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A series of experiments was conducted to determine the effects 

on foil performance of changes in cavity pressure and submergence 

depth. With fully-ventilated foils, drag and lift coefficients 

were found to be proportional to (l + a ), as predicted by theory. 

For bâse-ventilated foils a different and unexpected dependence of 

drag and lift on the cavity cavitation number was observed. Lift 

and dra^ on fully ventilated hydrofoils were also found to be al¬ 

most unaffected by changes in submergence depth over the range of 

practical interest, as predicted by theory. However, the magnitudes 

of the measured forces were found to be smaller than predicted 

values. A simple analysis was made of the possible effect of the 

gravity field on foil performance. Further support for the idea 

that the gravity field may exert considerable influence was ob¬ 

tained through a series of tests in which ventilated hydrofoils 

were operated at both positive and negative angles of attack 

Measurements were also nde to determine the effects of stru 

on ventilated hydrofoil ca,ity contours. Indirectly, these tests 

also assessed the magnitu< 2 of the strut-induced downwash, A con¬ 

siderable downwash was fc id to exist, having a profound effect on 

the cavity shape over the lydrofoll. Recent linearized theory on 

the magnitude of this strut-induced downwash correlates very well 

with the measurements. 
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INTRODUCTION 

This is the second report of three on the experimental inves¬ 

tigation of some basic properties of ventilated cavity flows. In 

the first report, (Reference 1), a study was made of cavity stream¬ 

lines over two hydrofoils in essentially two-dimensional flow. Re¬ 

sults of that experimental study showed that while existing theo¬ 

retical treatment adequately describes the variations in cavity 

shape which occur with changes in submergence depth and angle of 

attack, theory does not accurately predict the heights of the cavity 

streamlines above the foil for any one given operating condition. 

Measured cavity ordinates are consistently less than predicted by 

theory. 

In the present study a series of force measurements on the 

same hydrofoils was undertaken to examine the causes for this dif¬ 

ference between theory and experiment. The description of these 

measurements and the conclusions drawn from them form the first 

part of this report. 

An important conclusion of this part of the report is that 

forces on ventilated foils are substantially lower than predicted 

by theory. Therefore, for the second portion of this report, a 

simple analysis of the possible effects of the gravity field on 

the performance of ventilated hydrofoils was undertaken in an at¬ 

tempt to explain these differences, and a short series of tests 

was carried out to measure the effect of the gravity field. These 

tests appear to validate the premise that theories In which grav¬ 

ity effects are neglected may be Inadequate to describe ventilated 

cavity flows. 

. 
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The third part of this report describes a study of the ef- 

fects of struts on the shape of cavities over hydrofoils. Cavity 

contours were observed in the proximity of three different struts. 

Measurements show a substantial decrease in hydrofoil cavity height 

near struts. The magnitude of this decrease is sufficient to render 

schemes of providing foil ventilating air through ports or notches 

at the sides of struts impractical, unless the foil is locally 

twisted to account for the downwash induced in the flow by the strut. 

To obtain some quantitative estimate of the magnitude of this down- 

wash, an approximation to the strut-induced flow angles over the 

foil was obtained from the cavity contours. These angles, in turn, 

were compared to the linearized theory of strut-induced downwash, 

and favorable agreement between theory and experiment was observed. 

Part One: Dependence of Force Coefficients on Flow Conditions 

Recently, a number of experimental studies have been conducted 

in which the forces on three-dimensional hydrofoils were measured 

for varying angles of attack (References 2 to 6). The tests re¬ 

ported here were conducted to determine the effects of some lesser 

explored parameters on foil performance. Tests were planned to de¬ 

termine if existing theory can adequately describe changes in foil 

performance caused by changes in cavity cavitation number and 

changes In submergence depth, as well as by change in foil angle 

of attack. These tests were run with a thick, propeller-type, 

hydrofoil having considerable parabolic thickness and built-in 

angle of attack,as well as with a wedge hydrofoil, in order to as¬ 

certain the usefulness of the linearized theory in predicting the 

performance of very thick foil sections. 



