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ABSTRACT 

A modified linearized theory was developed for supe~cavitating, flapped 

foils of arbitrary form in which effects of fluid leakage through the flap 

hinge were considered. It was found that the performance at conditions other 

than design conditions was improved with the use of trailing edge flaps. The 

drag-lift ratio may be reduced by a factor of 1/2 to 1/3. The foil perform­

ance is dependent on the flap-chord ratio, e, and the flap deflection, per­

formance increasing with small e. Effects produced by leakage through the 

flap hinge were significant in their influence on velocity distribution and 

flap effectiveness (increment in lift coefficient per unit change in flap 

angle). The effect of hinge leakage on the overall performance, i. e., lift, 

drag, and moment, was small and may be neglected in most cases. 
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PERFORMANCE _OF SUPERCAVITATING HYDROFOILS WITH ...;.,;FLA.~P...;.,;S, 

WITH SPECIAL REFERENCE TO LEAKAGE AND 

OPTIMIZATION OF FlAP DESIGN 

I. INTRODUCTION 

Due to the development of high speed surface craft, the necessity of 

obtaining more detailed information relative to the characteristics of low 

drag lifting surfaces has become apparent. The development of high perform­

ance hydrofoil sections is also important in the design of supercavitating 

machinery, such as super cavitating ship propellers, pumps, and turbines. 

Durin.g the course of an experimental program to determine the unsteady 

effects associated with an oscillating trailing edge flap, it was discovered 

that water issued through the flap hinge into the cavity. This water jet was 

readily observed in high speed motion pictures taken of the cavity. It was 

felt that the existence of such leakage through the flap hinge may affect the 

experimental results. While attempts were being made to reduce the quantity 

of leakage, a theoretical analysis of the leakage effect for steady flow was 

also carried out. The results of the analysis are described in the present 

report; the experimental data on the oscillating flap will be presented in a 

separate report. 

* 
The pioneering theoretical work of Tulin and Burkhart [lJ , and the 

analyses by Auslaender [2J and Lin [3J are related to the present problem. 

However, the above authors limited their analysis to the special case of flat 

plate foils with flaps and also ignored any effect of fluid passing through 

the flap hinge on the force characteristics. As the pressures at the hinges 

are nearly equal to the stagnation pressures, a leak at this location may 

seriously alter the lift and drag forces. Therefore, the author analyzed the 

steady flow around an arbitrary two-dimensional supercavitating foil equipped 

with a trailing edge flap as a function of the leakage through the flap hinge. 

Numerical computations were also made to estimate the performance of several 

flapped foils. The boundary value problem was solved with sufficient accuracy 

by means of a modified linearized theory previously used by the author [4, 5 J • 

* Numbers in brackets refer to the List of References on page 17. 
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Thenume:i>ical calculatiens fer flapped fl~t .. plate hyd;6i~ils, neglect­

ing leakage effects, ind'~;ate the drag-lift r~tie,CD1CL' ef flapped feils 

greatly decreases as thef1.S:p-chbrd ratio., e, ,decreases. In particular, at 

e ':; 0, the value is fairly clese to. that ef the Tulin profile [IJ. On the 

ether hand, the maximum increment' in lift due to a flap bCL is large, 
max 

:even fer a fairly small e. For example, bCL max ~ 0.5 or 0.7 fer e = 0.1 

er 0.25, ,respectively. Therefore, the author recemmend,s that small flap-chord 

raties e of the erder ef 0.1 or less be selected fer practical use. 

The change in performance with a flap is similar to. that ebserved by 

changing the camber ef feil sections witheut flap. It is desirable that the 

<:::-Leptimum flap-cherd ratio ,and flap deflection be investigated' further. It was 

also. feund that the relatively poor eff-design perfermance ef super cavitating 

feils may be 'impreved with the use' ef' flapped 'feils. The analysis ef the 

leakage effect has shewn that the flap effectiveness bCLFlbl3 might be changed 

by 20 per cent er mere, primarily through ,a' change in the surface pressure 

distribution in the neighberheed ef the hinge. The lift er drag may be de­

creased er increased by an erder ef Q, where Q is thevelumerate ef water 

leakage threugh the hinge. It is 'thus suggested that,feilperfermance ceuld 

net be impreved by water suctien at aslet in the feil. 

II. BASIC EQUATIONS 

To. generally discuss the effects efthe feil 'and flap geometry and wa ... 

ter. leakage threugh the hinge en the feil perfermance, and the pessibility ef 

impreving perfomance by suction ,threugh slets en the feil, the selution was 

carried eut fer arbitrary feil shape, hinge lecatien xQ,flap angle 13, and 

leakage rate Q.: The cavitatien number was taken to. be zero.. A definitien 

sketch is shewn in Fig. 1. Fer cenvenience, it is assumed that the feil cherd 

is unity, the ,leading edge is the origin ef the ceerdinatesystem, and the 

main flew speed en the cavity beundary is unity. These assumptiens de net 

alter the generality of the selutien. The flew areund the super cavitating , 

flapped feil is assumed to. be" a twe-dimensio.nal, incempre s sible , petential 

flew similar to. that censidered in many previeus studies [1, 3, 6, 7, 8, 9, 
10J. The present theery is restricted to. an infinite fluid. 

The medified linearized theery'(secend erder theery) ef Ref. '[4J will 

be used in the selutien ef the preblem. 
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The flow velocity at any point, z =.x + iy, is defined as 

q = 1 + u ~ iv = 1 + F(z) (1) 

By Riegels' transformation, the boundary BTMOD of Fig. 1 is mapped 

onto the z =. x + l:Y plane. The poundary conditions in the z-plane are given 

only on the x-axis and are denoted with the subscript s as shown in Fig. 2. 

If the perturbation velocities u and v are small quantities of first order 

o( E), Riegels' factor ~l + (~)2 = 1 + o( ,,2). Then the following relations 

hold for the perturbation velocities in the z-plane and the ~-plane: 

(2) 

The z-plane is then mapped onto the lower half '-plane shown in Fig • .3 by the 

mapping function 

c = - ~ 
The present problem is reduced again to a very simple boundary value problem 

in which the boundary conditions are given only on the real S-axis. That is, 

(4) 

dx 
........§. = 2s 
dS s s 

The nature of the suction flow around the hinge-slot M will now be con­

sidered. The slot width, as well as the flow rate through the slot, is usu­

ally very small. Thus, the Reynolds number for the flow through the slot is 

.very small, and the use of potential flow theory does not give meaningful 

results for this region. However, at some distance from the slot, potential 

flow theory is valid and the flow should be very similar to that of a point 

sink of strength Q, because the slot width is usually very small. Thus, 

in this analysis, the nature of rthe slot flow is replaced by a point sink 

of strength Q. 



As the Laplace equation is a linear equation, the solution of the prob­

lem shown in Fig. :3 can be obtained by adding the solutions of two rather 

simple boundary value problems: (1) a solution for arbitrary form foils and 

flaps, arbitrary flap angles \3, arbitrary flap positions xQ' and zero 

leakage flow rate Q;;; 0, and (2) a solution for a flat plate foil placed 

parallel to the direction of the main flow and with an arbitrary leakage flow 

rate Q [see Fig. 4(a) and (b)J. The solution for (1) is the same as that 

previously reported in [4, 5J. The solution is given as follows: 

~ = s s = ~(l - co s e), 0 ~ e ~ - TT 

e (J) 

u (x ) = A cot -2 + L A sin ne 
s sOl n 

v (x ) 
s s 

(J) 

A + L A 
o 1 n 

cos ne 

u (x ) ;;; 0 for S > 1, or S < 0 s s s s 

(6) 

From Eqs. (6) and (7), the perturbation velocity u - iv can be considered 

as the sum of two components: (1) u - iv, for arbitrary form foils and 
00* " 

flaps, with a fixed flap angle \3 = 0 (design flap angle) , and (2) u \3 - iv \3' 

for flat plate foils and flaps with arbitrary \3 (see Ref. [1, 2, 3J). Thus, 

, 
u = U o + U \3' v = v 0 + v \3 (8) 

The additional lift due to flap deflection is usually much smaller than the 

design lift for \3 = O. As seen in a previous report [4 J, the performance of 

non-flapped foils is largely dependent on the shape of the rear half of the 

foils. Therefore, it may be expected that the foil performance is strongly 

dependent on the flap geometry (see Figs. 10 and 11). 

To find the particular solution for the problem shown in Fig. 4(b), the 

following auxiliary function Bee) is introduced: 

* These perturbation velocities are given by the previously reported so-
lution. 
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The perturbation velocities in the e-plane are written with an upper bar to 

distinguish from those in the z-plane. It is desired to consider the product 

of HCe) and the perturbation v~locity 6F(C) = 6u(C) - 6vCe) which is re-

lated only to the sink Q in the C-plane. 

6FCe) H(C) is known on the whole S-axis. 

Then, the real part of the product 

That is, 

Re 6F(S) H(S) = 0) at S = m 

= ° elsewhere 

where LW(l) should be zero to first order, at least. 

to express 6F(C) H(C) as follows: 

_ iQ _1_ 
6FCe) H(C) - TT e _ m 

Thus 6F(S) = 6u i6v on the real s-axis is 
s s s 

6U. = 0, 
s 

6V __ 9-
s TT 

(10) 

It is then possible 

(11) 

(12) 

6U =9-
~Cl ss)/ss - ° 1 > S >0, ss ~m v = , 

S TT ss - m s s 

v =0), S = m 
s s 

6F( c) satisfies completely the boundary conditions in the C-plane and has 

the nature of a point sink at C = m. It is readily seen in the following 

equation that Q is equal to the leakage flow rate. 

lim 6F(z) = - 2Q (1) 
TT z 

z~O) 

(13 ) 

Therefore, if the leakage flow rates Q are known, the problem has been 

solved. 

