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CHAPTER 1 

CAVITATION INCEPTION ON FOILS, 
STRUTS AND PODS 

BY 

Johan C. Vermeulen 

and 

Roderick A. Barr 
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NOTATION 

a 

b 

C 

-e- 

Act 

cL 

I I cL h c 
C 

C 
P 

C 
p min 

[ 1 "4, h 
C,A 

[ 1 "u h 
c, A 

NACA mean line designation . 

Foil span 

Foil chord 

Mean chord of foil 

Two-dimensional lift coefficient 

Two-dimensional design lift coefficient 

= c 
% 

- c 
%l 

Three-dimensional lift coefficient of foil 

Three-dimensional lift coefficient of foil 
based on mean chord (from Reference 1.11) 

Pressure coefficient defined in Equation 1.1 

Minimum pressure coefficient 

Two-dimensional lift coefficient on the lower 
incipient cavitation boundary 

Two-dimensional lift coefficient on the upper 
incipient cavitation boundary 

Ratio of local to three-dimensional lift coeffi- 
clent for a swept foil at infinite depth 

- 
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[ 1 cLL h 
-9 A 
C 

c I cLa h 
-9 A 
C 

[ 1 AcL 
hfi 

d 

D 

Ratio of local to three-dimensional lift 
coefficient for an unswept foil at inffnite 
depth . 

Ratio of local to three-dimensional lift 
coefficient for a swept foil at depth h 

Maximum ratio of local to three-dimensional 
lift coefficient for a swept foil at depth h 

Allowable three-dimensional lift coefficient 
on the lower incipient cavitation boundary 

Allowable three-dimensional lift coefficient 
on the upper incipient eavitation boundary 

Three-dimensional lift curve slope 

Ratio of the three-dimensional lift curve 
slope at finite depth to that at.infinite 
depth 

1 ' h/F,h 

Maximum diameter of pod or body 

= 7rX(l - cos A) 

Q 

3 

Acceleration of gravity 

- 
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h 

Kh 

t 

(t/d le 

M/d Iv 

m Ratio of pod length to foil root chord 

P 

1 
'a 

'h 

P min 

pv 

Re 

S 

t 

t 
c 

U 

U 

v 

Depth of submergence 

Parameter defined in Equation 1.16 
. 

Length of pod or body 

Slenderness ratio of pod or body 

Effective slenderness ratio for ellipsoids 

Effective slenderness ratio including viscous 
effects 

Ratio of strut chord at pod to foil root chord 

Atmospheric pressure 

Free stream pressure due to submergence 

Minimum pressure on foil 

Vapor pressure of fluid 

VL Reynolds number based on length - v 

Low-speed pressure coefficient defined in 
Reference 1.1 

Foil thickness 

Foil thickness-chord ratio 

Local velocity on foil 

Local velocity ratio on foil 
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% ody 

%OW 

v 

+ 

hV 

v  

% 
v 

v 

vc 

x 

Y 

Y 
C 

z 
d 

yc 

Yt 

Perturbation velocity on the surface of a body 

Perturbation velocity away from-the body sur- 
face 

Local velocity due to thickness 

Local velocity ratio due to thickness 

Local velocity ratio due to camber 

Local velocity ratio due to angle of attack 

Free stream velocity 

Incipient cavitation speed defined in 
Equation 1.11 

Cavitation factor for incipient cavitation 
number 

Distance along major axis of body measured 
from nose 

Distance from body surface measured normal 
to surface 

Distance from foil surface in foil chords 

Distance from body surface in body diameters 

Ordinate of logarithmic camber line 

Ordinate of symmetrical sections 

a 

3- 

Angle of attack 
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I*5 

ACX 

6 

6* 

rl 

'Icrit 

x Taper ratio ( = tip chord/root chord) 

Oin 

Ois 
Wh 

c 

kJ 

( I 5 
s foil 

Allowable angle of attack range 

Boundary layer thickness 
. 

Boundary layer displacement thickness 

'Nondimensional span station measured from 
the plane of symmetry (= 2y/'b) 

Nondimensional span station for maximum 

Fluid density 

Cavitation number 

Incipient cavitation number 

Incipient cavitation number on the incipient 
cavitation boundary 

Incipient cavitation number of nth component 

Incipient cavitation number of the strut 

Incipient cavitation number at finite depth 

Incipient cavitation number at infinite depth 

Incipient cavitation number for a swept foil 

Incipient cavitation number at the foil due to 
the strut 
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1 I % 
f strut 

5 
body 

% 
flow 

h 

1.6 

Incipient cavitation number at the strut 
due to the foil 

Incipient cavitation number on f;he body surface 

Incipient cavitation number due to a body 
at a point away from the body surface 

Ratio of incipient cavitation number in the 
flow and on the foil due to uniform camber 

Ratio of incipient cavitation number in the 
flow and on the foil due to foil thickness 

Sweep angle of the quarter-chord line - 

- 

7 
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THE INCIPIENT CAVITATION NUMBER 

The selection of subcavitating hydrofoil sections follows 

very closely that of airfoils with good comp?essibility charac- 

teristics. There are, however, a few characteristics peculiar 

to the hydrofoil which make separate consideration necessary. 

From the Bernoulli equation for potential flow, written for 

a free-stream point at the same depth as a submerged hydrofoil 

and at any point on the hydrofoil, we obtain for the pressure co- 

efficient on the hydrofoil: 

P - (Pa + P,> a 

cP = va = 
l- Cl.11 

where 

P is the local pressure on the hydrofoil, 

'a is the atmospheric pressure (- 2120 psf), 

'h = pgh is the free stream pressure due to 

submergence (- 64h psf, h = submergence in feet), 

P is the fluid density, 

V is the free-stream velocity, 

and 

U Av Ava 
-= 
V 

f* y*y> is the local velocity ratio on the 

hydrofoil surface (upper signs refer to points on the cross sec- 

tion upper contour, lower signs refer to points on the section 

lower contour), which is considered to be composed of three 
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separate and independent components as follows (Reference 1.1): 

(1) The velocity ratio, + , due to the thickness of the 

basic symmetrical section at zero angle of attack: 

(2) The change in velocity ratio, $, due to the shape of 

the camber line at its ideal angle of attack. 

(3) The change in velocity ratio, LIva - , associated with the v 
angle of attack. 

As the free-stream velocity V increases, the pressure in the 

fluid in the vicinity of the hydrofoil falls and the smallest 

pressure -that can occur in the fluid is the vapor pressure of 

the fluid provided gas nuclei of sufficient size are present. 

When the fluid boils, cavities filled with vapor occur and so- 

called "cavitation" sets in. Thus when the minimum pressure in 

the flow field is decreased to the vapor pressure, cavitation 

begins. If the velocity is increased beyond this inception 

point (or the ambient pressure decreased) increasing areas of 

the flow will be brought to the vapor pressure and the cavita- 

tion zone will increase in size, In some cases, this cavita- 

tion zone consists of individual expanding cavities, in others, 

the zone may be largely a single vapor filled pocket whose 

length depends on the degree to which the ambient pressure has 

been reduced below the inceptfon value. 

The state of cavitation is characterized by the "cavitation 

number" 

Pa + Ph - P, 
d = 

3P 
t1.21 

- 
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where p 
V 

is the vapor pressure of the fluid (- 37 psf at 6O'F). 

Cavitation on a hydrofoil will occur at any point on the surface 

of the hydrofoil where the local pressure drBps to the value of 

the vapor pressure of the fluid. The cavitation number at which 

cavitation first begins on a hydrofoil section is known as the 

"incipient cavitation number". This value is arrived at theo- 

retically by assuming that cavitation begins at the point of 

minimum pressure on the hydrofoil surface. Hence, if in Equa- 

tion cl.11 p = pmin = p, then C = C 
' 'min 

and Equation cl.21 

gives for the incipient cavitation number: 

(5 = - 
i C 

P min. [ 

x*!+>]a -1 
= v max. 

Cl.31 

Experiments on hydrofoil profiles show three typical forms 

of cavitation (see Figure 1.1): 

(1) Cavitation on the upper contour which starts from the 

leading edge (between points A and B of Figure 1.1) p this 

occurs if the front stagnation point lies on the lower contour, 

so that the flow accelerates around the nose from the lower con- 

tour and the minimum pressure lies very far forward. 

(2) Cavitation which starts approximately from the point of 

maximum thickness (between points B and C of Figure 1.1) when 

the hydrofoil profile is at or near the ideal angle of incidence 

or when the front stagnation point lies near the hydrofoil nose. 

/O 
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(3) Cavitation on the lower contour which starts from the 

leading edge (between the points C and D of Figure 1.1) - this 
occurs if the front stagnation point lies on the upper contour, 

. 
so that the flow accelerates around the nose from the upper con- 

tour. 

In Figure 1.2, the negative of the computed pressure coeffi- 

cient for various locations along the chord of an NACA 4412 pro- 

file is plotted versus lift coefficient. The envelope of this fam- 

ily of curves, the dividing boundary between cavitating and non- 

~cavitating regions, is the theoretical curve of incipient cavita- 

tion number. 

COMPARISON BETWEEN EXPERIMENT AND THEORY 

The results of Kermeen's cavitation tests (References 1.2 and 

1.3) on the NACA 4412 and 661- 012 sections and Numachi's tests 

(Reference 1.4) on Clark Y sections of several thickness-chord 

ratios together with results predicted by the above theory are pre- 

sented in Figures 1.3 - 1.8. These figures indicate rather poor 

correlation between theory and experiment. In the following we 

will discuss the most important factor which could-possibly give 

rise to this difference. 

The differences between theory and experiment in Figures 1.3 - 

1.8 for incipient leading edge cavitation on the upper contour 

could for a significant part be due to the laminar ".separation 

bubble"(References 1.5 and 1.6). For hydrofoils having a large 

change of curvature at or near the leading edge, a high suction 

pressure peak forms over the nose at a relatively low angle of 
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attack. A bubble transition region moving forward to the leading 

edge, appears to reduce (fair off) the change in curvature, hav- 

ing sufficient effect on the flow to reduce this suction peak 

greatly. There is therefore a considerable reduction in incipi- 

ent cavitation number for the same incidence. The difference be- 

tween observed and predicted values of incipient leading edge cavi- 

tation on the lower contour of the NACA 4412 section at negative 

angles of incidence can be explained in a similar way. For the 

Clark Y sections, tested by Numachi et al., however, we have to 

keep in mind that the Clark Y sections are flat over most of the 

bottom surface with a small change of curvature at the nose. A 

bubble transition region moving forward over these section's lower 

contour at negative angles of incidence, appears to increase the 

curvature, having sufficient effect on the flow to increase the 

peak pressure. Hence there is an increase in incipient cavitation 

number in this case. 

From the preceding it is clear that the "change in curvature" 

near the leading edge is an important factor. Small differences 

in the nose contour could easily account for large differences be- 

tween the observed and predicted values of incipient cavitation 

number. Insufficient knowledge of the fundamental mechanics of the 

"separati;on bubble", however, prevents any conclusive confirmation 

at this time. 

FOILS WITH LOW INCIPIENT CAVITATION NUMBER AT THE DESIGN POINT 

Despite the simplifying assumptions made in the prediction of 

the incipient cavitation number as expressed by Equations cl.31 

and the rather poor correlation it gives with experimental results, 
- 

/2- 
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this expression can serve as a useful tool in compartng the ef- 

fect of angle of attack on the incipient cavitation number for 

different hydrofoil sections of "similar" shape. . 

For preliminary and quick comparisons between different hy- 

drofoils one can employ the critical Mach Number curves presented 

in Reference 1.1. Although there is no physical relationship be- 

tween Mach Number effects in air and the low subsonic flow about 

hydrofoils, the existing critical Mach Number curves may be used 

to predict cavitation inception speeds because both are directly 

related to the minimum pressure coefficient. For comparison with 

the theory expressed by Equation El.31 we have calculated various 

values of incipient cavitation number for the NACA 4412 airfoil 

by employing the critical Mach Number curves of Reference 1.1. 

These values are plotted in Figure 1.3. For a section lift coef- 

ficient c4 = 0 we find for example, from the curve given on page 

116 of Reference 1.1 that the critical Mach Number for the NACA 

4412 airfoil is equal to 0.475, which value gives us the low- 

speed pressure coefficient S = 2.85 from the curve given on page 

114 of Reference 1.1. Since this S is defined in Reference 1.1 

by the expression: 

we find for the incipient cavitation number 0 i ate =0, 44 

oi=s-1 = 2.85 - 1 = 1.85. 
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The problem of selecting a hydrofoil with high incipient cav- 

itation number is,according to Equation E1.31, reduced to find- 

ing a hydrofoil section with a minimum peak,value of (u/'V)~. To 

the first order, the velocity increment distributions on symmet- 

rical sections of 'similar" shape are proportional to the thick- 

ness, and likewise the velocity increment distributions on camber 

lines of 'similar" shape are proportional to the camber. (This 
follows from the additive property of thin sections of small cam- 

ber). As a first measure, therefore, a low peak velocity can be 

obtained by selecting for small thickness and low camber. Having 
decided on the maximum thickness and camber, it is possible that 

the peak velocity increment can be further reduced by refinements 

in section shape. The problem for hydrofoils operating at zero 

angle of attack can be rephrased as follows: What symmetrical sec- 

tion has the lowest possible peak velocity increment for a given 

maximum thickness, and what camber-line at zero angle of attack has 

the lowest possible peak velocity increment for a given design 

lift coefficient? The answer to this problem has already been 

found in connection with the design of airfoils havinggood compressi- 

bility characteristics, namely: 

Symmetrical Section: The elliptic symmetrical section, having the 

equation 

Cl.41 

where (t/c) is the thickness-chord ratio. This section at zero 
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incidence, has, to the first order, a constant velocity ratio over 

both surfaces given by 

. 

V -=1+: 
v t 1.51 

except at the leading and trailing edges, which are stagnation 

points. 

Camber-Line: The logarithmic camber-line (NACA a F 1.0 mean line), 

having equation 

% 
Y, = - q+ (l-x) 43-b (l-x) + x 44n x 

[ 1 C1.61 

where c 
5 

is the design lift coefficient. This mean line has,to 

the first order, a constant velocity increment on the upper surface 

given by 

hv 1 -z-c 
V 4 &I 

Cl.71 

and an equal velocity decrement on the lower surface except at the 

leading and trailing edges, which are again stagnation points. The 

ideal angle of incidence is zero degrees. 

/5- 
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For the above symmetrical section and camber-line the velocity 

increments are constant along the chord. Such distributions are 

called "flat-topped" and clearly there is no.peak at the ideal 

angle of attack. 

The equation of a hydrofoil section of maximum thickness- 

chord ratio t/c and design lift coefficient c 
5' 

having theoret- 

ically the highest possible incipient cavitation number at zero 

angle of attack,is therefore: 

y= (L-~) an (L-~) + x 0-h x 
‘3 

f z d=j El.81 

The velocity distribution for this section is given to first order 

as: 

U -=l+ 
v 

:* Lc 
4 &i 

t 1.91 

and the incipient cavitation number of this section at zero angle 

of attack is: 

[ 
4, 1 1 2 C’ 

Oi = IL + c 4 ‘&I - lw 2(5) -I- $Cd 
i 

Cl.101 
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The theoretical optimum section, developed above, can be 

regarded as optimum in the sense that it places a limit on the 

design of sections having the best incipient cavif;ation charac- 

teristics. 

There are objections to the practical use of the theoretically 

optimum section as a hydrofoil section. In the first place a 

hydrofoil section which is optimum at zero angle of attack is not 

necessarily optimum at large or even moderate departures from this 

condition. The nose radius should be such that the "qhange in 

curvature' near the leading edge for the operating angle of attack 

range has a minimum adverse effect on the flow. Another impor- 

tant consideration is that a sharper trailing edge is desirable 

to avoid prohibitive regions of separation at the rear. Finally 

the NACA a = 1.0 camber-line is not always desirable because of 

its steep adverse pressure gradient in the trailing region and 

thus its increased tendency to trailing edge stall. 

For practical applications, the NACA 16- and 6-series air- 

foils combined with an NACA a-type mean line (Reference l.l), not 

only have better physical characteristics (relatively sharper 

leading and trailing edges), but also close to optimum cavitation 

numbers at design angle of attack. The following table presents 

a comparison of the incipient cavitation number at design angle 

of attack for various NACA 16- and 6-series airfoils with the 

optimum section (elliptic section; a = 1) developed above. 

/7 
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. 

TABLE 1 

Incipient Cavitation Number at Design Angle of Attack 

Elliptic section 

NACA 16-series 

NACA 66-series 

NACA 65-series 

NACA 64-series 

NACA 63-series 

CA 
ai = 2.00(3+ $ 

c4 
ai = 2.28[;]+ i$ 

% 

ai = 2.42(:]+ & 

+ NACA-a mean line 
% 

ai = 2.58(;)+ 2 

% 
ai = 2.65[$)+ 5 

c4 
ai = 2.67[3+ & 



RYDRONAUTICS, Incorporated 

1.18 

SELECTION OF OPTIMUM FOILS 

Although the foil with 16 series thickness distribution and 

a = 1.0 mean line would appear to be the optimum from Table 1.1,. 

this is not always the case. As the lift coefficient of a foil 

(and thus the angle of attack) changes from the design value, the 

incipient cavitation number changes as shown in Figures 1.9-1.11. 

For small changes in lift coefficient this change is negligible, 

but as the change in lift coefficient increases beyond a certain 

value the change in incipient cavitation number becomes very pro- 

nounced. The allowable range of lift coefficient in which little 

change occurs in the incipient cavitation number is highly depen- 

dent on the thickness-chord ratio (t/c). The net result of such 

effects is that the selection of the optimum foil, from a cavita- 

tion inception standpoint, must take into account the range of 

expected lift coefficients (angles of attack), the section type, 

the thickness ratio (t/c), the camber type and the design lift 

coefficient. 

The NACA 16- and 6-series airfoils, presented in Reference 

(l.l), have a thickness distribution that gives unusually low in- 

cipient cavitation numbers over a relatively wide range of inci- 

dence angles. In Figure 1.9 the incipient cavitation diagrams of 

the NACA 16-(1.5)06 and NACA 63-(1.5)06 (t/c = 0.06, c4 = 0.15) 
i 

are presented. This figure shows that the NACA 16-(1.5)06 is 

superior to the NACA 63-(1.5)06 for CJ 
i = 0.3 - 1.4, while the 

NACA 63-(1.5)06 is superior for ai > 1.4. In Figure 1.10 the 

same hydrofoils are presented with different camber (c4 = 0.375), 
i 

- 
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while Figure 1.11 presents the incipient cavitation diagrams of 

the above hydrofoils for a thickness-chord ratio of 0.12. Figure 

1.11 shows that the NACA 16-(1.5)12 is superior to the NACA 

631 -(1.5)12 over the whole range of incipient cavitation numbers. 

Figures 1.9-1.11 also show the effect of different camber lines 

(NACA a = 1.0 and 67 mean lines). In Figures 1.9 and 1.10 it is 

seen that the 67 mean line improves the leading edge cavitation 

characteristics of the 16 series section over the upper contour 

for ai > 0.9, while for CT i < 0.9 the improvement over the upper 

contour is at the expense of earlier leading edge cavitation over 

the lower contour. Figure 1.11 shows that in some cases the 67 

mean line improves the leading edge cavitation characteristics 

over the upper contour at the expense of leading edge cavitation 

over the lower contour for the whole range of 0.. 
1 

It is apparent from the foregoing that decreasing the thick- 

ness and the design c ~ both have the effect of decreasing the 

value of the incipient cavitation number (increasing the cavita- 

tion speed) in the vicinity of the design ct. Also increasing 

the thickness, while increasing the value of the incipient cavita- 

tion number, also increases the value of AC l i.e., the range of 4' 

% 
allowable at a particular value of incipient cavitation number 

before cavitation will occur. The value of the incipient cavita- 

tion speed, for the case of zero sweep, is from Equation Ll.21 

2(~, + pgh - P,) 
3 

vc = 1 for A = 0 
p "i.c 

Cl.111 

- 

20 
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where CT 
iC 

is the value of 0 i on the cavitation boundary curve for 

a given value of c 
4' 

If sweep is introduced in such a way that 

all conditions on the cross section normal to the-l/4 chord line 

(section, camber, t/c, angle of attack) are held fixed,then the 

lift coefficient and the inception cavitation number are both 

decreased by cos2A since 

ct = 
L/S COSTI = c COS2 A 

$p(P COsaA) 5 = 0 

where 

c4 
is based on the component of speed normal to 

A=0 the l/4 chord line; i.e., V cos A, 

A is the sweep angle of the l/4 chord line 

Therefore 

% 

'& A=0 = cos=A 

By the same argument 

(3 

Oi A=0 = co#A 

Also the cavitation speed under these conditions increases by a 

factor of l/cosA: 

- 

2/ 
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Cl.121 

The scales on Figures 1.2-1,ll have accordingly been labeled 

cd/cos2 A and ai/co8 A. 

The prediction of cavitation inception on a hydrofoil surface 

depends on the accuracy of the prediction of the pressures over 

the hydrofoil. For a completely submerged, zero dihedral, un- 

twisted wing of constant taper and sweep (see Figure 1.12), the 

chordwise pressure distribution in the "kinked region" (a region 

of about one chord total width at midspan) is appreciably differ- 

ent from the chordwise pressure distribution in the "sheared 

region". Figure 1.13, replotted from Figure VIII of Reference 

(1.7)+,illustrates this. The sheared region pressure distribution 

is essentially what would be expected from two-dimensional theory 

with a center of pressure at approximately the quarter chord, 

while the chordwise center of pressure in the-kinked region is 

appreciably further aft and the peak pressure reduction appreci- 

ably less. 

because of the difference of the chordwise pressure distri- 

butions in the kinked and sheared regions, both regions have to 

be investigated separately for cavitation inception, especially 

if a pod and/or strut are located near or at the kink. 

In this section, however, we will restrict ourselves to 

a discussion of cavitation inception in the sheared region, at a 

22 
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large distance from pods or struts, leaving the discussion of 

cavitation inception at the foil:strut-pod intersection to the 

next section. . 

Cavitation inception in the sheared region first occurs at 

that spanwise station where (cc/CL) is maximum. The spanwise 

lift distribution on a hydrofoil surface at infinite depth is, 

according to References (1.8) and (l.g), approximately equal to: 

(%)a,A = (%L,A = ; ++I=$ (1 - cos A) lx.131 

where 

A = angle of sweep of the quarter-chord-line, 

r\ = S/b = nondimensional span station measured 
from the plane of symmetry, 

b = wing span 

X = tip chord/root chord = taper ratio 

t1.141 

23 
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In Reference (1.8) it is shown that the 
(VCL) distribu- 

",A = 0 

tion as expressed by Equation cl.141 gives good agreement with 

expertment for all practical purposes, while in Reference (1.9) 

four comparisons of the 
Wed QD I\ 

distribution (Equation [1"13]) 
9 

with other theories as well as experiment are given. The agree- 

ment for the four cases considered shown in the table below, was 

good. 

Aspect Ratio Sweep(Deg.) Taper Ratio rl crit. 

2.00 56.3 0.00 1.00 

3.45 46.4 0.42 0.73 
4.66 31.0 0.44 0.70 

10.00 35.0 0.33 0.79 

It was, however, noted in Reference (1.9) that since complete 

calculations at many aspect ratios and taper ratios are not avail- 

able, Equation cl.131 must be used with caution. A more exact 

method for determining the spanwise lift distribution is pre- 

sented in Reference (1.10). However this requires considerably 

more computation. 

The value of 
lc~~cLlm,* 

is a maximum for a 
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rl = qcrit = Cl.151 . 1 
I. - A + fl : D2j;+-:).]’ 
+ Da 

where D = nX(1 - cos A). 

Substituting the values of X and A of the above four cases into 

Equation cl.151 gives the computed values of qcrit listed in the . 
above table. 

The spanwise lift distribution may be corrected for depth by 

the following approximation: 

(%), h = $$,, 
-9 c 

wh'ere 

n 

dS 

t1.161 - 

= ratio of lift-curve slope at finite depth- 
chord ratio h to that at infinite depth 

c 
(based on loEa1 value of h/c). 

23’ 
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C = local chord, 

-f$ = mean chord, 
. 

lift coefficient of entire wing based on mean 

= chord [from Reference (l.ll)), 
c 

and 

lc”/cd,J * is given by Equation cl.131 

Computations of CL 

are given in Figur: 

for various sweep and taper ratios 

Table II of Reference (1.11). 

For tapered wings the local depth to chord ratio, h/c, for 

fixed h varies along the span. The simplest way to find the maxi- 

mum (or the spanwise location where cavitation first 

occurs) in this case is to calculate the local at 
h/c,A 

say 10 equally spaced statirans and obtain the maximum 

from a plot of versus 77. For an untapered wing 
h/U 

x =l, and the maximum can be obtained from Equa- 

tions Cl.131, Cl.151 and C1.161, i.e., 
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and 

[ 

n2(1 -  co9 A)” 3 l 

rl crit. = 1 + 7?(1 - cos A)" 1 C1.183 

If C& [ 1 and are the two-dimensional lift 
u h/c,h 

coefficients on the upper and lower incipient cavitation boundar- 

ies respectively at a given velocity or equivalent incipient cavi- 

tation number, as expressed by Equations El.21 and [l.lll, the 

allowable three-dimensional lift coefficients [ 1 cL and 
u h/'c,A 

[ 1 cL are defined by: 
4 h/&A 

Cl.193 

[CLL]h/c,A ' ["~h/~,A/[(?)h/c,A] max. 

The principal effect of dihedral on the local c& can be 

approximated by the same type of correction factor used to account 

for the spanwise variation in local depth-chord ratio given above 
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- 

for tapered wings. This method is rather approximate but a more 

exact determination involves considerably more difficult computa- 

tions and has been carried out for only some'simple configurations 

(see Figure 5a of Reference (1.11)). The allowable angle of 

attack range Aa for the sheared region far from the influence of 

pods and struts corresponding to 
pcL]h/a = [cLu - cL&]h,&A is 

defined by: 

Cl.201 

where C [ 1 = 
La h/c,A 

f [depth, aspect ratio, sweep and dihedral] is 

the lift curve slope of the hydrofoil defined by Equations 47-49 

of Reference (1.11). 