Previous work (Reference l) had shown that cavity ordinates 

calculated from theory were consistently higher than those actually 

measured. It was felt to be of utmost Importance to determine 

whether other parameters of foil performance are also different 

from those predicted by theory. Such correlated discrepancies In 

both cavity ordinates and foil forces might indicate an invalid 

fundamental assumption in the theoretical development. Hence, the 

measured, two-dimensional lift and drag coefficients of the tested 

hydrofoils were carefully compared to those predicted by theory. 

□ 
Experimental Procedures 

The two hydrofoil sections used for cavity streamline 

measurements, and described in Reference 1, were also used for the 

force measurements reported here. These hydrofoils were a wedge 

section of l6 percent thickness, and a thick, cambered section of 

T = .05 , X - .0678, and 6 = 3 degrees. A complete description 

of these section characteristics and their effects on foil per¬ 

formance Is given in References 7 and 8; offsets of these sections 

are presented in Figure 1. 

Both foils were of twenty inch span, and were supported at 

midspan by a 12 percent thick double ogive strut (see Figure 15). 

The ends of the foils were fastened to large, thin, tip plates, 

which served both to support the foils and to render the flow es¬ 

sentially two-dimensional over the foils and for a distance of two 

chords (six inches) downstream of the foil trailing edge. 
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Although the tip platea served to render flow over the foil nearly 

two-dimensional, and the downstream behavior of the cavity showed 

a lack of any trailing vortex "roll-up", some Induced effects were 

nonetheless anticipated. Their contribution to foil drag was cal¬ 

culated, using the technique discussed In Reference 10, which Is 

described In detail in Appendix B of this report. 

Corrections for the wall effects of the channel were applied 

using the methods of Reference 3 as described in Appendix C. 

The accuracies of all measurements were estimated and are 

presented in Appendix A. 

Effect of Cavity Cavitation Number 

In Figures 2 and 3 lift and drag data of the two sec¬ 

tions are shown as functions of cavity cavitation number, a 

The theory predicting the affect of acav on foil performance is 

discussed in Reference 8. To the first order, both lift and drag 

on ventilated hydrofoils should increase by a factor of (l + c^^). 

To obtain a value for the 13ft and drag of the two sections at 

Rcav ” 0 the best_fit straight lines through the data of Figures 2 

and 3 were extrapolated. Theoretical lines, based on the (l + tTcav) 

correction factor, were drawn. These are the dashed lines of Fig¬ 

ures 2 and 3 

Agreement between theory and experiment is very good for both 

foils when operating fully ventilated, and there is no need to re¬ 

fine the first order approximation derived in Reference 8 for the 

usual operating range of cavity cavitation number. 
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However, for conditions in which the hydrofoil operates base 

vented, an unusual and unexpected behavior is noted. The cavity 

drag rises considerably faster than the (1 + a ) factor, while 
CÖ V 

lift Is substantially reduced.' Hitherto It had been intuitively 

assumed that the cavity drag of a base-vented foil would increase 

with (1 + tTcav), while lift would remain unchanged. The data of 

Figures 2 and 3 show that this assumption is not valid. 

The effect of cavity pressure on the behavior of base-vented 

. V» o foils has considerable practical importance. Base-vented sections 

appear to have a promising future for use in the transition speed 

ranges between those for which conventional airfoil and supercavl 

bating hydrofoils are applicable. Moreover, even supercavitating 

hydrofoils will operate in the base-vented flow regime during cer 

tain conditions. If cavity pressure fluctuations are accompanied 

by surges In the foil lift and drag during these critical condi¬ 

tions, serious control problems might result. Further investiga¬ 

tion of this phenomenon should definitely be undertaken. 