The changes in the lift, drag, and moment coefficients . 6 CL, 6 CD' and 

6CM respectively, due to the leakage Q, are given by 
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where 

1 

bCL = - Z Re J bus(x)dx = -ZQ + a( i) 
a 

1 1 
bCD = - Z f ~ bUs(X)d:x: ... Z 1m f bus(x)dx 

a a 

1 
f . 2 1 Z bCM = - Z Re bus(x) x dx = SQ (a + a - 2) + a(E ) 
a 

Ql = TI(l-a), QZ = -ZTIa(l-a), Q3 = TI(1_a)(4aZ - 1) 

.. Z 4 Z Q4 =- 4n-a(l-a)(Za ... 1), Q.5 = n:(1-a)(16a ... lZa + 1) 

a=2m-l 

(14) 

(1.5) 

(16) 

Cauchy's principal values of the integrals are to be taken. The lift, 
drag, and moment coefficients CL, CD' and ~ are (see Ref. [4J): 

(IS} 

TI 
C =-
M 3ZJZ (19) 

where J is a factor introduced to increase the accuracy of solution up to 
the higher accuracy of second order (see Ref. [4J). 
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III. DISCUSSION OF LEAKAGE EFFECTS 

A. Leakage Rate 

The volume rate of leakage through the slot, Q, can be estimated in 

terms of the effective head difference, ~H, as follows: 

where V mean 

Q ::= S V 
mean 

is the mean flow velocity in the slot channel of width S, 

(20) 

(21) 

and 

'e is· a loss coefficient which is related to the shape of the slot and to 
SV 

the slot Reynolds number Re == ~ean The loss coefficient, 'e' is assumed 

to be approximately:3 or 4. The effective head difference, ~H, is unknown. 

Suitable data to determine ~ have not been obtained, as the pressure dis-

tribution at the slot is very complicated. It would be desirable to continue 

the investigation in the future in an effort to more satisfactorily determine 

the unknown constants. However, for the present purpose, it is sufficient to 

use very rough values of Q, as Q is usually very small. If it is assumed 

that m is the stagnation pressure at xQ for [3 > 0, Q. is of the order 

of S/2. 

B. Influence of Leakage on Flap Effectiveness 

The increment in lift coefficient ~CLF is defined as the difference 

between the lift coefficients CL [3 for an arbitrary flap angle [3 and CL [3 == 0 

for [3::= 0, or 

(22) 

tCLF is generally much smaller than the total lift coefficient, CL, and 

may be 0.1 or less. In the fol1pwing, a prime sign will be used to distin­

guish quantities for the Q::= 0 case, that is, for no leakage. The leak ef­

fect factor, E, for ACLF then may be expressed as follows: 
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E = 
t,CLF - t,CLF • 

6CLFf 
(2)) 

As an example, a flat plate foil will be considered with a flap-chord ratio 

e = 0.)), an angle of attack a < 160 , a, flap angle 

width S;:: 0.01. As the surface velocities at x;:: M 

of first order for a < 160 , QS ;:: 0 «QS• Then, 

a S < 5, and a slot 

are small quantities 

(2)' ) 

<,'1 For 6CLFt-= 0.1, E is -0.10 and for t,CLF , = 0.05, E is -0.20. It thus 

appears that the effect of leakage at the flap hinge may not always be negli­

gible. 

C. Influence of Leakage on Surface Velocity Distributions 

In a discussion of the hydrodynamic characteristics of hydrofoils, 

special attention should be given to the velocity distribution since the for­

ces, the stability of the boundary layer, and the stability of the cavity are 

related to the velocity distribution. Therefore, in this section, the change 

in the velocity distribution due to the leakage, Q, will be examined in de­

tail. 

For arbitrary form flapped foils, Fig. 5 shows the surface velocity 

changes in a dimensionless f~rm, 2u jQ, for various hinge positions x ;:: s Q 
0.25, 0.56, 0.75. In Fig. 6, as an example, the surface velocity distribu-

tions for a flat plate foil with a slot at ~ = 0.75 are shown for various 
o 

leakage rates Q;:: 0.004, 0.02, 0.1; an incidence angle a = 10; and a 

flap angle S;:: 00 • 

The curves shown in Figs. 5 and 6 indicate the following trends: 

1. 

2. 

The surface velocity distribution changes by an 
order of 'several times Q. The influence of the 
leakage is not always restricted to the neighbor­
hood of the slots. 

The sign of t,u changes from positive to nega­
s 

tive at the slot location. The magnitude of t,u 
s 

is much greater forward of the slot than aft of 
the slot •. The lift forces thus decrease with Q 
[see Eq. (14)J. 
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As previously mentioned, good accuracy in computing t.us in the neigh­

borhood of the slot cannot be expected., 

D. Flow Detachment Angle at Leading Edge 

* The angle of flow detachment at the leading edge of the foil is strong-
, 

ly related to the minimum drag-lift ratio and the maximum foil speed, and is 

also important in the structural design of the foil. To investigate the ef­

fect of hinge leakage on this angle, the changes t.Yf/Q on the suction-side 

free streamline forms due to the leakage flow rates were calculated for var­

ious slot locations and are presented in Fig. 7. As seen in Fig. 7, the cav­

ity thickness at the leading edge as well as the detachment angle increases 

with Q. Furthermor'e, the cavity thickness incr'eases with Q and therefore 

the minimum angle of attack at which 'the upper cavity clears the foil surface 

decreases slightly with Q. These findings, suggest ,that leakage through a 

slot may be useful in alleviating the problem associated with small flow de­

tachment angle on conventional super cavitating profiles. 

E. Influence of Leakage on Lift, Drag, and MOment 
t.CD 

To indicate' the effect of leakage on the drag, Q' for various foil 

shape parameters 'A [n = 0, 1, 2, ••• ; see Eqs. (5) and (6)J and hinge 
, n .... rr:m 

positions xQ' the parameters l¥ and Qri Cn = 1, 2, 3, 4) iri Eq. (15') 
are shoWJ:l in Fig. 8. Leakage effects on the moment, t.~/Q, are shown in 

Fig. 9. 

From Figs. 8 and 9 and Eqs. (14), (15), and (16), it can be seen that 

the effect of hinge leakage on, lift, drag, and moment is proportional to the 

leakage flow rate Q, specifically: 

* 

1,. The effect of leakage on the .lif~, bCL/Q, is 

-2, and is independent of the foil shape as well 
as the hinge position xQ (or flap-chord ratio, 
e). [See Eq. (17).J 

. ' _rr:ID 
2. The flrst term, 2 l"tit' of the leakage effect 

on the drag, bCD/Q, is the order of 1 (see Fig. 

8). It should also be noted that as the flap 

The included angle between the suction-side free strea.mline and the foil 
surface line at the leading edge.! 
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chord ratio, e, decreases, 6CD/Q alsodecreas­
CD 

es. The term l: A Q of 6CD!Q is related to 
1 n n 

parameters A and the hinge positions xQ (see 
Fig. 8). n 

3. The leakage effect on the moment, 6CM/Q, is not 

dependent on the foil shape but is a function of 
the hinge position xQ only as shown in Fig. 9. 
Note that 6CM/Q = 0 at xQ = 0.466, which is 

not always identical to the position of the aero­
dynamic center. 

IV. IMPROVEMENT IN FOIL PERFORMANCE 

As seen in Eqs. (17), (18), and (19), the force change attributable to 

leakage is of the order of the leakage flow rate Q, and this is small when 

the slot width S is small. Thus the effect of hinge leakage may be neglected 

in a first order analysis. In this section, the possibility of improving foil 

performance will be considered. 
dCL 

The flap effectiveness, dj3' is a function of the flap angle ]3 and 

the flap-chord ratio e, but it is independent of the geometry of the foils 

and the flap,as previously discussed in Section II. The calculated lift co­

* efficient CL' and the drag-lift ratios, CD/CL, for various flap geome-

·tries are shown in Fig. 10. Each of the curvesisa straight line. The line 

for e = 0 shows the limiting case as e _0, and the line for e = 1. 00 is 
I 

the same as the performance relationship for a flat plate foil without flaps 

for arbitrary incidence angles C1. It is relatively simple to estimate the 

** foil performance as a function of flap angle j3 and incidence angle C1. 

For example,for a flap-chord ratio, e, of 0.5, the performance at any 

given flap angle is shown by the point P. It will be recalled that the flap 

effects were calculated for C1 = 00 ; thus, for an arbitrary angle of attack 

the performance is given by'the point R on the PQ line. Note that PQ is 

~'Cos A in the correction factor J inEqs. (17) and (18) (see Ref. [4J) 
o 

is assumed as unity because it is very close to unity and changes only for e 
close to one. 

** Strictly speaking, superpo si tion technique is not vabd on the drag [see 
Eq. (18) J, and the PO straight line should be replaced by a PQ" line which 
is very close to the PQ line. 
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parallel to OT, and OR' = PR, where the point R' indicates the perform­

ance due to a only. 