One of the advantages of sweep is in the increased range of 

Aa that usually results. If on introducing syeep,the span, area, 

thickness-chord ratio,and aspect ratio are held constant,then the 

design camber and design angle of attack, if any, measured on a 

section normal to the l/Q-chord line,can be increased by the factor 

l/co? A,in order to develop the same design lift coefficient as 

without sweep. Also, since the span of the wing in the direction 

of the l/h-chord line increases by l/cos h,the bending moment also 

increases approximately by this factor. Furthermore,since the 

chord and thickness measured on a section normal to the l/h-chord 

line each decreased by the factor cos h,the section modulus 
- 
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decreased by the factor (cos A)" and hence the stress for the- 

same C L increased by about l/(cosA)*. This stress can be brought 

back down to its approximate original value by inereasing the sec- 

tion thickness by l/(cos A)". Thus, the introduction of sweep in 

the manner described requires an increase in design camber, design 

angle of attack, if any, and t/c, by a factor l/co8 A. The net 

result of this is generally a decrease in the available cavita- 

tion free range of ACL. However, more than sufficient compensa- 

tion for this is possible due to the corresponding decrease in 

cL so that a net increase in the cavitation free angle of attack 
a 

range Aa-will result. A greater range of Aa is possible by de- 

creasing the aspect ratio or by sweeping the wing simply by ro- 

tating it about a vertical axis. However, the increase in in- 

duced drag is generally greater and detailed calculations of a 

number of alternate configurations are desirable before arriving 

at an optimum configuration. 

Thus, the introduction of sweep and the reduction of aspect 

ratio, by reducing the lift curve slope, usually allows a greater 

range of Acl even for a reduced allowable ACL before cavitation 

inception. This has the advantage of allowing a larger trim 

range in pitch and larger variations in foil angle of attack, 

due to boat motions and orbital velocities of waves, within the 

limits of cavitation inception. Sweep is also of great advantage 

in the shedding of seaweed and other debris which may cause bad 

hydrodynamic flow conditions and cavitation. 

- 
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CAVITATION INCEPTION 0~ PODS (AXESYMMETRIC BODIES) 

Cavitation inception on axisymmetric bodies has been of in- . 
terest, in the past, mostly with regard to underwater missiles. 

The use of axisymmetric bodies as pods at foil-strut intersec- 

tions of hydrofoil boats has only recently become a subject of 

interest. The problem of cavitation inception on such bodies has 

nowhere been fully treated. 

Techniques for calculating pressure distributions on axi- 

symmetric bodies have been well developed as in (1.12), (1.13) and 

(1.14). Such methods have been used to calculate pressure dis- 

tributions on a number of bodies by Brand (1.15) and more recently 

for a number of bodies suitable for use as pods by Moore (1.16). 

The results of Brand are somewhat restricted in the range of 

slenderness ratios. Moore (1.16) considers slenderness ratios of 

5, 6 and 7 only. Lange (1.17) has made measurements of the pres- 

sure distributions on eight bodies. The effect of slenderness 

ratio, location of maximum diameter, nose radius, camber and yaw 

and pitch angle on the pressure distribution have been measured. 

As with hydrofoils, the question of using theoretical pres- 

sure distributions for predicting cavitation inception arises. 

The measured pressure distribut1onso.f (1.17) are in excellent 

agreement with theory for all but the higher angles of attack. 

Good agreement between the calculations of (1.16) and experiment 

are also shown. Rouse and McNown (1.18) indicate very good agree- 

ment between theory and experiment for ellipsoidal heads. The 

question of agreement between the pressure coefficient and the 

- 
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incipient cavitation number is not as readily shown, however. 

Figures 1.14 and 1.15 give the measured pressure distribu- 

tions and incipient cavitation number for ellipsoidal and ogival 

head forms as a function of slenderness ratio, Ff;gure 1.16 shows 

a comparison of pressure distribution and incipient cavitation 

number for ogival heads from Knapp (1.19). The ellipsoid data in- 

. dicates good agreement with theoretical pressure distribution for 

large slenderness ratios (greater than four). Parkin and Ho11 

(1.20) further indicate that for hemispheres and 1.5 calibre 

ogives, tested in water, the incipient cavitation number is highly 

dependent on the parameter Vfi as shown in Figure 1.17. Ho11 

(1,21) indicates that, for a smooth stainless steel hemispheric 

head, the incipient cavitation number (0.7) is in agreement with 

the measured minimum pressure coefficient given by (1.18) at the 

largest values of Vfi. Figure lo18 indicates, that for a blunt 

body (a sphere in this case), incipient cavitation number decreases 

with increasing roughness , probably because of the desirable effect 

of roughness on hastening transition and reducing separation. For 

slender bodies, where separation is not a problem, the incipient 

cavitation number almost certainly increases with roughness, as 

concluded in (1.18). 

The results of Ho11 (1,21) indicate a further difference be- 

tween cavitation behavior on bodies and on foils. On bodies the 

incipient cavitation number rises to some asymptotic value approxi- 

mately equal to the minimum pressure coefficient as the parameter 

Vfi, Increases, With foils, on the other hand, the incipient 

cavitation number does not appear to be a function of a parameter 

Vc Whereas in two-dimensional foils the incipient cavitation 
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number is generally less than the measured minimum pressure coeffi- 

cient, with axisymmetric head forms, the incipient cavitation num- 

ber for slender bodies (slenderness ratio greater than four) ap- 

pears to be in good agreement with the mintmum pressure coeffi- 

cient or 

5 -C p min k/d 2 4.0). Cl.211 

- 

Care must be exercised in using pressure coefficient data for pre- 

diction of cavitation for blunt bodies. However, F-lgure 1.14 

might be used as an empirical correction for the incipient cavita- 

tion number for the smaller slenderness ratio of interest. The 

fact that practical bodies will be roughened by eqosure may tend 

to alleviate this discrepancy. From Figure 1.18, a decrease in 

incipient cavitation number of from three or four percent might be 

indicated for normal roughness. In general the values of Vfi 

in hydrofoil operations will be large enough to insure the two- 

dimensional values. 
. 

All of these results are for bodies at zero angle of attack 

or yaw. When the body is at an angle of attack the incipient 

cavitation number will increase. Unfortunately no values have 

been tabulated for use in an axisymmetric formula of the form of 

Equation Cl.11. Lange (1.17) has indjcated that for angles of 

attack of four degrees or less, particularly for the thicker 

bodies, the effect of incidence on C 
p min 

is small. It is proba- 

ble that the effect on incipient cavitation number is also small. 

- 
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Rouse (1.22) has shown that the effect of incidence is small for 

blunter heads but, as would be expected, is appreciable for bodies 

such as a 4:l elliptic head. Figure 1.19 indicates the ratio of 

incipient cavitation number at finite incidence to that at zero 

incidence as a function of incidence angle. Figure 1.20 from 

(1.17) indicates the effectiveness of cambering the body in re- 

ducing the minimum pressure coefficient due to incidence. The 

reduction of C p min is of course only effective for incidence in 

one direction. 

Cavitation inception dataarerestricted, as can be seen 

from the-above references, to axisymmetric head forms. No dataare 

available to indicate the occurence of cavitation near the tail of 

the body, although this may be the critical region. Despite the 

prediction by theory of high pressures in this region, the low 

pressures associated with boundary layer separation may lead to 

cavitation inception in this area first. It is for this reason 

that Moore (1.16) indicates the desirability of using body 4162 

despite the smaller C 
p min of the constant pressure body. Great 

care must be exercised in providing a somewhat pointed tail to 

prevent separation and subsequent cavitation at that point. If 

such care is exercised, the theoretical pressure distributions of 

Figures 1.21 through 1.25 and the corrections indicated by Figures 

1.14 through 1.19 should prove adequate for pod design. The 

bodies presented by Moore are probably about the best possible, 

although in some cases less uniform pressure distributions of 

the type shown in Figure 1,24 may prove best when pod-foil inter- 

ference is considered. 

33 
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Tulin (1.23) has indicated that the velocities on axisymmetric 

bodies near the free surface are reduced. This results in a de- 

crease in the incipient cavitation number due to the pod, the 

resulting incipient cavitation at finite depth-diameter ratio h/d 

being given by: 

L-l.221 

where the factorti,pi_) is given for large Froude numbers by 

Figure 1.26 from (1.23). This correction should be applied at 

the upper surface of the body, although some decrease probably 

results at the sides also, due to the free surface proximity. 

One further correction which should be considered, particu- 

larly for very slender bodies, is the decrease in slenderness 

ratio due to boundary layer development. The perturbation veloc- 

ities on and near the body result from the potential flow outside 

the boundary layer. Specifically, the pressures result from flow 

about an effective body whose radius is increased by the boundary 

layer displacement thickness. The boundary layer thickness 6 

can be obtained from results for fully developed turbulent flat 

plate flow (1.24): 

6 = 0.37 x Re -l/5 cl.231 
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where x is the distance from the nose of the body to the point of 

interest. Making use of the fact that the momentum thickness ti* 

is given by . 

for fully developed turbulent flow, the effective slenderness 

ratio (4/d)v is given by 

1.0 + .046 4/d Re -l/5 l 

cl.241 

In general the decrease in C/d given by tl.241 will be small enough 

to ignore unless the slenderness ratio is very large and the 

Reynolds number small. 

Because of the absence of a pressure peak in the center por- 

tion of a swept foil (the so-called kink region), cavitation may 

first occur in the sheared region of the foil rather than at the 

foil-pod intersection, This has been noted in inception tests of 

two foils systems reported by Johnson (1.25). It is therefore 

necessary, in such cases, to know the velocities due to the body 

at some point away from the body surface. 

The relationship between the velocity and incipient cavita- 

tion number in free flow and on the body surface is-given for a 

Rankine ovoid (1.26) by: 
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U flow 
U body 

3'2 
[1.*51 

where the subscripts refer to values in the flow and on the body 

surface at mid-length, 4 is the pod length,< d is the pod diameter 

and y is the radial distance from the centerline of the pod. Equa- 

tion Il.251 applies at the mid-length of the body but it is prob- 

ably a good approximation over the portion of the body length of 

interest. Most pods are likely to be more elliptic than the 

Rankine body because of the more desirable pressure distributions. 

Unfortunately, the expressions for the velocities due to a pro- 

late spheriod are given in terms of Green's integral (1.27) which 

can only be evaluated numerically. Based on the calculations of 

Maruhn (1.28),it has been found that Equation Ll.251 is applicable 

for spheroids if an equivalent length-diameter ratio (C/d), 

given by: 

Cl.261 

is used in [1.2.5]. In Equation cl.261 the 4/d used is that of 

the ellipsoid. In general, the decay of velocities is rather 

slow compared to the body diameter or foil chord, so that the 

decrease given by [1.25] may be negligible. 
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CAVITATION AT FOIL-STRUT-POD INTERSECTIONS 

At the intersection of two foil system components such as 

a foil and strut or a foil (strut) and pod, the velocity incre- 
. 

ments (perturbation velocities) due to each component are addi- 

tive. Referring to Equation 11.21, it is obvious that as the 

total perturbation velocity increases, the incipient cavitation 

number will increase. The total perturbation velocity due to the 

n'th component (foil, strut or pod) at an intersection can be ex- 

pressed in terms of the incipient cavitation number ai of that 
n 

component from Equation L1.111: 

1 ;+ 
AV '"a 
7+- V -1.0 n 

J 
'l/G-q -1.0 

n 
Cl.271 

where v is the sum of the free stream velocity and the perturbation - 
V 

velocity due to thickness, Av/v is the contribution due to camber 

for foils and Ava/v is the contribution due to incidence. 

The incipient cavitation number at an intersection of m 

components is given by 

ai= 

[ 
t $Yi3 +l.O - ma -1.0. 

n=l 
n 1 cl.281 

Where there is no pod at the intersection of a foil and strut,m 

has a value of two in Equation 11.281. Where a pod is present, 
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it may be necessary to consider the contribution of all three 

components. In this case,m has a value of three in 11.281. 

Because of the decay of velocities away from-the surface of a 

body, the values of oi for all three components will probably 
n 

not be the full values indicated at the surface of each. 

The reduction of the pressure coefficient, and thus the 

incipient cavitation number, of a pod away from the body surface 

has already been given in Equation C1.261. This reduction will 

be important only in cases where the kink region of the foil 

(foil chord) is large compared to the pod size. For cases where 

the -kink region is small or the wing is unswept, cavitation will 

occur first at the intersection of the pod with the foil or strut. 

The value of ai for the pod is thus obtained, for a given body, 

from the minimum pressure coefficients given by Figures 1.21 

through 1,25. 

The influence of the velocities due to the strut on cavita- 

tion on the foil surface, and velocities due to the foil on cavi- 

tation at the pod-strut intersection must be estimated, however. 

The incipient cavitation numbers at the foil and strut surface can 

be determined from the previous section. It remains to find a 

correction to account for the decrease in perturbation velocities 

and incipient cavitation number away from the surface. For the 

case of a uniform camber loading (a = 1 mean line), it can be 

shown that the velocity and thus the incipient cavitation numbers 

in the flow is given in the midchord plane by: 
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L-1.291 

where c is the foil chord, y is the distance from the foil sur- 

face and the subscripts are as before. 

As in the case of the ellipsoid, it is not possible to obtain 

a useful analytic expression for the velocities in the flow for an 

elliptic foil section. The expression for the velocity decay due 

to thickness for a Rankine Oval is given by 

t1.301 

For cases where t/c is moderate (t/c C .15), this can be approxi- 

mated quite accurately by: 

. 

Cl.311 

No results for elliptic cylinders such as those of Maruhn for 

spheroids are available to allow an empirical correction so that 
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b.303 or t1.311 musttherefore be used for all sections. The re- 

sults of Equation L1.281 indicate this should be conservative in 

most cases. Because of this approximat.ion, Equation [ 1.311 is 

adequate for use with typical foil sections. 

The interaction of the foil and strut can now be calculated. 

In general,the center of the foil, strut and pod will be close 

enough to assume that the points of minimum pressure Iie in a 

single transverse plane. The distance between the foil and strut 

can be determined as shown in Figure 1.27, if the length of the 

pod is assumed to be m foil root chords, the pod slenderness ratio 

.L/diand the strut chord given by p percent of the foil root chord, 

then the distance from the strut root to the foil root in strut 

chords is 

I t 25 
C = t ?,d 

The distance from the strut to the inner edge of the sheared 

region for swept wings is given by 

cl.321 

Cl.331 

The contribution of the strut at the foil can thus be obtained 

from Equation cl.311 using El.321 or e1.331. Because the strut 

ends at the pod, it is not hydrodynamically infinite so that 

velocities due to the strut at the foil surface are less than 
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those values predicted for infinite two dimensional struts and 

given by Equation cl. 271. The incipient cavitation number at 

the foil, due to the strut, is thus given by: 

.5skSl L-l.341 

The value of k is probably closer to .5, particularly at larger 

distances from the strut. 

In the case of the effect of the foil pressures on cavita- 

tion at the strut-pod intersection, the contributions due to 

thickness and lift must be considered separately. Away from the 

foil surface, the pressure peaks due to incidence will tend to be 

averaged out. For this reason it is probably adequate to assume 

that the contribution of the foil to strut cavitation results 

from a uniform chordwise foil loading. The incipient cavitation 

number at the strut due to the foil is given by 

(%f)strut =[(f -1) (p;:i, + % (:bf-;jc +J-J -l-O Cl.351 

As the difference in pressures due to a kink are not considered 

here, the distance y/c should be determined from Equation 11.32], 

where the value of p is assumed as one. - 
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In general the strut chord will be less than the foil chord, 

particularly for moderate taper ratios. In these cases, the 

effect of the strut on the foil becomes less-important and can 

in many cases be ignored. The effect of the foil on the cavita- 

tion inception at the strut-pod intersectionjon the other hand, 

can rarely be ignored. 

For most cases, where the incipient cavitation number is 

small (ai s 0.6), Equation l1.281 can be approximated by the 

expression 

m 

ai =z uin = Oil + . . . uim . 

n=l 

I: 1.361 

The error inherent in the use of [1.36l for oi s 0.6 is less than 

five percent, in all cases, and generally only a few percent. 

Equation Ii.361 is adequate for use in most preliminary design 

procedures such as outlined in Chapter 2, although Equation 

Cl.281 should be used to check the cavitation resistance of the 

final design. 

Filleting of foil-strut intersections without pods certainly 

has some beneficial effect on cavitation inception but no quanti- 

tative data for this effectare available. One way of increasing 

resistance to cavitation inception is to increase the chord of 

the strut, locally near the foil,as shown in Figure 1.28. This 

reduces velocities considerably at the intersection without 

appreciably increasingthe drag. 
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The pod slenderness ratio should generally be made as large 

as possible. For a given pod slenderness ratio, the pod size should 

be made as large as possible, consistent with drag requirements, 

to minimize the interaction of' foil and strut incipient cavita- 

tion number. There is no quick way of determining the optimum 

pod size. For this reason, calculations have been carried out to 

determine the optimum f‘oil system as a f'unction of basic foil 

parametersincluding the pod slenderness ratio. The results of 

these calculations are presented in Chapter 2. 

- 
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a 

A 

AF 

As 

AS 

b 

C 

cW 

% 

C 
r 

Ct 

% 

cD 

cD 
f 

cD 
F 

cDi 

cDI 

cDP 

NOTATION 

Constant defining the NACA rooftop camber distribution 
(see Chapter 1) . 
Foil aspect ratio 

Foil planform area 

Aspect ratio of submerged portion of strut 

Area of submerged portion of strut 

Factor defining :end .c.onstraint, of strut -as a column 

Foil chord 

Strut chord at equilibrium waterline 

Strut chord at foil or pod intersection 

Midspan chord of foil 

Tip chord of foil 

Camber correction factor for section modulus 

Drag coefficient based on planform area 

Friction drag coefficient of foil or strut 

Total drag coefficient of foil 

Induced drag coefficient of foil 

Interference drag coefficient of foil and strut 

Profile drag coefficient of foil or strut 

6 5’ 
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C 
DS 

cD t 

C 
DT 

cf 

cF 

cH 

cL 

c 
S 

Ct 

TX 
E 

f 

f/c 

IW 

K 

Kf 

K 
g 

Ki. 

Ki cs 

Spray drag coefficient of strut 

Intersection drag factor of Reference 2.6 

Tip loss drag coefficient of foil 

Friction factor (usually Schoenherr) 

Flap reduction factor for section modulus 

Foil hollowing correction for section modulus 

Section lift coefficient based on planform area 

Foil thickness distribution factor for section 
modulus 

Factor accounting for minimum pressure on a foil 
due to thickness distribution 

Factor accounting for modification of incipient 
cavitation number due to angle of attack 

Modulus of elasticity of strut material 

Flap chordwise width 

Flap-chord ratio 

Moment of inertia of strut at undisturbed waterplane 

Foil planform stress factor 

Design columnar load of strut divided by critical 
load of strut 

Acceleration of turn divided by the acceleration of 
gravity 

Foil tip drag loss factor 

Free surface correction for induced drag coefficient 

CDi 
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Kn 

yr 
% 

m 

N 

pc 

Re 

S 

s 

St 

S 

s 
ford 

S aft 

t 

t/c 

WC > 

(t/c 1s 

tW 

v 

X 

Z 

z 

Percent of craft displacement A supported by a 
given strut 

Factor to increase strut chord due to strut taper 
ratio . 

Length of submerged portion of the strut 

Static margin of the craft 

Number of struts per foil 

Critical columnar load on strut 

Reynolds number based on foil or strut chord 

Stress 

Non-dimensional stress - L 
&Iv2 

Stress in strut at equilibrium waterline 

Planform area of foil 

Total planform area of all foils forward of CG 

Total planform area of all foils aft of CG 

Foil thickness 

Thickness-chord ratio of foil 

Average thickness-chord ratio of foil and strut 
at foil-strut intersection 

Thickness-chord ratio of strut at equilibrium 
waterline 

Wall or skin thickness of hollowed foil or strut 
section 

Forward velocity of craft 

Distance of foil from the craft center of gravity 

Section modulus of foil or strut section 

Non-dimensional section modulus - Z/C” 

CG 
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r 
A 

6 
P 

h 

AS 

v 

P 

0. 1 

u. 
=f 

0. 
=P 

0 i 
S 

Sweep angle of foil at the quarter chord line 

Displacement of craft 

Planform correction factor for induced drag 
coefficient 

Taper ratio of foil - ratio of the midspan chord 
to the tip chord - cr/ct 

Taper ratio of strut 

Kinematic viscosity 

Mass density of water 

Incipient cavitation number 

Incipient cavitation number of foil alone 

Incipient cavitation number of pod alone 

Incipient cavitation number of strut alone 
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INTRODUCTION 

In undertaking the design of a hydrofoil craft, basic param- . 
eters such as displacement, maximum operating speed and operating 

environment will be known in advance. The designer is faced with 

the problem of producing, from these few numbers, a design which 

meets all requirements of speed, seaworthiness and stability while 

at the same time having the maximum possible efficiency (system 

lift-drag ratio). 

Such a system must not only meet certain requirements for 

seaworthiness and stability, but must be free of unwanted cavita- 

tion and ventilation and have adequate behavior and performance 

throughout the entire operating range. To find the system meeting 

these requirements would seem a very difficult task, but it is 

nevertheless possible to approximately optimize a given system in 

each of these areas. In order to do this, however, the general 

features of the system must be chosen in advance. To begin with, 

then, the basis for the initial choice of the hydrofoil system 

(fully-wetted, surface-piercing, etc) must be decided upon. 

In fully submerged foil systems, the stability and control 

characteristics of the foil are determined by the control surfaces 

(flaps and incidence) and the automatic control system. Because 

of the latter the stability and control characteristics of such 

systems are relatively insensitive to such parameters as foil 

aspect ratio, design lift coefficient and number of struts. The 

first consideration in the design of such a system can be that it 

have maximum efficiency while having adequate strength and cavita- 

tion free operation. Once the system is chosen, it can be modified, 
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as necessary, to meet the other requirements such as stability 

and control and ventilation inception, always keeping in mind 

the idea of maximizing the efficiency. . 

For systems where either the forward, or forward and aft 

foils are of surface piercing type, the choice becomes much more 

complicated. The shapes of such systems are generally chosen to 

provide certain favorable stability, control and motions param- 

eters such as stiffness and damping ratio, etc. The problem be- 

comes one of finding the system yielding these stability, con- 

trol, and motion parameters and having the maximum efficiency 

and cavitation free operation. Here the designer's experience 

and cut and try procedures must be relied upon to facilitate the 

choice of the optimum system - for the number of independent 

variables becomes very large. 

Both theory and experience have indicated that fully sub- 

merged foil systems with automatic control systems have smaller 

motions in a seaway than do comparable surface piercing foil 

systems. However, surface piercing systems have been somewhat 

favored in the past because of the greatly increased complexity 

associated with control systems. The Supramar hydrofoil boats 

(2,l) and the H.S. Dennison both employ surface piercing foils, 

although in the latter case automatic controls were added (2.2). 

Motions data for the Dennison are presented in Reference(2.3) 

where RMS vertical accelerations of .15 g are observed in 3 foot 

waves. The U.S. Navy hydrofoil ships PCH and AGEH utilize sub- 

merged systems with automatic control and there seems little 

question that such systems will be increasingly used in the fu- 

ture, especially for the higher design speeds. 
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FULLY SUBMERGED FOIL SYSTEMS 

The results presented in the Grumman Handbook (2.4) indicate 

that a conventional (air-plane) configuration will always yield 

the maximum system efficiency (lift-drag ratios). Figure V.7 of 

(2.4) indicates the desirability of maximizing the loading on the 

forward foil, although there is little to be gained by increasing 

the loading on the forward foil over about 70 percent, particularly 

for split main foils. Practically, loadings between 60 and 90 per- 

cent on the forward foil are usually utilized to maximize the 

length between the forward and aft foils. The results presented 

in (2.4) are based on an assumed static margin of 0.05, although 

they are probably suitable for other practical static margins. 

Values of the static margin, which is given by 

m= 

(s x c L x ‘jaft - (’ x ‘L x ‘)ford 
a a 

S aft 
+s ford 

[2.11 

between 0.03 and 0.05 are probably acceptable. 

Effect of Number of Struts and Aspect Ratio 

The first step in choosing the foil system is to determine 

the number of struts and the allowable aspect ratio of the foil. 

These two parameters are interdependent and at the same time are 

functions of the allowable stress, the planform shape, the load 

distribution and the section modulus of the foil section. For a 

wing with straight taper as shown in Figure 2.1 the relationship 

between these parameters is given by 

7/ 



HYDRONAUTICS, Incorporated 

2.8 

-- 
z s = K CLA2 k.21 

. 

where 
- 
Z is the non-dimensional section modulus = G 

at the centroid of the foil panel C 

- 
S is the non-dimensional stress coefficient = ?- 

$py2 

CL is the lift coefficient 

A is the foil aspect ratio 

and K is a constant dependent on the number of struts, the taper 

ratio A and the spanwise distribution of CL. For the case of 

constant CI,,the value of K is given for one strut wing by 

Auslaender (2.5) as: 

(a) Section modulus constant over the span: 

K = (A + l>'(A + 2) 

96 h" 

(b) Stress constant over the span: 

K = [ (1 + A)(1 + 2h)(2 + h)12 

384 (A2+A+1)3 . 

[2.3al 

[2.3bl 
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For wings with two struts and constant taper as shown in 

Figure 2.1, the value of K for a wing with constant section mod- 

ulus over the span is given by . 

,=(A 
96(h+l) l 

[2.4al 

For two strut wings it is not possible to design constant stress 

inboard of the struts because of the points of zero moment, but 

the outboard panels can be designed for constant stress in which 

case 

K = [(h + 2)(h + I)(,, + 5)]’ 

96[h2 + 4~ + 713 
[2.4b] 

where 2 is the section modulus at the centroid of the outboard 

panel. Values of K for one strut and two strut wings are plotted 

in Figures 2.2a and 2.2b as a function of the taper ratio h. 

