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For the steady state of flow the results of pressure distribution measure- 
ments dependent on speed, depth of submergence, angle of attack, and 
roll angle--both for a fiat and for a dihedral hydrofoil-are presented, as 
well as the restdts of six-component measurements for two dihedral foils. 
Below the Froude depth number 1, related to the depth of submergence, 
the flow and hence the pressure distribution changes according to the 
shallow water laws; above this figure no significant speed dependency 
exists. Here the pressure distribution is influenced only by the distance 
between the hydrofoil and the surface in relation to its profile length~ For 
this situation, which is normal for hydrofoil boats under service condi- 
tions, simple theoretical rates for calculating the hydrodynamic forces are 
given, as well as the results of these calculations in the case of a 
parallel submerged hydrofoil of great span. By analyzing the separate in- 
fluences the relation to results of wind tunnel tests can be set up. By 
means of the results from theoretical and experimental examinations, rela- 
tions are derived for the vertical and the lateral stability both of fiat end 
dihedral hydrofoils as well as for the influence of sideslip motion. 

INTRODUCTION 

One of the most important supposit ions for the design of hydrofoil boats is the precise 
knowledge of the flow forces occurring on the foils  under given service conditions. There 
is no doubt that many conceptions are transferable from aerodynamic research but some es-  
sent ial  properties like lift distribution and al l  values  of driving performance and running be- 
havior connected herewith will be more or less  influenced by the proximity of the water sur- 
faced. During the last  twenty years this problem has been treated very often, but further 
treatment, based on new experiments in the Versuchsanstal t  f//r Wasserban and Schiffban 
(the Berlin Towing Tank), may be expected to clarify and complete the picture. During 
these examinations the pressure distribution both for completely submerged hydrofoils and 
for those piercing the water surface,  the deformation of the surface,  and the  flow forces have 
been measured as well as theoretical ly treated,  a l l  angles being varied. 

PRESSURE DISTRIBUTION MEASUREMENT 

Two brass hydrofoil models with specia l  borings have been used for measuring the pres- 
sure distribution, one of them being a flat hydrofoil and the other a dihedral hydrofoil (V- 
form), both ideal ized with circle segment profiles of constant length without distortion (Fig.  
I). On the starboard side the flat furl was fit ted with 68 borings and the dihedral foil with 

147 



148 S. Schuster and H. Schwanecke 

ii 

Fig. 1. Hydrofoil models simplified for pressure distribution measurement 

49 borings of 1.5-ram diameter. The holes were arranged in sections parallel to the longitu- 
dinal axis and connected to each other parallel to the lateral axis. For measurement all the 
sets of holes but one have been covered with thin plastic strips. Thus, successively, the 
pressure distribution around the profile for 6 cross sections for the flat foil and 7 cross sec- 
tions for the dihedral foil has been measured and photographically recorded during each run 
in the deepwater channel. For the flat foil the angle of attack has been varied from -1 degree 
to +6 degrees, and the depth of submergence from 30 mm to 240 mm at a speed of u 0 = 3.7 
m/sec; for a special series the speed was also varied, from 0.4 to 3.7 m/sec. For the di- 
hedral foil the angle of attack has been kept constant at +1 degree while the roiling angle 
has been varied from 0 to 33 degrees, one arm of the hydrofoil being parallel to the water 
surface when the rolling angle was 33 degrees. The measured pressure in relation to the 
ram pressure has been plotted versus the profile length for every section. Integration of the 
pressure curves results in the local lift coefficients, which in turn by integration over the 
span supply the total coefficient. For checking these values and for finding the drag three 
component tests have been made. 

Flat Foil 

The variation with speed for the flat foil first of all confirmed the shallow water effect 
as found by Laitone [1], Parkin, Perry, and Wu [2] and Plesset and Parkin [3], which occurs 
especially at the critical speed u 0 = x/g-h (Fig. 2), where h denotes the distance between 
the trailing edge and the undisturbed water surface.* At a speed sufficiently above this 
value the ratio between depth of submergence and length of profile only is authoritative for 
the course of the pressure curve. Samples are shown in Figs. 3 and 4. Herein the charac- 
teristics of the diagrams versus h/c and a are different. The local lift coefficients indeed 
change in the same sense as depth of submergence and angle of attack, but in the first case 
the pressure distribution is unchanged, while it is varying much in the second case. There- 
fore, approaching the surface cannot be substituted by a reduction of the angle of attack. 

*A nomenclature list is given at the end of the paper. 
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Fig. 2. Pressure  data for the flat foil of circle segment profile 
at subcritical and supercritical velocity 
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Fig. 3. Pressure distribution for ~-- 2 degrees and 
varying h/c ratios for the flat foil 
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Fig. 4. Pressure distribution for h / c  = 2 and 
varying angles of attack for the flat foil 
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The lift distribution over the span can be seen in Fig. 5, the lift coefficients for the 
complete hydrofoil are shown in Fig. 6, and the components of the suction side as well as 
those of the pressure side and the ratio between these components are shown in Figs.  7 to 
9, where the C L values are related to conditions in great depth (infinite medium). In ap- 
proaching the water surface the lift of the foil running at supercritical speed decreases 
nearly along a parabola with the depth of submergence, especial ly for h/c < 2, the effect of 
the suction side being diminished and the effect of the pressure side being augmented. This 
change will decrease for increasing angles of attack. It is remarkable that the drag coef- 
ficient is decreasing with the ~ decrease of depth in sp i te  of the increasing waves (Fig. 10). 