It should be observed in Fig. 10 that the drag..;lift ratio for a given 

CL improves as the flap-chord ratio decreases. In the previous section it 

was shown that for small e, 6DD/Q, was also small, resulting in low drag, 

even in the case of leakage through the flap hinge. To further clarify the 

CD 
behavior of foils with small flap-chord ratios, the slopes d C-/dCL of the 

L 
straight lines in Fig. 10, the flap effectiveness and the maximum 

lift increments f,CL due to the flaps are calculated and are shown in 
max 

Fig. 11. It' is seen that the foil performance is improved for the smaller 

flap-chord ratios, as f,CL is fairly large. Also, for practical purposes, max 
it is desirable to install the flap near the trailing edge where the foil 

* thickness is relatively large. However, the theoretical results should be 

subjected to experimental verification, particularly for small values of e, 

as the theoretical performance may be reduced by boundary layer effects. 

The re sul ts for 
CD 

e = 1.0 require further discussion. The magnitude 

dC-/dCL for e = 1.0 
L 

of is about three times as large as that for e = 0.25, 

and furthermore both and f,C 
L max 

are les s than their maximum values 

attained at some other e. Therefore, it is obvious in Fig. 11 that the flat 

plate foil exhibits rather poor performance characteristics. The same per­

formance characteristics are noted for a cambered foil at an arbitrary angle 

of attack [see Eq. (6)J. For example, a cambered Tulin profile with perform­

ance ratio given by point A in Fig. 10 eCL = 0.4, a = 00 , without flap) also 

experiences a reduction in efficiency as a is increased. This is shown by 

the line AT' where AT' is parallel to OT. Therefore, the performance of 

foils without flaps decreases as the angle of attack differs from the design 

angle, even though good performance is found at the design value. The line 

AB' (AB' is parallel to . A' B) in Fig. 10 shows the performance for a Tulin 

profile (CL = 0.4, a = 00 ) with a flap (e = 0.25) atarbitrary flap angles 

S. It is noted that the performance indicated by the line AB' is much bet­

ter than that corresponding to the same lift achieved by increasing a as 

shown by line AT'. The performance is also improved over the flat plate foil 

* The accuracy of the modified linearized theory is apparently adequate 
(see section VI following). 
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with e = 0.25. It is thus theoretically possible to reduce the drag-lift 

ratio cD/cL by one-half or more. By proper selection of the foil and flap 

geometries, improvements can be made in the drag-lift ratios as well as the 

flow detachment angle at the leading edge, as has been previously discussed 

in Ref. [4J for foils without flaps. It is suggested that more efficient 

foils than the flat plate foils and flaps should be used in machinery. Also, 

it is seen in Fig. 10 that the line AB' for the Tulin profile with a flap 

is higher than the line for the family of Tulin profiles without a flap. There­

fore, the performance at a given CL of a flapped foil with camber is less 

than the performance of another foil without a flap whose camber is deter­

mined by the same value of CL• However, if the theoretical results pre-

c~'viously mentioned for small flap-chord ratios are experimentally verified, 

some of these shortcomings may be reduced. 

V. SHAPE OF UPPER CAVITY WALL FOR FLAPPED FOILS 

As previously mentioned, foil performance is strongly dependent on the 

shape of the upper cavity wall. It has already been shown that flaps can be 

used to improve the performance of foils operating at conditions other than 

the design condition; however, it is necessary to determine the location of 

the cavity streamline. If the cavity streamline shifts downward with flap de~ 

flection, the minimum usable angle of attack and the minimum drag-lift ratio 

will increase in proportion to the shift. Furthermore, if the cavity becomes 

thicker, a numerical estimate of the distances shifted should be made. 

Figures 12 and 13 show the upward shift of f,YfT at the trailing edge 

of the foil as a fUnction of flap angle 13 and flap-chord ratio e, and the 

shape of the upper cavity streamline as a function of x for flap-chord ra­

tios e = 1.0, 0.75, 0.44, 0.25. 

In Figs. 12 and 13, it is ascertained that with an increase in 13 the 

* suction-side free streamline shifts upward , for all flap-chord ratios e, 

and that the shifted free streamline forms are very similar to each other. 

Therefore, it may be concluded that the use of flapped foils results in an 

improvement of off-design performance, as well as a smaller reduction in the 

minimum drag-lift ratio or the minimum usable incidence angle. 

* The upward shift corresponds to a reduction in the minimum usable in-
cidence angle, and to a reduction in the drag-lift ratio (see Ref. [5J). 



13 

VI. ACCURACY OF THE MODIFIED LINEARIZED SOLUTION 

Since a large flap angle is likely to be involved in practical appli­

cations, it is desirable to check the accuracy of the theory at large [3. 

This will be done by comparing the modified linearized solution (second order 

solution) with anon-linear exact t4eory. Lin's exact solution E3J for a flat 

plate foil with a flap (no hinge leakage) is compared in Fig. 14 with the 

author's solution. In Fig. 14, the increments 6CL13 in lift due to the flap 

only are given for various flap-chord ratios, e, and flap angles, 13. The 

accuracy of the modified linearized solution is apparently sufficient for all 
o 

e and 13 < 30 • At larger 13, the modified linearized solution overestimates 

the lift increment, particularly for e > 0.2. 

VII. CONCLUSIONS 

The theoretical results may' be summarized as follows: 

1. In an attempt to derive hydrofoil sections with 
improved performance characteristics, an analyti­
cal solution was obtained for the flow about a 
supercavitating hydrofoil with an arbitrary pro­
file and trailing edge flaps. The effects of wa­
ter leakage through the flap hinge were also con­
sidered. 

2. The effect of hinge leakage on the velocity dis­
tribution, the shape of the upper cavity wall (and 
thus the flow detachment angle and minimum drag­
lift ratio), and the flap effectiveness dCdd13 

are significant and cannot be neglected. However, 
hinge leakage had very little effect on the lift, 
drag, and moment characteristics, and may be neg­
lected for mo st practical cases. The results in­
dicate that foil performance cannot be improved 
by water suction through a slot in the foil. 

3. Cavity thickness as well as the flow detachment 
angle increased considerably due to leakage through 
the flap hinge. Thus, a possibility is found for 
alleviating a disadvantage of supercavitating 
foils, that is, the very small flow detachment 
angle. 

4. It was found that the poor performance associated 
with a supercavitating foil operating at other 
than design conditions can be improved with the 
proper use of trai~ing edge flaps of small flap­
chord ratio e of the order of 0.1 or less. 
The drag-lift ratios of flapped foils were 1/2 to 
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1/3 times smaller than those for non-flapped foils. 
Therefore, with the application of flapped foils 
to hydraulic machinery in mind, satisfactory ef­
ficiency may be obtained even for partial loads. 

5. As foil performance can be improved with flapped 
foils, additional theoretical and experimental 
research should be conducted to determine the op­
timum flap geometry. 

6. The performance of a flapped foil increases as the 
flap-chord ratio, e, decreases. For small e, 
the maximum increment in lift due to the flap, 
i1CL max' is fairly large, even though the flap 

effectiveness, dCLI d~ , is considerably reduced. 

More experimental work is required to verify the 
theoretical results. 

7. The proper use of flapped foils results in some 
reduction in the minimum drag-lift ratio and the 
minimum usable incidence angle, as well as a large 
improvement in performance at off -design condi­
tions. 



15 

ACKNOWLEDGMENTS 

The author wishes to express his thanks to Professors E. Silberman and 

C. S. Song for their valuable discussions and to Mr. J. M. Wetzel for his 

critical reviews. The author also wishes to thank Mr. Chuan Lee, Research 

Assistant, St. Anthony Falls Hydraulic Laboratory, for his aid in the numeri­

cal calculations. 



17 

LIST OF REFERENCES 

[lJ Tulin, M. P., and Burkhart, M. P., Linearized Theory for Flows about 
Lifting Foils at Zero Cavitation Number, David Taylor Model 
Basin Report C-638, 1955. 

[2J Auslaender, J., "The B~havior of Supercavitating Foils with Flaps Oper­
ating at High Speed Near a Free Surface," Hydronautics Inc., 
Technical Report 001-2, 1960. 

[JJ Lin, J. D., "A Free Streamline Theory of Flows about a Flat Plate with 
a. Flap at Zero Cavitation Number," Hydronautics Inc., Tech­
nical Report 119-3, 1961. 

[4J Oba, R., "Theory for Super cavitating Flow Through an Arbitrary Form 
Hydrofoil," Journal of Basic Engineering, Transactions ASME, 
Sec. D, Vol. 86, 1964, p. 285. 

[5J Oba, R., "Linearized Theory of Supercavi tating Flow Through an Arbitrary 
Form Hydrofoil," Z. Angew. Math. Mech., Bd. 41, 1961, S. 354. 

[6J Silberman, E., "Experimental Studies of Super cavitating Flow about Sim­
ple Two-Dimensional Bodies in a Jet," Journal of Fluid Mech­
anics, Vol. 5, 1959, p. 337. 

[7J Parkin, B. R., "Experiments on Circular-Arc and Flat-Plate Hydrofoils," 
Journal of Ship Research, Vol. 1, 1958, p. 34. 

[8J Parkin, B. R., "Munk Integrals for Fully Cavitated Hydrofoils," Journal 
Aero. Space Sci., Vol. 29, 1962, p. 775. 

[9J Scherer, J. 0., and Auslaender, J., "Experimental Investigation of the 
5-inch Chord Model of the Buships Parent Super cavitating Hydro­
foil," Hydronautics Inc., Technical Report 343-1, 1964. 