The advantage of a constant section modulus (z) foil is the 

greater ease of construction which should result from making all 

foil sections similar. The major disadvantage of constant sec- 

tion modulus is the increased profile drag resulting from greater- 

thickness outboard of the struts. 

The section moduli 2 defined by the factors K of Equation [2,3b] 

and [2.4b] are at the centroid of area of the outboard panels of 

the foil. The section moduli at the strut or pod intersections 

are the same as given by the factors K of Equations [2.3a] and 

[2.4a]. For the two strut, constant stress foil with taper,the 
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section moduli inboard of the struts can be reduced from that at 

the struts or pods, further reducing the profile drag of the foil. 
. 

The cavitation inception characteristics of both constant Z 

and constant stress foils are the same at the intersections, as 

the sections are identical there. Away from the intersections, 

the reduced thicknesses of the constant stress section may lead 

to better or worse cavitation inception characteristics depending 

on the range of angles of attack likely. If the range of angles 

of attack is small,the constant stress foil will probably have 

better inception as well as drag characteristics, The only prac- 

tical way to choose between the two types would seem to be to 

carry out calculations for both types and to choose the best type 

from cavitation inception, minimum drag and ease of construction. 

Where ease of construction is deemed a major consideration the con- 

stant section modulus foil is clearly indicated. 

Determination of Section Modulus 2 

The non-dimensional section modulus is a function of the 

section geometry and is given by 

2 

L2.51 

Cs is the factor accounting for the thickness distribution 

and is given in Table 2.1 for typical NACA sections. CH is the 

factor accounting for hollowing and is given in Figure 2.3 as a 
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function of the section wall thickness twit. Cf is the factor 

accounting for the loss in section modulus due to flaps and is 

given in Figure 2.4 as a function of flap-chord ratio .y for 

NACA 16 and 66 series sections. Figure 2.4 assumes that the 

flap contributes nothing to the section bending strength which 

is generally true. Cc accounts for the effect of camber and is 

given in Figure 2.5 as a function of the two-dimensional lift 

coefficient. 

The thickness chord ratio t/c is determined from cavitation 

inception considerations. Chapter 1 gives the expression for the 

incipient cavitation number ai, due to the wing alone: 

cL =yg+C 
t 

0. t c 1 1 cos r 
1 

where C t is given for NACA sections in Table 1.1 and a describes 

the chordwise circulation distribution, see Chapter 1. The ac- 

curate prediction of 0 i from theory is discussed in detail in 

Chapter 1 as is the probable conservative nature of that predic- 

tion. 

2000 

The Grumman Handbook (2.4) indicates that a loading of 

pounds per square foot, corresponding to: 
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should be used to avoid cavitation. Chapter 1 points out that 

this may be an oversimplification of the problem and that the par- 

ticular operating conditions must be considered. . Equation [2.6] 

can be modified to account for fluctuating angles of attack so 

that the incipient cavitation number on the foil, ai is given by 
f 

( cL t 
Oif = %t 2a + Ct c I I cos r 

1 
L2.71 

where C a 
accounts for the angles of attack expected in a seaway 

and is discussed in Appendix 1. Equations [2.2], [2.5] and [2.7] 

can now be combined to yield a relationship between the allowable 

aspect ratio and the lift coefficient: 

A= 
CsCHCfCc s 
K Ct2 cos2r -ir cL 

-0 

if 

/c?L 
L2.81 

The only problem arising in the solution of [2.8] is that the 

factor Co is dependent on the thickness-chord ratio t/c. Ca can 

be approximated, however, and the relationship between A and CL 

determined for several typical values of Co. The result will be 

a series of curves, each for a constant value of Co, of the type 

shown in Figure 2.6. 

- 
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‘Y 

Calculation of Foil Drag 

The optimum foil can only be determined by optimizing the 

whole foil system. For systems where most of the lift (say 80 

percent or greater) is on the main foil it is probably adequate 

to optimize the main foil-strut system independently. The drag 

of the foils, strut and pods, can be calculated from the component 

drag coefficients given by Martin (2.6). The tail foil can then 

be optimized in the same manner, including the downwash drag from 

(2.6). 

The foil drag is composed of: Induced drag, frictional 

drag, profile drag, wavemaking drag and tip loss drag. The strut 

drag is composed of frictional drag, profile drag and spray drag. 

In addition,there is a foil-strut interference drag or a pod drag. 

For foils operating in the downwash of other foils (as is the 

case with some tail foils), there is an additional induced drag. 

The components of the foil drag (exclusive of downwash drag) 

are given by (2.6) as 

Induced drag C 
Di 

= CJl + "P) 1 
Friction drag CD = 2Cf 

f 

Profile drag CD 
P 

= 2Cf [1.2 (") + 60 (:]I' 

Wavemaking drag - See Equation [58~] and Figure 10 of 
(2.6) 

Tip loss drag CD T = K1[:)2 (&) 2 $ 
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The factors 6R and K1 Fs are planform and free surface corrections 

given by Figures 23 and 24 of (2.6). For wings of typical aspect 

ratios and taper ratios, 6R is only a few percent and can be 

readily ignored. The factor KICs cannot be ignored generally, but 

is, for the range of interest, independent of aspect ratio and 

dependent only on the depth-chord ratio which can be estimated. 

'The friction factor Cf is generally based on the Schoenherr fric- 

tion line. The data of Figure 21 of (2.6) can be used to estimate 

the effect of surface roughness on the value of Cf. Standard ship 

practice allows for an increase in Cf due to roughness of 0.0004. 

For the thickness ratios of interest here (t/c I 0.12) the 

term 60 (t/c)' is much smaller than 1.2 (t/c) and can be readily 

ignored. The value of K1 is given by (2.6), but for all practical 

foils the value of the tip loss drag becomes negligible and can 

be dropped. Figure 1 of Chen (2.7) indicates that for practical 

hydrofoil boats wavemaking drag should be negligible. This is 

borne out by Figure 10 of (2.6) which indicates that for practical 

aspect ratios the wavemaking drag is unlikely to be important. 

The total drag coefficient of the foil CD can now be written, 

making these approximations: 
F 

s2 
cDF = F 

+ 2(Cf + 0.0004)[1 + 1.2 (:)I . 

E2.91 
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It should be noted that the approximations inherent in 

Equation [2.9] are smalLbut are made only to facilitate the 

choice of an optimum foil system. Once a foil system has been . 
chosen, the calculation of the performance should include all 

those terms omitted from [2.9] even though they be small. The 

same comments hold true for the calculation of strut and inter- 

ference drag, the omission of small terms being designed to fa- 

cilitate choice of an optimum foil system. 

Estimation of Strut Size 

The size, and consequently the drag, of the struts is deter- 

mined by structural considerations and cavitation inception. The 

size is normally dependent on the bending loads occuring during 

turning although in some cases the columnar loading due to foil 

lift may become critical. A detailed analysis of strut loading 

and allowable stresses is beyond the scope of this chapter. Simple 

means of estimating the required strut geometry from structural 

considerations are, however, included. 

For turning, a centrifugal load of 0.5 times the accelera- 

tion of gravity is often assumed. The Grumman Handbook recom- 

mends the use of 0.75 times gravity and this is probably a good 

design value, unless the value for the particular craft has been 

otherwise specified. Figure 2.7 indicates the loading of a strut 

during a turn and indicates those dimensions of importance. It 

is assumed that the loading on the strut is at the wetted center 

of area of the strut because of the effect of the free surface 

and foil. The stress in the strut at the equilibrium waterline 

is given by: 
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AKg (2Cw + Cf) as 
St = - 

3Kn (“, + Cf) l c 3 ; . 
W 

[2.10] 

where A is the displacement of the craft, Kg is the acceleration 

due to turning divided by the acceleration of gravity, Kn is the 

percent of the craft displacement supported by the strut and Cw 

and Cf are the strut chords at the equilibrium waterline and at 

the foil, and as is the submerged length of the strut. The.str:ess.is 

taken at the waterline because above this point the strut can 

generally be thickened by the amount required to keep the stress 

equal to or less than at the waterline. 

The allowable section modulus ?? can be found by combining 

Equation [2.5] and [2.7] and eliminating those terms peculiar to 

lifting foils 

[2.111 

where CF now refers to the reduction due to a flap type rudder, 

if this type is used for steering and ai refers to the incipient 
S 

cavitation number of the strut. The required chord at the equi- 

librium waterline can now be found from Equations [2.10] 

and [2.ll];the resulting equation is a quartic. If the center of 

load on the strut is assumed to be at the midlength, however the 

expression for the root chord becomes: 
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3 

cw = J AKg js 
2 KnCsCHCF 

CaCt 
Ois . 1 

2 1 - 
sf 

[2.121 

Although Equation [2.12] is only exact for constant chord struts 

(Cw = C,), the errors that will be introduced are small for all 

practical taper ratios. The exact value can be obtained by 

multiplying Cw by the factor KT where KT is given by Figure 2.8 

as a function of the taper ratio Cw/Cf. The area of the strut is 

given by 

and the thickness chord ratio of the foil can be obtained from 

Equation [2.7]. 

If the strut is considered as a slender column the section 

at the waterline required to stay below the critical load can be 

calculated. For single strut foils the strut- should be con- 

sidered fixed at the waterline and pinned at the foil while for 

multi-strut foils the strut should be considered as fixed at the 

waterline and something between fixed and pinned at the foil end. 

In these cases the critical load PC is given by 

a/ 
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,rr2E I 
Single Strut foil PC = W 

(foil end pinned) 

7r2E I 
Multi-Strut Foil 
(foil end fixed) 

PC = 

[2.134 

[2.13bl 

where E is the modulus of elasticity and Iw is the moment of 

inertia of the strut section at the waterplane. The moment of 

inertia.1 w is equal to 

- 

Iw = ; [:I cw4 . [2.14] 

If the lift load on the strut AKg is assumed to be some fraction Kf 

of the critical load PA, then the required minimum dhord,which 

will be Cf is given by: 

, 

1 
A 
4 

[2.151 

Although the loads applied to the strut will be greater, at times, 

than the steady lift, the strut should be adequate if a value of 

b lying between those for fixed and free lower ends and a reasonable 

factor of safety on the critical load PC is used. A value of b of 
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one would seem to be a reasonable choice. Equation [2.14] is 

based on the assumption that the section modulus of the strut 

is everywhere greater than that at the foil.&ntersection. The 

strut chord at the foil should be assumed equal to the foil chord 

or the value from [2.15],whichever is greater,and this value used 

in determining the strut area. 

Calculation of the Strut and Interference Drag 

The strut drag coefficient CD can be obtained from Equa- 
F 

tion [2.9] by eliminating the induced drag term CD and adding 
i 

the interference drag CD 
I 

and Spray drag CD 
S 

cD 
= 2(Cf + 0.0004) [l + lo2 rsi,l + 'DI + 'Ds [2.161 

F 

The thickness chord ratio of the strut (t/c)s may vary so that 

an average value should be used. The thickness chord ratio at 

the vertical center of area is probably the most typical value. 

Martin (2.6) gives an interference drag which accounts for 

the inter-action of the foil and strut: 

'DI = 'Dt lEIZ (x5) * ii E2.171 
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where (t/c) is the average thickness of the foil and strut at 

the intersection. The factor C 
Dt 

is given by Figure 26 of (2.6). 

For cases where the intersection is filleted and-the value of 

c/c is the normal range (E/c I 0.15) the interference drag be- 

comes negligible. 

For cases where pods are used at intersections,the pod drag 

replaces the interference drag. The pod drag is composed of 

frictional drag and separation or pressure drag. For slender 

bodies (say J/d > 5) the separation drag at zero incidence is very 

small. The friction drag is proportional to the pod surface area 

A 
P' 

which is given approximately by 

A 
P = 3rd2(a/d) . 

Assuming a ten percent increase in friction drag due to separation, 

the pod drag coefficient CD , based on the pod cross-sectional 
I 

area -rrd2/4, is given by 

C 
DI 

= 3.30 Cf(.Q'd) . [ 2.181 

For a typical Reynolds number (say 107) the friction factor Cf is 

approximately 0.003 and the pod drag coefficient becomes approxi- 

mately 0.01 f?/d, a value which is in agreement with tests of 

slender axisymmetric bodies. 
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Equation [ 2.181 gives good agreement with experiments such 

as those of Lange (2.18). Measured values of CD from Lange, at 
I 

Re = 3 x 106 (Cf = .0036), are compared with. Equation [ 2.181 in 

the following table: 

Body CD measured CD calculated 

2- J/d = 5.71, dmax at .4& .0685 l 0677 

3 - J/d = 4.0 d at .4& max .0450 .0472 

4 - i/d = 5.71 dmax at .5& .0685 .0677 

The table above indicates good agreement, especially considering 

the approximation inherent in [ 2.181. Where data for the par- 

ticular body is unavailable, Equation 12.181 should give adequate 

results. 

Reference (2.4) also gives an expression for the spray drag 

coefficient CD 
S 

cD 
= 0.24 

S 

(y2(q2y L2.191 

where h 
S 

is the taper ratio of the submerged portion of the strut, 

As is the aspect ratio of the submerged portion of the strut, and 

(t/c), is taken at the free surface. 
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Determination of the System of Minimum Drag 

With the aid of the equations presented above, the optimum 

foil-strut system can be chosen by parametric studies. Those 

parameters which must be varied in order to determine the optimum 

system are: 

1. Fore and aft load distribution (loading on the for- 

ward foil usually 70 percent or greater). 

2. Number of struts (usually one or two). 

3. Main foil lift coefficient (usually in the range 

from 0.15 - 0.35). 

4. Distribution of incipient cavitation number be- 

tween foil, strut and pod at intersections. Reasonable ranges 

of values might be: 

Oi Ia Ia 
is iF 

I 4 ai (with pod) 
P P 

Ia 
Ois iF 

530 
iS 

(without pod) 

Once the number of struts (2), foil lift coefficient CL (3) 

and foil incipient cavitation number c 1 (4) are chosen, the aspect 
S 

ratio is given by [ 2.81, the foil thickness chord ratio by [2.7] 

and the foil drag coefficient by [2.9]. The Reynolds number is 

based on the average chord and is given by: 
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Re = '0 'av Vo =- 
v V 

where the foil planform area A F is given by: 

AF = AN 

KN&V02CL 

and N is the number of struts per foil. 

The strut size and drag can be determined once conditions 

(l), (2) and (4) are chosen. The chord and thickness of the 

strut at the waterline are determined from Equations [2.1] and 

[2.121. The minimum chord of the strut at the foil intersection 

is given by [2.15]. In cases where it is desired to increase 

the chord Cf to that of the foil chord, the thickness can be re- 

duced by keeping the same value of Iw as given by Equation [2.13]. 

87 



HYDRONAUTICS, Incorporated 

2.24 

APPENDIX 2.1 

THE EFFECT OF THE SEAWAY'ON FOIL DESIGN 

Operation in a seaway will induce both posi:ive and negative 

angles of attack on a foil. These changes in incidence will re- 

sult in a change in the incipient cavitation number. In Equa- 

tion [ 2.71 the factor Co represents the ratio of the incipient 

cavitation number at finite incidence to that at zero incidence 

Oi ' The values of C_ can be obtained from section cavitation 
I  

buckets of the type 

calculations of the 

acteristics are not 

lution is to pick a 

u, 

shown in Figures 1.9 to 1.11. For initial 

foil system characteristics, the section char- 

known, so that Co cannot be found. One so- 

wide enough range of values of Co as illus- 

trated in Figure 2.6 and determine by trial and error the foil 

aspect ratio and lift coefficient using Equations [2.8] and [2.9]. 

This process involves a considerable increase in the required 

labor, however. 

An alternate scheme is to make as accurate an estimate of 

Co as possible before using Equation [2.8]. This-can be done if 

an optimum C L (say 0.3) is assumed and the section thickness- 

chord ratio estimated from Equation [2.7] by iteration. In this 

case a t/c is assumed and the corresponding value of Co estimated 

for the angle of attack range of interest. The process is re- 

peated until the desired ai is obtained. The corresponding value 

of Co is then used in Equation [2.8]. If the resulting t/c and 
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CL for optimum lift-drag ratio are different than the initial 

assumptions, the process can be repeated. Although several iter- 

ations may be necessary, this process should.be much more efficient 

than the blind method of assuming a number of values of Co" 

For the preliminary estimate of Co, Figure 2.9, which was 

obtained from data for a number of NACA sections, can be used, 

The angle of attack is the two-dimensional angle of attack which 

is given by 

cLa a=- 
27J a seaway 

where CY, seaway is the angle of attack induced by the seaway and 

C L is the lift curve slope from Fquation 47.a of [2.4]. The 
a 

angle of attack induced by the seaway can be obtained from Martin 

and Turpin (2. 9) if the response is known or can be estimated, 

The nose radius can be obtained for a given section from (2.10 )0 

For the final estimate, the cavitation bucket of the assumed 

section should be calculated by methods given in Chapter 1. 
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. 
TABLE 2.1 

Tabulation of the Factor Cs Accounting for the 

Effect of Thickness Distribution on Section Modulus 
for Typical Hydrofoil Sections 

Section 

NACA 16 Series 

cS 

. o8go 

NACA 65-A Series l 0775 

NACA 66 Series .0848 

I TMB-EPH Section 
I 

.0899 
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FIGURE 2.7-LOADING OF A STRUT DURING A TURN 
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FIGURE 2.8 FACTOR FOR INCREASING STRUT CHORD CALCULATED 

USING EOUATldN 2.12 WHEN THE STRUT IS TAPERED 
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ANGLE OF ATTACK FACTOR-Ca 

FIGURE 2.9-FACTOR C a ACCOUNTING FOR THE EFFECT 
OF ANGLE OF ATTACK ON INCIPIENT CAVITATION 

NUMBER BASED ON DATA FOR NACA SECTIONS 
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CHAPTER 3 

VENTILATION INCEPTION OF SURFACE PIERCING 
AND SUBMERGED FOILS AND STRUTS 

BY 

Roderick A. Barr 

- 

- 
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NOTATION 

AR 

AR 
l3 

b 

C 

C 
P 

C 
Pr 

C 
Ps 

fF 

fP 

Fc 

Fd 

hw 

h/c 
a 

aF 

pc 
pO 

pr 
ps 

Effective aspect ratio of foil or.strut 

Geometric aspect ratio of foil or strut 

Width of reentrant jet 

Foil or strut chord 

Pressure coefficient 

Pressure coefficient at point of flow reattachment 

Pressure coefficient at point of flow separation 

Ratio of inception angle of attack at finite Froude 
number to that at large Froude number 

Correction to aspect ratio for end plate effect 

Froude number based on chord V/ fi 

Froude number based on depth h - Vi 7/gh 

Acceleration of gravity 

Depth of submergence of bottom of strut or foil 

Wave amplitude (flank to trough or crest) 

Depth-chord ratio of bottom of strut or foil 

Cavity length measured from foil trailing edge 

Longitudinal distance from center of gravity (assumed 
pitch center) to point of interest 

Pressure within cavity 

Pressure at infinity at the same depth 

Pressure at point of reattachment 

Pressure at point of flow separation 
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Q 

r 

rF 

r n 

'n/c 

Re 

t/c 

v 

v 
j 

a 

aE 

aF 

at3 

ah/'c 

ah/'c=l 

P 

r 

6 

5 

v 

P 

Quantity of air entrained in cubic feet per second 

Craft response amplitude 

Vertical distance from center of gravity to water 
surface 
Nose radius of section 

Ratio of nose radius to chord of section 

Reynolds number 

Thickness-chord ratio of foil or strut 

Forward velocity 

Reentrant jet velocity - VY,/F 

Angle of attack 

Effective angle of attack 

Angle of attack required for 
number effects are important 

Geometric angle of attack 

ventilation when Froude 

Angles of attack required for inception at arbitrary 
depth-chord ratio 

Angle of attack required for inception at a depth- 
chord ratio of one 

Side-slip angle of boat 

Dihedral angle of foil 

Incidence angle of foil 

Maximum heave amplitude 

Kinematic viscosity 

Mass density of fluid 

Cavitation number(Po-P,)&pV' 

- 
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Trim angle of boat 

Maximum roll amplitude 

Frequency of wave encounter 

Maximum pitch amplitude 

Pressure recovery factor 

. 
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INTRODUCTION 

In the past, much concern has been given to cavitation and 
. 

the prediction of cavitation inception on hydrofoils and struts. 

Previous hydrofoil handbooks (3.1), (3.2) have devoted much space 

to cavitation while offering little of use concerning ventilation 

and ventilation inception. Although ventilation has been known 

to occur on struts and foils, little attention has been paid to 

its causes or to means of predicting ventilation inception. 

Hydrofoil systems may be subject to ventilation of two types: 

Ventilation of struts and foils through a separated region on the 

panel; direct ventilation of fully submerged foils through the 

trailing tip vortices. The discussion here is concerned with ven- 

tilation of fully wetted foils and struts. Ventilation inception 

on foils, struts and propellers designed for ventilated operation 

has been covered in detail by Barr (3.3). 

Because of the generally undesirable results of ventilation 

of foils and struts, it is desirable to know the conditions at 

which ventilation inception first occurs. The design of a foil 

system may have to be modified, or specially designed preventa- 

tive devices such as ventilation fences provided, if ventilation 

appears to be a probability. 

THE CAUSES OF VENTILATION 

There are a number of possible causes leading to the con- 

ditions required for ventilation inception. These causes can be 

divided into three groups: Those leading to ventilation of struts; 
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those leading to ventilation of surface piercing foils; those 

leading to ventilation of fully submerged foils. 

The primary cause of strut ventilation i's turning. When a 

hydrofoil boat executes a turning maneuver the craft, and thus 

the strut, assumes an angle of heading to the direction of motion 

(side slip angle). The resulting angle of attack on the strut 

may be sufficient to cause separation and ventilation. Rolling 

motions of the craft will also result in an angle of attack on 

the strut, but this angle is probably never adequate to cause ven- 

tilation inception. 

Ventilation inception on surface piercing foils can also re- 

rult from turning, although this is less likely than in struts be- 

cause of the effect of dihedral angle. The most likely cause of 

ventilation of surface piercing foils is the high angles of trim 

which may occur at or near takeoff. These large angles occur 

particularly when there are surface piercing foils forward only. 

A third possible cause of ventilation is the angles of attack in- 

duced by severe heave and pitch motions. These motions appear 

more likely than roll motions to induce ventilation. Ventilation 

of fully submerged foils can arise from either takeoff trim or 

from severe heave and pitch. For ventilation to occur on fully 

submerged foils an air supply must be present, necessitating the 

previous ventilation of a surface piercing foil or a strut. Ven- 

tilation inception can also occur if the tip of a fully submerged 

dihedral panel is very close to the free surface, as may occur dur- 

ing takeoff. 

J 
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THE EFFECTS OF VENTILATION 

The most important result of foil ventilation is the abrupt 
. 

loss of lift caused by ventilation. This lift loss, which is il- 

lustrated for several typical foils in Figure 3.1, can result in 

hull crashing or nosing in of the boat caused by either loss of 

altitude or pitch or roll instability of the boat when one or 

more foils ventilate. These events can result in loss of foil- 

borne flight and in severe hull loadings and damage due to impact. 

Ventilation can also result in vibrations and buffeting 

caused by periodic formation and collapse of the ventilated region. 

Although the collapse of the ventilated regions does not result 

in the damage caused by vapor cavity collapse, the vibrations and 

buffeting can be highly uncomfortable and structurally dangerous. 

Ventilation of a strut may not be as serious as that of a 

foil but it may act as a prelude to foil ventilation. For this 

reason alone it should be avoided. It is certainly desirable to 

avoid ventilation of any type because of the possible damage and 

discomfort involved. 

MECHANISMS OF VENTILATION INCEPTION 

Ventilation inception can be defined as the condition where 

the flow over the hydrofoil changes from fully wetted or partially 

cavitating to one in which a stable, air-filled region or cavity 

is formed over the foil. The air inside the ventilated region or 

cavity must be continuously supplied from a source external to the 

flow, usually directly from the atmosphere, as it is being con- 

tinuously removed by entrainment at the rear of the cavity. 

- 
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There are two types of ventilation in which interest is con- 

centrated. The first is the ventilation of a foil which is pierc- 

ing the water surface,including both struts and surface piercing 

foils. The second type is that which occurs on a fully submerged 

foil panel. 

There are four major physical conditions which must, as far 

as is known, exist for ventilation inception to occur: 0) a 
finite area of separated flow, due either to a separation of the 

boundary layer or the formation of a vapor-filled region (in which 

regions the flow is essentially stagnant) must exist continuously 

over-the span of the foil; (2) the separated region or region of 

cavitating flow must be of sufficient size to allow passage of 

the air into this region; (3) the conditions must be such that 

after ventilation inception occurs a stable ventilated region is 

maintained at the operating conditions of the section for some 

finite period of time; and (4) the ventilating air pressure must 

be greater than the pressure within this region. Generally the 

satisfaction of condition (3) implies that condition (4) is well 

satisfied too. 

The adequately sized separated region of low kinetic energy 

(stagnant) and relatively low pressure flow allows the ventilation 

air, which itself possesses low energy, freely to flow across the 

body and be driven downstream by its relatively high pressure to 

form a ventilated cavity. Air which might be introduced at a non- 

separated region, will not result in ventilation of the flow, for 

the air so introduced is rapidly swept aft by the flow in the form 



HYDRONAUTICS, Incorporated 

3.8 

of a streamer or string of bubbles, without seriously influencing 

the flow itself. The only case where ventilation inception may 

occur,other than through a separated air region ori the foil,is on 

low aspect ratio foils at very shallow depth, where ventilation 

occurs through the tip vortices well aft of the foil. 

Either boundary layer separation or cavitation can provide 

the conditions necessary to meet requirements (1) and (2), and 

either of these can be responsible in practice. Boundary layer 

separation is determined mainly by the section geometry (including 

incidence) and to a lesser extent by the flow Reynolds number. 

Cavitation is determined mainly by the section geometry and cav- 

itation number. In general, ventilation inception by boundary 

layer separation is more probable as it can occur at considerably 

lower speeds than can reasonably sized areas of cavitation. Both 

types, as they effect ventilation inception, will be considered. 