Effect of Submergence Deptn 

The effect of changes in submergence depth on two-dimen¬ 

sional force coefficients was also examined during these tests. It 

is concluded in Reference 2 that the effects of submergence on the 

Hit and drag of a three-dimensional hydrofoil are negligible. The 

linearized theory of supercavitating sections, presented in Refer¬ 

ences 7 and 8, supports this conclusion by indicating that changes 

In section force coefficients with depth are very smalj over the 

H 

..... __ 
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practical operating range. A series of tests at various submer¬ 

gence depths was conducted on the thick, cambered foil to verify 

this prediction for the two-dimensional behavior. 

The lift and drag coefficients for this section are plotted 

against submergence depth in Figures 4 and 5* In these same fig¬ 

ures the predictions of linearized theory are shown since the 

hydrofoil was tested over a range of depths. An evaluation of the 

contributions of camber and parabolic thickness to lift and drag 

at off-design conditions was necessary. The techniques described m 
in Reference 1 were utilized to obtain these corrections. To as¬ 

sess the contribution of angle of attack to lift and drag,Green's 

"exact" solution for the flow about a flat plate, as presented in 

Reference 6 has been utilized. This method was preferred to the 

linearized theory, since the angles of attack involved are rela¬ 

tively large. 

It can be seen from Figures 4 and 5 that drag and lift coef¬ 

ficients are almost independent of submergence depth over most of 

the operating range, as predicted by theory. The values of the 

predicted coefficients differ from those obtained experimentally 

however, which will be discussed in the next section. 

Part Two: The Effect of Gravity on Ventilated Cavity Flows 

Differences in Theoretically Predicted and Measured Forces 

It will be noted in Figures 4 and 5 that although the 

curves of the measured and theoretical force coefficients are al¬ 

most parallel, there Is a considerable difference between the ab 

solute values of these coefficients at any one operating condition 
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Substantlal Information is available on various approaches to 

the problem of flow about a cavity in a gravity dominated field. 

The factors of forces, cavity pressures, cavity size and shape, in¬ 

duced flow angles, and free surface effects have, to various de¬ 

grees, all been considered in these studies. References 11 to 14 

are recommended as a historical introduction to this field Un¬ 

fortunately, existing theory cannot supply a direct answer to the 

complex, but practical, problem of the gravity field effect on flow 

about a ventilated hydrofoil of finite span, operating at some 

near-zero (but finite) cavity cavitation number, near the free sur- 

face. As a first step in understanding this practical problem the 

following analysis has been undertaken. 

The assumption relegating negligible importance to the effects 

of gravity is synonymous to assuming an "infinite Proude number," 

which can be formulated as: 

U 

where 

V gt 

Uq is the free stream velocity, fps 

g is the gravitational acceleration constant, 
32.196 fpsa , and 

l is the characteristic length, ft. 

This condition may be approached when the free stream velocity be¬ 

comes large or the characteristic length small. Essentially, very 

large Froude numbers imply that the static forces generated by 

i 



any waves produced by the body, and the static buoyant forces acting 

on the body, are very small compared to the dynamic forces. Froude 

numbers based on a chord length of three inches and a velocity of 

twenty-five feet per second, (values typical of the foils examined 

here) are on the order of 10, a reasonably large number. However, 

for the study of ventilated cavity flows it is imperative to realize 

that the entire hydrofoil-cavity system influences the flow field, 

anlthat the cavity length, rather than the foil chord, is the char¬ 

acteristic length which must be considered. Froude numbers based 

on typical cavity lengths for the models tested for this report are 

only 

may well be present in the tests described above, and the obvious 

next step is to estimate their magnitude. 

10 avold complications in the early stages of analysis a 

very simple mathematical model of cavity flow will be used. The 

model, outlined in Figure 8, is two-dimensional; only buoyant fore 

on the cavity will be considered. The cavity, generated by a "lat 

plate and springing from the flat plate trailing edge, is elliptic 

in its streamwise section. Major axis (length) is "t", and minor 

axis(thickness) Is "t". 