[lOJ Oba, R., "Rules on Lift and Drag of Supercavitating Isolated Hydrofoil 
or Hydrofoils in Cascade," presented at 1964 General Meeting 
of the Japan Society of Mechanical Engineers. 

[11] Riegels, F., "Das Umstr8mungsproblem bei :imkompressiblen Potentialstr8-
mungen," Ing. Arch., Bd. 16, 1948, S. 373; Bd. 17, 1949, S. 94. 



EIQQli!?§ 
(1 through 14) 



21 

y 

.. , 
~ 

Q 0 
t 

~ 
0 M 

... )( 

.,. B 
T ... I 

Fig. 1 - Physical Plane, z = x + iy 

y 

Fig. 2 - Mapping Plane Transformed by Riegels' Transformation, ~ = x + i'y 



22 

o 
M T B e 

~ 
D o 

-lu ... , \t . (+-11 .. 0 
. Sinouiarity 

Fig. 3 - Mapping Plane (Lower Half Plane), t= ~ + i1) 

71 
j 

o o M T ... B 
ooe 

(a) 

71 

0 0 M T ~B --0::> 0 m 1 co 

- .6.Us =o .6.~: 0 - •• O'-Vs=O .6.u = 0 I 
~ 

. Sinouionty 

( b) 

Fig. 4 - Reduction of General Problem into Two Simple Boundary 
Value Problems 



2 L::.us 
Q 

4.0 

2.0 

1.0 

o 

- 1.0 

- 2.0 

I ~ I 
I • 

I • , 
I 
I , , 
I 

10~ ~ XQ = 0.25 
I , 

" 
\\ 'V • • 

I \\ · 
'~'-

I d--/ . '" -...... - .----
I 

I 
! 

I · I 

XGl: 0.25 

, 
I 

0 1 

I 
I · 

I I 
I 

• 

0.56 1 • , • 
I 

I • , • 

) 
, I 

-- } -- . 
• 

V r 
I 

• I , 

I I 

II 
f. ,. 
I I 
I I 

• I 

I 

I 
0.751 , : 

1 . 
r , 

I , I 

I 
I 

J 

I I 

.,./ I 
I 

• 

I---- ., 1......- .. -" '" 
/ /1 / 

/ 
I 

/ I 

[ I 
10.75 ,0.56 

I . , 
' I , 
: I 

I 
I 

- 3.0 
o 0.2 

i 
0.4 

i 
0.6 0.8 1.0 

x 

Fig. 5 - Leakage Effects Llu/Q on Foil Surface Velocity Distribution; 

x: Distance alohg Foil Chord 

23 



24 

0.4rr--------~-------------------r------Jr~--------~ 

Flo t Plot. 

0.3~~------~--------_.----------~------~~--------~ 

Q = 0.1 

0.2r-----~~W_--------_+----------~------~~--------~ 

0.02 

0.004 

Q =0.1 

°OL---------~--------~----------~--~~--~--------~ 0.2 0.4 0.6 0.8 1.0 
x 

Figo 6 - Typical Example for Surface Velocity Distribution of Flapped Foil 
with Leakage, xQ = 0075 

0.2 

XQ= 0.75\ 

-' 0.1 r --.,--' 
{ 

o 
o 0.2 0.4 0.6 

x 

\ 56 
0.25 

\ 
v._, ~=J_--

0.8 1.0 

Fig. 7 - Variation of Suction-side Free Streamline Forms .1yiQ with 
Leakage Q 



o 

-0.4 

-0,8 

-1.6 
o 

/ 
I 

/ 
0,2 

./ 
V 

v V 
./ 

0.4 0,6 0.8 1.0 

XQ = 1_ e 

8--------~------~~------~------~------~ 

6~------~------~~------4_------_4------__4 

4 H+~~~~------~~------4_------_4------__4 

-2H----\-----j~------+i~------4_------_4------__.,.._j 

- 4 L-L-__ L----L ______ --...IL-______ -----L-______ ---1 ______ -----' 

o 0.2 0.4 0.6 0.8 1.0 

~-m 
8 - Hinge Leakage Parameters I -- I Q I for Drag; 

m n 

where L1C D = -2Q [- ~l-m - A + f A Q ] 
mOl n n 

25 



26 

2 / 
v 

/ 
v 

~o7 ":::: 

/ 
v 

~ 
v 

o 

-I 

-2 
o 0.2 0.4 0.6 0.8 1.0 

XQ 

Fig. 9 - Effect of leakage on Moment .lC W/Q 

0.20r--------.----~--~Q~T-QM"---,~~----~.-----~ 
I I 

I / 
I / 0.75 

I I 
o .16 1--------I--+------i-I:l------j~--.L.f___7L---__I____7'L---______j 

0.12 1--------It----ri--f-+---7-!---+~--__;;~r_:_-----_I 

without Flap 

0.041----+--1--7'--17"'--7"-'------:7""'1'-------+--+---------+---------1 

o 
o 0.2 

Tulin (Cl " 0.4, a =0°) 
with e = 0.25 Flap 

0.4 0.6 0.8 

(I+.s.}Cl 
2 

1.0 

Fig. 10- Relation between Lift Coefficient C l and Drag 

Lift Ratio CD/Cl, for Various Flapped Foils 

and Various Foils without Flaps 



6.Yn 

~ 

0.8 r--------.--------.---------r--------.--------~ 

0.6 r---~~-+--------+-------~r---~~~------~ 

0.4r-~~--~--------_+--------_r--------_r~----~ 

°o~------~------~~--------~~------~------~ 0.2 0.4 0.6 0.8 1.0 
Flop / Chord e 

Fig. 11 - Rate of Los, d(~~)/dCL' Flap Effectiveness dCL/d~, 
and Maximum Lift Increments ..::lCL due to Flap' 

max 

0.8 

e,g; AYf'T ---~ 
0.6 

0.4 

0.2r-------~~------_+--------~--------_r------__4 

o~~----~--------~--------~--------~~----~ o 0.2 0.4 0.6 0.8 1.0 
Flop / Chord e 

Fig- 12 - Upward Shift in Suction-side Free Streamlines ,..::lYfT 
due to Flap 

27 



28 

0.8 r----,----.,------.------,-----, 

0.6r----+----~---_r---~~--~ 

0.4r----+----~~--_r~~~~---~ 

0.2 0.4 0.6 0.8 1.0 
x 

Fig. 13 - Shape ~f Shifted Suction-side Free Streamlines 
AYf 

1.2 ,.-----------.------.-------.-----, 

--
1.0 r----.---~A-_r_-----'_r--___:c-+-~~----" 

Q8r----~~-,~4_---_r---_+---~ 

.6. CL~ -- 0.6 i-----H--F+--r>;£---I------+-----t----:----'"'j 

2J:,B 

0.2 1--111-#,~--+-----I---"""""o;;;::_-+--+_--t---=.__---1 

o 
o 0.2 0.4 0.6 0.8 (.0 

Flop/Chord e 

Fig. 14 - Accuracy of the Linearized Solution 



Copies 

(~-

SPONSOR'S DISTRIBUTION LIST FOR TECHNICAL PAPER 51-B 

of the st. Anthony Falls Hydraulic Laboratory 

Organization 

29 

Chief of Naval Research, Department of the Navy, Washington, D. C. 
20360, Attn: 

(--3 - Code 438 
(>1 - Code 461 
(-1 - Code 463 
k]: _ Code 466 

Co:m.manding Officer, Office of Naval Research, Branch Office, 495 
Summer Street, Boston 10, Massachusetts • 

• ~ Commanding Officer, Office of Naval Research, Branch Office, 219 
/ S. Dearborn st., Chicago, Illinois 60604. 

~ /// Co:m.mand4ing Officer, Office of Naval Research, Branch Office, 207 
// West 2 th Street, New York 11, New York. 

~ Commanding Officer, Office of Naval Research, Branch Office, Navy 
No. 100, Box 39, Fleet Post Office, New York, New York. 

Commanding Officer, Office of Naval Research, Branch Office, 1030 
East Green Street, Pasadena 1, California. 

Co:m.manding Officer, Office of Naval Research, Branch Office, 1000 
Geary Street, San Francisco 9, California. 

Director, Naval Research Laboratory, Washington 25, D. C., Attn: 
Code 2027. 

3 Chief, Bureau of Naval Weapons, Department of the Navy, Washington 

.L· / rf~ 

25, D. C., Attn: 
1 - CodeRRRE 
1 - CodeRAAD 
1 - Code RAAD-222 

Chief, Bureau of Ships, Department of the Navy, Washington 25, D. 
C., Attn: 

1 - Code 312 
1 - Code 335 
1 - Code 420 
1 - Code 421 
1 - Code 440 
1 - Code 442 
1 - Code 449 

Chief, Bureau of Yards and Docks, Department of the Navy, Washing­
ton 25, D. C., Attn: Code D-400. 

Commanding Officer and Director, David Taylor Model Basin, Washing­
ton 7, D. C., Attn: 

eX" - Code 500 
if - Code 513 
A .. - Code 520 
~1:i- Code 525 
let - Code 526 



30 

Copies 

1 

1 

1/· 
1 

/ 
~/ 

1 

1 
~/ 

it 
/ 
:1 

zl 
A- - Code 526A c/ . 

/1 - Code 530 
(;/1 - Code 533 
l;.l - Code 580 
c,l - Code 585 
~/- Code 589 
~ - Code 700 

Organization 

Commander, Naval Ordnance Test Station, China Lake, California , Attn: 
Code 753. 