SEPARATION ON TYPICAL HYDROFOIL SECTIONS 

Data on boundary layer separation on hydrofoils is almost 

nonexistant, and that which does exist, such as Chang and Dunham 

(3.4), is not applicable to the problem being considered here. 

Wadlin (3.5) has made experimental studies of boundary layer 

separation on surface piercing foils but no quantitative relations 

for the conditions for separation have been recorded. Airfoil 

data must be resorted to for a comprehensive view of the problem. 

Results for airfoil sections will be assumed applicable to the 

case of hydrofoil sections, a procedure which would seem valid. 

Unfortunately, while hydrofoils are generally of moderate aspect 

- 
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ratio, the pertinent results for separation on airfoils are re- 

stricted to two-dimensional sections. Three dimensional effects 

are known, under certain circumstances, to have marked influence 

on boundary layer behavior. However, such three dimensional ef- 

fects as may occur on hydrofoils are too complicated to be tlieo- 

retically calculated at the present time. Fortunately, the three- 

dimensional effects may be expected to be strongest at the tip and 

near the trailing edge, and will probably be small very near the 

leading edge. As the leading edge will be the region of interest 

for ventilation inception, the effect of finite aspect ratio,other 

than on lift effectiveness,on separation characteristics of hydro- 

foils will be assumed very small and two-dimensional results (for 

separation near the leading edge) will be used. 

Carrow (3.6) discusses five types of two-dimensional separa- 

tion which have been observed by various investigators. McCullough 

and Gault (3.7) discuss the three types that have been observed 

in tests at the NACA. In general the types of separation discuss- 

ed by the various investigators are similar, Carrow adding two 

less commonly observed types. These two references give the most 

comprehensive discussion of the subject available. 

The first important type is long bubble separation (also 

called thin-airfoil separation). This occurs on thin sections and 

is shown in Figure 3.2a. At some small angle of attack (b) a sep- 

arated region (bubble) first appears in the laminar boundary layer 

near the nose; as the angle of attack increases this "shortbubble" 

which generally covers only a fraction of a percent of the chord 

(3.7) does not grow noticeably in length but moves toward the foil 
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leading edge (3.7) and (3.8). At some critical angle the bubble 

"bursts" and beyond this point the bubble begins to grow rela- 

tively rapidly with increasing incidence (c). At-some incidence 

(d) the bubble has grown until it covers the entire upper sur- 

face of the foil. It is the bubble formed after "burst" that is 

referred to as the "long bubble." Due to the very small size of 

the bubble prior to "burst" (the bubble ranges in length from 

. 2 percent of the chord (3.7) to about one percent of the chord 

(3.8)),its existance may or may not be adequate for ventilation 

inception. 

A second type of separation known as leading edge stall is 

shown in Figure 3.2b. Thgs type of separation occurs on foils of 

moderate thickness. At some small angle of attack (b) a short 

separation bubble forms. As the angle of attack is increased this 

bubble moves toward the leading edge (c) until suddenly, at some 

angle (d), the flow becomes separated over the entire chord from 

the nose aft. In this case the separation bubble does not grow 

continuously with increasing incidence as in the case of thinner 

foils, but rather suddenly assumes a length greater than the chord. 

4 

Whether long bubble or leading edge stall separation exists 

on a given foil actually depends on both the leading edge radius 

and the Reynolds number, and this dependency has not been thor- 

oughly explored through experimentation. For this reason it is 

difficult to define precisely what is meant by thin or moderately 

thick sections. The following table will serve as a guide, how- 

ever. 
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Foil 

63006 3.9 .002g7 

0006 3.9 .00400 

0007 3.10 .00545 

,,,,,,,,, 

Range of Long 
Bubble Separation 

Re<107 . 

Re < 8 x lo6 

Re 5 6 x 106 

Range of Leading 
Edge Stall 

Re > 107 

Re > 8 x 106 

Re > 6 x 106 

In general the differences in these types of separation is not im- 

portant in the ventilation incepti.on of sub-cavitating sections 

as the bubble size is not of great importance. 

These data apply to hydraulically smooth foils, but the ef- 

fects of roughness has been studied (3.9). It can be concluded 

that roughness generally has the effect of increasing effective 

Reynolds number and thus decreasing the Reynolds number required 

for the occurance of leading edge stall. 

A third important type of separation occurs on very thick 

sections (t/c > . 15) and is shown in Figure 3.2~. This type of 

separation, known as trailing edge stall, starts as a separation 

of the turbulent boundary layer at the trailing edge, (b), the 

region of separation moving toward the leading edge, (c), as the 

section incidence is increased. On these very thick foils, a 

small separation bubble also forms near the leading edge at rela- 

tively small angles of attack, but trailing edge stall becomes 

serious before this bubble is able to expand and cause leading 

edge stall. 

TWO other types of separation are described by Carrow (3.6) 

but not by McCullough and Gault (3.7). The first of these, which 

occurs on thick sections, is separation of the laminar boundary 

//O 
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layer, starting at the trailing edge and progressing toward the 

leading edge. This type can only occur at very low Reynolds num- 

bers. The second is separation of the turbulent boundary layer 

at the leading edge on very rough, very thick sections. Neither 

of these types will generally be of importance in connection with 

high speed underwater systems. 

In the case of sections with blunt bases or sections with 

abrupt decreases in thickness at some point, the flow will readily 

separate at these discontinuities. In fact,separation at such 

points cannot be avoided at any practical Reynolds number. Such 

separation is not a function of the Reynolds number, the section 

thickness or the section incidence, and may be called discontinu- 

ity separation. This fourth important type of separation is il- 

lustrated in Figure 3.2d. 

APPLICABLE TYPES OF SEPARATION 

The type of separation leading to ventilation inception will 

be a function of the characteristics of ~~.'s.~eti'oa~heing::c,d~~~~red 

as well as the application (fully submerged foil, surface piercing 

foils or strut). As has been noted, the type of separation which 

actually occurs is a function of the geometry of the section. In 

particular,the mode of separation depends very much on the leading 

edge radius. 

For sections with sharp leading edges (wedgelike),the separa- 

tion has been found experimentally to be of the long bubble type 

(3.11). For sections with rounded noses the important geometric 

parameter determining leading edge behavior is probably the nose- 

radius rather than the section thickness. This is indicated by 
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Figure 3.3 which shows that the magnitude of the velocity peaks 

on the upper surface of a variety of airfoils of different thick- 

nesses and shapes is proportional to inciden$e and is otherwise 

predominantly a function of nose radius alone. 

For hydrofoil sections with nose-radii in the range of values 

r,h < .OO25 leading to long bubble separation for Reynolds num- 

ber up to about 10: this mechanism should be assumed responsible 

for separation. For sections with thicker leading edges or for 

higher Reynolds numbers (see the previous table) leading edge 

stall occurs. Ventilation inception should be identical for these 

types of separation except for those cases where a large separated 

region is required. For long bubble separation,the bubble size 

is a function of incidence while for leading edge stall the bubble 

length should always be adequate for inception. 

CONDITIONS REQUIRED FOR VENTILATION INCEPTION 

Separatzon 

Separation at the base of blunt based bodies and sections is 

not, for normal Reynolds numbers, a function of the velocity of 

flow or of any section incidence which may exist. As the flow 

passes the sharp corner formed by the blunt base it must by neces- 

sity separate, as the fluid cannot attain the infinite velocities 

required to turn the corner. Although the extent of this separated 

region may be a function of the Reynolds number it may always be 

assumed large enough to ensure ventilation inception, providing 

that the base pressure is low enough to pull air from some exter- 

nal source (see later section). 
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For lifting hydrofoils and streamlined struts, the occurance 

of laminar bubble separation can be determined using a boundary 

layer calculation method such as the Karman and Pohlhausen method 

(3.12) or a simplification of this (3.13). Other and simpler 

methods such as that of Stratford (3.14) can also be used to pre- 

dict the onset of separation. These methods provide, based on an 

iterative solution, the angle of attack and the point (on the foil 

surface) at which separation occurs, These methods do not, how- 

ever, yield any information on the size of the separated region 

or on the angle of attack at which the small initial bubble bursts 

and becomes a "long" bubble. 

Crabtree (3.15) has found that the pressure recovery factor 

C, pertaining to a short bubble can be used as a criteria for 

determining the angle at which the long bubble is formed. The 

pressure recovery factor which was first investigated by Norbury 

and Crabtree (3.16) is defined as: 

c = (P r- ps V&V = cc Pr - cps Ml - cps) L3.11 

where C and C 
Pr Ps 

are respectively the pressure coefficients at 

the points of reattachment and separation of the short bubble. 

Crabtree has found from experiments that when the value of C 

reaches 0.35, the short bubble bursts. 

- 

It should be noted that this information cannot be used to 

predict short bubble bursting unless experimental pressure dis- 

tributions for incidences right up to bursting are available. 
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This criterion is thus of limited value for prediction. In fact, 

experimental results must mainly be relied upon. 

Experimental data pertaining to long bubble and leading edge 

stall is available from NACA and RAE tests. These data give bub- 

ble appearance and geometry (length and thickness) as a function 

of angle of attack for a number of sections. Of particular in- 

terestarethe data for a thin double wedge of 4.23 percent thick- 

ness (3.11), and NACA 64AOO6 section (3.7), NACA 007.5 and 008 

sections (3.10), and an RAE 101 section (3.15), all of which have 

thin noses. The angles of attack required for a separation bub- 

ble. to form initially are available for all of these sections 

while extensive separation bubble geometry is available for the 

first two. Some results for bubble geometry of the other two foils 

is also available. 

Figure 3.4 presents curves based on all the available appli- 

cable data mentioned above. The lowest of the four curves repre- 

sents the boundary for formation of short laminar bubbles at the 

leading edge. The upper boundary curve corresponds to conditions 

where the short bubble bursts. In the shaded-region the short 

bubble exists at the leading edge but does not grow in length wit1 

incidence. For angles greater than that for bubble bursting, a 

long bubble or leading edge stall bubble (full chord) has formed. 

The upper two curves represent, respectively, separation bubble 

lengths of ten and twenty percent where long bubbles exist. All 

of theae.data come directly from References (3.7), (3.9), and 

(3.10) with the exception of the data for the RAE 101 section on 

the ten percent chord length curve. This has been estimated from 
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the pressure distribution data presented in (3.15). Experimental 

results indicate that for thicker sections the angle of attack 

required for bubble bursting (about nine degrees'ln this case) is 

essentially the same as that required to produce a bubble whose 

length is twenty percent of the chord. 

Figure 3.5, which is of particular interest for natural ven- 

tilation, presents the data of Figure 3.4 plus data for two thicker 

sections,63012 and 66018. The upper and lower boundary curves have 

the same significance as in Figure 3.4. In the case of natural 

ventilation, particularly at the free surface, where air is avail- 

able over the entire chord, the lower bound,representing the first 

appearance of a laminar bubble, probably represents the limit of 

ventilation inception. Figure 3.4 is of more interest where the 

location of the air supply is fixed,as in the case where ventila- 

tion is desired. For some fully submerged sections which are 

supplied indirectly, the air may not be present over the entire 

chord of the foil. In this case,it is likely that the upper 

curves of Figures 3.4 and 3.5 are of interest. The geometry of 

the foil system will dictate whether air will be supplied over 

the entire chord of the foil. 

Extent of Separation and Experimental Results 

At the smaller angles of attack, given by the long bubble 

boundary in Figure 3.4, separation has just begun and the bubbles 

are extremely small. In cases where the separation bubble re- 

quired for ventilation inception must have a finite length and 

thickness, the angle of attack required to give a bubble of suf- 

ficient size can be estimated from data, Figures 3.6 and 3.7,which 
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show experimentally determined bubble shapes for a wedgelike lead- 

ing edge (included angle = 4.9 degrees) and for a foil with a nose 

radius of . 256 percent. . 

Only a small amount of experimental information on ventila- 

tion inception of fully submerged hydrofoils is available to serve 

in verifying the foregoing assumptions and results, and these are 

from tests at the University of Minnesota, (3.17), and HYDRONAUTICS 

(unreported). Other investigations of ventilated fully submerged 

hydrofoils have been made, such as (3.18), but these are for foils 

with forced ventilation from a series of holes distributed over 

the entire span which is of no interest here. 

Approximate angles of attack required for ventilation in- 

ception on a six degree wedge and an 11.3 degree wedge hydrofoil 

are given by Shiebe and Wetzel (3.17). Experiments with small 

foils (a sharp leading edge flat plate and a wedge of 6 degrees) 

have been conducted at HYDRONAUTICS in order to determine the an- 

gles of attack required for ventilation inception. For the foils 

tested at Minnesota the measured angles of attack were: for the 

six degree wedge - eight degrees; for the 11.3 degree wedge - ten 

degrees. The tests conducted at HYDRONAUTICS, Incorporated showed: 

for the flat plate - four degrees and for the wedge - six degrees. 

In both cases these are the geometric angles of attack. The ef- 

fective angles of attack ae are less than the geometric angles be- 

cause of finite span effects,and it is these effective angles which 

determine separation phenomena; they can be determined using the 

results of Wadlin (3.19) given in Equations [3.5] and [3.6]. When 

the geometric angles of attack are corrected for aspect ratio and 
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finite depth effects, the resulting effective angles of attack are 

found to be: for the Minnesota foils, 3.6 and 4.5 degrees, re- 

spectively. These results are shown in Figure 3J’O which presents 

the effective angles of attack required for separation,plotted as 

a function of the wedge angle. 

It will be noted that two lines have been drawn through the 

data points in Figure 3.8. These curves represent different val- 

ues of the location of the ventilating air ports. The inception 

air port on the foils tested at Minnesota was located at approxi- 

mately nine percent of the chord aft of the leading edge, while 

in those'tested at HYDRONAUTICS the port was located within two 

percent of the chord from the nose. For natural ventilation the 

air will not be supplied through a port but rather over some por- 

tion of the chord. In most cases the air will be present over the 

entire chord so that the lower curve of the figure would be ap- 

plicable as it represents essentially the minimum angle for venti- 

lation. 

It can be seen that the results of Figure 3.8 are very much 

in agreement with the data presented in Figure 3.4; which indi- 

cates that effective angles of attack of approximately two and 

three degrees would be required for inception with bubble lengths 

of 2 and 10 percent of chord respeatkvely; it should be recalled 

that Figure 3.4 corresponds to a wedge angle of 4.9 degrees. 

Figure 3.8 also includes the inception angle for a surface 

piercing wedge foil of six degrees included angle as tested by 

Fridsma (3.20). In the case of the surface piercing foil the 

angle required for ventilation is a function of the Froude number 

Fc based on chord c: 
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For large Froude numbers (Fc) 20) the angle of attack becomes in- 

dependent of the Froude number and it is this point that is shown 

in Figure 3.8. For the case where the Froude number is less than 

20 the angle of attack aF required is given by: 

[3.21 

. 

oF 
= af 

F L3.31 

where f F is the ratio of the angle of attack required at small 

Froude number to that required at large Froude number (Fc > 20). 

The factor fF is given in Figure 3.9,which is based on the data of 

(3.20), In the case of wedge foils the angle of attack a given 

by Figure 3.8 is measured from the face of the foil. 

A comparison of the data of Fridsma (3.20) and the values 

of Figure 3.8 indicate that the depth-chord ratio of the foil 

of (3.20) appears to have little effect on the inception angle. 

This can be explained because the separated region behind a wedge, 

unlike that formed by an airfoil section, tends to be independant 

of the ventilating air pressure. Thus, even though the air pres- 

sure is decreased by increased airflow, the ventilated cavity is 

not subject to the choking off present with airfoil shaped foils. 

The upper curve of Figure 3.9 indicates that a stable ventilated 

cavity is maintained at an angle where theory would predict a 
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stable cavity for the wedge angle involved. For wedge shaped 

foils, then,it would appear that depth-chord ratio effects can be 

ignored for moderate depth-chord ratios (less tha;i say 3.0), 

The dependence of the inception angle on the wedge angle is 

borne out by theoretical considerations. As the wedge angle is 

increased, the magnitude of the adverse pressure gradient for a 

given angle of attack decreases, so that a larger angle of attack 

is required to reach the same pressure gradients and thus to 

achieve ventilation inception. Probably the most important con- 

clusion that can be drawn from these data is that ventilat.ion in- 

ception on wedges does, in fact, occur at angles of attack very 

close to those which might be deduced from boundary layer sep- 

aration considerations and results, 

A number of investigators have published data for ventila- 

tion inception on surface piercing struts, Breslin and Skalak 

(3.21) have tested struts of NACA 4412 section at various depth- 

chord ratios from 0.5 to 2.0. Wetzel has conducted tests for 

struts of NACA 0012 and 0024 sections for depth-chord ratios from 

0.5 to 5,0, Kiceniuk (3.22) has tested a round nosed ogival strut, 

whose section shape approximates that of an airfoil,at one depth- 

chord ratio. 

The tests of Breslin and Skalak indicate that ventilation in- 

ception can occur due to one or more causes,, Figure 3.10 illus- 

trates that, depending on the depth-chord ratio and the Froude 

number, the ventilation can result from either boundary layer 

separation or ventilation of the tip vortex. Figure 3.10 also 

illustrates that tip vortex ventilation is restricted to depth- 

chord ratios of 1.5 or less'. Tests of a depth-chord ratio one 

1’9 
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strut with a large end plate showed no tip vortex ventilation. 

It is thus likely that struts, which will terminate in a sub- 

merged foil, will not be subject to tip vortex ventilation. Thus, 

only boundary layer separation need be considered as a cause of 

ventilation inception. 

Data from all of these tests indicates that there is a crit- 

ical Froude number Fd based on depth, below which ventilation can 

never occur. Figure 3.11 shows that for depth-chord ratios of 

one or greater this critical Froude number is approximately 1.6. 

It is probable that surface piercing foils and struts will have 

Froude numbers greater than this limit so that ventilation will 

always be possible. 

For surface piercing elements it is probable that ventila- 

tion inception can occur as soon as a small laminar bubble forms. 

Figure 3.5 indicates that for small nose radii the angle for 

formation of the laminar bubble is highly dependent on nose radii 

while for moderate nose radii (r,/c > 0.01) the angle of attack 

becomes essentially independent of nose radii. This is borne out 

by the data of Figure 3.12 which indicates that the angle of at- 

tack required for ventilation is essentially independent of the 

section geometry and nose radii, 

Figure 3.12 illustrates that the important parameter in 

determining the angle of attack required for inception appears to 

be the depth-chord ratio. This result can be explained in terms 

of the free surface closure discussed by Wadlin (3.22). Fig- 

ure 3.13 illustrates the process which leads to choking of the 
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ventilated flow for large depth-chord ratios. As the angle of 

attack required for inception is reached, a ventilated region 

begins to form (a). As air progresses down the strut the volume 

of the ventilated region grows (b) causing an increase in the air- 

flow into the ventilated region. The reduction in pressure in the 

air resulting from increased air velocity causes the spray to close 

over the air passage through the free surface (c). This further 

reduces the air pressure, the process continuing until the air 

passage is completely closed over by the free surface. The ven- 

tilated region then disappears as the air in entrained away by 

the flow.(d). When conditions required for inception are again 

met a new ventilated region will be formed and then choked off. 

A stable ventilated flow will only be achieved and maintained when 

the angle of attack is increased until the area of the ventilated 

region formed is adequate for passage of the air. 

Figure 3.12 shows that at a depth-chord ratio of one, where 

the surface closure condition is probably not important, the data 

show* effectfve angles of attack for inception of: from 5.5 to 

6.5 degrees. This compares quite favorably with the angles of 

6.2 to 6.4 degrees predicted by Figure 3.5 for the range of nose 

radii involved (r,/c 2 0.0156). It thus seems reasonable to as- 

sume that theshortbubble curve of Figure 3.5 applies for surface 

piercing foils and struts where depth-chord ratio is small. 

The effect of depth-chord ratio on the angle required for 

inception is basically a problem of the amount of air entrained 

per unit area of the ventilated region at the free surface. From 

the air entrainment result given by Barr (3.23) and the result of 
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Cuthbert (3.24) that 

. 

& 
bVJ 

a 
1 
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[3A 

where Q is the volume of air,entrained, b is the reentrant jet 

width, V J 
is the reentrant jet velocity and L! is the cavity 

length, it can be shown that 

r3.51 

- 

If it is assumed that the cavity closure effect is negligible at 

a depth-chord ratio of one, the angle of attack at another depth- 

chord ratio is given by 

= (a)h.,c=, ' L3.61 

where h/c is the depth-chord ratio. The dashed curve in Fig- 

ure 3.12 was determined from this equation and is shown to be in 

very good agreement with the data. Although many other factors 

affect the relationship of [3.4], it is felt that Equation [3.6] 

represents a good working approximation for the effect of depth- 

chord ratio on inception angle. 
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Pressure Reauirements 

- 

Ventilation inception cannot,of course,occur until the pres- 
. 

sure of the ventilating air is greater than the pressure in the 

separation bubble. This will almost always be the case but it is 

of interest to summarize the situation regarding pressures in 

regions of boundary layer separation. 

Before the separation bubble is formed, the pressure dis- 

tribution on a section can be predicted with reasonable accuracy 

using theoretical results (3.25). Once the separation bubble 

forms, however, no adequate theoretical method for predicting the 

pressure.distribution exists. Recourse to experimental data must 

again be made. These data give the pressure distributions on the 

surface of the sections both before and after separation occurs. 

The important pressure is that within the separation bubble, 

rather than the pressure on the foil surface as reported in var- 

ious NACA references. Very few measurements of pressure within 

the bubble are available, and no means of predicting pressures 

are available as the flow within the bubble is not well enough 

understood (3.26). However, the data of (3.8) shows that in gen- 

eral the pressure within the bubble is close to the pressure on 

the foil surface, the maximum variation in pressure coefficient 

being about 20 percent, and that the pressure within the bubble 

is lower than on the surface. 

As the pressures of interestoccur ne,ar:,theleading edge, they 

are,as previously mentioned,probably a function only of the nose 

radius or wedge angle. Based on this assumption, the pressure 

/23 
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distributions for the double wedge, 64AOO6, and 007.5 sections 

can again be used. Figures 3.14, 3.15 and 3.16 show the pressure 

distributions on these sections as a function of incidence. These 

pressures may not depend very strongly on Reynolds number for in 

Reference (3.7) it is shown that, although the pressure coefficients 

are functions of the Reynolds number, the dependency is limited to 

large negative pressures that occur at the leading edge before 

separation. 

Figures 3.14 and 3.15 indicate that for sharp leading edge 

sections a pressure coefficient of about -1.0 likely occurs, while 

forsections with a finite nose radius a somewhat greater pressure 

coefficient exists but probably never exceeds -2.0. 

Speeds Required 

If the ventilating air pressure is known, the minimum speed 

at which ventilation inception can occur can be calculated. The 

speed at which ventilation inception occurs can be calculated from 

Equation [3.7] when the pressure coefficient CP is known. The 

pressure coefficient CP is given by: 

cp = pc- po 
+pv’ 

L3.71 

where P 
0 

is the ambient pressure at the foil and PC is the cavity 

pressure which is equal to the air pressure less any losses oc- 

curing in transmitting the air to the foil. Some loss would be 

expected in the case where a fully submerged foil is ventilated 

by a strut or surface piercing foil. 
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Ventilation Resulting from Cavitation 

Although ventilation inception probably results from bound- 
. 

ary layer separation, it is possible for cavitation to lead to 

inception first. This would only be expected to occur at very 

high speeds where cavitation results primarily from thickness 

rather than incidence. In these cases, the angle of attack at 

which cavitation begins is inadequate for boundary layer separation. 

Despite some difficulties in predicting theoretically the 

point of cavitation inception (see section on cavitation incep- 

tion) it can usually be estimated with reasonable accuracy. How- 

ever, the calculation of the point where cavitation becomes suf- 

ficient to allow ventilation inception would seem almost impossi- 

ble, for there is no way of predicting when the bubble cavitation 

formed initially will become a continuous sheet. As in the case 

of boundary layer induced ventilation, inception can occur only 

when a continuous region of low pressure (cavitation) is present 

over the entire span of the foil or length of strut. 

Experiments have indicated that for a typical surface pierc- 

ing strut, cavitation appears to play no part in ventilation. 

Coffee and McKann (3.27) tested an unyawed 66.012 strut at speeds 

up to 70 feet per second. Although heavy cavitation was observed 

in many cases, no incidences of ventilation inception were recorded. 

Until experimental observation of surface ventilation in- 

ception through cavitation can be obtained it would seem advisable 

to assume that boundary layer separation is the major cause of 

ventilation inception. 
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APPLICATIONS TO FULLY WETTED HYDROFOILS 

In all cases the geometrical angle of attack must be deter- . 
mined from the operating conditions of the boat. The geometrical 

angle of attack a 
Q 

resulting from turning with a side slip angle 

p is given by 

ak3 '= /3 sin l? L3.81 

where I' is the dihedral angle and sin I' = 1.0 for struts. This 

angle of attack will be induced on all struts and dihedral foils. 

In the case of trim of the boat, the geometrical angle of attack 

of all fixed foils will be 

ag 
= z cos r L3.91 

where 't is the trim angle. In the case where the foil also has 

some incidence 6 the angle z should be replaced by (7 + 6). 

In the case where the angles of attack are induced by motions, 

the calculation of a 
65 

is more complex because the effect of or- 

bital velocities must be taken into account. To estimate the ex- 

act angle of attack, it is necessary to know the phasing between 

the motion and orbital velocity. The worst possible case is that 

where the orbital velocity and craft velocity are 180 degrees out 

of phase. This should be used because this condition will probably 

be realized at some time. In this case the maximum geometrical 

angle of attack is given by 
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4r+hw > 
ag= u 13.m 

. 

where h w is the wave height of the significant wave, U is the 

forward velocity of the boat, CD is the frequency of encounter 

given by Martin and Turpin (3.28) and r is the craft response 

given by: 

r=c cos r heave (for foils) 

r = 8aF cos I? pitch (for foils) 

r = @rF sin J? roll (for struts) 

Here c is the maximum heave amplitude, 8 is the pitch amplitude, 

cb is the maximum roll amplitude, ,4?F and rF are the longitudinal 

and verti.cal distances of the point in question from the c.g. 