Summing up, the results  of these tes ts  with the flat foil were as follows: 

1. Owing to the proximity of the water surface an additional velocity is induced which 
is contrary to the direction of flow. This results in an increase of the lift component on the 
pressure side and in a decrease on the suction side. Due to the suction s ide ' s  greater part 
of the total lift in the deep submerged position, a diminution of lift thus results.  Owing to 
the minor flow veloci t ies  at both s ides  the profile resistance decreases.  

2. Owing to the curvature of flow along the upper side the effective profile curvature is 
diminished. Thus the angle of zero lift will be shifted toward positive values,  and the effec- 
tive angle of attack and thereby the lift coefficient will become less .  Relatively this influ- 
ence decreases with increasing angle of attack. 

3. Owing to the continual lift diminution in the range 2 > h > 0 a submergence stabi l iz-  
ing seems to be possible even for hydrofoils not piercing the water surface. 

Dihedral Foil  

The measured lift distribution for the dihedral foil can be seen in Fig. 11. The pressure 
distribution over the profile is similar to that for the flat, fully-submerged hydrofoil. The 
joint of the two foil halves at the keel point, as well as that between foil and struts, causes 
an increase of lift on the suction side,  and in the first case simultaneously decreases the 
pressure at the lower side. When piercing the surface a diminution of the local lift occurs 
within the region of the surface approach in sr~ch a manner as though the results of flat 
parallel submerged foils had been transferred stripwise. 

Figure 12 shows the lift decrease of both foils plotted versus the relative submergence. 
This diagram shows also the test  results of Land [4], which were found at substantially 
higher speeds. 

The lift diminution for the complete dihedral' hydrofoil caused by the surface effect can 
be found by integration of the local values 

q 

C L / /  C L °~ I 

/ 

within the range of h = 0  to h = hk6 el. The mean of (CL/CL) amounts to approximately 0.5 
for hkeel = 0.5, to 0.8 for hkeel = 1.5, and to 0.9 for hkeel = 5. 

Summing up, it follows from the tests  with the dihedral hydrofoil that: 
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Fig. 6. Lift  coef f ic ien ts  of the flat foil 
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Fig. 12. Comparison of lift coefficients versus relative depth 

I. The test results of fully submerged flat foils can be transferred to emerging foils by 
means of the strip method. The lift decrease toward the outer regions becomes also measur- 
able for h/c < 2 and essential for h/c < 1. Enlarging the profile length in the outer regions 
therefore seems to be less practical since the h/c value will be smaller and the influence of 
the water surface will be extended to larger regions of the span. According to item 2 in the 
summing up for the preceding subsection, it would be better to increase the angle of attack, 
i.e., to distort the foil. 

2. Since the strip method can be used for the roiling dihedral hydrofoil too, there is no 
special  need for investigating the influence of the roll angle. Even for hydrofoils in a side- 
slip motion the measurement of the pressure distribution can be retained, for in this case 
only the local angles of attack are changed, the influence of which has been determined for 
the flat parallel  submerged foil. 

STATE OF FLOW EXAMINATION 

If the existence of a shallow water effect could be concluded from the pressure measure- 
ment, then the transition from the subcrit ical to the supercrit ical  range of the Froude depth 
number must be perceptible by a change of the  surface deformation. Tests  with a flat paral- 
lel submerged hydrofoil, extending sideways to the walls of a circulating water channel, 
proved that there is indeed a transition from a steady flow to a rapid flow with a hydraulic 
jump between. With regard to the speed increment above the foil and to the slope of the 
water surface connected herewith, a local Froude depth number 

where h '  denotes the minimum depth above the foil, can be defined as a barrier. The defor- 
mation corresponds to pictures shown in the publication of Parkin, Perry, and Wu [2]. 
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Below F h ' = 1, i.e., in the subcritical speed range, the depth of submergence of any 
foil plays a similar part for the circulation as the water depth does for the orbital velocity 
of waves in shallow water. Thus.correspond the C L reduction on the upper side and the 
wave speed reduction 

CLh 2 Uh_ ~ t gh ,, ~ (CL//CLm) 2 
CLm u a n h  - -  - t a n h  u 2 2 

~ Fh 

Hence 

\ 

follows. 

To be sure, this can be seen exactly only at small depths, for example for h/c = 0.37 
as in Fig. 13. For larger depths the transition is smoothed at F h = I and disappears gradu- 
ally in the same manner as it does in deep water. Above F h = 2 no dependency of the Froude 
depth number exists. Hydrofoil boats generally run by dynamic lift at a speed more than 25 
knots and at a submergence less than 2 m. This corresponds to a smallest Froude depth 
number of about 3. 

Summing up, the results of examination of the state of flow are as follows: 

1. The hydrofoil is susceptible to the shallow water effect. For operating conditions 
of hydrofoil boats the flow pattern is a supercritical one. For theoretical considerations by 
analogy from wave theory, rapid flow is presumed in the direct neighborhood of the hydrofoil 
in place of orbital motion for waves. 

2. For individual hydrofoils no crit ical speed barrier can exist  as it does for displace- 
ment ships in shallow water, given by speed and depth. But for the complete craft fitted 
with several  hydrofoils such a barrier, of course, can exist ,  since the wave formation behind 
the hydraulic jump follows the Froude depth number given by the water depth and changes 
the flow against  the next hydrofoil in l ine.  

3. The only signif icant  quantity for the influence of the water surface on the circulation 
around a hydrofoil in the supererit ical  range is the relative depth of submergence of the foil 
element, h = h/c. It is independent of the configuration and speed Of the hydrofoil. 

FLOW FORCES MEASUREMENT 

In 1941 six component tests on hydrofoils already had been made in the circulating water 
tunnel of the firm Gebr. Sachsenberg AG., Berlin, under the direction of G. Weinblum. The 
results were published at that time only for a restricted number of persons. 