Commander, Naval Ordnance Test Station, Pasadena Annex, 3202 E. Foot­
hill Boulevard, Pasadena 8, California, Attn: Code P508. 

Commander, Portsmouth Naval Shipyard, Portsmouth, New Hampshire, 
Attn: Planning Department. 

Commander, Boston Naval Shipyard, Boston, Massachusetts, Attn: Plan­
ning Department. 

Commander, Pearl Harbor Naval Shipyard, Navy No. 128, Fleet Post 
Office, San Francisco, California, Attn: Planning Department. 

Commander, San Francisco Naval Shipyard, San Francisco, California, 
Attn: Planning Department. 

Commander, Mare Island Naval Shipyard, Vallejo, California, Attn: 
Planning Department. 

Commander, New York Naval Shipyard, Brooklyn 1, New York, Attn: 
Planning Department. 

Commander, PugetSound Naval Shipyard, Bremerton, Washington, Attn: 
Planning Department. 

Commander, Philadelphia Naval Shipyard, Philadelphia, Pennsylvania, 
Attn: Planning Department. 

Commander, Norfolk Naval Shipyard, Portsmouth, Virginia, Attn: Plan­
ning Department. 

Commander, Charleston Naval Shipyard, Charl~ston, South Carolina, 
Attn: Planning ~epartment. 

Commander, 'Long Beach Naval Shipyard, Long Beach 2, California, 
Attn: Planning Department. 

Commander, U.S. Naval Weapons Laboratory, Dahlgren, Virginia, Attn: 
Planning Department. 

Commander, U.S. Naval Ordnance Laboratory, White Oak, Maryland. 

Commander, U.S. Naval Weapons Laboratory, Dahlgren, Virginia, Attn: 
Computation and Exterior Ballistics Laboratory (Dr. A. V. Hershey). 

Superintendent, U.S. Naval Academy, Annapolis, Maryland, Attn: Li­
brary. 

Superintendent, U.S. Naval Postgraduate School, Monterey, Califor­
nia. 



Copies/' 
J? 
f 

l , 

i 
I 

1 
(I' 
t 

/ 

r/ 
11 

;,/ 
~.i 

1 

20 
" / vi 

/ 

1/ 

'1 

31 

O:rganization 

Commandant, U.S. Coast Guard, '1300 E street, N.W., Washington, D. 
C. 

Sec~etary, Ship Structure Committee, U.S. Coast Guard Headquarters, 
1300 E Street N.W., Washington, D. C. 

Commander, Military Sea Transportation Service, Department of the 
Navy, Washington 25, D. C. 

Division of Ship Design, Maritime Administration, 441 G Street, N. 
W., Washington 25, D. C. 

Superintendent, U.S. Merchant Marine Academy, Kings Point, Long 
Island, New York, Attn: Captain L. S. McCready. 

Commanding Officer and Director, U.S. Navy Mine Defense Laboratory, 
Panama City, Florida. 

Commanding Officer, NROTC and Naval Administrative Unit, Massachu­
setts Institute of Technology, Cambridge 39, Massachusetts. 

Commander, Hdqs. U.S. Army Transportation Research and Development 
Command, Transportation Corps, Fort Eustis, Virginia, Attn: Marine 
Transportation Division. 

Air Force Office of Scientific Research, Mechanics Division, Wash­
ington 25, D. C. 

Commander, Wright Air Development Division, Aircraft Laboratory, 
Wright-Patterson Air Force Base, Ohio, Attn: Mr. W. Mykytow, Dy­
namics Branch. 

Director of Research, Code RR, National Aeronautics and Space Ad­
ministration, 600 Independence Avenue, S.W., Washington, D. C. 20546. 

Director, Langley Research Center, Langley Station, Hampton, Vir­
ginia, Attn: Mr. 1. E. Gar,rick. 

Director, Langley Research Center, Langley Station, Hampton, Vir­
ginia, Attn: Mr. D. J. Marten. 

Director, Engineering Science Division, National Science Foundation, 
Washington, D. C. , 

Director, National Bureau of Standards, Washington 25, D. C., Attn: 
Mr. J. M. Franklin. 

Dr. G. B. Schubauer, Fluid Mechanics Section, National Bureau of 
Standards, Washington 25, D. C,. 

Defense Documentation Center, Cameron Station, Alexandria, Virginia. 

Office of Technical Services, Department of Commerce, Washington 25, 
D. C. 

Mr. Alfonso Alcadan L., Director, Laboratorio Nacional de Hydraulica, 
Ant~guo Camino A Ancon, Casilla Postal 682, Lima, Peru. 

Mr. T. A. Duncan, Lycoming Division, AVCO Corporation, 1701 K Street, 
N.W., Apartment 904, Washington, D. C. 

Baker Manufacturing Company, Evansville, Wisconsin. 



32 

Cepies 
ttl" 
1/ 
°1 

!{ 

[;l 

i{ 

{ 

/ 
~ 

Organizatien 

Prefesser S. Siestrunck, Bureau D'Analyse et de Recherche Appli­
quees, 47, Avenue Victer Cressen, Issy-les-Meuline,aux, Seine, France. 

Prefesser A. Acesta, Califernia Institute ef Technelegy, Pasadena 
4, Califernia. 

Prefesser M. Plesset, Califernia Institute ef Technelegy, Pasadena 
4, Califernia. 

Prefesser T. Y. Wu, Califernia Institute ef Technelegy, Pasadena 4, 
Califernia. 

Prefel>l>er A. Pewell, University ef Califernia, 'Les Angeles, Cal .. 
. ifernia. 

Dr. Maurice L. Albertl>en, Prefesser ef Civil Engineering, Celerade 
stgte University, Fert Cellins, Celerade 80521. 

Prefesser J. E. Cermak, Celerade State University, Department ef 
Civil Engineering, Fert Cellins, Celerade. 

Dr. Blaine R. Parkin, General Dynamics - Cenvair, P. O. Box 1950, 
San Diego. 12, Califernia. 

Rebert H. Oversmi th, Chief ef ASW /Marin~ Sciences, Mail Zene 6-107, 
General Dynamics - Cenvair, San Diego., California 9~112. 

Dr. Irving C. Statler, Head, Applied Mechanics Department, Cernell 
Aerenautical Laberatery', Inc., P. O. Bex 235, .Buffale, New Yerk 
l422l. 

Mr. Richard P. White, Jr., Cernell Aerenautical Laberatery, 4455 Gen­
esee Street, Buffalo., New Yerke 

Prefesser W. R. Sears, Graduate Scheel ef Aerenautical Engineering, 
Cernell University, Ithaca, New Yerke 

Mr. Geerge H. Pedersen, Curtiss-Wright Cerperatien, Wright Aerenau­
tical Divisien, Weed-Ridge, New.Jersey, Lecatien CC-l Engr. Mezz. 

Mr. G. Tedrew, Feed MachineryCerperatien, P. O. Box 367, San Jese, 
California. \ 

General Applied Science Laboratery, Merrick and Stewart Avenues, 
Westbury, Long Island, New Yerk, Attn: Dr. Frank Lane. 

Mr. R. McCandliss, Electric Boat Division,General Dynamics Cerpe-
. ratien, Groton, Cennecticut. 

Dr. A.S. Iberall, 'Pres·ident·, General Technical Services, Inc., 2640 
Whiton Read, Cleveland 18, Ohio. 

Gibbs and Cex, Inc., 21 West Street, New York, New York 10006. 

Mr. Eugene F. Baird, Chief of Dynamic Analysis, Grumman Aircraft 
. Engineering Corporatien, Bethpage, Leng Island, New York. 

Mr. Rebert E. Bewer, Chief, Advanced Develepment, Grumman Aircraft 
Engineering Corperatien, Bethpage, Long Island, New Yerk. 

Mr. William P. Carl, Grumman Aircraft Engineering Cerporatien, Beth­
.page, Long Island, New York. 



Copies/ 

V 
/ 

1/ 
1 

r./ 

1 

,J/ 

y 

r 
/' c,/ 

1 

& 

JJ 

Organization 

Grumman Aircraft Engineering Corporation, Research Department, Plant 
25, Bethpage, Long Island, New Yor.k 11714, Attn: Mr. Kenneth Keen. 

Dr. O. Grim, Hamburgische Schiffbau-Versuchsanstalt, Bramfelder 
Strasse 16l } , Hamburg JJ, Germany. 

Dr. H. W. Lerbs, Hamburgische Schiffbau-Versuchsanstalt, Bramfelder 
. Strasse 164, Hamburg JJ, Germany. 

Dr. H. Schwanecke, Hamburgische Schiffbau-Versuchsanstalt, Bram­
felder Strasse 164, Hamburg J3, Germany. 

Professor G. P. Weinblum, Director, Institute for Schiffbau, Uni­
versity of Hamburg, Berliner Tow 21, Hamburg, Germany. 

Professor G. F. Carrier, Harvard University, Cambridge J8, Massa­
chusetts. 

Dr. S. F. Hoerner, 148 Busteed Drive, Midland Park, New Jersey. 

Mr. P. Eisenberg, President, Hydronautics, Incorporated, Pindell 
School Road, Howard County, Laurel, Maryland • 

. Professor Carl Prohaska, Hydro-og Aerodynamisk Laboratorium, Lyngby, 
Denmark. 

ProfessorL. Landweber, Iowa Institute of Hydraulic Research, State 
University of Iowa, Iowa City, Iowa. 