Although these values represent the maximum angles of at- 

tack likely to be achieved, they are probably not unrealistic 

because of the highly variable nature of the flow conditions. It 

is likely that at some time in a realistic seaway these angles 

will be realized. 

The effective angle of attack oe which is the angle plotted 

in Figures 3.4 and 3.5 is given by: 

a _ag 
e AR+3 

AR 

[3.=1 
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where AR is the geometrical aspect ratio of the submerged portion 

of the strut or foil. In cases where surface piercing foils ter- 

minate in fully submerged foils the aspect ratio should be the 

aspect ratio of the entire foil system. In cases where a strut 

or surface piercing foil terminates normal or nearly normal to 

another panel, the effective aspect ratio is greater than the 

geometric aspect ratio AR and is given by 
g 

AR = ARg x fP L3.121 

where f P is given in Figure 3.16 from Riley (3.29). If the chord 

and span of the submerged panel are large compared with the chord 

of the surface piercing foil or strut,the factor fP will approach 

2.0. 

Surface Piercing Foils and Struts 

The basic angles of attack required for ventilation inception 

of sharp nose and round nose sections are given by Figures 3.8 

and 3.5 respectively. These values represent a minimum value, and 

must be modified by free surface effects to obtain the actual ef- 

fective angles of attack required for ventilation inception. 

In the case of wedgelike sections the angle of attack ae re- 

quired for inception and given by Figure 3.8 must be modified by 

the factor Fc which gives the increase in angle required with de- 

creasing Froude number. Equation [3.3] gives the required angle 

for low Froude numbers (Fc < 20). It has been concluded that no 

effect due to chokeoff is present for depth-chord ratios of three 

or less. 
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For round nose sections, Figure 3.5 can be used to obtain 

a e' Here ventilation inception will only occur at Froude numbers 

based on depth Fd of approximately 1.6 or greater: If Fd is less 

than this value no ventilation should occur for any angle of at- 

tack. For depth-chord ratios greater than one, stable ventilated 

cavities will only result when the effective angle of attack cx e 

is greater than the value given by Equation [3.6]. It is probable, 

however, that highly undesirable unstable ventilated cavities will 

result at the angles predicted by Figure 3.5 so that the use of 

these angles is felt to be more realistic than the use of Equa- 

tion [3.6]. For nose radii greater than those shown on Figure 3.5 

(r,/c > 0.02) an effective angle of attack of 6.5 degrees should 

be used as the inception angle CX~. 

Fully Submerged Foils 

For fully submerged foils the effective angles of attack re- 

quired for inception are taken directly from Figures 3.5 and 3.8. 

No corrections are necessary unless it is known that air will not 

be introduced near the leading edge of the foil. In this case 

the curves of Figure 3.4 representing a separation bubble of fi-- 

nite length or the data on finite bubble sizes of Figures 3.6 and 

3.7 can be used to find the required effective angle of attack. 

It should be remembered that ventilation inception can only 

occur on a fully submerged foil when an air supply is available. 

This normally results from the ventilation of a surface piercing 

foil or strut. Conditions for simultaneous ventilation of both 

/29 
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the foil and a surface piercing element intersecting the foil 

must thus be present for ventilation inception of a fully submerged 

foil. . 

PREVENTION OF VENTILATION 

Because of the undesirable effects of ventilation, it may be 

necessary to take steps to prevent it. This is especially true 

in a case where it is predicted that ventilation inception will 

occur. 

Normal means of preventing ventilation inception involve the 

use 0-f ventilation fences. A ventilation fence can be installed 

on either surface piercing foils or struts in order to prevent the 

passage of air beyond the fence. For maximum effectiveness, ven- 

tilation fences should be installed near the free surface,particu- 

larly in the case of surface piercing foils. 

No data are available on the design of ventilation fences, 

so that the required dimensions must be estimated. The ventila- 

tion fence stops further progress of ventilation by forming a phy- 

sical barrier which separates the separated regions on each side 

of the fence. When ventilation inception occurs, air passes 

through the separated region on the foil or strut until it reaches 

the fence. Further progress of the ventilating air is prevented 

unless the separated region is large enough to overlap the fence. 

The fence should thus be larger than any separated region expected. 

The required size can be estimated from the separation bubble 

geometries given in Figures 3.6 and 3.7. From these figures it 

can be seen that a fence with a chord equal to the foil chord and 
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a width of about ten percent of the chord should give adequate 

insurance against spread of ventilation past the fence. In cases 

where large angles of attack are expected the fence should prob- 

ably extend about one-half chord downstream of the trailing edge 

of the foil. 

Base vented struts should be avoided in fully wetted foil 

systems as they form a natural path for ventilating air to reach 

the submerged foils. As noted earlier, separation will always 

occur on a base vented strut so that some ventilation of fully 

wetted foils is likely under many conditions. 

In general, foil sections with large nose radii are less 

likely to ventilate than sections with nose radii less than one 

percent of the chord. As this is generally true of cavitation 

inception for all but the highest speeds, it is desirable to make 

the sections as thick as possible from a ventilation standpoint. 

One way of avoiding ventilation of fully submerged foils is 

to provide streamlined pods or fairings at the intersection of 

fully submerged foils with struts and surface piercing foils. 

These pods inhibit ventilation inception by breaking the path of 

separated flow needed for ventilation of submerged foils; they 

may thus act as a fence. 
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NOTATION 

A Characteristic area of foil or hull 

Af Planform area of foil panel 

Ah Hull area wetted by solid water (not including 

spray) 

AR 

ARh 

ARS 

Aspect ratio of foil 

Aspect ratio of hull based on wetted area Ah 

Aspect ratio of surface piercing foil 

(A/‘@) 

a 
0 

al 3, 

BM 

b The half-beam of the idealized prismatic hull surface 

cL 

C 
Ld 

cL a 

Hull loading factor defined as the hull area bounded 

by the chines divided by the displaced volume at 

rest to the 8 power 

Two-dimensional lift curve slope of a section in- 

cluding viscous effects 

Empirical constants defining the lift force due to a 

surface piercing foil 

Mean beam of the hull defined as the area bounded by 

the chines divided by the length between perpendicu- 

lars 4 

Lift coefficient - L 

$pVa2A 

Design lift coefficient due to camber 

Lift curve slope - dCL/da or dCL/dT 

/ 5-3 
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C 
LL 

C 
LNL 

(CL)CX 

cL 
"h 

C 
Lf5 

(cL)S 

'h 

C 
he 

C i I he 
A=0 

C 

c 
r 

D Total foilborne drag 

d Total vertical depth of surface piercing foil 

Vertical force in the z direction 

Froude number for the hull based on the at rest 

displaced volume of the hull - V/m 

F,z 
FN 

V 

FN 
V 

I-I 

Linear lift coefficient 

Non-linear lift coefficient . 

Lift coefficient due to angle of attack (incidence 

or trim angle) 

Lift curve slope of hull 

Flap rate - dCL/d6 

Lift coefficient due to flap deflection 

Hinge moment coefficient 

Hinge moment coefficient due to flap deflection - 

dCh/d6 

Hinge moment coefficient due to flap deflection for 

unswept foil 

Foil chord 

Foil root chord 

Froude number for the hull based on the unloaded 

displaced volume of the hull - 
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f/c 
65 
h 

Kb 

Kd 

K 
NL 

K. 

K2, & - 

L 

LP 

L e.g. 

&f 

$M 

&s 

44 cb 

4 
CP 

Flap chord - foil chord ratio 

Acceleration of gravity 

Depth of submergence of a foil panel 

Flap-span factor for CL 
6 

Flap-chord factor for CL 
6 

Three-dimensional biplane correction 

factor for CL 
a 

Non-linear lift correction factor 

Two-dimensional biplane correction factor for CL 
a 

Depth correction factor for CL 
a 

Total lift of the foil system or of an individual 

foil 

Length between perpendiculars of the hull 

Distance of the craft center of gravity from the 

hull transom 

Distance between forward and after foil systems 

Mean wetted length of the hull 

Total strut length 

Distance between center of hull buoyancy and hull 

transom 

Distance between center of lift of hull and 

hull transom 

/s-5- 
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53 
MDT 

Mh 

Mn 

P 

R 
H 

(R/W) 

S 

s 

T 

v 

vK 

vM 

vT 

hV 

X 

xb 

xc 

xf 

Moment due to hull buoyancy 

Moment due to drag-thrust couple . 

Moment due to hull 

Moment due to n'th component of the system 

Percent of chord of the center of pressure from 

the quarter-chord line 

Hull resistance 

Hull resistance divided by boat weight 

Foil span 

Depth of submergence of keel of idealized hull at 

the transom 

Propeller thrust 

Velocity 

Velocity in knots 

Velocity in statute miles per hour 

Takeoff velocity 

Change in velocity 

Longitudinal distance measured from the center of 

gravity 

Distance of the center of buoyancy from the center of 

gravity 

Distance of center of pressure of foil lift due to 

camber from leading edge in percent of foil chord 

Distance of foil center of pressure from center of 

gravity 



HYDRONAUTICS, Incorporated 

- 

5-l 

X 
Cl- 4 

xf 
q 

'n 

'b 

'h 

a 

aA 

aF 

a s 

I I 53 
c& 

P 
r 
A 

A' 

6 

6' 

h 

*h 

4.5 

Distance of the hull center of lift from center 

of gravity 

Distance of the foil center of pressure from the 

quarter-chord line at the foil root 

Distance of the foil center of pressure from the 

foil quarter-chord line 

Vertical force due to the nlth component 

Vertical force due to the hull buoyancy 

Vertical force due to the hull dynamic lift 

Angle of attack of the foil 

Angle of attack or incidence of forward foils 

Angle of attack or incidence of after foils 

Angle of attack on struts with dihedral angle 

Flap effectiveness parameter 

Hull deadrise angle 

Foil dihedral angle 

Displacement of craft in pounds 

Non-dimensional displacement ratio - A/+p? 

Flap angle 

Effective flap angle for swept foils - 6 cos A, 

Sweep angle of the foil quarter-chord line 

Sweep angle of the foil hinge line 

/57 
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x 

X0 

Taper ratio of the foil (root chord divided by 

tip chord) 

Sweep correction for lift-curve slope'CD 
a 

Percent of craft weight supported by the foils before 

takeoff 

Mass density 

7 Trim angle of boat relative to the hull base line 

7 
0 

Subscripts 

Planform correction for lift-curve slopeCL 
a 

A Referring to the foil systems aft of the center 

of gravity 

F Referring to the foil systems forward of the center 

of gravity 

h Pertaining to the hull 

n The n'th component of the system 

S Pertaining to the surface piercing foil systems 
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SUMMARY 

The problem of calculating the trim and altitude of a hy- 
. 

drofoil boat as a function of forward speed is considered. 

Simultaneous equations in terms of these and other known vari- 

ables are presented. Explicit solutions for a number of prac- 

tical configurations are presented for the case of foilborne 

operation. These solutions are given in terms of the hydrody- 

namic coefficients of the foil systems, for which expressions 

are given. Expressions for the hydrodynamic coefficients of the 

hull are also presented for the solution of the equations for 

the- pre-takeoff case. Methods of solution for the pre-takeoff 

case are indicated. The associated problem of craft resistance 

before takeoff is considered. The calculation of pre-takeoff 

drag is dependent on knowledge of trim and altitude as a func- 

tion of speed. Contributions of the hull and foils to craft 

resistance are considered and means of estimating pre-takeoff 

resistance given. 

INTRODUCTION 

A knowledge of the trim and altitude history of a hydro- 

foil boat as a function of forward speed is of considerable 

interest and importance to the designer. The craft resistance 

prior to takeoff is particularly dependent on the instantaneous 

trim and rise of the craft and these values may vary widely from 

their design or cruise magnitudes. It is also desirable to know 

the trim and altitude of the craft in order to insure that foil 

control margins and geometries (in the case of surface piercing 
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systems) are properly chosen. The possibility of ventilation or 

cavitation inception is also dependent on these parameters. The 

general unavailability of methods for calculating the drag of hy- 

drofoil craft before takeoff is largely due to lack of knowledge 

of trim and altitude. 

Two problems are considered in this chapter: The solution 

of the basic force and moment equations for the trim and alti- 

tude of the craft, and the determination of the drag of the 

craft, particularly before takeoff occurs. Neither of these prob- 

lems has been considered in the generally available literature. 

THE BASIC EQUATIONS GOVERNING TRIM AND ALTITUDE 

In general, operation of hydrofoil craft will be unsteady 

because of wave induced motions and variations in operating 

speed (such as occur during takeoff). The unsteadiness arising 

from acceleration of the craft is generally negligible and can 

be safely ignored in these calculations. Historically, operation 

of hydrofoil craft has been considered as a quasi-steady problem 

in order to make the problem more tractable. The unsteady forces 

on the foils, due to wave induced angles of attack, may be im- 

portant but the resulting forces will generally be manifested as 

small perturbations of the quasi-steady trim and altitude. For 

these reasons, it is felt adequate to consider the steady force 

and moment equations in determining the average operating condi- 

tions of the craft. 

The general vertical force equation and longitudinal moment 

equation governing the trim and altitude of the craft are 
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where: 

zn 

Mn 

A 

m 

m 
Zn=-A 

1 

c 

m 
Mn = 0 

1 

c4.11 

. 

is the vertical force due to the n'th 

component of the system (foil or hull) 

is the moment of the lift and drag forces 

of the n'th component about the y axis 

is the craft weight 

is the total number of foil and hull 

components. 
- 

The axis system upon which Equations c4.11 is based is the gen- 

eral one for hydrofoil craft and is shown in Figure 4.1. The 

origin of the axis system is at the center of gravity of the 

craft and Equations [4.1] refer to the fixed (x,y,z) coordinate 

system. Equations [4.1] must be satisfied at every speed for 

quasi-steady operation to occur. 

The vertical forces Zn are made up of the dynamic lift of 

each foil system, the dynamic lift of the hull (before takeoff), 

and the buoyancy of the hull (at low speeds before planing of 

the hull occurs). The moment Mn is composed of the moments of 

each of these vertical forces plus the moments arising from 

thrust and drag forces. 
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The most genera 1 expression for the vertical force due to a 

foil, z, , can be written in terms of the foil hydrodynamic 
. 'n 

coefficients: 

zfn 
= $pVa2 Af 

n 

where 

+c 
Ldn Lan 

an+7) +cL 

'n 

En 1 t4.21 

‘a 
is the forward speed 

Af 
is the submerged area of the foil 

cLd 
is the design lift coefficient 

cL 
is the lift-curve slope of the foil 

a 

C 
L6 

is the flap rate of the foil 

a is the incidence relative to the zero 

trim angle 

7 is the trim angle 

6 is the flap angle of the foil 

n denotes the n'th component of the foil system. 

Equation [4.2] is written in most general terms including both 

incidence control and flaps, although most foils do not have 

both. For surface piercing foils, the area Af will probably be 

a function of the altitude and trim. 

/6 2 
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The contribution to the total moment due to the n'th foil 

component, M n' can be written 
. 

Mn = "nXfn 'OS ? 
c4.31 

where 

xf is the distance from the center of gravity to 

the center of pressure of the foil panel in 

the body axis (X) coordinate system. 

Because the trim angle will always be small (T < 10 degrees),the 

cos-term in Equation c4.31 can be dropped and the moment M n 
written 

Mn = ZfnXfn. c4.41 

The force due to the dynamic lift of the hull, Zn, can be 

written 

'h 
= &IV,’ Ah CL (T + ah-) 

ah 

c4.51 

where 

Ah is the wetted area (not includzrig spray 

wetted area) of the hull projected on the 

X-Y plane 

cL is the lift curve slope of the hull 

ah 
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- 

7 is the trim angle 

ah is the average angle of attack of the hull 
. 

at zero trim angle. 

The corresponding moment due to the hull lift, Mh, is given by 

Mh = ZhXh N.61 

where 

57 is the distance from the center of gravity 

to the center of pressure of the hull measured 

along the X axis. 

The buoyancy force of the hull Zb is given by 

‘b = p@ c4.71 

where 

-fiL is the submerged volume of the hull. 

The corresponding moment of the buoyancy force about the center 

of gravity is 

Mb = ZbXb C4.81 

where 

33 is the distance from the center of gravity 

to the center of buoyancy of the hull 

measured along the X axis. 

.- 
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It should be noted that the force and moment due to buoyancy act 

only at low speeds where true planing has not yet begun, The 
final contribution to the moment equation is' the drag-thrust 

couple M 
DT which will be discussed in a later section. 

The most general vertical force and moment equations can now 

be written by substituting Equations [4.2] to C4.81 into Equations 

c4.13. The general force and moment equations for the hydrofoil 

boat are then given by: 

n=m 
A = A' = 

pma2 
+ cLa ("n 

n n I 
- 

+A 
h 'L CT + ah) + 'g" 

ah 

c4.91 

n=m 

o= 

1 [ 
AfnXfn CLd + CLa (an -vf)+c En 

n=l n n L6n I 

+ Ah% 'L (T + ah) + 2gs+ + MDT . L4.101 

ah 

Equations Lg.91 and [4.10] represent simultaneous equations which 

are functions of the independent variables h and 7 and the depend- 

ent variables A, V, en ati an. In some cases either h or +Y may 

be constrained and become independent variables. .In such cases 

/6.5- 
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one of the other variables such as 01 n or bn becomes a dependent 

variable. The drag-thrust couple is, in general, a function of 

all dependent and independent variables. The gekeral procedure 

here is to eliminate one of the dependent variables between 

Equations [4.9] and [4.10], allowing a solution for the other 

dependent variables. 

The Drag-Thrust Couple or Moment 

The presence of a net couple or moment due to thrust and 

drag greatly complicates the determination of the trim and alti- 

tude of the craft. The magnitude of this moment is dependent on 

the drag which is, in turn, dependent on the trim and altitude. 

The solution for trim and altitude thus becomes an iterative 

process if the drag-thrust couple is considered, It is possible 

to eliminate or approximate this couple in a number of cases, 

thus eliminating this nonlinearity. 

When a craft with fully submerged foil systems is operating 

foilborne, most of the drag is due to the foils which generally 

have the same elevation (relative to the craft co-ordinate system) 

as the propeller (thrust axis). The only drag producing a moment 

in such cases is the strut drag which is, typically, one third 

of the total drag. If the strut drag is assumed to act at the 

mid-length of the submerged portion of the strut or about one 

quarter of the total strut length above the foil, the drag-thrust 

couple MDT can be written 

- 

/66 
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where 

M DT =&D&s 

. 

D is the total foilborne drag 

c4.111 

&S 
is the total strut length. 

If the drag-lift ratio of the craft is assumed to be six, which 

is a typical conservative value for subcavitating foil systems, 

and the foil spacing is assumed to be ten times the total strut 

length, the value of MDT becomes 

M 
DT = .0014 L Cf L4.121 

where 

L is the total foilborne lift 

% is the longitudinal spacing between forward 
I 

and aft foil systems. 

Equation [Q.ll] ignores the effect of the air drag on the hull. 

For a foil system with 75 percent of' the load supported by 

the main foils, this moment is equivalent to a change in lift of 

one of the foil systems of 0.75 percent. For a boat with a static 

margin of 0.05 this would mean a change in lift of 2.8 percent 

due to additional trim. In both cases, it appears that the ef- 

fect of drag-thrust couple on trim of a boat with fully sub- 

merged foils is small enough to be ignored. 
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For a foilborne,surface-piercing system,the foil drag is 

probably located about half-way between the thrust and the free 
. 

surface so that the moment M DT is three times the value given 

by Equation [4.12]. 

M DT = ' 0042 L cf [4.131 

For a foil system with 75 percent of the load on the main foil, 

this represents an increase in the lift of the after foil or 

decrease in lift of the forward foil of 2.25 percent. If the 

vertical lift distribution of the surface piercing system is as- 

sumed proportional to the depth of submergence, this represents 

a change in submergence of the surface piercing foil of 2.25 per- 

cent, an amount which can probably be safely ignored. This would 

also represent a change in lift due to flaps or incidence of one 

of the foils of 2.25 percent, a negligible amount. It can thus 

be concluded that, for foilborne operation,the effect of the 

drag-thrust couple can be neglected for all normal foil systems. 

Prior to takeoff, the contribution of the hu-11 and struts 

to the drag will greatly increase the magnitude of the drag- 

thrust couple. It may be possible to make a reasonable approxi- 

mation of the drag-thrust couple before takeoff, but the effect 

of this moment should be carefully considered during this periad. 

SOLUTION OF THE EQUATIONS 

While Equations [4.9] and c4.101 apply to the case before 

takeoff has oecnrre.d,the solution of the equations for foilborne 

operation is obtained by first eliminating all hull terms. The 
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contributions due to the hull are usually non-linear so the solu- 

tion cannot be obtained in explicit form, For the foilborne case, 

however, the equations are linear or can be 'readily linearized 

for a number of realistic foil systems. For this reason, solu- 

tions of Equations [4.9] and [4.10] for hullborne and foilborne 

cases are considered separately. 

In finding the solutions presented here, certain assumptions 

have been made. These assumptions are all reasonable for the 

foil systems considered and introduce little or no approximation 

to the solutions. The assumptions are: 

- 

1. All foils are located at one of two longitudinal 

positions, these representing the center of the pressure of 

the foil system. This is true of almost all present designs such 

as the DENNISON, PCH and AGEH, and excludes only those systems 

with special auxiliary foils or hydroskis. 

2. For foilborne operation, the performance of all 

foils lies within the linear range and can be characterized by 

a linear lift curve slope as in Equation [4.2]. Before takeoff, 

the foil lift coefficients may reach values where non-linear 

effects are important and should be considered. If non-linear 

effects appear to be important after takeoff, an accurate approxi- 

mation of the non-linear effect can be made. 

- 

3. The change of the center of pressure of the foil 

system is small. For foilborne operation, the changes of loca- 

tion of center of pressure are probably negligible. Here again, 

the change in center of pressure can be estimated without intro- 

ducing an unnecessary non-linearity into the equations. 

/69 
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Methods of Solution 

There are several approaches open for solving the basic Equa- . 
tions c4.91 and [4.10] for the trim and altitude of the craft. 

These can be divided into those where the equations are linear 

or can be readily linearized and those where the equations are 

inherently non-linear. 

In the first case, the equations can be solved by elimina- 

ting one of the dependent variables between Equations c4.91 and 

c4.101. Several types of non-linearities occur which can be 

readily circumvented in determining such explicit solutions. The 

first is the change in center of pressure due to change in foil 

angle of attack or flap angle. A second is the non-linearity of 

foil lift. Explicit solutions can be obtained by assuming that 

the center of pressure is fixed and by using linear foil lift re- 

lationships as in Equation L4.21. 

- 

The shift in center of pressure, while it may be appreciable 

in terms of the foil chord, is generally small compared with the 

distance to the center of gravity. In such a case, an accurate 

solution can be obtained by using the exact center of pressure 

occurWng:y&tLkhe last calculated point. This method is accept- 

able as long as reasonably small increments of velocity, and 

thus changes in center of pressure, are considered. 

In cases where the foil lift coefficient is near the essen- 

tially linear range (say CL less than 0.80) it is probably safe 

to ignore non-linear effects altogether. For larger lift coeffi- 

cients, the non-linear effects can be approximated qu;tte accurately 

/ 70 
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by using the magnitude of the non-linear effect at the previous 

point, or 

. 

where 

cL a 

a 

K 
NL 

The non-linear 

non-linear and 

CL = CL 
c1 KNL O1 c4.141 

is the linear lift-curve slope 

is the total equivalent angle of attack 

is the non-linear correction. 

correction, as noted, can be determined from the 

linear lift coefficient at the previous speed 
- 

is 
KN 

= 

v + AV 
: 

C 
LNL 
C 

LL 

where the subscripts V and V + AV denote the previous speed and 

the present speed. As with the shift in center of pressure, 

14.151 

V 

this method should be adequate if the increment in velocity AV 

is not too large. While the actual calculations will indicate 

acceptable values of AV, a value of one-tenth or less of the 

final velocity is probably acceptable. 

For highly non-linear cases, such as exist before takeoff, 

this approach is probably unacceptable. Here some type of 

numerical solution of the simultaneous equations is indicated, 

/7/ 
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TRIM AND ALTITUDE AFTER TAKEOFF 

The more tractable case of foilborne operation will be con- 
. 

sidered first. If the drag-thrust couple is assumed negligible, 

a number of explicit solutions can be obtained for practical 

foil configurations. Both fully submerged foil systems and sur- 

face piercing foil systems (surface piercing foils forward or 

aft only) lead to a number of explicit solutions. In cases where 

non-linearities exist, the expressions for lift can be multiplied 

by the appropriate factor KNL discussed in the previous section 

to account for these non-linearities. The fully submerged foil 

systems-can have either incidence control or flaps. Solutions 

for foils with both can also be obtained but these are felt to 

be unrealistic. 

Fully Submerged Foils with Flaps and/or Incidence Control 
Forward and Aft. 

This type of foil system is probably the most practical type 

for higher speed hydrofoil systems (see Chapter 3). All impor- 

tant Navy hydrofoil boats, including the PCH and AGEH (both with 

subcavitating foils) and the Navy Test Craft FRESH-l (with super- 

cavitating or ventilated foils), are of this type. For this type 

of foil system Equations L4.91 and c4.101 can be rewritten 

A 
,/2V2 

= AF CL 

1 
(aF + 7) + c BF + CL \ 

aF dF! 

+A A 'L 
i 

caA + 7) + CL 

6A 
'A + 'L 

aA dA C4.161 
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(~F+T)+CL 6F+CL 
. 

aF 6F dF 

(aA+7)+C EA + CL . c4.171 

"A dA 

where the subscripts F and A refer to the forward and aft 

foil systems and the areas AF and AA refer to the total 

area if there are more than one forward or aft foils as 

in the case of the PCH and AGEH (two forward foils and 

one aft foil). 

- For most cases the foil submergence will be greater than one 

chord and the effect of depth on the lift curve slopes and flap 

rates C 
La 

and C 
LE 

can be ignored. Equations E4.161 and c4.171 

thus become independent of the altitude h and a function only of 

the trim angle 7 and foil incidence or flap angle c1 or 6. 