In one ease a model of a dihedral foil with a constant  circle segment profile of a con- 
s tant  length ~ = 96 mm and a thickness  t = 6.4 mm was used [6]. The dihedral angle could 
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the flat foil for different h/c ratios 

be changed between 15 degrees and 50 degrees. Variations of span from 200 to 600 ram, of 
roll angle from 0 to 10 degrees, and of angle of attack from -S to +7 degrees were made. All 
the values of CL, CD, and CMx were measured for a constant speed of 4 m/sec .  For exam- 
ple such diagrams could be drawn as can be seen in Figs.  14 and 1S for lift and drag, or in 
Figs.  16 and 17 for the roll moment. The results for the mean span of 400 mm were CLmax = 
0.36, dCL/d~ = 2.72 to 3.14 related to the effective angle of attack, c~(C L = 0) = -4 .5  degrees, 
CDmin =0.015,  and ~min = 0.07, 

A comparison of the results for the different variations showed with regard to lift, drag, 
drag-lift ratio, and lateral stability: 

1. The aspect ratio A ~b2/F possibly should be chosen not less  than 4. Raising it 
beyond 5 will give but little additional profit. 

2. As long as the proximity of the surface does not influence the complete foil, i .e . ,  as 
long as hmax > 1, the dCmz/dcX value will increase for decreasing dihedral angles, for 
hma x < I the ratio diminishes rapidly. For the aspect ratio 4.15 the maximum relative depth 
is 1 for a dihedral angle of 27 degrees. The optimal dihedral angle for this aspect ratio is 
around 30 degrees. 
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3. By rolling, the flow, being symmetrical before, becomes nonsymmetrical. When the 
span is kept equal the aspect ratio and the angle of inclination between foil and water sur- 
face increase for one part as much as they decrease for the other. Indeed rolling has the 
same effect as superposing the in{luences of aspect ratio and dihedral angle. At small roll 
angles C L and C D are only slightly changed. At greater angles lift and ascent of lift drop 
more and more and the resistance increases. 
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The results of this first test series were complemented in 1958 by six component meas- 
urements in the circulating water tunnel of the VWS [7]. The dihedral hydrofoil model al- 
ready described for the measurements of the pressure distribution with a fixed dihedral angle 
~) = 33 degrees was used. The flow speed was about 2 m/sec. The influence of rolling and 
sideslipping in particular were examined. 

First of all Fig. 18 shows the geometrical variation of the effective angle of attack of 
the pressure-side chord along with the roll angle and with the sideslip angle. For instance 
if such a hydrofoil is running straight-on with c~ = 1 degree, then for the profiles, 0.8 degree 
is the effective angle. If there does exist a sideslip angle of y = 10 degrees toward star- 
board - for instance when turning to port - the effective angle of attack will increase on the 
starboard side to +6 degrees while on the port side it will decrease to ---4 degrees. If there 
is an additional roll angle of about ~ = +20 degrees toward the center of the turning circle, 
then this angle of attack difference will he increased to +8 degrees and -7 degrees respec ~ 
tively. For a rolling angle of ~] = -20 degrees to the outside, a diminution of the effective 
angles of attack to +2.5 degrees and -1.5 degrees respectively will result. An augmentation 
of the sideslip angle causes a nearly linear augmentation of these angles of attack. 

Since therefore for hydrofoil boats under service conditions the angle of attack can 
spread over a very wide range, the course of the coefficients for lift, drag, and pitching 
moment has been measured for a 45-<legree variation of the angle of attack (Fig. 19). Here 
the flow separated at about +8 degrees on the upper side and at about -10 degrees on the 
lower side. The lift coefficient will increase, of course, after such a sudden breakdown but 
the drag-lift ratio 8 = CD/C L then will be three times as high as it was before (Fig. 20). 
The fact thatrelativelyhigh negative lift values can be obtained is of no importance for prac- 
tice. In turning circles for the inner side, i.e., on the port side when turning to port, a de- 
crease of lift may, of course, be desired, even down to zero. But it should not reach nega- 
tive values, since an adequate raising of lift on the outer side beyond twice the value as 
before seems to be unlikely considering the augmentation of drag, the diminution of speed, 
and the smaller submerged area of the outer foil, which is reduced by rolling. For running 
with a following sea - a situation when negative angles of attack will occur easily - such 
a negative lift also will be dangerous even if it occurs only for a short period. 

Figures 21 and 22 demonstrate the variation of forces and moments versus the s idesl ip  
angle and the roll angle. The coefficients for lift, drag, and roll moment are practically con- 
stant; the coefficient for the yawing moment is insignificant. The coefficients for lateral 
force and roll moment increase linearly from zero upward with increasing s idesl ip  angle and 
roll angle. For instance a s idesl ip of +8 degrees toward starboard causes a lateral force 
toward port of eight times the value brought about by --8 degrees rolling toward starboard; 
the roll moment due to a s idesl ip  is 70 percent higher. Both roll moments relative to the 
keel point are stabilizing, i .e. ,  any rolling will reduce itself and a s idesl ip will produce a 
rolling toward the inside of the curve. 

Simultaneous systematic variations of the angles of attack, of rolling, and of sideslip 
produced only unessential differences relative to drag and lateral forces compared with the 
separate variations. But the situation deteriorated relative to the lift. For a sideslip angle 
around 10 degrees the flow separated throughout. Lift then broke down much more com- 
pletely as the additional rolling increased (Fig. 23). 

Summing up, it can be stated: 

1. The range of the angle of attack of the profiles of a dihedral foil with n circle seg- 
ment characteristic which can be utilized is about -4 degrees < ct < +6 degrees. 