Professor H. Rouse, Iowa Institute of Hydraulic Research, state Uni­
versity of Iowa, Iowa City, Iowa. 

Professor S. -Corrsin, Department of Mechanics, The Johns Hopkins 
University, Baltimore 18, Maryland. 

Profe,ssor O. M. Phillips, Division of Mechanical Engineering, In­
stitute for Cooperative Research, The Johns Hopkins University, 
Baltimore 18, M~ryland. 

Mr. Bill East, Lockheed Aircraft Corporation, California Division, 
Hydrodynamics Research, Burbank, California. 

Mr.R. W. Kermeen, Lockheed Missiles and Space Company, Department 
81-7J/Bldg. 538, P. O. Box 504, Sunnyvale, California. 

Department of Naval Architecture and Marine Engineering, Room 5-228, 
Massachusetts Institute of Technology, 77 Massachusetts Avenue, 
Cambridge, Massachusetts 02139. 

Professor M. A. Abkowitz, 'Massachusetts Institute of Technology, 
Cambridge 39, Massachusetts. 

Professor H. Ashley, Massachusetts Institute of Technology, Cam­
bridge J9, Massachusetts. 

Professor A. T. Ippen, Massachusetts Institute of Technology, Cam­
bridge 39, Massachusetts. 

Professor M. Landahl, Massachusetts Institute of Technology, Cam­
bridge 39, Massachusetts. 

Dr. H. Reichardt, Director, Max-Planck Institut fur Stromungsfor­
schung, Bottingerstrasse 6-8, Gottingen, Germany. 



34 

Copies 
01 
L 
i 

i 

t1 

1 

':.::L! ],/ 
'0/ 

I 

/1 

1 
:'/ 

1 

';l. 

Organization 

Professor R. B. Couch, University of Michigan, Ann Arbor, Michigan. 

Professor W. W. Wi11marth, University of Michigan, Ann Arbor, Mich­
igan. 

Midwest Research Institute, 425 Volker Boulevard, Kansas City, Mis­
souri, Attn: Library. 

Director, st. Anthony Falls Hydraulic Laboratory, University of 
Minnesota, Minneapolis 14, Minnesota. 

Dr. C. S. Song, St. Anthony Falls Hydraulic Laboratory, University 
of Minnesota, Minneapolis 14, Minnesota. 

Mr. J. M. Wetzel, st. Anthony Falls Hydraulic Laboratory, Univer­
sity of Minnesota, Minneapolis 14, Minnesota. 

Heaa, Aerodynamics Division, National Physical Laboratory, Tedding­
ton, Middlesex, England. 

Mr. A. Si1ver1eaf, National Physical Laboratory , Teddington, Middle­
sex, England. 

The Aeronautical Library, National Research Council, Montreal Road, 
Ottawa 2, Canada. 

Dr. J. B. Van Manen, Netherlands Ship Model Basin, Wageningen, The 
Netherlands. 

Professor John J. Foody, Chairman, Engineering Department, State 
University of New York, Maritime College, Bronx, New York 10465. 

Professor J. Keller, Institute of Mathematical Sciences, New York 
University, 25 Waverly Place, New York 3, New York. 

Professor J. J. Stoker, Institute of Mathematical Sciences, New York 
University, 25 Waverly Place, New York 3, New York. 

Dr. T. R. Goodman, Oceanics, Incorporated, Technical Industrial Park, 
Plainview, Long Island, New York. 

Professor J. William Holl, Department of Aeronautical Engineering, 
The Pennsylvania State University, Ordnance Research Laboratory, P. 
O. Box 30, State College, Pennsylvania. 

Dr. M. Sevik, Ordnance Research Laboratory, Pennsylvania State Uni­
versity, University Park, Pennsylvania. 

Dr. George F. Wislicenus, Garfield Thomas Water Tunnel, Ordnance 
Research Laboratory" The Pennsylvania State University, Post Office 
Box 30, State Col.lege, Pennsylvania 1680l. 

Professor E. J. Brunelle, Princeton University, Princeton, New jer­
sey. 

(i Mr. DaVid Wel1inger, Hydrofoil Projects, Radio Corporation of Amer­
ica, Burlington, Massachusetts. 

i The RAND Corporation, 1700 Main Street, Santa Monica, California 
90406, Attn: Library. 

1 Professor R. C. DiPrima, Department of Mathematics , Rensselaer, Poly­
technic Institute, Troy, New York. 



Copies 
/ 

}1 

;/ 
1 
i~/ 

.1 

1 

1 

zr 

1. 

1 

/ 
1 

/ 

35 

Organization 

Mr. L. M. White, U.S. Rubber Company, Research and Development De­
partment, Wayne, New Jersey. 

Professor J. K. Lunde, Skipsmodelltanken, Trondheim, Norway. 

Editor, Applied Mechanics Review, Southwest Research Institute, 8500 
Culebra Road, San Antonio'6, Texas. 

Dr. H. N. Abramson, Southwest Research Institute, 8500 Culebra Road, 
San Antonio 6, Texas. 

Mr. G. Ransleben, Southwest Research Institute, 8500 Culebra Road, 
San Antonio 6, Texas. 

Professor E. Y. Hsu, Stanford University, Stanford, California. 

Dr. Byrne Perry, Department of Civil Engineering, Stanford Univer­
sity, Stanford, California 94305. 

Mr. J. P. Breslin, Steven,s Institute of Technology, Davidson Lab-
oratory, Hoboken, New Jersey. . 

Mr. D. Savitsky, Stevens Institute of Technology, Davidson Labora­
tory, Hoboken, New Jersey • 

Mr. S. Tsakonas, Stevens Institute of Technology, Davidson Labora­
tory, Hoboken, New Jersey. 

Dr. Jack Kotik, Technical Research Group, Inc., Route" 110, Melville, 
New York. 

Dr. R. Tillman, Department of Applied Mathematics, Technological Uni­
versity, Julianalaan 132, Delft, Holland. 

Transportation Technical Research Institute, No. i057-1 Chome, Me­
jiro-machi, Toshima-ku, Tokyo-to, Japan. 

Dr. Grosse, VersuchsanstaltfurWasserbau und Schiffbau, Schleusen­
insel im Tiergarten, Berlin, Germany. 

Dr. S. Schuster, Director, Versuchsanstal t fur Was serbau und Schiff­
bau, Schleuseninse~ im Tiergarten, Berlin, Germany. 

Technical Library, Webb Institute of Naval Architecture, Glen Cove, 
Long Island, New York. 

Professor E. V. Lewis, Webb Institute of Naval Architecture, Glen 
Cove, Long Island, New York. 

Mr. C. Wigley, Flat 103, 6 ... 9 Charterhouse Square, London E. C. 1, 
England. 

Coordinator of Research, Maritime :Administration, 441 G Street, N. 
W., Washington 25, D. C. 

Mr. Jacques Dodu, Maitre de Conferences a la Faculte des Sciences, 
Laboratoires de Mecanique des Fluides, 44-46, Avenue Felix-Viallet, 
Grenoble (Isere) France. 

Science and Technology Division, Library of Congress, Washington, 
D. C. 20540. 



Unclassified 
Security Classification 

DOCUMENT CONTROL DATA· R&D 
(Security classification 01 title. body 01 abstract and index;nll annotation must be entered when the overall report is classified) 

1. ORIGINA TIN G ACTIVITY (Corporate author) 2a. REPORT SECURITY C !..ASSIFICATION 
St. Anthony Falls Hydraulic Laboratory, Unclassified 

University of Minnesota 2 b. GROUP 

3. REPORT TITLE 

PERFORMANCE OF SUPERCAVITATING HYDROFOILS WITH FLAPS, WITH SPECIAL REFERENCE TO 
LEAKAGE AND OPTIMIZATION OF FLAP DESIGN 

4. DESCRIPTIVE NOTES (Type 01 report and Inclusive dates) 

Interim Memorandum 
s. AUTHOR(S) (Last name. first name. Initial) 

-Oba, R. 

6. REPO RT DATE 7a. ""OTA!.. NO. OF PAGES !7 b . NO. OFl~EFS 
May 1965 28 

8a. CONTRACT OR GRANT NO. 9a. ORIGINATOR'S REPORT NUMSER(S) 
Nonr 710(24) Technical Paper No. 51-B b. PROJEC T NO. 

NR 062-052 c. 9b. OTHER REPORT NO(S) (Any other numbers that may be assl/lned 
this report) 

d. \ 

10. AVAILABILITY/LIMITATION NOTICES 

Qualified requestors may obtain copies of this report from DDC. 

11. SUPPL.! EMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY 

Office of Naval Research 

13. ABSTRACT 

A second order theory was developed for supercavitating flapped foils in 

which hinge leakage effects were also considered. With the use of trailing edge 

flap, the drag-lift ratio may be reduced by a factor of 1/2 to 1/3. Leakage 

effects were significant in their influence on velocity distribution and flap 

effectiveness, but negligibly small in their influence on lift, drag, and moment. 

DO FORM 
I JAN 64 1473 0101-807-6800 Unclassified 

Security Classification 



:;1 

I 

i 
" ! 

I 
1 
I, 
I' 

14. 

Unclassified 
Security Classification 

KEY WORDS 

Supercavitating Foil 

Off-design Performance 

Flapped Hydrofoil 

Leakage Effects 

LINK A LINK B LINK C 

ROLE WT ROL.E WT ROLE WT 

INSTRUCTIONS 

1. ORIGINATING ACTIVITY: Enter the name and address 
of the contractor, subcontractor, grantee, Department of De­
fense activity or other organization (corpor,ate author) issuing 
the report. 