These equations can be solved explicitly for a number of 

cases of interest. For these solutions it is assumed that there 

are either flaps or incidence forward and aft but not both. The 

cases considered here are: Angle of trim held fixed, solving 

for (a) aft incidence, (b) forward incidence, (c) aft flap angle, 

(d) forward flap angle; aft incidence held fixed solving for (e) 

forward flap angle or (f) trim angle; aft flap angle held fixed 

solving for (g) forward flap angle or (h) trim angle; forward in- 

cidence held fixed solving for (j) aft incidence or (k) trim 
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angle and; forward flap angle held fixed solving for (4,) aft flap 

angle or (m) trim angle. 

a ., b., c. and d. Angle of trim held fixed or known 

cL 
"A 

~A'L~~X - "A)] 
E4.18al A' I a.. = 

C 

L6A 

C 

L6A 

cL 

C aF 7 

L6F 

k18bl b. EF = A' C 

L6F 

% 1 
C. aA = 

A' L4.18~1 
AACL (% - 'A) 

aA 
cL 

aA 

cL 
dF 

cL 
aF 

xA 

AFCL ('A - ?F) 
% 1 C4.18dl d. 7 
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e. f. Aft incidence fixed 

f. = 

- 

cL cL - cL cL 

+ 
aF dA "A 

c, c, A 

g. h. Aft flap angle fixed 

C, 

g* 

h. 

'r = A' 6 
A 

C4.18el 

C4.18fl 

C4.18gl 

/75' 

[4.18hl 
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j.k. Forward Pncidence fixed 

k. aA=A' 

- cL AAXA + 'L AF% 
"A aF 

cL cL AAA& - 'A) 

aF aA 

dA 
- cL cL 

aA 
c- c- F 

L L 

aF aA 

4. m. Forward flap angle fixed 

zd. I- = A' 

m. 6A = A' 

xA 

AFCL6F(X A -%'] 

cL AAXA + 'L AF?F - 
"A aF 

cL cL AAAF(% - 'A' 
"F 6A 

6F 

C4.18jl 

t4.18kl 

t4~8cl 

cL cL 
aF dA 

- cL cL 
"A dF 

cL cL 
aA 6F 

cL cL 
"F 'A 

+ cL cL 6F C4.18ml 

"F 6A 

/7G 



HYDRONAUTICS, Incorporated 

- 4-25 

Surface Piercing Foils Forward and Fully Submerged Foils Aft 

Next to the fully submerged foil system this type is prob- 

ably the most popular type of foil system. 'The H.S. DENNISON 

is of this type. For this type of foil system Equations [4.g] 

and [4.10] can be rewritten 

+A F 'L 

i 

("F + 7) + c 'F + 'L 
aF dF 

+ AA ("A +T)+cL 6A+CL 

aA 6A dA 
c4.191 

' = 'sxs(CLa; + 'LdJ+ 'F+(CLaF'"F + ') + ‘L6;F + ‘LdF) 

caA + 7) + c 'A + 'L 
"A dA 

where tk subscript s denotes the forward surface 

piercing foil or foils. 

t4.201 

As in the case of the fully submerged foil system, the lift and 

moment of the forward and aft fully submerged foils are assumed 

to be independent of depth. It is assumed that there are no 

flaps or incidence control on the surface piercing foils, although 
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there may be fully submerged panels forward with either flaps 

or incidence control. The DENISON has fully submerged panels 

'with flaps. 

While as many solutions can be obtained here as for the 

case of all fully submerged foils, only a few are given. These 

are felt to be the more realistic cases. Solutions for less 

general cases, such as those with no fully submerged foils for- 

ward, can be readily obtained by elimination of the appropriate 

terms in Equations 14.211. The cases for which solutions are 

given are: flaps on forward and aft submerged foils fixed sol- 

ving for (a) trim angle and (b) depth of submergence; forward 

and aft submerged foil incidence fixed solving for (c) trim 

angle; trim angle and forward submerged flap angle fixed sol- 

ving for (d) after the flap angle or (e) depth of submergence. 

All of these solutions are based on the slight simplification 

that Xs and 5 are equal, but solutions can be readily obtained 

when X 
S + xF* 

- 
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a. b. Forward and aft flap angles fixed 

a. 7 = A' 

L 

AACL ($ - ‘A) 
aA I 

( 
C 

L6A 

tiA’ + CL 

dA 1 

cL 
"A 

b. AsCL 

dS 

- AsCL 
a 

i 

CL 

S dA 

+ CL 

6A 

EA - A' 

= f b-1 h + a2 

+A F 

I -  

j 

L 

) = - A’ 
1 
-cL AAXA + 'L AF+F 

aA aF 

FF - 'AjAA 

C4.21al 

l- -l 

CL 

dF 

+ CL 6F 

6F )I 
[%21bl 

c. Forward and aft foil incidence fixed 

C, 

T= 

cL 
aA 

aA 
C4.21~1 

179 
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d. e. Trim angle and forward flap angle fixed 

d. 6A 
= A' r XF 1 

1 
AACL (5 - ‘A) 

e. AsCL +AC 7 = f(alh + az) 
ds ' L~s 

[4.21dl 

= At(xAx; %)- AF(CLo; + CL6;F + CLdF) [4.21el - 

It can be seen that the right hand sides of Equations [4.2lb] 

and [4.21e] are equated to the term f(a,h + a2). This denotes 

that the right hand sides of the equation, while apparently non- 

linear, may in fact be linear functions of the depth. This 

result is discussed in detail in the section on hydrodynamic co- 

efficients. 

Solutions of the Equations Before Takeoff 

The solution of the equations are greatly complicated by the 

addition of the hull terms. For the case of a boat with only 

fully submerged foils, the non-linearities introduced by the hull 

are those due to hull buoyancy, hull center of buoyancy and drag- 

thrust couple. As these terms, particularly the hull buoyancy 
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- 

and drag-thrust couple, decrease rapidly as takeoff speed is 

approached, it is possible to make simplifying approximations 

for these terms. These approximations allow the determination 

of solutions for the case where all foils are submerged. 

For the fully submerged foil system, foil lift forces are 

assumed to be linear functions of the trim angle and to be in- 

dependent of the foil submergence. Thus, only the hull terms 

are functions of the submergence and these can be eliminated to 

determine solutions. 

As the craft velocity approaches takeoff velocity, the 

buoyancy terms and the drag-thrust couple become negligible and 

Equations [4.9] and [4.10] can be considerably simplified. For 

this condition, Equations [4.9] and c4.101 can be written in 

the form 

A' = AF(f) + AA(a) + H (k, + s) T c4.221 

0 = AFXF(f) + AAXA(a) + H(kl + s) [rnT + ka+ sl L-4.231 

where 

f =cL (T + aF) + c or C 
L 7+c 

L 'F + 'L 
CIF dF aF dF 

a = 
cL CT + aA) + 'L or C L TfC 'A + 'L 

aA dA "A dA 
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H and kl are constants defined by Equation [4.42] 

kz is a constant defined by Equations 14.451 and C4.461 
. 

m is the distance from the transom to the center of 

gravity of the craft (negative) and Xh = m + 4 
CP' 

The abbreviated notion of Equations L4.221 and L4.231 is intro- 

duced in order to make the solution more manageable. Equations 

14.221 and L4.231 can be solved simultaneously for either the 

trim angle or the transom submergence. If the value of tcp/hM 

is assumed to be constant (such as .775) the solution will be a 

cubic in either 7 or s. As the solution for 7 is less complex, 

this form is presented here: 

+ 'r2 

i 

AF(XF - m) 

($ - m)AFCL + (XA - m)AACL 

aF aA 1 
(f’) + AA(XA - m>(a’ > 

+2AAC A F LN 

+ A2C F L 
"+A2C 2 

A L 
aF aA 

+ 7 - [kl + 2(A1 + AF(fV) + AA( AFCL + AACL 
aA \ 

I \ UF 

(f' + AI" + A' [2AF(fr) + 2AA(a1) - k,] + kl[:AF ) + AA( 

+ A;(f')2 + AA(a1)2 + 2AFAA (f' ) (a' = 0 C4.241 
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H and kl are constants defined by Equation [4.42] 

kz is a constant defined by Equations [4.45] and C4.461 
. 

In is the distance from the transom to the center of 

gravity of the craft (negative) and Xh = m + 4 
CP' 

The abbreviated notion of Equations [4.22] and c4.231 is intro- 

duced in order to make the solution more manageable. Equations 

[4.22] and c4.231 can be solved simultaneously for either the 

trim angle or the transom submergence. If the value of tcp/tM 

is assumed to be constant (such as .775) the solution will be a 

cubic in either 7 or s. As the solution for 7 is less complex, 

this form is presented here: 

- 

(5 - m)AFCL + (XA - m)AACL 

aF "A 1 
- m >(“> + AA(xA - m 

+2AAC 
AFL 

r 

'a cL 
A I OLF 

+ 7 kz i - [kl + 2(A' + AF(f' 

I 
> + AA(al 

+ At2 + A' [2AF(f' ) + 2AA(at 

+ A;(fl)' + AA at)2 + 2AFAA f')(al) = 0 

>I AFCL 

i 

+ AACL 
aF "A 

% 'I 
- K1 J + 4tAF(f’) + AA(a’ 

+AF L 2C 2+A2C 2 A L 
aF aA 

>I 

C4.241 
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where 

(f') = CL 01F + CL 

dF 

or CL 

aF 6F 

6F + CL 

dFI 

(af)=CL aA+CL orCL bA+CL . 

aA dA 6A dA 

While the form of EquationC4.241 is very complex, the only terms 

that change with speed are A', 
5 and XA and only the first changes 

significantly. Thus, once a solution is obtained for one forward 

velocity, the solutions for other velocities will be greatly 

simplified. As Equation [4.24] is a cubic, there will be three 

solutions. It is probable that two of these solutions will be 

imaginary, leaving only one real solution. If all solutions are 

real, the positive solution is the correct one, as the trim angle 

always increases from zero as the craft gains speed. It is 

probable that Equation C4.241 holds for velocities down to at 

least 70 percent of the takeoff velocity. 

For lower velocities, where buoyancy terms predominate, 

other approximations must be employed. For relatively low speeds, 

say less than half the takeoff velocity, the hull lift terms are 

probably quite small? As the distance between the center of hull -. 
pressure and craft center of gravity is also small, the hull lift 

moment M can be eliminated from Equation [4.10]. Because of the 

small magnitude of the hull lift force, the effect of submer- 

gence,s,on hull lift can probably be estimated from the value of 

submergence at the previous speed, thus eliminating the dependence 

/83 
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of hull lift on submergence. As the change of center of buoy- 

ance is rather slow with submergence, the location of center of 

buoyancy Xcb can also be estimated from the previous speed. 

Making use of the assumptions, Equations 14.91 and c4.101 take 

the form 

A' = AF(f > + A* (a) + HT + Bs3/7 

0 = AFXF(f) + AAXA(a) + Bk,s3/7 

c4.251 

c4.261 

where . 

(f) and (a) are as defined before 

H is determined from Equation C4.421 estimating s from 

the previous velocity 

B and b are determined from Equations [4.48] and L4.501 

estimating s from the value at the previous velocity. 

As Equations [4.25] and t4.261 are functions of s only in the 

last terms, the equations can be readily solved for T: 

(k3 - s)AF(f’) + (k3 - XA)AA (a’) 
' = AFCL (5 - 113) + AACI, (xA - b) - H& '40271 

aF aA 

where 
(fl) = CL aF + CL or CL, EF + CL 

aF dF @F dF 

(af)=CL aA+CL orCL bA+CL . 

"A dA 6A dA 

-- 
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It should be noted that'Equation C4.271 is more approximate than 

any of the other solutions presented in this chapter, and its 

use should not be extended to velocities greater than about one 

half takeoff velocity without careful consideration. In both 

Equations c4.241 and t4.271 it is assumed that flap angles or 

foil incidences are known. 

There is probably a region, extending at least from fifty to 

seventy percent of the takeoff velocity, in which neither Equa- 

tion [4.24] nor L4.271 is of acceptable accuracy. The best means 

of avoiding this difficulty is probably to use these equations 

to calculate the trim angles and submergences for velocities 

above and below this range and to interpolate the values in this 

range (.5 VT0 S V 5 .7 VTo). Generally the trim angle is not 

changing appreciably within this range so that it may be possible 

to solve either Equation L4.81 or c4.91 for the submergence s 

using an interpolated trim angle. 

HYDRODYNAMIC COEFFICIENTS 

In order to evaluate, numerically, the solutions presented 

in the last section, it is necessary to express the foil and hull 

hydrodynamic coefficients in terms of the known geometry. The 

one basic assumption made in evaluating these hydrodynamic coeffi- 

cients is that all coefficients are steady or independent of time. 

The results presented by Martin (4.1) indicate that unsteady 

effects should be negligible for the slow accelerations asso- 

ciated with takeoff and acceleration of a hydrofoil craft. 
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Foil Hydrodynamic Coefficients 

The lift curve slope, CL , for an untapered,and unswept 
a 

foil can be obtained from Equation [4‘j'aj of Reference 4.1. If 

only the linear term is considered, 

CLa = 
.a,KzK&AR 

1 + AR + 2K2 C4.281 

where 

b and & 

AR 

AO 

For foils with taper and/or sweep, the less exact expression, 

are depth correction factors given in 

Figures 12 and 13 of (4.1) 

is the foil aspect ratio 

is the two-dimensional lift curve slope 

including viscous effects (2n for very 

thin sections), 

given by Equation [@a] of (4.1) can be used: 

CL, = 

K. a0 cos I? 

Ka 
l+ $$Kd(l + xo)(l + To) 

where 

- 

c4.291 

KO 
is the two-dimensional biplane correction 

given by Figure 14 of (4.1) 

Kd is the three-dimensional biplane correction 

given by Figure 16 of (4.1) 
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7 
0 

is the planform correction given by Figure 17 

of (4J) 

xO 
is the sweep correction given' by Figure 15 

of (4.1) 

r is the dihedral angle. 

In both Equations C4.281 and c4.291, depth effects are im- 

portant only for shallow depths and the factors K,, &, K. and 

Kd become essentially one for depth-chord ratios (h/c) of two 

or greater. As most fully submerged foils are designed to op- 

erateat such depths (h/c 2 2), the lift curve slopes can usually 

be assumed to be independent of depth for fully submerged foils. 

This is especially true before takeoff, when foil submergence is 

almost twice the design foilborne value. The aspect ratio of 

fully submerged foils is, of course, independent of depth. 

The flap rate, C 
L6' 

can be obtained from Equation [771 of 

Martin (4.1) by noting that, for the range of flap angles 6 and 

hinge line sweep angles Ah of interest, 

6’ = tan-l (tan 6 cos A, ) = 6 cos A 
h' 

Making use of Equation [4.30], the flap rate becomes 

Kc\ ’20s ‘h 

c 4.301 

c4.311 
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where 

cL a 

la& 
44 

Kb 

'h 

As noted by Martin 

depth only through 

is the lift curve slope given by Equation 

L4.281 or c4.291 . 

is the flap effectiveness parameter given 

by Figure 39 of (4.1) 

is the flap-span factor given by Figure 40 

of (4.1) 

is the flap-chord factor given by Figure 35 

of (4.1) 

is the hinge line sweep angle 

(4.1), the 'flap rate C 
L6 

is dependent on 

the term CL . Thus, C is probably inde- 
a L6 

pendent of depth for most fully submerged foils. 

The sweep angle of the hinge line A, can be expressed in 

terms of the quarter-chord sweep angle A and the foil geometry by 

A, = A - tan" 4(x - 1)(.75 - f/c) 
AR(X + 1) 1 

where 

X is the foil taper ratio 

f/c is the flap-chord ratio. 

L-4.321 

- 

The chordwise location of the center of pressure of the foil 

is determined by the relative contributions to lift of camber, 

incidence and flap angle. The center of pressure due to camber 
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(the design lift coefficient of the foil) is given by the Airfoil 

Summary (4.2). The center of pressure due to angle of attack is 

usually taken as the quarter-chord line. Experimental results 

presented in (4.2) indicate that the quarter-chord line is very 

good until stall occurs (usually at CL > 1.0). As stall is 

avoided in all normal foil operation, the quarter-chord line can 

be use for all cases. Thus, for foils without flaps, the center 

of pressure is given by 

(X - -25) 
C 

where 

P is the percent of chord of the center of 

L4.331 

pressure aft of the foil quarter-chord line 

is the location of the center of pressure 

due to camber in percent of chord aft of 

the leading edge 

is the lift coefficient due to incidence 

cLd 
is the design lift coefficient or lift 

coefficient due to camber. 

Expressions for the center of pressure of lift due to flaps 

are not generally given in the literature. The center of pressure 

can, however, be deduced from the flap hinge moment. For this 

purpose, the results of Dods as presented in Equation [92] of 
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Martin (4.1) are suggested. For the range of interest this equa- 

tion can be greatly simplified, yielding for the flap moment 

coefficient C . 

h6 

C = 

h6 
cos A cos A 

h c 4.341 

where 

C 
( ) h6 

is the hinge moment coefficient for unswept 

A=0 wings given by Figure 45 of (4.1) 

A 

*h 

is the quarter-chord sweep angle 

is the hinge line sweep angle given by 

Equation r4.321. 

Making use of the definitions of C, and C, given in (4.1) the 

location of the 

shown to be 

II 
6 “6 

center of pressure due to flap lift can be readily 

Xfq = (75 - g+($)(g2 

6 

L4.351 

where 

xf 
q 

f 
c 

is the distance of the center of pressure due to 

flap lift from the quarter-chord line in percent 

of chord 

is the flap-chord ratio. 
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For foils with flaps, the chordwise location of the center of 

pressure p in percent of chord is given by 

C 433 

The value of p is given by either Equations c4.331 or C4.361 de- 

pending on whether the foil has flaps which are producing lift 

or not. 

The expressions for p given by Equations c4.331 and C4.361 

introduce non-linearities into the solutions because of the de- 

pendence on the lift terms C 
(L), and (CL)& 

For the case of a foil 

without flaps (Equation [4.331), the maximum possible value of 

P is, for practical camber types, about .25. If an average 

value of p of say .15 is used, the maximum probable error is 

about one-tenth of the chord. While this is large compared to the 

chord, it may be quite small compared with the distance of the 

foil center of pressure from the craft center of gravity. For 

foils with operating flaps, it is probably not possible to find 

an acceptable average value of p. One means of avoiding this 

problem is outlined in the previous section. Basically, it con- 

sists of estimating p from the value calculated at the previous 

speed. 

/9/ 
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For a swept and tapered foil, the location of the center of 

pressure behind the quarter-chord point at the foil root X is 
given by 

. Cr 4 

X 
S 

Cr 
= 6(x + 1) (2X 1 c 4.371 

4 [ 
+ 1) tan A + 4pii?(1++4t)+ ') I 

where 

S is the foil span 

A is the quarter-chord sweep angle 

X is the foil taper ratio. 

Using Equations 14.321 or C4.361 and c4.371, the distance of the 

foil center of pressure from the craft center of gravity Xf can 
n 

be determined. 

Surface Piercing Foil Characteristics 

In the case of surface piercing foils, the foil aspect ratio, 

foil area and depth correction factors in Equations C4.281 and 

c4.291 are functions of the foil submergence or craft altitude. 

It would thus appear that the term Zf of Equation c4.21 is highly- 
n 

non-linear with altitude for surface piercing foils. 

The foil area, aspect ratio and average depth of submer- 

gence can be defined in terms of the submergence zs of the foil. 

The foil area As can be expressed as 

-’ 
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where 

C r is the chord at the lower end or root of the 

foil 

z 
S 

is the depth of submergence of the lower end 

of the foil 

d is the total vertical depth of the foil from 

root to tip 

r 

x 

is the dihedral angle 

is the taper ratio of the foil. 

Equation C4.381 is based on the assumption that the foil chord 

tapers linearly from the root to the tip. The area is the area 

As = 
cr ",J* -(l - a-y 

2tan r . I: 4.381 

projected on the X-Z plane. 

The foil aspect ratio ARs is given by 

ARs = cr[2 _ (i-z+]t$ &I- * c4.391 

The effective depth-chord ratio should be based on the depth 

of submergence at the foil center of pressure. Because of the 

foil taper, and the loss of lift at the free surface, the center 

of pressure probably lies about 40 percent of the span from the 

root to the free surface. Based on this assumption, the effective 
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depth-chord ratio h/c of the foil is 

. 

L4.401 

Because of the rather weak dependence of the lift curve 

slope on depth-chord ratio, the error resulting from the as- 

sumption of a center of pressure is probably very small. 

It can be readily seen from Equations C4.381 through [4.40] 

that the forces and moments due to surface piercing foils will 

be highly non-linear with depth of submergence zs. It may be 

possible, however, to adequately represent the total lift force 

of the surface piercing foil by a linear expression such as 

Zs = CL As T = (al + aazs) T 
a 

S 

c4.411 

where 

a, and a, are constants depending on the foil 

system geometry. 

If such a relationship holds for the range of submergences of 

interest, explicit solution of Equations c4.191 and r-4.201 can 

be readily obtained as indicated by Equations L4.211. Calcula- 

tion of the term CL As for a typical tapered surface piercing 
a 

foil have been carriid out using Equations c4.291 and C4.381 - 

c4.401. The assumed characteristics of this typical foil are 
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Taper ratio X = 2.0 

Dihedral angle = sin-' .60.= 36.8’ 

Total foil depth = cr . 

The calculated results are presented in Figure 4.3. This figure 

indicates that an expression of the form of Equation [4.411 will 

give excellent results within the probable range of operating 

depths (0.5 s zs/d s 1.0). The maximum error using such an ex- 

pression for CL As would be about five percen,t. Once a surface 

piercing foil has been chosen, a calculation of this type can be 

carried out to see if an expression of the type given by Equation 

[4.41] can be used in calculation of trim and altitude. 

Hull Hvdrodvnamic Forces 

The forces and moments due to the hull before takeoff can 

be divided into those due to hydrodynamic forces (lift) and hydro- 

static (buoyancy) forces. The forces and moments due to hull 

lift 

with 

force will be considered first. 

The actual hull form is likely to be of a complex nature, 

twist, keel rock, varying beam and curved chines. The 

analysis of the lift force on such a hull form is greatly com- 

plicated by the non-linearities resulting from these characteris- 

tics. It is possible in many cases, however, to adequately 

represent the hull by a simplified prismatic form. Figure 4.4 

shows such an idealized hull form based on the following assumptions: 
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(a) The beam of the submerged portion of the hull 

is constant. 

(b) The keel line of the submerged porEion of the 

hull is straight (no rocker). 

(c) The chine line is parallel to the keel line 

(zero angle of twist) for the submerged portion. 

(d) The bottom of the hull is a straight vee (no 

concavity or convexity). 

In general,the preceding assumptions will be quite good 

for the after 50 percent of the hull length. For the range of 

speeds of greatest interest (the planing regime), it is probable 

that only the after portion of the hull will be submerged, so 

that the errors introduced by the preceding assumptions should 

be small. If the actual hull varies seriously from these as- 

sumptions, say in large variation of beam or large twist, aver- 

age values as shown in Figure 4.5 can be used. While the large 

changes in beam of the H. S. DENNISON (4.3) probably make such 

an idealization of questionable value, the hull of the PCH would 

appear to fit these assumptions adequately. The hesigner must 

decide if the hull in question can be so represented in order to 

allow use of the greatly simplified results presented here. 

The wetted area and the aspect ratio of the hull can be de- 

fined in terms of the parameters of the idealized hull form. 

The projection of the wetted area on the X-,Y plane, Ah,is given by 
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Ah = (* ’ - b tan /3)b 
m (2 s - b tan #3)b 

tan 7 7' 

where 

S is the depth of submergence of the keel at 

the transom 

b is the half-beam 

7 is the trim angle of the keel with respect 

to the x-y plane 

p is the hull deadrise angle. 

The aspect ratio of the hull ARh is given by 

ARh = 4bT 
(2 s -b tanj3) ' 

In both Equations C4.421 and [4.43] the tangent of the trim angle 

is replaced by the trim angle. For the trim angle range of in- 

terest (0 s 7 s 5’) this introduces a negligible error. 

The lift coefficients for prismatic planing surfaces or 

planing hulls of the type considered here have been determined by 

investigators at NACA and DTMB for a number of deadrise angles 

(4.4), (4.5) and (4.6). Results of these tests have been used by 

Shuford (4.7) to determine expressions for the lift coeffi- 

cient and center of pressure of such planing surfaces. The ex- 

pression for the hull lift curve slope can be obtained from these 
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results and is given by 

.5rARh . 

cL = 1 + ARh (1 - sin /3)7+ 4 cos /3 TV. 
3 

c4.441 

"h 

The expression (ARh/l + ARh) complicates the solution because it 

is a non-linear function of the submergence and trim angle. For 

small values of AR such as considered here (0.2 s AR s 0.5) the 

following approximation can be introduced 

ARh ARh 
1 + ARh -' L-4.45] 

- 

The introduction of this approximation into Equation c4.441 greatly 

reduces non-linearity and results in a maximum possible error of 

eleven percent in the lift force. Although this would appear to 

be a sizable error, 'the decreasing importance of hull lift as 

takeoff is approached makes it less serious. Making use of such 

an approximation, Equation [4.44] can be rewritten 

cL = 1.26 ARK ~(1 - sin p) + 3 'c cos j3 T2 . L-4.461 

ah 

It can now be shown that the total hull lift force is a 

linear function of the craft trim angle 7 and a linear function 

of the keel depth of submergence s. Substituting the expression 

for ARh from [4.43] into [4.46] and multiplying by the hull area 

from Equation [4.42],we have -- 
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Lh = cL 
Ah T = [5.04b2(l - sin p) + 1.33b(2s - b tan p)cos 817. 

ah 
. 

t4,471 

While Equation c4.471 involves the approximation of Equation 

L4.451, it greatly simplifies solution of the hullborne equations 

by making the hull lift force a linear function of the submergence 

s and trim angle T. 