Because it displaces a certain volume of water there will be 

a buoyant lift < 5 cavity equal to: 



Since the cavity is not accelerating upward but is in equilibrium 

beneath the free surface, some dynamic downward force must be 

exerted upon it by the fluid to Just compensate the hydrostatic 

forces while maintaining a constant pressure on the cavity stream¬ 

line. Such a force can only be generated by velocity perturbations 

in the fluid. Specifically, the lower surface of the cavity must 

have higher than free stream velocities near it, while the upper 

surface of the cavity must be surrounded by fluid with lower than 

free stream velocities.* Hence the concept of a circulation about 

the cavity to produce a net downward force can be qualitatively 

verified. Using the previously derived value for the buoyant lift 

on the cavity as the approximate total downward force this circula¬ 

tion must exert, the circulation may be determined to be 

# A somewhat different visualization of this concept is to 
utilize the Bernoulli condition of constant total energy along 
any one streamline. Thus, the streamlines passing over the 
cavity must experience a decrease in kinetic energy (velocity) 
to balance their increase in potential energy (elevation). 
The opposite holds for those streamlines passing below the 
cavity 
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Beyond this point a number of variations are possible, de¬ 

pending on the manner in which the circulation is distributed over 

the cavity. Figure 8 illustrates three approaches; two are ex¬ 

treme cases; one is a possibly realistic distribution. 

The first and simplest variation is to allow the circulation 

to be concentrated at the center of the cavity. The downwash ve¬ 

locity any distance "d" from the cavity center then becomes 

27rd 

or, if the point of Interest is on the nat plate and denoted as i 

v(0 
8u (f/2 + Ç) 

[1] 

An opposite extreme is to assume the circulation to be dis¬ 

tributed uniformly over the cavity length. A local circulation 

must now be defined, equal to a constant value 

such that 

fl(x) « il , 
o 

r * / n(x) dx 
o 



vU) = fü“ 

It may be seen that as Ç -* 0, that is, as the cavity leading edge 

is approached, the downwash velocity becomes large without bound. 

This is due to the requirement of constant circulation at all 

points on the cavity. 

A more realistic assumption is the specification of a para¬ 

bolic circulation distribution over the cavity length. Choosing 

i/(x) * ft 
2 

X - 
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a value of 

n 
8u 

o 

is obtained in the same manner as described in the second case 

above. The downwash at any point i then is given by 

v(0; 

¿1st 
8u 

o 
1 - 

2ir(x + O 
dx. 

which becomes after integration 

v(?) 
4/U 

1 + In [3] 

The induced angles produced at £ are simply the ratios of these 

downwash velocities to the free stream velocity Uo. Equations (1] 

and [3] may be considerably simplified by allowing ¿ » Ç, a very 

realistic approximation. Using this approximation and solving 

the equations for the particular case of the three-quarter chord 

line (£ = c/4), the resultant downwash angles due to the buoyancy 

oí the cavity as calculated by the above methods compare as shown 

in Table 1. 

■ f 
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A further important concept can be derived from this form of 

analysis. Consider the model in which the circulation is assumed 

concentrated at the center of the cavity. Then, 

a * i--££ , 
1 ^ C y 2 

0 

Two relations for ventilated cavities are now employed to rewrite 

this equation. First, for cavities open to the atmosphere, the 

cavitation number based on cavity pressure is 

cav 
2 h . 

Secondly, from linearized theory for cavity flows at deep depths, 

(Heference 17), 

2C, 

c ire 
cav 

where CD refers to the drag coefficient at zero cavity cavita- 
o 

tion number. 

Using these relations, the Induced angle due to the gravity 

may be expressed as 
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That is, the induced angle due to gravity field influences, at 

least at deep depths of submergence, is not a function of the Froude 

number, (i.e., not a function of speed or gravity field strength, 

if g > 0), but rather only a function of drag and submergence depth! 