,sinoc ~ . 
z 2 Z~ Z,:Zj 

D" 

f~ 

Fig, 18, Effective angle of attack o[ the chord 

ace. to {TJ 



I 

/"",G- - - - -  

/i \ 

//I; \\ 
~ ct 

'\ \ 

//-" / 

K 
I . /  

/ -~ \~_ / , 

, - 0~  \ J \ /  ,, 

I o 

z 
f~ 

@ 

Fig. 19. Lift ,  drag, and pi tching moment for a dihedral foil in a symmetrical  flow 



166 S. Schuster and H. Schwanecke 

,10" 
*~6 / / \  

l . / ,  \\ 

J 
• o,z R,,~ - - o ; 5 . r  - -  

-q2 

/ 

*q o~ ÷ q l *q15 

- ~ °  

Fig. 20. Polar of a dihedral foil in a symmetrical flow 

ac . to (7) 

2. Lateral  s tabi l izing can be brought about much more effectively by the moment due 
to s idesl ip  than by that due to rolling. While the rolling is less dangerous for the lift, a 
range of only +8 degrees can be admitted for a s ides l ip  angle. 

3. Additional roiling of a dihedral foil in a s ides l ip  motion acting in the same sense 
as the moment due to s idesl ip  will raise the risk of a lift breakdown. 

EXAMINATION OF ROTARY INSTABILITY 

With a model of a dihedral foil the relation between rolling and sidesl ip has been tested 
thoroughly in a small VWS tank using a special  device (Fig. 24). For a constant lift, the 
model at u o = 4 m/sec could immerse freely. Relative to rotary motions both about the lon- 
gitudinal and the vertical axis the model could either be fixed or set free. 

The s idesl ip  angle was measured each time when the lift collapsed. For free rolling, 
s idesl ip angles up to 11 degrees could be brought about; rolling angles then amounted to 
about 10 degrees acting in the same direction as the moment due to the s idesl ip.  Enlarging 
the s idesl ip  angle to 11 degrees caused a lift breakdown at the foil which had been more 
emerging and a rotary instabili ty was the result .  This procedure is not reversible,  i .e. ,  the 
sidesl ip angle has to be totally reduced to regain the flow and to start with s idesl ip  again. 
For a fixed rolling of 20 degrees, s idesl ip  angles of 16 degrees and 9 degrees could be ob- 
tained; the smaller s idesl ip  angle is conjugated to rolling in the same sense as the moment 
due to s idesl ip ,  the other one is conjugated to rolling in the opposite direction. 
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Fig. 24. Arrangement for rotary instability tests 
of a dihedral foil 

To sum up: 

1. Rolling into the inside of the curve for hydrofoil boats as well as for planing craft 
and airplanes such that the principal plane coincides  with the apparent perpendicular is 
more disadvantageous relat ive to security than is rolling into the outside of the curve as 
occurs with displacement craft. 

2. Hydrofoils already roll ing to the outside at the beginning of the curve will run a 
tighter circle (with higher s idesl ip  angles) than those rolling to the inside. 

3. The preceding result  contradicts the conception that in a circle a foil rolling to the 
outside will s tal l  easier  because of the higher load. Therefore the whole situation needs a 
thorough investigation.  
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THEORETICAL CONSIDERATIONS 

The velocity field of a hydrofoil of great span running at the depth h = h / c  = t t*/2 be- 
neath the undisturbed water stwface in deep water can be represented by the well-known re- 
lations (for instance, Ref. 8) 

U(X,  z )  U l ( X ,  z )  
- l + - -  

U 0 U 0 

+ l  
1 f z + h* d~ = 1 + ~-~ f(~) ( x - ~ )  2 + ( z + h , )  2 

- I  

+1 
1 ~" z - h* + ~ j f(~:) d~ (1) 

- 1  ( × - 5 )  2 + ( z - h * )  2 

+1 

I + - -  exp - - - ( h * - z )  f ( ~ )  G 1 g 
U02 U02 - I 

w(~,z) "q(×'~) 
U 0 U 0 

,x,~,z,h* I d~ (la) 

+1 

1 I x - ~  d~: 
2rr f(~) ( x _ ~ ) 2  + (z+h*)2 

-1 

+ I  

1 f x - ~  d~: 
2rr f(~) ( x -  ~)2 + ( z -  h*) 2 

- 1  

+1 

, exp( ' 
U02 U02 - I 

f ( ~ ) G 2 ( ~ o 2 , X , ~ , z , h * ) " t ~  (lb) 

where Uo denotes the running speed and f(¢3 the pressure distribution over the profile length. 
At the free surface the velocity field fulfils the boundary condition resulting from the line- 
arized Bernoulli law 

%2 but(x,O) 
g 3x 

+ wl (x ,O  ) = O. (2) 

The shape of the surface results as well from the Bernoulli law by linearization to 
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U o U l ( x , O )  
(3) z . ( x )  . . . .  g 

The pressure distribution at the profile, i .e. ,  the function f ( ~  with f(x) being the meanline 
of the profile, can be found from the relation 

u ( x , - h * )  / : ' ( x )  = w ( x , - h * )  (4) 

with u and w taken from Eq. (1). 

The boundary condition (2) and hence the velocity field (1) is valid for smooth water 
above the foil as well as ahead and aft, i .e. ,  for a condition which permits the existence of 
deep water waves. 

Within the technically interesting range of the Froude depth number F h = u o ~ there 
is as shown by experimental investigations rapid flow prevailing above the foil with the ex- 
ception of the direct neighborhood of the leading edge. For this case the boundary condition 
(2) and therewith the terms for the velocity field (1) are no longer valid. Behind the foil, 
with the exception of the direct neighborhood of the trailing edge, the flow is tranquil again, 
for here the physical suppositions for rapid flow are missing due to the water presumed as 
being deep. For this range Eqs. (1) and (2) are valid again. 