2a. REPORT SECURlTY CLASSIFICATION: Enter the over­
all security classification of the report. Indicate whether 
"Restricted Data" is included. Marking is to be in accord­
ance with appropriate security regulations. 

2b. GROUP: Automatic downgrading is specified in 000 Di­
rective 5200.10 and Armed Forces Industrial Manual. Enter 
the group number. Also, when applicable, show that optional 
markings have been used for Group 3 and Group 4 as author­
ized. 

3. REPORT TITLE: Enter the complete report title in all 
capital letters. Titles in all cases should be unclassified. 
If a meaningful title cannot be selected without classifica­
tion, show title classification in all capitals· in parenthesis 
immediately- following the title. 

4. DESCRIPTIVE NOTES: If appropriate, enter the type of 
report, e. g., interim, progress, summary, annual, or finAl. 
Give the inclusive dates when a specific reporting period is 
covered. 

5. AUTHOR(S): Enter the name(s) of author(s) as shown on 
or in the report. Entel' last name, first name, middle initial. 
If military, show rank and branch of service. The name of 
the principal autho.r is an ahsolute minimum requirement. 

6. REPORT DATE: Enter the date of the report as day, 
month, year; or month, year. If more than one date appears 
on the report, use date of publication. 

7 a. TOTAL ·NUMBER OF PAGES: The total page count 
should follow normal pagination procedures, i.e., enter the 
number of pages containing i¢"ormation. 

7b. NUMBER OF REFERENCES: Enter the total number of 
references cited in the report. 

Sa. CONTRACT OR GRANT NUMBER: If appropriate, enter 
the applicable number of the contract or grant under which 
the report was written. . 

Sb, Sc, & Sd. PROJECT NUMBER: Enter the appropriate 
military department identification, such as p'roject number, 
subproject number, system numbers, task number, etc. 

9a. ORIGINATOR'S REPORT NUMBER(S): Enter the offi­
cial report number by which the document will be identified 
and controlled by the originating activity. This number must 
be unique to this report. 

. 9b. OTHER REPORT NUMBER(S): If t.he report has been 
assigned any other report numbers (either by the originator 
or by the $ponsor), also enter this number(s). 

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim­
itations on further dissemination of the report, other than those 

imposed by security classification, using standard statements 
such as: 

(1) "Qualified requesters may obtain copies of this 
report from DOC." 

(2) "Foreign announcement and dissemination of this 
report by DOC is not authorized." 

(3) "U. S. Government agencies may obtain copies of 
this report directly from DOC. Other qualified ·DDC 
users shall request through 

(4) "U. S. military agencies may obtain copies of this 
report directly from DDC. Other qualified users 
shall request through 

" 

" -----------------------------. 
(5) "All distribution of this report is controlled. Qual­

ified DDC users shall request through 

---------------------------------~------- ," 
If the report has been furnished to the Office of Technical 

Services, Department of Commerce, for sale to the public, indi­
cate this fact and enter the price, if known. 

lL SUPPLEMENTARY NOTES: Use for additional explana-
tory notes. -' 

12. SPONSORING MILITARY ACTIVITY: Enter the name of 
the departmental project office or laboratory sponsoring (pay­
ing for) the research and development. Include address. 

13. ABSTRACT: Enter an li\bstract giving a brief and· factual 
summary of the document indicative of the report, even though 
it may also appear elsewhere in the body of the technical re­
port. If additional space is required, a continuation sheet shall 
be attached. 

It is highly desirable that the abstract of classified reports 
be unclassified. Each paragraph of the abstract shall end with 
an indication of the military security classification of the in~ 
formation in the paragraph, represented as (TS). (5). (C), or (U). 

There is no limitation on the length of the abstract. How­
ever, the suggested length is from 150 to 225 words. 

14. KEY WORDS: Key words are technically meaningful terms 
or short phrases that characterize a report and may be used as 
index entries for cataloging the . report. Key words must be 
selected so that no security classification is required. Identi­
fi~rs, such as equipment model designation, trade name, military 
project code name, geographic location, may be used as key 
words but will be foHowed by an indication of technical con­
text. The assignment of link:,o, rates, and weights is optional. 

Unclassified 
. Security Classificatiotl 



Technical Paper No. 51, Series B 
St. Anthony Falls Hydraulic Laboratory 

PERFORMANCE OF SUPER CAVITATING HYDROFOILS 
WITH FLAPS, WITH SPECIAL REFERENCE TO LEAKAGE 
AND OPTIMIZATION OF FLAP DESIGN, by R. aba. May 
1965. 28 pages incl. 14 illus. Contract Nonr 710 (24). 

A second order theory was developed for super cavitating 
flapped foils in which hinge leakage effects were also con­
sidered. With the use of trailing edge flap, the drag-lift 
ratio may be reduced by a factor of 1/2 to 1/3. Leakage 
effects were significant in their influence on velocity dis­
tribution and flap effectiveness, but negligibly small ill. their 
influence on lift, drag, and moment. 

Available from st. Anthony Falls Hydraulic Laboratory, 
University of Minnesota, at 81.00 per copy. 

Technical Paper No. 51, Series B 
St. Anthony Falls Hydraulic Laboratory 

PERFORMANCE OF SUPER CAVITATING HYDROFOILS 
WITH FLAPS, WITH SPECIAL REFERENCE TO LEAKAGE 
AND OPTIMIZATION OF FLAP DESIGN, by R. aba. May 
1965. 28 pages incl. 14 illus. Contract Nonr 710 (24). 

A second order theory was developed for super cavitating 
flapped foils in which hinge leakage effects were also con­
sidered. With the use of trailing edge flap, the drag-lift 
ratio may be reduced by a factor of 1/2 to 1/3. Leakage 
effects were significant in their influence on velocity dis­
tribution and flap effectiveness, but negligibly small in their 
influence on lift, drag, and moment. 

Available from St. Anthony Falls Hydraulic Laboratory, 
University of Minnesota, at 81.00 per copy. 