Whether the theoretical magnitude of gravity induced downwash re¬ 

mains independent of Froude number at shallow depths, is not now 

known. This remarkable conclusion (a downwash induced by the in¬ 

fluence of gravity, but independent of Froude number) is in agree¬ 

ment with most existing force data obtained on supercavitating 

hydrofoils. In fact, the existence of such speed independent data 

has generally led to the erroneous conclusion that the neglect of 

gravity in theoretical treatments is indeed Justified. Although 

this result is not rigorously proven, since it depends on a com¬ 

bination of relations derived for both finite and infinite depth 

flows, it indicates a possible explanation for differences that 

exist between current theory and experiment, while still upholding 

the experimentally observed fact that in general the force coef¬ 

ficients of ventilated foils are nearly independent of velocity. 

The magnitude of this gravity induced downwash, as calculated 

by the previously discussed methods and presented in Table 1, is 

certainly not large enough to account for the large differences 

between theory and experiment shown in Figures 6 and 7 Of course, 

as depth decreases the tabulated values of the induced angle will 

Increase considerably, since cavity length and thickness increase 

almost twofold as depth of submergence changes from one to one- 

quarter chords. In addition, certain effects should now be men¬ 

tioned which heretofore have been Ignored. 
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The above analysis does not account for a free surface Image. 

This Image circulation system, based on the requirement of constant 

free surface pressure, will serve to Increase the downwash angles 

tabulated above, to the point of doubling them at the hypothetical 

condition of zero operating depth. No rigorous evaluation of this 

effect has been made at the present time. 

Neither does the preceding analysis account for three-dimen¬ 

sional effects on the downwash. These will probably serve to re¬ 

duce the gravity field effects, but no estimation can presently be 

given of their quantitative effect. 

Finally, it must be remembered that the assumptions on which 

this analysis was based were chosen for ease in calculation rather 

than accuracy in representing the physical phenomenon involved. 

What is apparent from the preceding calculations is only that a 

measurable effect on the flow does exist due to the presence of 

large cavities. This effect may explain the differences between 

the measured and theoretical force coefficients observed in the 

tests conducted for this report, and the similar difference between 

theory and experiment recorded in the cavity contour measurements 

of Reference 1. 

Experimental Observations 

Ivanov, Reference 12, was possibly the first to suggest 

that differences between the measured force coefficients of two 

Identical foils could be due to their alignment with the gravity 

field. Inasmuch as the gravity effect always produces a downwash 

In the flow, a section operating at negative angles of attack 
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should generate more negative lift than theory indicates. Just as 

a section operating at positive angles produces less positive lift 

than predicted. Using this approach it should be possible to in- 

directly measure the gravity-induced downwash by recording the 

forces on a foil run in both a normal orientation, and also with 

a sufficiently negative angle of attack to produce a cavity beneath 

itself. Data from the first series of tests could be compared to 

the linearized theory developed in Reference 9. For the second set 

of tests it would be necessary to use theory for a supercavitating 

foil operating above a free surface. Linearized theory describing 

this condition has been developed by Auslaender In connection with 

the cascade effect on supercavitating propellers, and Is outlined 

"'erence 15. 

i series of tests was run on the wedge hydrofoil, supported 

.y the large end plates and operating at various depths, speeds, 

and both positive and negative angles of attack. Air was artifi¬ 

cially fed to the cavity through the end plates, and cavity pres¬ 

sure was controlled to maintain a constant, near zero, cavity cav¬ 

itation number at all times. Only lift forces were measured. Data 

were reduced by the same process described earlier. It was not 

intended that the results of these tests would provide definitive 

answers to the problems of gravity Induced downwash. Rather, they 

would Indicate the magnitudes and trends of this effect and aid in 

planning furtner research on this phenomenon. 

Typical data are shown in Figures 9 and 10 for the one-half 

chord submergence depth; data at other depths were similar. Of 

major Importance is the fact that for this particular wedge foil. 
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lift coefficients clearly exhibit a slight dependence on velocity, 

even though the cavity cavitation number is nearly constant! This 

definitely indicates some presently unaccounted for velocity effect 

on flow conditions. 