The consequence of the rapid flow is that the water surface above the foil remains 
smooth, while for small distances between foil and water surface the water flows parallel to 
the upper side of the profile, whereby the well-known apparent camber reduction results.  That 
means above the foil there is, dependent on the Froude depth number, at relative low speeds 
already a state of flow which will occur behind the foil only at considerably higher speeds. 
Therefore for the range of the foil (-1 > x > +1) in Eqs. (1) the terms containing g/Uo2 may 
equal 0. The equations simplify to 

+1 
u ( x , z ) _  1 + 1 ~ ( z + h ' )  d~: 

u o ~ f(~) (x_~)~  + ( z + h * )  2 -1 

+1 
1 I ( z -  h')  de + ~ / (~)  (5a) 

-1 ( x -  ~:) 2 + ( z -  h ' )  2 

+1 
w(x,z) _ 1 I 

u o 27r 
-1 

( x -  ~) d~ 
( x - ~ )  2 + ( z + h ' )  2 

+I 
1 f (x-~) d~ 

- 2-~ [(~) (x- ~) 2 + ( z - h*) 2 (Sb) 
-I 

At the surface (z = 0) the additional velocity u 1 in Eqs. (5) disappears,  so that in the case 
of rapid flow at the upper side of the profile the boundary condition 
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u ( x , O ) _  1 
U 0 

(6) 

will be satisfied. 

By inserting the velocity components (5) into (4) the following integral equation for de- 
termining the pressure distribution f ( ~  results: 

+1 I - 2 7 r f ' ( x )  : ~ f (~)  _ _ 1  + (x-~)___ - 2 h * f ' ( x ) ]  
. ,  x - ~ ( ,~ - -~ i -~ ? -4-~ ~ j d e .  (7) 

The integral 

r ( ~ )  - -  
x -  

- 1  

is the known relation for the downwash of a thin profile in an infinite medium. The part of 
the relation (7) dependent on the depth of submergence h* represents the influence of the 
surface, which results in a diminution of the effective angle of incidence for the profile. 

For the solution of Eq. (7) the following function with unknown coefficients will be 
c h o s e n ;  

/ / 1  - ~: ~- 4 a t  v ~ -  ~2 + 4a2~x /1  _ ~2 [(~) = 2% 1 + (8) 

The coefficients a n will be found by complying with Eq. (7) for three points of the chord. 
For these points x = +c/4 and x = -+0 may be chosen. By means of the an, which are a func- 
tion of k*, the lift of the profile follows from the known relation 

c ,  ~ c , ( h ' )  = 2 ~ [ a 0 ( h ' )  + a l ( h ' ) ]  . (9) 

If the distance h* is considerable, i.e., if the profile is deeply submerged, it then follows 
from (7) that 

+ 1  

f - 2 ~ r f ' ( x )  = ~ ( ~ )  x -  ~ ' 
- 1  

(7a) 

that is, the Ackermann-Birnbaum integral equation for evaluating the pressure distribution of 
thin profiles in infinite flow. If the distance h* disappears, i.e., if the profile runs at the 
surface, it then follows from (7) that 

+ 1  

f d~: (7b) - 7 7 f ' ( x )  = f ( ~ )  x -  ~ " 
- I  

646551 O-- -62- - - -13  
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The lift then has only one-half the magnitude it has in great depth; that means in this case 
only the lift of the lower side is effective. 

Now a curved profile may be considered, for instance a circle segment profile with 
camber m and angle of incidence ctg¢o m of the chord. For this the contour of the chord is 
given by 

f ( x )  = fo x + f i x  2 .  (lO) 

Then 

f ' (x )  = fo + 2 f i x  (11) 

where f0 and f l  may be of small values: 

fO = -0~ Eeom 

f l  = -2m. 

For this case Eq. (1) can be written 

+1 

-1  x ~: ( - - x _ ~  2- + ~-~ d~ (12a) 

+I [ ( x_ #) _ 4h* f lx] 
-47r' f lx  = I f(#) 1 + (12b) 

Equation (12a) gives the lift of a flat plate, 

c , 0 ( h ' )  : + a ,0 (h ' ) ]  

and Eq. (12b) gives the additional lift produced by the camber, 

CLI(h') : 2 [ 0dh') + 

The total lift then amounts to 

CL(h* ) = CLo(h" ) + CL (h*) 

and is shown in Fig. 25 for a flat plate as well as for a circle segment profile. 

For the profile approaching the surface an apparent camber reduction at the upper side 
occurs whereby the lift of the profile, already reduced by the proximity of the surface, will 
be reduced further. In the actual case of a circle segment profile the lower side is flat; it is 
therefore equal to the lower side of a flat plate and delivers a lift taken as independent of 
the depth h*: 
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CL(h*)[/~s = CLo(°°) 4s = 277 ao0(O0~)2 

eL(h* ) 
= 1 . 