1. Super cavitating Foil 
2. Off-design Performance 
3. Flapped Hydrofoil 
4. Leakage Effects 

I. Title 
II. aba, R. 

III. St. Anthony Falls 
Hydraulic Laboratory 

IV. Contract No. 710(24) 

Unclassified 

1. Super cavitating Foil 
2. Off-design Performance 
3. Flapped Hydrofoil 
4. Leakage Effects 

I. Title 
II. aba, R. 

III. St. Anthony Falls 
Hydraulic Laboratory 

IV. Contract No. 710(24) 

Unclassified 

~~~~~~~~~~~~~~;~~~~~~~~.:~~,. ~:~~~~~~~ ~~~~~~a~,'~~~~~,;~~~~~~~;C~C~~~~~~OC~O~~Q~, 

Technical Paper No. 51, Series B 
St. Anthony Falls Hydraulic Laboratory 

PERFORMANCE OF SUPER CAVITATING HYDROFOILS 
WITH FLAPS, WITH SPECIAL REFERENCE TO LEAKAGE 
AND OPTIMIZATION OF FLAP DESIGN, by R. aba. May 
1965. 28 pages incl. 14 illus. Contract Nonr 710(24). 

A second order theory was developed for super cavitating 
flapped foils in which hinge leakage effects were also con­
sidered. With the use of trailing edge flap, the drag-lift 
ratio may be reduced by a factor of 1/2 to 1/3. Leakage 
effects were significant in their influence on velocity dis­
tribution and flap effectiveness, but negligibly small in their 
influence on lift, drag, and moment. 

Available from St. Anthony Falls Hydraulic Laboratory, 
University of Minnesota, at 81.00 per copy. 

Technical Paper No. 51, Series B 
St. Anthony Falls Hydraulic Laboratory 

PERFORMANCE OF SUPER CAVITATING HYDROFOILS 
WITH FLAPS, WITH SPECIAL REFERENCE TO LEAKAGE 
AND OPTIMIZATION OF FLAP DESIGN, by R. Oba. May 
1965. 28 pages incl. 14 illus. Contract Nonr 710(24). 

A second order theory was developed for super cavitating 
flapped foils in which hinge leakage effects were also con­
sidered. With the use of trailing edge flap, the drag-lift 
ratio may be reduced by a factor of 1/2 to 1/3. Leakage 
effects were significant in their influence on velocity dis­
tribution and flap effectiveness, but negligibly small in their 
influence on lift, drag, and moment. 

Available from St. Anthony Falls Hydraulic Laboratory, 
University of Minnesota, at $1.00 per copy. 

1. Super cavitating Foil 
2. Off-design Performance 
3. Flapped Hydrofoil 
4. Leakage Effects 

1. Title 
II. Dba, R. 

III. St. Anthony Falls 
Hydraulic Laboratory 

IV. Contract No. 710(24) 

Unclassified 

1. Super cavitating Fon 
2. Off-design Performance 
3. Flapped Hydrofoil 
4. Leakage Effects 

1. Title 
II. aba, R. 

III. St. Anthony Falls 
Hydraulic Laboratory 

IV. Contract No. 710(24) 

Unclassified 



Technical Paper No. 51, Series B 
st. Anthony Falls Hydraulic Laboratory 

PERFORMANCE OF SUPER CAVITATING HYDROFOILS 
WITH FLAPS, WITH SPECIAL REFERENCE TO LEAKAGE 
AND OPTIMIZATION OF FLAP DESIGN, by R. aba. May 
1965. 28 pages inc!. 14 illus. Contract Nonr 710 (24). 

A second order theory was developed for super cavitating 
flapped foils in which hinge leakage effects were also con­
sidered. With the use of trailing edge flap, the drag-lift 
ratio may be reduced by a factor of 1/2 to 1/3. Leakage 
effects were significant in their influence on veloCity dis­
tribution and flap effectiveness, but negligibly small in their 
influence on lift, drag, and moment. 

Available from St. Anthony Falls Hydraulic Laboratory, 
University of Minnesota, at $1.00 per copy. 

Technical Paper No. 51, Series B 
St. Anthony Falls Hydraulic Laboratory 

PERFORMANCE OF SUPER CAVITATING HYDROFOILS 
WITH FLAPS, WITH SPECIAL REFERENCE TO LEAKAGE 
AND OPTIMIZATION OF FLAP DESIGN, by R. aba. May 
1965. 28 pages inc!. 14 illus. Contract Nonr 710(24). 

A second order theory was developed for super cavitating 
flapped foils in which hinge leakage effects were also con­
sidered. With the use of trailing edge flap, the drag-lift 
ratio may be reduced by a factor of 1/2 to 1/3. Leakage 
effects were significant in their influence on velOCity dis­
tribution and flap effectiveness, but negligibly small in their 
influence on lift, drag, and moment. 

Available from St. Anthony Falls Hydraulic Laboratory, 
University of Minnesota, at $1.00 per copy. 

1. Supercavitating Foil 
2. Off-design Performance 
3. Flapped Hydrofoil 
4. Leakage Effects 

I. Title 
II. aba, R. 

III. St. Anthony Falls 
Hydraulic Laboratory 

IV. Contract No. 710(24) 

Unclassified 

1. Super cavitating Foil 
2. Off-design Performance 
3. Flapped Hydrofoil 
4. Leakage Effects 

1. Title 
II. aba, R. 

III. St. Anthony Falls 
Hydraulic Laboratory 

IV. Contract No. 710(24) 

Unclassified 

Technical Paper No. 51, Series B 
St. Anthony Falls Hydraulic Laboratory 

PERFORMANCE OF SUPER CAVITATING HYDROFOILS 
WITH FLAPS, WITH SPECIAL REFERENCE TO LEAKAGE 
AND OPTIMIZATION OF FLAP DESIGN, by R. aba. May 
1965. 28 pages inc!. 14 illus. Contract Nonr 710(24). 

A second order theory was developed for super cavitating 
flapped foils in which hinge leakage effects were also con­
sidered. With the use of trailing edge flap, the drag-lift 
ratio may be reduced by a factor of 1/2 to 1/3. Leakage 
effects were significant in their influence on velOCity dis­
tribution and flap effectiveness, but negligibly small in their 
influence on lift, drag, and moment. 

Available from St. Anthony Falls Hydraulic Laboratory, 
University of Minnesota, at $1.00 per copy. 

Technical Paper No. 51, Series B 
St. Anthony Falls Hydraulic Laboratory 

PERFORMANCE OF SUPERCAVITATlNG HYDROFOILS 
WITH FLAPS, WITH SPECIAL REFERENCE TO LEAKAGE 
AND OPTIMIZATION OF FLAP DESIGN, by R. aba. May 
1965. 28 pages inc!. 14 illus. Contract Nonr 710(24). 

A second order theory was developed for super cavitating 
flapped foils in which hinge leakage effects were also con­
sidered. With the use of trailing edge flap, the drag-lift 
ratio may be reduced by a factor of 1/2 to 1/3. Leakage 
effects were significant in their influence on velOCity dis­
tribution and flap effectiveness, but negligibly small in their 
influence on lift, drag, and moment. 

Available from St. Anthony Falls Hydraulic Laboratory, 
University of Minnesota, at $1.00 per copy. 

1. Super cavitating Foil 
2. Off-design Performance 
3. Flapped Hydrofoil 
4. Leakage Effects 

1. Title 
II. aba, R. 

III. St. Anthony Falls 
Hydraulic Laboratory 

IV. Contract No. 710(24) 

Unclassified 

1. Super cavitating Foil 
2. Off-design Performance 
3. Flapped Hydrofoil 
4. Leakage Effects 

1. Title 
n. aba, R. 

III. St. Anthony Falls 
Hydraulic Laboratory 

IV. Contract No. 710(24) 

Unclassified 



o~oocooo~ooococnpc~~~~~~~~ •• ~P~ •• s.~ ••• ' •••••••• ~ •••• ~~~we •• ~~ ••• q~~~~O~~0~OOaCC~g~S~CQ~~O~~~G~~00ccoar0D~~e~ •• ~~~ ••• ~ •• ,e~ •••• c ~~~~ ••••• ~.~~.~~.~.e •• ~.~ ••••••• ~e~ •••• ~ 

Technical Paper No. 51, Series B 
St. Anthony Falls Hydraulic Laboratory 

PERFORMANCE OF SUPERCAVITATlNG HYDROFOILS 
WITH FLAPS, WITH SPECIAL REFERENCE TO LEAKAGE 
AND OPTIMIZATION OF FLAP DESIGN, by R. aha. May 
1965. 28 pages incL 14 mus. Contract Nonr 710(24). 

A second order theory was developed for super cavitating 
flapped foils in which hinge leakage effects were also con­
sidered. With the use of trailing edge flap, the drag-lift 
ratio may be reduced by a factor of 1/2 to 1/3. Leakage 
effects were significant in their influence on velocity dis­
tribution and flap effectiveness, but negligibly small iIi their 
influence on lift, drag, and moment. 

Available from St. Anthony Falls Hydraulic Laboratory, 
University of Minnesota, at S1.00 per copy. 

Technical Paper No. 51, Series B 
St. Anthony Falls Hydraulic Laboratory 

PERFORMANCE OF SUPERCAVITATlNG HYDROFOILS 
WITH FLAPS, WITH SPECIAL REFERENCE TO LEAKAGE 
AND OPTIMIZATION OF FLAP DESIGN, by R. aha. May 
1965. 28 pages incl. 14 mus. Contract Nonr 710 (24). 

A second order theory was developed for super cavitating 
flapped foils in which hinge leakage effects were also con­
sidered. With the use of trailing edge flap, the drag-lift 
ratio may be reduced by a factor of 1/2 to 1/3. Leakage 
effects were significant in their influence on velocity dis­
tribution and flap effectiveness, but negligibly small in their 
influence on lift, drag, and moment. 

Available from St. Anthony Falls Hydraulic Laboratory, 
University of Minnesota, at S1.00 per copy. 

1. Supercavitating Foil 
2. Off-design Performance 
3. Flapped Hydrofoil 
4. Leakage Effects 

I. Title 
II. aba, R. 

III. St. Anthony Falls 
Hydraulic Laboratory 

IV. Contract No. 710(24) 

Unclassified 

1. Super cavitating Foil 
2. Off-design Performance 
3. Flapped Hydrofoil 
4. Leakage Effects 

I. Title 
II. aha, R. 

III. St. Anthony Falls 
Hydraulic Laboratory 

IV. Contract No. 710(24) 

Unclassified 

Technical Paper No. 51, Series B 
St. Anthony Falls Hydraulic Laboratory 

PERFORMANCE OF SUPERCAVITATlNG HYDROFOILS 
WITH FLAPS, WITH SPECIAL REFERENCE TO LEAKAGE 
AND OPTIMIZATION OF FLAP DESIGN, by R. Oba. May 
1965. 28 pages incl. 14 mus. Contract Nonr 710(24). 

A second order theory was developed for super cavitating 
flapped foils in which hinge leakage effects were also con­
sidered. With the use of trailing edge flap, the drag-lift 
ratio may be reduced by a factor of 1/2 to 1/3. Leakage 
effects were significant in their influence on velocity dis­
tribution and flap effectiveness, but negligibly small in their 
influence on lift, drag, and moment. 

Available from St. Anthony Falls Hydraulic Laboratory, 
University of Minnesota, at Sl.OO per copy. 

Technical Paper No. 51, Series B 
St. Anthony Falls Hydraulic Laboratory 

PERFORMANCE OF SUPER CAVITATING HYDROFOILS 
WITH FLAPS, WITH SPECIAL REFERENCE TO LEAKAGE 
AND OPTIMIZATION OF FLAP DESIGN, by R. aba. May 
1965. 28 pages incl. 14 illus. Contract Nonr 710(24). 

A second order theory was developed for supercavitating 
flapped foils in which hinge leakage effects were also con­
sidered. With the use of trailing edge flap, the drag-lift 
ratio may be reduced by a factor of 1/2 to 1/3. Leakage 
effects were significant in their influence on velocity dis­
tribution and flap effectiveness, but negligibly small in their 
influence on lift, drag, and moment. 

Available from St. Anthony Falls Hydraulic Laboratory, 
University of Minnesota, at Sl.OO per copy. 

1. Super cavitating Foil 
2. Off-design Performance 
3. Flapped Hydrofoil 
4. Leakage Effects 

I. Title 
II. aba, R. 

III. St. Anthony Falls 
Hydraulic Laboratory 

IV. Contract No. 710(24) 

Unclassified 

1. Supercavitating Foil 
2. Off-design Performance 
3. Flapped Hydrofoil 
4. Leakage Effects 

I. Title 
U. aba, R. 

III. St. Anthony Falls 
Hydraulic Laboratory 

IV. Contract No. 710(24) 

Unclassified 