For the case of the cavity above the foil, (Figure 9), the 

relation between velocity and downwash effect is not monotonie. 

Lift coefficients measured at 15 fps lie between those measured at 

20 fps and 25 fps. The preceding theoretical analysis shows the 

downwash to be a function of not only free stream velocity but also 

of cavity thickness, and this may influence the above mentioned 

effect. For reference, the measured maximum cavity thickness in 

inches is recorded at each data point, but no attempt to correlate 

the results with cavity thickness has been made. 
♦ 

When operating with the cavity beneath the foil, (Figure 10), 

much shorter and thinner cavities are obtained for the same speed, 

depth, cavity pressure, and angle of attack than when In the usual 

operating condition. Hence the magnitude of the gravity induced 

downwash should be considerably less than that experienced with 

the cavity above the foil. Again, no attempt has been made to 

account for this factor in the data. The observed variation in 

cavity size with speed was not as severe as with the cavity above 

the foil, and the magnitude of the downwash was found to be mono¬ 

tonie with speed. 

For comparison, both Figures 9 and 10 have been plotted to¬ 

gether on a reduced scale in Figure 11. It is obvious that the 

large shift in angle of attack previously noted in the force data 

! ■ 

; I 
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The solution to this problem may well be the moat important 

task of present research into supercavitating flow phenomena. It 

is possible that it can explain the inability of supercavitating 

hydrofoils to achieve design lift coefficients and efficiencies 

(Reference 2), as well as the inability to maintain a ventilated 

cavity down to the design angle of attack (References 1 and 3). 

Part Three: The Effect of Struts on Cavity Cent.,,., 
Ventilated Hydrofoils * ~ -- 

Interest in the problem of the effects of struts on foil per¬ 

formance was aroused when cavitation was observed in way of struts 

on the pressure face of foils operating at positive angles of at¬ 

tack. A theoretical analysis of the downwash produced by struts 

was conducted by Huang, (Reference 16) Huang-s calculations pre¬ 

dict surprisingly high downwash angles near the struts; values as 

high as four degrees downwash for a 15 percent thick parabolic 

strut were predicted; similar results exist for wedge struts. The 

theoretical flow about fully wetted struts was found to be char¬ 

acterized by a downwash over the forward half of the strut and an 

upwash in way of the trailing edge. 

If these results are accurate in both magnitude and directio 

a considerable change in the local angle of attack of the hydro¬ 

foil panel will be necessary to prevent the foil cavity from 

washing off near the strut. Tests to substantiate Huang's pre¬ 

dictions were conducted by measuring the contours of the ventilât, 

cavity over a strut-supported hydrofoil at a series of spanwise 

locations near the strut The apparatus and procedure used to 
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obtain the profiles of a ventilated cavity formed over a hydrofoil 

beneath the free surface are given in Reference 1. An identical 

process was used to measure cavity contours in the second set of 

tests reported here. To determine the cavity ordinates at the 

strut itself, a grid was marked on the strut walls. Figure 12 

shows the probe, used to measure the cavity dimensions. 

The hydrofoil was the thick, cambered section of 6 “ 3°» 

K « .0678 and T = .05 throughout the tests, a submergence depth 
00 * 00 Q 

of one chord and a reference line angle of attack of 3-74 to the 

undisturbed flow, were maintained. 

Three struts, were used in this study. Their sections were 

parabolic, double ogive, and wedge shaped. Each had a maximum 

thickness of twelve percent of the chord. Details of these sec¬ 

tions are given in Figure 13. 

Figures 14, 15, and 16 show the measured contours of the 

cavity at various spanwise locations using the parabolic, double 

ogive, and wedge strut respectively. Contours labeled "At Strut 

were obtained from the grid on the strut by visual observation. 