CL( CO ) 
4~ 

(13) 

The lift of the upper side can be wri t ten 

CL(h*)  u s  = C L ° ( h * ) ] u s  + C L l ( h * )  us 

aoo(OO ) + 
= 2zr aoo(h* ) 2 a l o ( h *  ) 

(14) 

CL(~* ) 
CL(~) 

aoo(OO ) 
1 %o(h*) + ~ (h*) 

0 ,5  %o(¢O) + a110o) 2 lo 
US 

where a (h*/2)  s t ands  the apparent  camber reduct ion.  The total  lift of the profile then 
amounts to 
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f /h*\ * ) : + + (15) 

(h.) 
CL(~* ) _ ao0(~*) + alO(h* ) -l-o ~ [a01(/'/*) -[- a11(~*)] 

CL(00) 800 (00) + a11(00 ) 

where 

%0(00) = ~  = - f o  

a11(00 ) = 2rn = -fl" 

In gq. (15) only the factor o(/t*/2) is unknown. It can be calculated theoretically, but then 
separate mathematical operations will be necessary.  By experiment this camber reduction 
hc tor  can be found easi ly from the reduction of the no-lift angle occurring in an approach to 
the surface 

h* _ % ( h )  _ m(f,)  
'~ --~ = ' ~ ( h )  - %(00) m(00) ' (16) 

where_independence of the shape of the profile can be supposed. Figure (26) shows the fac- 
tor a(h) as found by experiments. With the aid of this factor the lift reduction of the profile 
can he found as a function of the depth ~ from gq. (15) as shown in Fig. 27. 

Figure (28) shows the calculated lift of the upper side and of the lower side of the con- 
sidered profile dependent on the depth ~, as well as the corresponding values taken by meas- 
urement. The actual increase of lift of the lower side and the decrease of lift of the upper 
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Fig. 26. Apparent camber reduction of a circle segment profile 
as found experimentally 
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side, being higher than calculated, cannot be represented by these simple formulas. But 
since these influences compensate each other for the most part, the calculated total lift 
nearly equals the measured lift. For calculating the total lift, therefore, this method may he 
used as an approximation. 

INTRODUCTION OF THE MAIN PARAMETERS 

Laying out foils for hydrofoil boats needs not only information about the decrease of lift 
due to the free surface but also about the influence of the aspect ratio and eventually of the 
dihedral angle. The above-mentioned measurements proved that for supercritical fl0w above 
the foils the spanwise distribution of lift is only slightly dependent on the depth h. For su- 
percritical flow, therefore, it is possible to consider the influences of the surface and of the 
aspect ratio separately without being greatly mistaken. Moreover this gives the possibility 
of calculating the lift decrease of dihedral foils. 

The main parameters will be introduced now. The influence of the finite aspect ratio 
will be covered by the relation found by Weinig [9] by means of the cascade theory: 

~ L  = KA 27T. 
da (17) 

The factor K A is shown in Fig. 29. The aspect ratio of a dihedral foil has to be taken as 
the wetted aspect ratio, i.e., 

0,s 

0,z 

0,1 

i 

KA ®~  

Z 4 6 8 10 
A = 

Fig. 29. Dependence of the lift gradient and the increase  
of the lift gradient on the aspect  ratio 
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The parameter for the influence of the water surface K~ for parallel submerged foils equals 
the term 

CL (~) 
CL~ 

as shown in Fig.  30. For dihedral fo i l s  or. slanting flat foils of constant profile length, the 
tips of which run at the depths h i  and h 2 (h 2 > hi)  , a mean value valid for the whole foil can 
be found by integration of the term 

cL (~) 
CLm 

over the depth of submergence: 

1 
K~ - _ 

m h2 - hz  f 2 CL 

- Ccoo  
b 1 

- -  (h)dh. (18) 

o,1 

K~. c_,_ (~) 
%. 

1 2 3 

Fig. 30. Dependence of the decrease  of lift and the 
gradient of the lift decrease  on the depth ratio 
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In case the foil pierces the surface, hi  = 0 and the term shown in Fig. 31 is found to be 

1 ~s2 C L 
Kg = _--- j - -  ( h )  d,h.  (18') 

= h 2 0 CL~ 

One more parameter takes care of the difference between the geometrical angle of inci- 
dence (Xgeo m generally defined for a system moving with the foils and the geometrical angle 
of incidence (Z~eom actually existing in a system fixed relative to flow. It may be stated 
(see Fig. 18) 

geom COS 0 I 
-- - - - -  COS T s i n  ~geom + s i n  T ( c o s  /31tan Of K ~geom sin ~geom 

+ s i n  /3 c o s  (Xgeom) 1 (19) 

For a nonrolling and nonsideslipping dihedral foil with the dihedral angle O, 

K(X = COS O .  

Together with the known profile efficiency factor Kp the increase of lift for a hydrofoil 
becomes 

1,o I 
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0 

/ f 
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1,o 

j f  I r  
f I 

** ~ L~ 
I 

2,0 ,to ~,0 

OCgeo m = .I.3 e 

Fig. 31. Decrease of lift for a dihedral foil 
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dC L 
= 27 K A K-g Kct Kp . (20) da 

By means of this relation the results of wind-tunnel tes ts  or of theoretical calculations can 
be compared with the results of hydrofoil measurements. 

VERTICAL STABILITY OF HYDROFOILS 

For the sake of good driving properties a suitable vertical stabili ty of hydrofoils is very 
important. However, it should again not be too great since the foils then will respond to 
minor disturbances, for instance to small waves on a surface otherwise calm; that means 
such foils will run stiff. Therefore not too steep a dL/dh curve is desirable. 