The center of dynamic lift or pressure for a planing surface 

is given by (4.7) as: 

44 
.4377r ARh~ 

CP 1 + ARh (1 - cos /Y 

- = .5OOr ARh7 &M 1 + ARh (1 - sin ,/3) + !j T2 cos j3 

C4.481 

where 

4d 
CP 

is the distance of the center of lift or pressure 

forward of the transom 

&M 
is the mean wetted length of the hull 

ARh is the aspect ratio of the hull 

P is the hull deadrise angle. 

The approximation for the term (AR/l + AR) given by3quat1on 

E4.451 can be used here. In this case, however, the introduced 

error is much smaller because the first terms of both the 
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numerator and denominator predominate and both are equally in 

error. It is therefore expected that the maximum error will be 

less than five percent. Equation [4.48] can now'be re'written 

4 
CP 

274 AR& - sin p) + .529 T cos /3 
-= 

&M ARh(l - sin a) + 1.358 T cos p ’ t4.491 

Substituting the value of ARh from Equation c4.431, the expression 

for Ccp/tM becomes independent of trim angle 7: 

44 
CP -= ,874 b(l - sin Is) + .132(2s - b tan /3) 

&M F(1 - 
cos B r.4.503 

sin a) + .264(2s - b tan /3) cos ,B 

The mean length LM is given, for the idealized hull form, by 

CM = 2s -2F tan p . 

The distance of the center of pressure from the transom and 

from the center of gravity is thus inversely proportional to the 

trim angle. The moment due to hull lift, obtained from Equations 

C4.462, [4,50] and c4.511 is thus a linear function of trim 

angle, but a non-linear function of submergence s. For the ex- 

pected range of aspect ratios (.25 s AR s .50) and the range of 

trim angles of interest (0.05 f 7 s 0.10) a constant value of 

Ccp/hM of .775 will give the location of the center of pressure 
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within five percent. For takeoff calculations it is probably 

acceptable to use this value,together with 4, M from Equation c4.511. 

The hull lift moment will then be a linear function of both trim 

angle and submergence. 

Hull Hydrostatic Forces 

The hull hydrostatic forces can be readily determined for 

the idealized hull form discussed in the previous section. The 

submerged portion of the hull, as shown in Figure 4.4, is a 

truncated pyramid. The submerged volume of the hull can be shown 

to be 

7 = 
1 

h 3 tan /3 sin 7 
[s3 - (s - b tan ~)~l L4.521 

- 

where 

T 
h 

is the submerged volume of the hull 

B is the hull deadrise angle 

7 is the trim angle of the keel 

S‘ is the submergence of the keel at the transom 

b is the half-beam of the hull. 

As the hull trim angle T is generally small, sin T M 7. The 

displacement of the hull can thus be expressed as 

Ah = P 
3 ta: /3 7 

[s” - (s - b tan a>"'1 

where 

c4.531 

P is the fluid density 

!z is the acceleration of gravity. 
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The lift force due to hull buoyancy is thus a highly non-linear 

function of hull submergence s and trim angle 7. Fortunately, 

the hull buoyancy force and moment decrease rapidly with in- 

creasing speed so that approximations can be introduced. At 

low speeds the terms s and b tan j3 are probably about equal so 

that the displacement can probably be approximated by 

Ah = c4.541 

Once the planing regime has been reached the vertical force and 

moment due to buoyancy can be eliminated from Equations c4.91 

and [4.101. 

The distance of the center of buoyancy from the hull 

transom is given by 

4 cb 

&M 

where 

44 cb 

cM 

S 

b 

[s* - (s - b tan ~)~l = L4.551 

‘c(S - $tan p) [s3 - (s - b tan ~)“l 

is the distance of the center of buoyancy 

of the transom 

is the mean length given by Equation C4.461 

is the depth of submergence of the htill at 

the transom 

is the half-beam of the hull. 
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Again noting that,(for low speeds) s -.b tan ,i3, Equation [4.50] 

can be approximated for low speeds by 

. 

44 cb -= I 
S 

. Pt.561 
54 4(s - g tan P) 

- 

The value of 'Lcb/tM as a function of the parameter s/b tan ,f3 is 

plotted in Figure 4.8, This figure indicates that the value of 

Gcb/tM assumes an asymptotic value of one third for values of 

s/b tan /3 of two or greater. Unfortunately, however, such large 

values of this parameter will occur, if at all, only at very 

low speeds. 

It can thus be seen that it is not possible to find linear 

expressions for hull vertical force and moment due to buoyancy, 

even when simplifying assumptions are made. The expressions 

given by Equations [4,54] and [4.561 will, however, considerably 

simplify the solution of the pre-takeoff problem. As the speed 

increases, the contribution of the buoyant terms becomes negli- 

gible and can be ignored. 

Resistance of Hvdrofoil Craft Before Takeoff ' 

One of the most important reasons for determining the trim 

and altitude history of a hydrofoil craft before takeoff is to 

allow calculation of the craft resistance before takeoff. Because 

of the serious problems associated with propulsion of hydrofoil 



HYDRONAUTICS, Incorporated 

4.52 

craft just prior to takeoff (at the so-called hump speed), it is 

essential to have an accurate estimate of the resistance during 

the preliminary design phase. . 

The theoretical analysis of planing craft drag has reached 

a state of development far in advance of that for displacement 

craft. Clement and Pope (4.8) and (4.9) have presented methods 

for calculating the resistance of planing craft. These results 

are based on the planing surface data (4.4) to (4.6) referred to 

earlier, These results are for the fully planing region. The 

fully planing region is typically that where the Froude number 

FN is greater than three. For lower Froude numbers these re- 
V 

sults are not applicable. 

Unfortunately, the operating Froude number of the hydrofoil 

craft F 
Nv ' 

is given by 

where 

V is the forward speed in feet per second 

Q is the acceleration of gravity 

V is the displaced volume of the craft at rest 

L-4.571 

is generally less than the critical value (of approximately 

three) before takeoff. The significance of the Froude number 

before takeoff can be seen if we consider typical planing craft 

characteristics. If we consider hull 3668 of Clement and Blount 

(4.10), with a length-beam ratio Lp/BM of 5.5 which is typical 
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for hydrofoil boat hulls,and assume a typical value of hull load- 

ing (say A/a ' = 8.5) the speed-length ratio is related to FNV by 

. 

'k 

JL = 1*13 FNv 
E4.581 

where 

'k is the forward speed in knots 

L is the length of the craft between 

perpendiculars. 

The speed-length ratio corresponding to FN = 3 would be 3.39, 
v 

a value usually not reached before takeoff occurs. 

As hydrofoil boats gain speed, however, the foils support 

an increasing percentage of the craft displacement. The dis- 

placement supported by the hull is reduced by the factor (1 - II) 

where Jo represents the percent of the craft displacement sup- 

ported by the foils. As hull unloading occurs, the effective 

Froude number becomes 

FNV 

FNe =D 
t-4.591 

where 

FN 
is the effective Froude number based on volume 

e 

FNv 
is the Froude number based on total displaced 

volume. 
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Similarly the effective hull loading factor is increased over 

the normal value: 

L4.601 

where 

A/b Q 

(A/‘V’ je 

is the hull loading factor based on projected 

area of the hull and displaced volume at rest 

is the effective hull loading factor. 

In calculating the hull resistance of a hydrofoil craft, the 

effective Froude number and loading given by c4.591 and L4.601 

should always be used. The variation of p with forward velocity 

is a function of the system geometry and cannot be estimated 

accurately beforehand. It is thus not possible to estimate, 

beforehand, the speed at which the hull can be considered to be 

fully planing. 

The results of Clement and Pope (4.8) and (4.9) can thus be 

used to calculate hull resistance for F 
Ne 

> 3.0. The only draw- 

back to the use of the results of this method is the restriction 

of the hull deadrise angles to 15 degrees or less. Because of the 

severity of the hull impact problem, the deadrise angles of hydro- 

foil craft are likely to be greater than 15 degrees. There are 

several means of circumventing this difficulty. The first is to 

make calculations for several of the deadrise angles given by 

Clement and Pope and extrapolate to the required angle. A 

second method involves determination of the increase in resistance 

- 
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with deadrise angle from available model data. Figure 4.9 from 

(4.11) gives an indication of the increase in resistance with 

deadrise angle for angles from zero to 20 degrees. 

J. F. Stoltz, in his discussion of the paper by Clement 

and Blount (4.8), gives an empirical expression for the resistance: 

L4.611 

where 

a is the displacement in pounds 

vM 
is the velocity in statute miles per hour 

BM 
is the mean wetted beam 

B is the deadrise angle in degrees. 

Equation [4.61] has been shown to be in excellent agreement with 

the data of Clement and Blount (4.8) for the fully planing regime 

(FN 
> 3.5) and can therefore be used to make rapid estimates of 

Q 

the effect of deadrise angle on resistance. Figure 4.8 presents 

a plot of R/W as a function of V M2 BM2 /'A , for various deadrise 

angles, based on Equation [4.61]. These curves can be used to 

estimate the increase in resistance at any velocity. The lower 

limit of applicability of these curves, corresponding to a Froude 

number of three for a typical hull, is also shown in Figure 4.8. 

The parameter VM 'B "p M can be readily related to the Froude 

number FNQ 
for a given hull. 

207 
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For the range of speeds where buoyancy effects are important 

(FN < 3.0), the resistance data presented by Clement and Blount 
e . 

(4.10) can be used for estimating the hull resistance. Figures 

14-18 and 21-25 of (4.10) present the resistance as a function 

of F‘ 
Nv' 

A/v% and location of the center of gravity Ccg/4 . From 
P 

these figures it can be seen that the principal influence of 4, /4, 
cg P 

is on the craft trim angle and that any variation in resistance 

with 4 
cg'&p 

is due to the change in trim angle. Thus, if the 

trim angle of the hydrofoil craft is known, the equivalent value 

of Jcgbp can be chosen to give the correct resistance. As in 

the case for fully planing resistance, the equivalent value of 

the hull loading (A/tJ 3 )e and FN should be used. The resulting 
e 

resistance of the hull R B; is.~given by 

RH =(;]A(1 - p) C4.621 

where 

is the resistance-displacement ratio given 

by Figures 14-18 and 21-25 of Reference 4.10. 

A is the total craft displacement 

I-1 is the percent of the displacement supported 

by the foils 
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The results of Clement and Blount (4.10) cover a range of 

parameters which is likely to encompass most practical hydro- 

foil boat hulls. The range of parameters covered is: 

LP/BM = 2.0 - 7.0 

A/V% = 4.0 - 8.5 

Lcg/LP = 0.0 - 0.12. 

The low twist angles of these hulls are desirable because of the 

excellent resistance characteristics that result and because of 

the reduced length of struts required by the forward foil systems. 

- 

Comparison of the hulls described in Reference 4.10 with test of 

a number of previous planing craft indicate that the hulls de- 

scribed in Reference 4.10 have excellent resistance characteris- 

tics for FN > 1.5. As takeoff will normally occur at Froude 

numbers grezter than one and one half, these hulls should be very 

good for minimizing the resistance at the so-called "hump" speed. 

The only drawback of the Clement-Blount hulls is the low 

deadrise angle (12.5 degrees). While this low deadrise contrib- 

utes to the excellent resistance characteristics, it may be un- 

acceptable in view of structural loadings resulting from impact 

air crashing. It is probable that deadrise angles of approxi- 

mately 20 degrees are likely to be selected for purely structural 

reasons. If deadrise angles greater than 12.5 degrees are used, 

the hull resistance will certainly increase. Figure 4.9 from 

Reference 4.11 shows the effect of deadrise angle on resistance 

down to a Froude number of about 2.4. This figure indicates that 
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the increase in resistance with deadrise angle is essentially in- 

dependent of Froude number. While the effect of deadrise angle 

probably tends to disappear at very low Froude nimber, it is 

suggested that the increase in the fully planing range as given 

by Figures 4.8 or 4.9 or Equation L4.611 be used. As deadrise 

angles greater than 12.5 degrees are anticipated this procedure 

should be conservative. 

The resistance of the foil system is calculated in essentially 

the same manner before and after takeoff. Certain additional 

factors may be needed before takeoff, however. In particular, the 

large separation drag associated with large foil incidence and 

flap angle must be considered, as must any additional drag terms 

arising from the surface piercing foil systems. Otherwise, the 

foil system resistances are calculated by the method outlined in 

Chapter 2. 

The increased profile drags of the foils associated with 

large trim, incidence or flap angles can be estimated from either 

the Airfoil Summary (4.2) or data in Martin (4.1). It should be 

noted that the data in the Airfoil Summary is for two dimensional 

sections. To determine the profile drag of a section at inci- 

dence the operating lift coefficient given by 

- 

cL=cL +CJa+7) 
d a 

C4.631 

should be used. 
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- 

The resistance due to struts is generally little effected 

by the trims that occur before takeoff. The effective thickness 

chord ratio of the strut sections decreases by the factor cos T, 

but for the trim angles occurring before takeoff, this decrease 

is negligible. In some surface piercing foil systems there are 

so-called struts (non-cambered members) which are oriented at a 

dihedral angle less than 90 degrees. As the boat trims, these 

struts will develop lift because of the angle of attack given by 

a = T cos r 
S 

where 

a 
S 

is the angle of attack of the dihedral 

strut. 

C4.641 

Unless the dihedral angle is large (r > 45 degrees) these mem- 

bers are more properly considered as foils. In any case, the 

drag of these members is calculated as for any foil. 

The drag of the pods, if any are used, will be increased 

appreciably, only if larger trim angles result. In general it 

can be assumed that the pod drag coefficient does not increase 

during takeoff. 

Factors Influencing Hull Resistance 

Clement (4.11) presents general considerations for choosing 

the hull characteristics leading to minimum resistance. Figure 

4.10 from (4.11) indicates an optimum value of L/BA of 5.65 for 

craft with a displacement greater than 100,000 pounds. This 
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value would seem to be a good choice for hydrofoil boats, offer- 

ing a good compromise between hull weight, resistance and impact 

loads. . 

Figure 4,ll present s a plot of hull loading coefficient 

A/-$pLBp as a function of craft displacement for a number of ex- 

isting hydrofoil craft. This figure indicates a value of 0.013 

as average for all craft displacements. 

Figure 4.12, also from (4,ll) presents the relationship 

between L/BA and the hull loading factor A/o% for minimum re- 

sistance. For an L/BA of 5.65, the value of A@ is eight. 

These results are based, however, on fully planing results. At 

low speeds, the resistance appears to decrease continuously with 

increased hull loading. The values indicated by Figures 4.10 and 

4.12 are probably reasonable for hydrofoil use. 

The deadrise angle is generally chosen from structural con- 

siderations. These indicate the maximum possible deadrise angle, 

and some compromise between structural and resistance consider- 

ations must be made. Ideally, takeoff resistance calculations 

should be made for several deadrise angles to determine the rela- 

tive sacrifices in hull weight and pre-takeoff resistance. The 

twist angle should be minimized, at least over the after 60-70 

percent of the hull length, in order to minimize hull resistance. 

The shape of the buttocks in the forward 30 to 40 percent of 

the hull length should have little effect on resistance as this 

area is submerged only at low speeds. It is anticipated that the 

type of twist incorporated in the Series 62 hulls (4.8) should 

have little or no effect on the hull resistance. -- 
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CHAPTER 5 

LONGITUDINAL STABILITY (CONTROLS FIXED) 

BY 

Milton Martin 
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NOTATION 

Aa 
sum of the horizontal projected area of the two aft sur- 
face piercing panels (see Figure 5.5). 

Af sum of the horizontal projected area of the two forward 
surface piercing panels (see Figure 5.5) 

Ar 

- - 
reference area - usually Sa + Sf at design conditions 

ba stiffness factor due to depth change of aft dihedral 
panel (see Equation 5.34, 5.35 et seq.) 

s cos I? 
ff 

CLa = 
mean lift coefficient at the aft foi 

s 

IS 

C 
Lf 

mean lift foils coefficient at the forward foils 

C 
i i 

= Lf/&Uf2Sf panel lift coefficient 
Lf 

("Lh\f = $, 
is the effective lift-depth coefficient of the 
forward surface piercing panel 

\ s 

c mean chord of the surface piercing panel 
S 

C chord of the surface piercing panel measured at the 
W free surface 

Sf cos2 rf 

aa 
mean effective lift-curve slope 
coefficient at the aft foils 
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C 
L mean effective lift-curve slope coefficient at the for- 

af ward foils 

a cL I 1 
= aaf rate of change of lift coefficient with 

f panel angle of attack of hydrofoil panel in 
panel axis system (for a V-foil with dihedral 

r, "f = a cos I?) 

D 

da 

df 

F 

g 

h 

I 

6 

k 

L 

La 

Lf 

= -&- derivative with respect to time 

depth of aft foil 

depth of forward foil (see Figure 5.5) 

= -- Froude number 

acceleration of gravity 

perturbation in position of c.g. relative to horizontal 
water reference level (positive downward) 

time rate of change of h 

= rn@ boat moment of inertia about c.g. 

gain factor 

boat radius of gyration for rotation about the c.g. 

‘oJf f cos r vertical lift on foil panel 

vertical li.ft on aft foil system 

vertical lift on forward foil system 
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(IJf 

44 

M 

m 

Nl -- 
2 

P 

q 

4 

Y Ra 

sf 

'a 

3f 

s,m. 

Tl 
2 

t 

U 

U 

hydrodynamic lift on foil panel, normal to panel 

=x +x 
f a 

horizontal distance between center of lift 
of forward and aft foils 

hydrodynamic moment component about the stability y-axis 
(positive from z to x) - pitch moment 

mass of craft 

number of cycles required to decay to half-amplitude 

stability root 

rate of change of pitch angle 

time rate of change of q 

stiffness factor due to depth change of horizontal aft 
panel (See Equations 5.34, 5.35 et seq.) 

true plan form area (not projected area) of panel 

= c 
a sf 'OS rf 

total horizontal projected area of aft foils. 

= c total horizontal projected area of forward 
f 

Sf cos rf 
foils 

static margin (see Equation 5.52) 

time required to decay to half-amplitude 

time 

forward boat speed 

x-component of perturbation of velocity of the boat at its 
c.g. (also written du) 
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ti 

W 

ti 

X 

X 
a 

Xf 

Z 

a 

af 

I- 
f 

Y 

6 

0 

x2 

time rate of change of u 

z-component of perturbation of velocity of the boat at 
its c.g. (also written dw) 

time rate of change of w 

hydrodynamic component of force in the positive direction 
of the stability x-axis-,longitudinal force 

horizontal distance from e.g. to center of lift of 
aft foils 

horizontal distance from c.g. to center of lift 
of forward foils 

hydrodynamic force in the positive direction of the 
stability z-axis (positive downward) vertical force 

angle of attack of boat with respect to its stability 

axes (= tan-' w/U) 

= a cos r 
f 

angle of attack on foil panel 

dihedral angle of panel 

0. 
= tan-l l 

By 

damping ratio (= cos y for (5 zz 1) 

pitch angle of boat 

cL 
aa =-. 

cL af 

cL 
a =- 

cLf 

-?Z 7 
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0. 1 
imaginary part of stability root, damped natural 
frequency of the mode 

CT r 
real part of stability root 

m angle between a root and a pole 

JI angle between a root and a zero 

UJ n 
undamped natural frequency 

Static Derivatives 

xu, xw' 32 
Rate of change of X hydrodynamic force with u, w 
or h at steady state equilibrium condition; the 

partial derivative g , 2 or 
ZIX 
Bh' 

Rotary Derivatives 

X 
9' xe 

Rate of change of X hydrodynamic force with q or 
8 at steady state equilibrium condition; the 

partial derivative; $$ , g . 

Z 
9’ ze 

M , Me 
q 

- 

-, .; 
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Added Mass Derivatives 

- 

Rate of change of X hydrodynamic force with fi, 

ax ax - H or ti; afi a$ 

Added Moment of Inertia Derivatives 

M " J 
cl 

Mfi, Mti Rate of change of M hydrodynamic moment with ti, q 

or ti; the partial der. ivative aM aM aM -7, 7 or 7 
ag au abi 

- 

Subscripts 

a aft foil system 

f forward foil system 

H uncoupledpheave mode 

P uncoupled pitch mode 

Superscripts 

dot, . 

prime, 1 

double prime, 

derivative with respect to time 

represents non-dimensional quantity (see 
Table 5.4) 

II represents non-dimensional force and moment 
divided by non-dimensional mass and moment of 
inertia respectively. 
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INTRODUCTION 

The stability of a hydrofoil boat may depend on a large num- 

ber of factors in addition to those considered in the familiar 

rigid boat equations of motion (Equations [5.11-L5.31). The effect 

of waves, non-linearities, structural flexibility and lag in the 

build-up of hydrodynamic forces will affect the stability of the 

hydrofoil boat, to varying degrees depending on the specific ap- 

plication. Kaplan (5.2) found that in general the longitudinal 

stability of hydrofoil boats can be affected by the presence of 

surface waves. The inclusion of the effects of waves resulted in 

a set of stability equations which had time-dependent coefficients 

so that numerical methods of analysis had to be used. These equa- 

tions were applied to the investigatfon of the motion of a com- 

pletely submerged foil system in head and followfng waves. The 

conclusions of this study, based on the limited data and analysis 

performed, were that the appropriate equations of motion (for a 

linear analysis at least) should probably have constant coeffi- 

cients since the additional information obtained by the use of 

the time-dependent coefficients did not appear to be worth the 

great amount of additional computational effort required. 

The results of limited investigations on specific configura- 

tions indicate that the effects of non-linearities on the calm 

sea longitudinal stability of hydrofoil boats is also small as 

long as the motions are moderate. For example, Ogilvie (5.3) 

found that for a tandem surface piercing foil system the computed 

non-linear transient responses to moderate perturbations were quite 

similar to the linear responses. This does not mean however that 

the effects of non-linearities on motions in a seaway are not 
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important. Ogilvie (5.3) and others have demonstrated that these 

effects can be quite significant. 

The effect of structural flexibility on the dynamic stability 

of a hydrofoil boat depends to a great extent on the relative 

value of the lowest natural frequency of the elastic modes. If 

this is much higher than the rigid body modes, the deflections of 

the elastic structure are essentially in phase with the perturba- 

tion loads and the rigid body stability derivatives need be cor- 

rected only for the static elastic deflection produced by the loads. 

If, on the other hand, it is close to one of the rigid body modes, 

significant coupling forces can occur, and it is necessary to in- 

clude these, together with the additional equations of motion 

corresponding to the added significant elastic degrees of free- 

dom, in the determination of the boat stability. Although, in 

some cases,the flexibility can have an appreciable effect on the 

stability (5.4), since its inclusion greatly increases the diffi- 

culties of determining configurations with desirable response 

characteristics, its dynamic effect is usually disregarded in the 

preliminary stages of design. Once a preliminary design has been 

established for the "rigid boat" then more detailed calculations, 

considering the effects of flexibility, should be made. Methods 

of deriving the equations of motion in the elastic degrees of 

freedom and for determining the hydroelastic stability derivatives 

are given in Reference (5.1) and (5.5). 

- 

It has been found (5.6) that,in a seaway where there exist 

frequencies of wave encounter which are relatively high compared 

to the natural frequency of the craft,the hydrodynamic lag of 
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hydrofoils produce some effect on the response, especially for 

the higher aspect ratio foils. However, in calm water, the 

rates of divergence or convergence and the frequencies of motion 

are usually sufficiently small so that the effects of unsteadi- 

ness may be neglected. 

THE LONGITUDINAL STABILITY EQUATIONS 

If, in the nondimensional longitudinal equation of motion 

(Equations 56a,b,c of Reference 5.1) we made the elevator angle, 

rj, equal to zero, we obtain the controls fixed stability equations 

m'D' - X ' 
U 

-Mu'u'- 

m'-Z4' 
I 
D'2-ZWfDLZh' j-& 1 

M 'D12+M 
ti 

'D'+M ' 
W x 

Xq'D' + Xw' + X8' - CL = 0 
0 i 

c5.11 

D'+Zw'+Ze' 1 8'=0 

)h' +[[Iyf-Mq')D"- i Mq’+“fi’ I D'- 

which are the equilibrium equations in surge, heave and pitch 

L5.21 

Mw'+MO' 0'=0 
II 

r5.31 

respectively. Since these equations are linear their solutions 

are linear and may be expressed as the sum of exponentials 
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‘t’ 
u'= u'e c 

5. 
i 

‘t’ 
h'= h'e c 

3 
i 

‘t’ 
0’= efe c 5 

i 

L5.41 

L-5.51 

L-5.61 

where u 
i 

', h 
i 

1 and 8 ' 
i are determined from the initial conditions 

and o i ', the stability roots, are obtained by substituting these 

equations into Equations [5.1] - [5.3]. In order for non-trivial 

will make solutions to exist o 
i 

' must 

the determinant of the resu 

have only those values which 

lting equations equal to zero ; i.e. 