The latter curves end a considerable distance from the foil lead¬ 

ing edge, since at the strut the downwash is too severe to permit 

the cavity to extend to the foil leading edge. In tests conducted 

with the ogive strut a severe crossflow over the foil downstream 

of the midchord region, caused deflections of the thin measuring 

probe. Near the strut these deflections were too large to permit 

accurate measurements of the cavity ordinates. Hence an extrapo¬ 

lation of data was necessary in this region, shown as the dashed 

line in Figure I5. 
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In Figures 17, l8 and 19 the same data were replotted to 

show cavity height versus spanwise distance from the strut at four 

chordwise positions. Dimensions are normalized with respect to 

the strut chord, which here is also equal to the foil chord. At a 

distance of one strut chord from the strut centerline the cavity 

ordinates are essentially equal to those of the bare foil as re¬ 

ported in Reference 1. As the strut is approached its downwash 

decreases the cavity ordinates until, at the strut wall, a minimum 

ordinate is reached. For the double ogive strut, the upwash gen¬ 

erated over its downstream half increases the cavity height at the 

foil trailing edge as the strut is approached, until the very low 

velocities associated with the strut boundary layer cause a rapid 

decrease in cavity ordinate near the strut wall. 

Also plotted in Figures 17, 18, and 19 are the local changes 

in angle of attack required to produce the measured variations in 

cavity ordinate. The change in cavity height as a function of 

angle of attack for this foil was obtained from the data presented 

in Reference 1. This approach is not rigorous, since it assumes 

that a local decrease In cavity ordinate is due to the local down- 

wash velocity at the point of interest only. In reality, an In¬ 

tegration of the downwash velocities over the entire foil would 

have to be performed to obtain an accurate representation of any 

one local downwash angle. However, for the parabolic and wedge 

struts the simplified approach has some quantitative value, since 

the downwash angles are relatively constant over the foil chord 

at any one spanwise location. 





..h.. "liT'^ 'ifl ........ 

ventilation is to be accomplished by feeding air to the hydrofoil 

leading edge through ports In the side of the strut, notches along 
the side of the strut, or ports in the foil leading edge near the 

strut, it is imperative that the local foil angle of attack be 

increased to compensate for the downwash induced by the strut. If 

this is not done, separation will not occur over the foil upper 

surface in the region of the air supply, and ventilation will not 

be sustained at the design angle of attack. 
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APPENDIX A 

ESTIMATED ACCURACIES OF EXPERIMENTAL MEASUREMENTS 

Measurement 

Flow velocity 

Angle of attack 

Submergence depth 

Lift force 

Drag force 

Air flow rate 

Channel atmospheric pressure 

■ 03 Cavity pressure, a > 
cav 

Cavity pressure, a < .03 
cav ^ 

Cavity length 

Cavity Maximum thickness 

Streamwlse position along cavity 

Spanwlse position on cavity 

Vertical ordinate of upper cavity surface 

Accuracy 

±.10 fps • 

±.05 degrees 

±.05 inch 

±.30 lbs 

±.30 lbs 

±.60 cfm, at STP 

±.10 ft Hg 

±.50 Inch HaO 

±.l Inch HgO 

±2.0 Inches 

±.25 inch 

±.020 Inch 

±.020 Inch 

±.004 inch 
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APPENDIX B 

INDUCED DOWNWASH ANGLES FOR FOILS WITH LARGE TIP PLATES 

A finite span foil with sufficiently large end plates will 

have an insignificantly small induced downwash when placed in an 

infinite extended fluid. Close to a free surface however an image 

system is created that induces a downwash which increases Inversely 

with h/b. Thus a high span foil, even with tip plates, will have 

a significant Induced downwash when operating near the free surface. 

To estimate this effect the method outlined in [10] was used. 