For a nonrolling surface-piercing foil, the lowest point of which is at depth h2 with 
wetted aspect ratio A, the total change of lift 

dL Alblh2 
= ~ a 3L db  + ~ 

) L  dA + ~ g o, h2 
dr, 

(21) 

is dependent on the variations of aspect ratio, span, and depth of submergence. From the 
geometry of the foil it follows that 

dA = d~ : d/,  
s i n  0 

so that 

d d •  A l b l  3L h 2 

~L 1 + ~ 
1 + sin-----O A s i n  0 ~ ~ 0 

2 

From 

L = PUo2 bc CLa ° K~ Kp c o s  O K A K-~,. 

it follows that for each panel of the foil 

3L 

~-~ A = 

g 

1 3KA K~ m ~ PUo2bcCLooKotK P c o s  0 ~ A h2 

1 _ Khm ~ P u o 2 b C C L  KotK P c o s  0 1 KA 
b A -h2 

1 A 3K~., - "~ PUo2bCCL KcxK P c o s  0 K A ~ O,h2 

(22) 

(23a) 

(23b) 

(23c) 
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The quantity OKA/OA may be taken from Fig. 29. Furthermore 

3gg ~ 1 s2 1 

with K~'and K-~m being as given by Figs. 30 and 31. Herewith the heaving gradient becomes 

and 

dL ~_3KA 
Puo2bcCtooKc~K P cos O L- ~ -  

Kgm g~ K g ,  g~ 

s in------O + KA I 
A A.b s i n  0 

(24a) 

dC L 

d~ 
A l b l b  2 

3K A m 2 

CL KaKp c o s  O ]'~--A-- s i n  O 

L 
--+ KArA \b sin 8 

+ B g2 
(24b) 

with CLo o = 2,r sin (a + 2m). 

In the case of a submerged dihedral foil or a flat parallel submerged foil the change of 
lift due to changes of submergence will be remarkably less than for the surface-piercing 
dihedral foil, because the first two terms of Eq. (24b) disappear. For a flat foil running at 
depth h0 the depth-gradient becomes 

and 
I I 3g-g 

dL = PUo2 b c CL~ Kp K A - -  (K~, = 
~'.4~b~h o A ~h I~o 

dC L 3K-~ 

A 1 I 

d-'--~ = Ct'~ Kp K A - -  
s , h  o A ~h I-~ o 

1) (25a) 

(25b) 

It can be seen here that for the range of a small depth of submergence (h0 < 1) a vertical 
stabilization of a flat foil is quite possible as confirmed by experiments made in the Berlin 
Towing Tank with such a foil in a seaway. The submerged dihedral foil proved to be much 
more unfavorable since only those parts running near the surface are strongly_!nfluenced 
by the surface effect. In this case with the lowest point of the foil at depth h 2 and the 
highest point at depth hl ,  
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Thus 

dL A~ : : pUO2b c C L K  a Kp c o s  ~ K A 
dh b~h~,h 2 

3 K g  g 1 : = ~  / ~  1 
3h ,~2 3h ~ .2 

This gives 

3 K g  

a ~ g ,  ,g2 

= -K,I  ,. 
hi b s i n  ~ h2 

dCL 
: : CL~K~ Kp COS O K a 

dh 
i b l h l , h  2 A 

K g [ ~ 2 -  Kg gx 

sin 0 

(26a) 

(26b) 

An improvement for the submerged dihedral foil will be possible by arranging horizontal 
auxiliary foils at the upper ends as near as possible to the surface such that they are within 
the range of substantial aK-/a-£ (Fig. 30). 

h 

ROLLING STABILITY 

A surface-piercing nonrolling dihedral foil with the dihedral angle 0,  constant profile 
length, and wetted aspect ratio A may be examined now. For an inclination d/3 a differen- 
tial stabilizing moment relative to the lowest point is produced according to 

3M x 3M x 3M x dM : dA + db + x 
A l b l h  2 ~ A Og b Oh O , h  2 

dr,. 
(27) 

The differentials dA, db, and dhcan be obtained from the geometry of the foil: 

db = ¥ dfl 1 - dA 
tan 0 

dh : + d]3g~ cos 0 

with the dimensionless distance from the lowest point ~ = T1/b. For evaluating c)M,,/aA, 
aM,,/~, and aMx/Oh the spanwise lift distribution will be given by the term f~ ,h )  = [('~)[(-h), 
where with sufficient accuracy an elliptical law may be chosen for the function f(~): 

4 v / ~ _  ~2 
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The function f ~ )  takes care of the depth of submergence, i.e., 

f(~) cL 
-- K -  

CL¢ ° - h 

where 

= h2(1 - ~) 

: h2 - ~ ~ s i n  O.  

Herewith the moment M x may be written as 

/ ] ix  _- /OUo 2 b c2CLooKo~Kp~KA 4__ fo 1 '~x]~" - ~2 Kg 77 (28) 

The derivatives of the moments relative to the single parameters are 

"dMx 1 bC2CLe°K~Kpg -~-[A 4 2 p %2 _ ~ v i i_  ~2 K-~ 
- '~  " A l b l h 2  = --  77- ~7 

(29a) 

? 
A KA A I0 K-~ 

~M 1 8 ~ ~1 - ~2 d~ ~ b  = ~ p u°2 b c 2 CL = Ke,. Kp 77 
l b l h 2  

(29b) 

3h = ~ pu°2b'C2CLc~KaKpb KA --TT ~ X / 1 - ~ 2  d ~ .  
l b l h 2  A 

(29c) 

Herewith the total change of moment relative to the lowest point of the dihedral becomes 

~M F~KA F 1 
x = - PUo2bC2CL K ~KP cos  0 ~2 4 [  .~.~_[~.. 

