r = 0005 

Lift Coefficient 

(f) T - 0.005 

FIOUKE 14. - (continued) 
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Lift Coefficient, 
Ci 

T 

o 

IN 

Lift Coefficient, Cl 

(g) T “ 0.006 

FIGURE 14. - (continued) 
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FIGURE 14. - (continued) 
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Lift Coefficient, Cj 

Lift Coefficient, c. 

(1) T « 0.010 

FIGURE 14. - (concluded) 
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(a) T - 0 

PIQURE 15. - LIFT-DRAO RATIO AND SECTION MODULUS VS. LIFT COEFFICIENT 

OF TWO-TERM FOILS DESIGNED FOR OPERATION AT A DEPTH OP 5 

CHORDS. CONTOURS OF CONSTANT CAMBER INDEX AND ANGLE OF 
ATTACK. 
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(b) T - 0.001 

PIOURE 15. - (continued) 
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Lift Coefficient, 

Lift Coefficient, 

(c) i - 0.002 

PIQURE 15. - (continued) 
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Lift Coefficient, cj 
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PIQURE 15. - (continued) 
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FIGURE 15. 
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Lift Coefficient, c 

(f) T - 0.005 

FIGURE 15. - (continued) 
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