The governing equation being 

KK 0,(1 + P) 

where 

a = induced downwash angle of flow, 

CL = Lift coefficient (measured), 

P * Planform correction factor (from Glauert as 
replotted in [18], 

A * Foil aspect ratio, 

* Biplane correction factor adapted to hydrofoils, 
(from Durand as replotted in [18]), 

Ke * 1/(1 + 2 h^/b), where 

hg = Submergence of end plates, here equal to foil 
submergence depth plus three inches, and 

b * Foil span. 
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APPENDTX C 

EFFECTS OF CHANNEL WALLS ON FLOWS OVER VENTILATED HYDROFOILS 

"hannel corrections, to account for the influence of the 

walls and bottom on the force data obtained during these tests, 

were made in three stages. First, a blockage correction was ap¬ 

plied to account for the side walls of the channel restricting 

the flow about tne hydrofoil. Secondly, a correction was made 

to remove the influence of the vortex image system in the side 

walls of the channel. Finally, a blockage correction based on 

the proximity of the bottom of the channel was applied. A cor¬ 

rection for the vortex image system within the channel bottom 

was considered, but was found to be very slight in comparison to 

the Influence of the side wall vortex image, and hence was not 

included. 

The side wall blockage correction to the force data is 

treated in the same manner as wind tunnel blockage corrections, 

as derived in Reference 18, and is based on the concept that the 

primary effects caused by the restriced flow about the model may 

be determined by computing the influence of images of the model 

thickness distribution, represented as a source and sink system, 

in me channel walls. The resulting increase in the dynamic 

pressure of the flow requires the measured lift and drag coeffi¬ 

cients to be reduced slightly. 
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Accompanying the thickness image in the channel side walls 

are images generated by the vortex system of the hydrofoil. The 

image vortex system serves to induce an upwash in the flow, which 

in turn has the effect of making the estimated free stream values 

of induced angle of attack and induced drag too small. The cor¬ 

rection procedure, again taken from Reference l8, computes factors 

to account both for changes in Induced flow angle and streamline 

curvature. 

The final boundary correction to the data accounted for the 

near-bottom effects. Analysis (in Reference l8) indicates that 

the vortex image in the channel bottom has very slight Influence 

compared to the side wall images, and can be neglected Hence, 

the bottom effect is fundamentally a blockage correction, and is 

treated using the theory of Reference 19, modified as described 

in Reference 3* The correction procedure computes the induced 

flow angle as a function of cavity drag and proximity to the 

bottom. Since the cavity drag is found by subtracting induced 

and frictional drags from the total foil drag, and since the 

total induced drag is a function of the bottom correction, the 

process is necessarily iterative. 

Reviewing the effects of the three correction processes, it 

is seen that flow velocity has been increased, thus decreasing 

the measured values of lift and cavity drag coefficients. How¬ 

ever, the wall image correction and the bottom correction serve 

to increase the cavity drag coefficient, as well as increasing 

the effective angle of attack of tne foil. The net effects of 

the correction are illustrated in Figure 21. 
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STREAMWISE VELOCITY 
PERTURBATIONS 

MODEL OF PHYSICAL CAVITY 

4U0 ■ 

»«■ir ,rf-, 
lr 0 (? + f) 

7 -- 

•-——-^ X 

CIRCULATION ASSUMED CONCENTRATED AT CAVITY CENTER 

n(*> 

0 

OM 

Q (x) = 0 

0 o " 4U0 ' Si 

(f) = $j- «n 

CIRCULATION ASSUMED CONSTANT OVER CAVITY 

n(x)=no E"T (x* Í)2] 

°o= -ir ■9' 

(íHío' tí i + ^ um 

-IfÏÏTTîrrh. 
CIRCULATION DISTRIBUTED PARABOLICALLY OVER CAVITY 

FIGURE 6 - SIMPLE MODELS FOR INDUCED FLOW EFFECTS OF FINITE 
FROUDE NUMBER OPERATION j ur UNITE 
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FIGURE 12 - TRACING CAVITY CONTOURS NEAR A DOUBLE-OGIVE STRUT 
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