A sin d~ Atsth2 

and 

dC~xd/3 .,tl~t~2 = 

+ KA A F9 s i n  0 + F 

-CL~K~xK P cos  "l} 192 4 r3K,4 F1 KA ;r [ s:,,, + 
2F 1 

bsin~ 

(30a) 

+ F2) 1 (30b) 
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with 

1 

F, : I ~ 1 - ~ 2  K~ ~ d~ 

1 
F2 : IO ~2v/r~_ ~2 ~K~ -~- ds. 

Together with the stabilizing moment a lateral force is effective, the magnitude of which is 

3P 3P r 3P r . 
dP = r dA + d b +  dh (31) 

The general term for the lateral force is given by 

rYlA, ,h2 = ~ U02 b'C CL~ K s Kp s i n  0 K A 4 oI A -~ ~1-  ~2 K-~ _ d~. (32) 

With the differentials 

?, 
dA = -7- d/3 tan 0 - 

and 

1 
3KA 4 I ~2 3Py 1Pu02 bc K s Kp s in  0 -- ~ 1 -  K~ d~ (33a) = ~ CL~ - - ~ ' A  ~ _ 

~A Alblh2 

I I o  ' 
4 v / l_  ~2 d~ (33b) ~Py 1 Pu02 bc Kc~ Kp s in  fi 1 KA 71 

l b l h 2  

A KA A f'o t 

3Py 1 4 3K~ 
~ = ~-Puo2bc CL~ oKc~KP s in  0 ~- ~ ~ d~, (33c) 

lb lh2  

the resulting change of lateral force is found to be 
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d3 A1b,h 2 

and 

dCPr I 
d~ A,s~s2 

with 

PUo2bC CL K K v cos 0 g 

+ __~4 s in  0 F3) 1 

~KA 

= CL KaK e cos O g 

+ 7r4--- s i n  O F3> 1 

~3KA 
+ K A 

1 I Jo 3K~ 

(34a) 

(34b) 

Using the terms dCMx/d ~ and dCpy/dfl the position of the initial lateral metacenter above 
lowest point can be found [7]: 

z o = -C 
dCM x ldc m 0 

CL+ dy 

d/3 
(35) 

Analogously, stabilizing moment and lateral force for any inclination fl can be found. The 
different values K A and dKA/dA have to be taken [7] considering the wetted breadth for 
both panels relative to the profile length. In addition to that a dependence on/3 appears, 
i.e., for the moment there has to be written: 

~M x ~M× ~g x dM - ~Mx d4 + dg + d~+ d~. 
~A ~g ~ ~ 

For the case of the submerged dihedral foil as well as of a submerged flat foil all the terms 
taking care of the change of the aspect ratio and of the breadth will disappear. The rolling 
stability of submerged foils therefore is principally less than that of dihedral foils piercing 
the surface. 

As in the case of vertical stabilization, a lateral stabilization might be possible for 
submerged foils as well if the depth of submergence is low or if horizontal stabilizing plates 
are arranged near the free surface. 
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For a submerged dihedral foil the lowest point of which is running at the depth h2 with 
the upper ends at the depth h i  the gradient of the rolling moment in the upright position be- 
comes 

 241f 1 = -CLKcxK p c o s  0 __ KA ~2 ~ ctK-~ d~ (36) 
d ~  A l S l h l , h  2 7: A .  

and the gradient of the lateral force becomes 

dCp 
Y 

A l b l h l , h  2 

: CLooKc~K Pcos 0 sinOb4 KA 
77" 

1 

(37) 

with 

For a parallel submerged foil running at the depth h0, 

dCMx A1 ~2 4 KA A 
d/3 g l ~  0 = -CLc°KP -~ 

1KA A : _CL Kp ~2 

and 

dK -g 1 

 hofo 
(38)  

O~p A r = 0 (dA = d/~ = 0 ) .  (39) 
d/~ l b l b  0 

The lateral stabilization due to sideslipping will not be developed here since this can be 
done in a manner corresponding to the treatment of the vertical and of the rolling stabili ty.  

NOMENCLATURE 

b 

bproj = b cos 0 

c 

= b/e 

semispan of the hydrofoil 

chord length 
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h 

h '  

-h = h / c  

It* = h / ( c / 2 )  

A = 2 b / c  

S = 2bc 

u 0 

u 1 

w 1 

F h = Uo/~gh  

(~geom 

(~0 

m 

C L = L /puo2bc  

CO 

Cp 

CM x = Mx/puo2bc ~ 

O 

Y 

e = C o / C  L 

depth of submergence of the foil 

minimum local water depth above the foil 

aspect ratio 

area of the hydrofoil 

running speed 

induced velocity in the direction of the undisturbed flow 

induced velocity perpendicular to the direction of the undisturbed flow 

Froude depth number 

geometrical angle of attack of the chord 

no-lift angle 

camber 

lift coefficient 

drag-coefficient 

transverse-force coefficient 

rolling-moment coefficient 

dihedral angle 

rolling angle 

sideslip angle 

drag-lift ratio 
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DISCUSSION 

P. Kaplan (Technical Research Group, Inc., Syosset, New York) 

I noticed, or it appeared to me, that the influence of roll was only static. I wonder if 
you have considered or done any work, not reported here, as to the effect of the roll damp- 
ing, that is, what happens when the foil is performing not just a static roll, deflection, but 
is actually performing a roll angular motion? This is important since it is the roll damping 
that determines the major behavior of the roll motion. According to the results of the free 
motion studies, there was quite different behavior of the system as compared to an aircraft, 
so I wonder just what influence a dihedral will have on the roll damping and if any consid- 
eration was given to this problem. 

S. Schuster 

Our results given here of the tests and formulas are valid only for the steady state. 
Even the test for finding the point of breaking down of the lift shows only the beginning of 
the motion. Damping forces and moments can only be found during the motion itself. We are 
beginning the investigation for the unsteady problems, especially for hydrofoils in waves, 
but at present we are not able to give you an answer to these special questions. I think that 
damping is higher for rolling than for yawing, but for the whole system of two or more hydro- 
foils, we have to consider sideslip motion too. Perhaps there will be something to report 
after finishing our investigations on oscillations of a propeller in the axial direction and in 
the rotational direction. 
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