'(m'o'-Xu] -(Xw'ol+Xh') - Xq’a’+Xw’+Xe’-c 
LO I 

Zq’+Z. 
’ 

W 
I 

cT’+Z ‘+Z’ 
W 

3 
0 

= 0 c5.71 

I -MU' 
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where 

7 ’ = 1 ’ -, M ’ 

Y Y 4 

and Z.' and M 
q 

6' have been neglected since they have a negligible 

effect on the stability. Equation c5.71 is known as the charac- 

teristic equation of the hydro.foil boat in longitudinal motion 

and the determinant is called the corresponding stability determi- 

nant. Expansion of this determinan t leads to the following fifth 

degree equation for c' 

A@ + Bo'*+C@ + Dc" + Ea' + F = 0 

where 

A=1 

B = - M t' _ Zwt' _ Xuk' 
q 

c = Z "M "- Mw"'-Me"-Zhh'-Mw"(Z 
w q q 

"+zti") + Mq"Xu" + Zw"Xu" 

15.83 

- Xw”Zu” - M/X ” 
q 
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D = Zw”Me” - Mw”Ze” + M “Zh” _ 
q 

M II + M "- Z "M " + Z 
w 8 w q h 

II + Mw" Zq"+Z; 
I )I 

- z ” 
U 

“+Mw “X ” _ Xw “M ” - 
q 9 1 [ M u” xw”+xe’LCL ” - xq”Zw” 

0 

” + z ” 
q 6 

E = Zh" (Mw"+M8"] - ,"(Zw;'+Z8") - Xu"[I*"Mg"+ Mq"Zh" 

- Mw"Ze" - %" (zqfl+Zfi")] - Zu" [Mwtl (Xe "- CLo") 

+ “X ” 
9 

- Xw”Me” _ M ” 
q 

+ ‘1 z 

%( 
q 

” + zq” - Xq”Zh” - zw” 

I ( 

xe” - CL ” 

0 iI 

F = r"[~"(Zw"+Ze") - Zh"(MW"+M8")] - Zul'[Mh" [x,"+X/-CLo") 

- Xh"(Mwl'+Me")] + Mu"[Zh"(X w"+X8"-CLo") - Xh"(Zw"+Z8")] 

-i 5’ ,-- 

‘I ._ .i 
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Note that the primes in Equations L5.11 - L5.71 indicate the non- 

dimensional quantity as defined in the nomenclature section. The 

double primed terms,defining the coefficients of Equation C5.81, 

are obtained by dividing the primed force derivatives in Equation 

c5.11 by m', in Equation [5.2] by ml, and the primed moment deriva- 

tives in Equation c5.31 by rl. The solution of Equation C5.81 

yields five values of the non-dimensional stability roots oil 

which can be real or complex. The complex roots occur in conju- 

gate pairs. The part of the solution corresponding to the sum of 

two terms with these roots represents a convergent or divergent 

oscillation. Thus if oll = orI + iai1 and a2'= url - iait then 

part of the right hand side of Equation [ 5.41 for example may be 

written as 

(Or 'f ay)t' (a,'- iail)tl 
Ul le + u2'e 

which is readily reduced to 

ur't' 
e (al cos oiltl + bl sin ailtl) 

where 

a' = Ul ' + & ' 

b' = i(u1' - Q') 

- I ; 
.: . 
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since 

Et iyt' 
e = cos oat1 * i sin c,'t' 

Since a' and bf are always real u1 ' and u2 ' must be conjugate com- 

plex. Clearly if cr' is negative the oscillation is convergent or 

damped and if cr' is positive the oscillation is divergent or un- 

stable, The contribution to the motion of purely real roots are 

non-oscillatory and result in a divergent or convergent contribu- 

tion to the total motion depending on the sign of ol'. Thus if 

the real part of each of the roots is negative the motion is 

stable and if any of these roots has a positive real part the mo- 

tion is unstable. The motion corresponding to each real value of 

CT' and each complex pair are called the normal modes of motion. 

Although it is possible in theory to excite a single mode, in 

practice normal disturbances excite all of the modes to varying 

grees. The handling qualities of a hydrofoil boat depends not 

de- 

only on whether the craft is stable or not but also on the degree 

of stability and on the characteristics of the modes. 

In the field of aircraft the requirement on dynamic stabflity 

generally takes the form of a specification on the time for a dis- 

turbance to damp to half amplitude or the degree of damping in one 

cycle. The damping required for good flying qualities varies 

with the period. Typical of such requirements is the graph given 

by Figure 1 from Reference (5.7) which until recently applied to 

the lateral oscillation, or "Dutch roll" of aircraft. The non- 

dimensional time to damp to -$ amplitude T,' for a given mode is 
2 
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obtained from the following equation 

ar'tz ' cytl ' 
e l e =2 

where 

t2 ' - tl ' = T ' 
3 

I-J ’ = 
r 

real part of the stability root for the 
short period mode 

which gives 

T41 = F = ,iz?, lengths of travel 

or in seconds 

T .69 .6g 6 + = ,"r, = w~ c seconds 

C5.9al 

C5.9bl 

While the requirements specified in Reference (5.8) on the longi- 

tudinal stability of the phugoid mode of aircraft (the long period 

oscillation) allow a slight amount of instability for very long 

natural oscillation periods and neutral stability for pe'riods be- 

low 15 seconds. The requirements on the short-period oscillation 

(periods < 6 seconds) are that the normal acceleration (from ele- 

vator pulse) shall damp to at least l/10 amplitude in 1 cycle and 

the residual oscillations shall not be of objectionable magnitude, 

-. _ 
.3 -2 ,3 
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This latter requirement is related to the stability index through 

the following equation 

ur’ ta ’ 
e < 1 eGr'tl' 

10 

where ta 1 - tl I is the non-dimensional period T'. 

u ' r is the real part of the: short-period mode stability root. 

Thus 

(5 ’ u r 
7' = 2 < - Jen ILo = _ -366 

i u i 27l 

where 0 i is the non-dimensional damped oscillation fre- 

quency or imaginary part of the stability root. This corresponds 

to an effective minimum damping ratio c of 0.34. 

Since the period is less than 6 seconds the dimensional damped fre- 

quency is given by 

5 ’ M 1 rad./sec. 

Sometimes the above specification is given in terms of number of 

cycles to damp to half amplitude. This is readily seen to be, 

for 6 < 1 
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c5.94 

For an oscillation to dampen to l/10 in one cycle it will dampen 

to l/2 in .30 cycles. 

- 

Numerous other specifications on stability and handling quali- 

ties are described in Reference (5.8) where an attempt is made to 

apply knowledge acquired from experiments with airplanes and heli- 

copters to V/STOL vehicles. The difficulty of this task is great 

since motion studies and pilot and passenger reactions (see Refer- 

ences (5.9) - (5.11) f or example) in full scale vehicles are needed 

for the complete story. In many respects the stability require- 

ments for hydrofoil boats, even in calm seas, are more severe than 

for aircraft since the flying altitud e is more severely restricted 

before failure due to 'crash landing" on the hull or foil broach- 

ing. When the requirements of operating without crashing, broach- 

ing or excessive accelerations in a seaway are added the criteria 

for dynamic stability as applied to aircraft has even less direct 

application to hydrofoil boats. In the absence of a large back- 

ground of experience it is necessary to rely on experimental and 

theoretical determinations of seaway response in evaluating the 

suitability of a given boat design. This in turn is related to the 

forcing spectrum of the seaway, the stability of the craft and, in 

the case of hydrofoil boats with automatic controls, on the charac- 

teristics of the control system as well. With reference to the 

latter case a recent study (5.12) on a boat with an aircraft type 

_ ‘/‘.I: 
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- 

completely submerged foil system, employing automatic controls, 

found that with the gains selected for good stability and response 

in a calm sea, the craft response in sinusoidal waves was unsatis- 

factory. On the other hand Kaplan and Jacobs (5.13) found for a 

series of five 40 knot boats with various surface piercing foil 

configurations the most stable also gave the best performance in 

a following sea. The five configurations studied are described 

in Table 5.1 and their stability roots and damping ratios of the 

dominant roots are given in Table 5.2. It is seen that all the 

configurations have one large negative real root, another much 

smaller one,and a pair of small complex conjugate roots. This is 

a typical root configuration of many surface piercing foil con- 

figurations. The roots that mainly control the response in these 

examples are the complex conjugate pair since the modes corres- - 
ponding to the larger negative real roots damp out quickly. These 

systems thus behave approximately like second order systems. Con- 

figurations 3 and 4 which had the greatest degree of stability 

(damping ratio 6 = .67 and .50 respectively and time to one-half 

amplitude T 
4 

= .57 seconds and .51seconds respectively) broached 

the least and had the least rms motion in a following sea (see 

Table 5.3). Configuration 5, which had the smallest damping 

ratio and longest time to one-half amplitude, broached the most 

and had the largest rms motion. Although the wave forcing spec- 

trum also has a very important effect on the degree of broaching 

it was found,in this case at least,that the influence of the damp- 

ing ratio and time to one-half amplitude, which are determined en- 

tirely from the stability roots, were the dominating factors. 

Since a good description of the seaway is given in terms of a sum 
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of sine ,waves of wave lengths and frequencies with various spec- 

tral distributions,depending on the sea state, the frequency re- 

sponse characteristics of the boat are obviously of great impor- 

tance. For the above examples this was predominantly determined 

by the pair of complex conjugate roots and may therefore be ap- 

proximated by that of a second order system, which, in turn, de- 

pends entirely on the damping ratio [ of the complex pair. The 

effect of 6 on the frequency response of second order systems is 

shown in Figure 5.2. It is clear that, in order to avoid the 

large motions associated with sharp resonances it is desirable to 

maintain 6 large. On the other hand it is necessary to keep 6 

from becoming .too large in order to ailoid sluggishness a.nd ex- 

cessive values of T1 (see Equations c5.91, c 5" 24b] and Figure 
2 

5.3). In any case, the determination of optimum stability charac- 

teristics required for satisfactory behavior in a seaway should 

always take into account the forcing spec-trum of the seaway. 

ROUTH'S STABILITY CRI'IERION 

Although with modern high speed computers it is relatively 

easy to determine the stability roots from Equation E5.81 it is 

sometimes desired to know only if the system is stable or un- 

stable. For this purpose a mathematical technique developed by 

Routh, applicable to any characteristic eq,uation of the form of 

Equation C5.81, may be used. 

The Routh stability criterion is presented here without 

proof. The reader is referred to Reference (5.14) for further 

details. Let the characteristic equation for a system be 
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ana n+a 
n-l 

n-l 0 +a n-2 
n-2 0 + . . . . +alo+a =0 a >O* 

0 n c5.101 

where the a's are real. If any of the a's are zero or if all of 

the a's are not of the same sign then there are imaginary roots 

or roots with positive real parts and the system is unstable. To 

determine if the system is stable when all of the a's exist and 

are of the same sign, the following procedure is followed. The 

coefficients of the characteristic equation are arranged in the 

first two rows of the following array as shown below. The remain- 

ing rows are then evaluated from these. 

a 
n 

a 
n-2 

a 
n-l 

a 
n-3 

F n-2 b2 

F 
n-3 

c2 . . . . 

. 

Fl . . . 

F. e.. 

a 
n-4 

a 
n-6 ..“... 

b3 . . . . . 

*a n > 0 is not restrictive since this is readily achieved by 
multiplying Equation L5.101 by -1. 

- 
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The constants Fn 2J b2, b3 etc., are evaluated as follows 

F n-2 = a n-lan-2 -' anan. -3 

Simarilythe constants Fn 3, c2 etc,, are given by 

F 
n-3 = 

F n-2an-3 -a 
n-l b2 

c2 = F n-2an-5 -' a n-1 b3 

The same pattern is followed for the remaining rows, The com- 

plete array is triangular ending with the F. term. Routh's 

criterion states that if any of the terms in the first column, 

a a 
n' F n-1' n-2' F 

n-3’ "" FlJ 
F. becomes negative the syst,em is 

unstable. The last of these terms, PO9 is of special interest. 

This term always contains the product aoFl.. Duncan (5.15) has 

shown that for an otherwise stable system, if by varying some de- 

sign parameter so that only a0 changes sign from plus to minus 

then one real root goes from negative to positive and a divergence 

appears in the solution. On the other hand if only Fl goes from 

plus to minus then the real part of a complex pair of roots 
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becomes positive and a divergent oscillation appears in the solu- 

tion. 

If we apply the above test to a cubic equation given by 

AC? + B8 + Ca + D = 0 A>0 c5.111 

then the necessary and sufficient conditions for stability are 

that 

A, B, D, (BC - AD) > 0 

These conditions imply that C > 0. 

For a quartic equation given by 

Aa + Bd3 + C8 + Da + E = 0 A>0 [5X1 

The necessary and sufficient conditions for stability are that 

A, B, D, E > 0 

and 

D(BC - AD) - 3E > 0 C5.12al 

The conditions imply that C > 0. The quantity on the left hand 

side of Equation [5.12a] is known as Routh's discriminant. 

For a quintic equation given by 

_. , ., c--.- 
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Ad + Bo4 + Cd3 + Dd? + Ea + F = 0 A>0 e5.131 

The system will be stable if 

A, B, D, F > 0 

BC -AD > 0 

D(BE - AF)(BC - AD) - B(BE - AF)" - F(BC - AD)" > 0 

These conditions tmply that C, E > 0. 

SOLUTIONS OF THE CHARACTERISTIC EQU'ATION 

Methods for solving the characteristic equation are described 

in the literature (5.1.6), (5.17j and (5.18). 'Furthermore, pro- 

grams for -use on various electronic computers are also available. 

It fs clear that the characteristic equation for longitudinal 

motion of a hydrofoil boat as given in Eq-datfon 65.81 fnvolves 

the interaction of so many hydrodynamic coefficients that it some- 

times becomes extremely difficult to interpret the effect of 

parameter changes on the stability. Some attempt to simplify 

these equations was made by Chuck, Luke and Scroggs (5.12) with 

only limited success., 

For hydrofoil boats with fully submerged foils Chuck et al 

obtained an approximate factorization of Equation C5.81 as follows: 
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1 
0’ - zw’ 

E F 
+ z flM II 0' + z IIM 11 = 0 

J 

(for fully submerged 
w 9 w q foils) 

They found that this equation gave roots which closely approxi- 

mated those of the more exact equation for the range of craft 

configurations considered in their study. The first two factors 

are obtained when one discards the terms in the equations of mo- 

tion resulting from changes in speed and depth. Equation [ 5.71 

then becomes 

ml 0’” - zww - z ‘+Z’cl’-Z’ 
q ti W 

ZZ 0 

- Mw'& IyW2 
- Mq'a' - Mw' 

yielding 

since the product M w'(zq' + Zti' + ml) is much smaller than Z IM I. 
w q 

-I :,, 7 
.’ _ 
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Although Equation c5.141 relates two of the roots directly to the 

craft dimensions in a simple way they are of limited usefulness 

since they give the two most negative roots. The craft perform- 

ance depends almost entirely on the values of the three low fre- 

quency roots. 

For craft with surface piercing foils fore and aft the same 

reference found the following approximate form for the charac- 

teristic equation 

d5 + ( -zw”-Mq”) crf4 +(-M8Kzhl. + zw”Mqj (93 +jZwlIM8’~ 

+ Mh 
11 + z o12 + Ea” + F = 0 L-5.151 

F 
It was found that in most cases 0“ = - E was a root of this equa- 

tion. This root was also usually much smaller than the other 

roots. 

Although the foregoing simplifications are useful and con- 

venient they do not furnish sufficient insight to be of great 

value in interpreting the effect of parameter changes on the sta- 

bility. In many cases the effect of surge may be neglected as is 

often done in the stability analysis of aircraft and underwater 

vehicles. When this is done the X' equation (EquationC5.11) and 

the terms Zulu' and MuluI are dropped from the equations of mo- 

tion. This leads to the following quartic equation in CT' ob- 

tained from Equation c5.71 where the term Zti has also been dropped 

as small. 
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M' '+M' 
at2 q Me W 

-I'- I' 
i( 

012 

_ zsl”w’ u’ + T-l I 

i )i 
zW' 

+zl 

cf' + 
0 

m'1' qi- Z' =o 

q i 

which may also be written in the usual form as 

where 

ACP4 + Bd3 + Co'" + Da' + E = 0 

A=1 

Zw' M' 

B=-m'- 
AL- 

I' 

Zh' Zw'M ' 
Me '+M' Z'M' 

c=-m,+ q - W - q w 
m'1' I' m'1' 

D= 'q"h' + 
Zw'(Me' + Mw') Mw'(Zw' + Ze') Zq'Mh' 

m'" .m'I' 

-M' 
h 

L-5.161 

r-5.171 

m'1' 



RYDRONAUTICS, Incorporated 

5.27 

Setting the first two terms in the parentheses of Equation [5~6] 

equal to zero yield the characteristic equations for the un- 

coupled pitch and heave motion respectively. The last two terms 

are the coupling terms. When these terms are zero or small the 

stability roots are simply the roots of the characteristic equa- 

tions for uncoupled motions. The values of the uncoupled non- 

dimensional stability roots are thus given by 

z ’ 2 
‘= W 4 

Zw’ 
1 

Zh’ 4, 
-f - 

'1,2 2m' &I +m'= p1,2 6 

Z 
W' 

p1' + p2' = m'= 
! i 
Pl + P2 $ 

E5.181 

C5.184 

Mq’ JV= p3,4 k 
P3,4’= 21’* L-5.191 

M' 

p3 ’ 
+ p4' = Iql --' = 

Y 
C5.19al 

The two roots given by pl 2 ' describe the uncoupled stability of 

the heave degree of freed:m and those for p3 4' the pitch degree 
, 

of freedom. The uncoupled motion in each degree of freedom has 

the properties of a simple harmonic oscillator (linear second order 

system) and can therefore be described in terms of the well known 



HYDRONAUTICS, Incorporated 

5.28 
i-): 
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properties of linear oscillators. Thus the undamped natural fre- 

quency in the uncoupled heave and pitch degrees of freedom are 

given by 

(LUn’lH = (- q =JwnlH 6 

Me '+M'+ 
W 

II ='n 
IO 

4 

PE 

&.201 

c5.211 

respectively. The damping ratios in heave and pitch are corres- 

pondingly 

6,’ = 
-zw ’ 

= H 5 

H 

-M ' 
6,' = 9 = 

cP 

P 

t5.221 

15.231 

It can be seen from the above equations that the roots can also be 

expressed in terms of 6 and w as follows 
n - 
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I: 5.24a] -Wn61k 6 ( 
IL-F 

p1,2 = 

For 0 < 6 < 1 the roots are a complex pair (p, 
I 

2 = or f ioi) 

where 

CT = 
r 

- wn 6 = - uJn cos y 

my = tan-l 
1 1 
oi/o r 

0. 1 
= f wn 7/1-62 = A wn sin y 

For 6 > 1 the roots are real and the smal Jest one 0 r(min) Is g 
iven 

P2 = -Wn6- 6 1 G = 'r(min) I 
[ 5.24bl 

It is seen that for a given value of wn this root approaches 

zero rapidly as 6 is increased. Figure 5.3 is a plot of this 

root versus 6 for w = 1. n 
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Equations C5.181 - c5.241 are simple enough relations to 

furnish considerable insight to the designer in determining the 

effect of parameter changes on the unto-upled stability roots 

since estimates of M I, Met, Mw!, Z r and Z 
h 

1 can be related to 
q W 

the boat geometry in a fairly simple manner. In any practical 

case however the effect of the coupling term on the values of the 

stability roots must be taken into account. In this connection, 

solution of the characteristic equation, as given in the form of 

Equation C5.161, by the root-locus method can be of value to the 

designer, In this method the uncoupled roots are first plotted 

on graph paper and the variation in their values are traced by a 

simple graphical constraction as the magni?ude of the coupling 

term is gradually increased from zero to its design value. By 

this method it becomes possible to trace the role of each deriva- 

tive in the determination o f the stability roots of the coupled 

equations of motion. This can serve as a valuable aid to the 

designer in assessing, in a graphical manner, the effects of 

parameter changes or1 the stability roots. 

ROOT-LOCUS METHOD 

Equation c.5. 161 may be rewritten in the fol low ng form 

K’ 0’ - zl’ I I I 0’ - z2’ I 
1 
u' - pl' 

II 
a' - P2) (0' - P3) ("' - PQ)= 

where P !> p2.', 1 P 3 5 P4’ are the roots of the uncoup led mot 

-1 [5.25l 

on in 

- heave and pitch respec tive ly as de termined from Equations [5. 181 



HYDRONAUTICS, Incorporated 

5.31 

and c5.191 and for >OandM f >O 
I I W 

zW 
'+Z' 

z2' = - z , 
0 ( i q 

Zq’“w’ K’ = - ~,I, t5.254 

The p 'Is are called the poles and the z"s are called the zeros 

of the left hand side of Equation c5.251. 

For/y > > Icdl( , where1 cd71 is the modulus of the largest 

dominant root, one of the zeros may be removed since the numerator 

of Equation [4,.25] can be approximated by 

K' (a' - z2') 

where 

'ql"h' 
K' - - mlIl [5.25bl 

zW 
'+z' 

If 
8 

z ' 
>> 0' 

d 
then the other zero may be removed since 

q 1 I 

the numerator of Equation [5.25] can be approximated by 
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where 

ii' M - 
Mw'(Z 

W 
' + Ze') 

I' ml. c5.25~1 

If both of the above conditions are satisfied then both zeros 

may be removed since the numerator of Equation [5,25] is simply 

!?I where 

Mh( ’ zw ‘+Z’ 
j+ m - 0 ) 

1' m' 

The roots of the coupled equations are the values of 0' that 

satisfy Equation [5"25]. As the root locus method is ordinarily 

used, in the synthesis of automatic control systems, the term K1 

C 5 > 25d 

is a control gain constant which can, for most control systems, 

be set at various values without changing the values of the poles 

and zeros, A graph of the locus of solutions of an equation such 

as Equation c5.251 is thus found for various values of k1 in 

order to determine a desirable value of this gain constant. As 

used here, however it is seen from Equation [5.25] and the subse- 

quent definitions of K1 that, of the locus of roots for an arbi- 

trarily selected range of values of xl, the only applicable 

solutions of the coupled characteristic equation are the points 

on the locus at which k1 is given by one of Equations [5.25a] - 

[5.25d] and for which the poles and zeros either remained un- 

changed or changed only slightly. Although this severely 

- 
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restricts the usefulness of the method situations exist in which 

this approach can furnish insight into the effect of various 

parameters on stability not as readily obtainable by conventional 

methods. Some examples will be discussed in a later section of 

this chapter. 

W. R. Evans (5.19) has developed a technique for the graphi- 

cal construction of the locus of roots of an equation such as 

Equation c5.251 * for various values of !?' provided the poles and 

zeros remain fixed, An example of such a locus is shown in 

Figure 5.4 where 

Zl' = +0.5 
p3’ = -2-o 

z2' = -7.0 p4' = -5.0 

Pl' = -2.5 + i 

P2' = -2.5 - i 

and !?' varies over a wide range of positive and negative values. 

It is seen from Equation [5.25] that for K = 0 the roots are sim- 

ply the poles pl', p2', p3', P$. As K' is increased or decreased 

four loci of roots are generated, one passing through each pole at 

K' = 0 . For any particular root (5' the terms CT' - zl', 0' - z2', 

CT' - p ', etc., 1 are in general complex numbers designating directed 

line segments with modulus 
I 
CT' 

- zl'l ' etcn, 
and amplitude JI,, 

etc., (see Figure 5.4) so that Equation [5.25] may be written as 

the following two equations 

3s The method is applicable to equations with any number of poles 
and zeros as long as the number of zeros does not exceed the 
number of poles. 
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I (1 + an) 180' for F > o 

‘kl + $, - Ql - B* - G3 - G4 = 
(an) 180' 

C5.26al 

for 1(' < 0 

f?’ 10’ - ZJ 10’ - z2q 

I 
‘s’ - Pl'[ JCJ' - P2'l lo' - p3'( I"' - p4'l= 1 

C5.26bl 

for m = 0 f 1, f 2, . . . 

and where the.angles $ and @ are defined in Figure 5.4. Equation 

C5.26al says that the locus of possible values of 0' must be such 

that the left hand side of this equation is real and negative for 

I(' 2 0 and real and positive for i?' C 0. From each of the roots 

pl', p2', p3' and ~4' a locus can be drawn which satisfies this 

equation. Sl.mple rules have been devised [see for example Refer- 

ences (5.19), (5.2O)] to aid in drawing these loci and once these 

have been mastered it is sometimes possible to sketch in the loci 

roughly by inspection. For greater accuracy and for the more 

complicated root loci the use of an integrating protractor* is 

very helpful. Once the loci of the roots of interest are drawn 

it is possible to find the value of 0' corresponding to any value 

of T(' from a plot of 0' versus K' obtained with the aid of 

Equation [5.26b]. This procedure is further simplified with the 

aid of the Spirule. 

*A commerc a i lly available instrument for use in constructing root- 
locus plots, called the Spirule, has this as one of its features. 

- 

2 5-7 
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PRELIMINARY ANALYSIS FOR LONGITUDINAL STABILITY 

In designing for a given degree of stability, the selection 

of parameters based on the uncoupled motion in pitch and heave 

is generally a good starting point. Furthermore, it is helpful 

in the preliminary analysis to use simplifying approximations 

as much as possible and to make more precise calculations in the 

final stages. On this basis we investigate solutions of Equation 

C5.161 where the coefficients are approximated by the following 

expressions which are based on the more exact ones derived in 

Reference (5.5). All summations are taken over all the submerged 

hydrofoil panels and struts. It is assumed that the thrust couple 

is zero. Some of the expressions will be seen to be generaliza- 

tions of results obtained by Weinblum (5.21). 

Uncoupled Heave Damping 

With the aid of Reference (5.5) we approximate the heave 

damping term of Equation C5.161, 'but in dimensional form, by 

- z 
W 

a $plJ 1 CL s cos2 r 
a 

cL s 
= +pu CL 

af 
‘s, 1+pz i I L af sf 

= QJ CL 
XI xf 

af 
S,l+r 7 i I 2 a 

E5.271 
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where 

cL af 

St =c s cos r 
I 

is the horizontal projected area 
f 

of the forward foils, 

xf 

f,a 

distance from c.g. to center of lift of forward 
foils, 

subscripts referring to the fore and aft foils 
respectively, 

"1 

"2 

cL aa =- 
cL af 

cL a =- 
C 

Lf 

c - cL cos r s cos r 
a is the mean effective 

c s cos r 

lift-curve slope coefficient at the forward 
foils, 

C 
Lf 

c c L s cos I- 
= is the mean lift coefficient at 

s f 

the forward foils. 

The mass of the boat may be written in terms of the lift on the 

foil system as 
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pu” CL s 
f f Xf 

[ I 

pmL s 
f f 

m= 
35 

1+x = 
a 33 xa' 

II5281 

SO that on dividing m into Equation [5.27] we obtain, the sum of 

the stability roots for uncoupled heave motion 

zW ---M-f&( (xal +2xfj=pl+p2 t 5.291 
m 

By multiplying Equation [5.29] by 4/U we obtain the non-dimensional 

form 

zW' -= &fJxa! +~xfl)Epll +p21 
m' F" 

c 5.301 

where 

F is the Froude number based on the length G 

4 is a reference length. In this case 

4 = Xf + xa 



HYDRONAUTICS, Incorporated 

5.38 
- 

A likely value for CL 
I 

CL for a subcavitating foil system at 
af f 

maximum speed is somewhere between 10 and 25. A reasonable max- 

imum Froude number is of the order of F = 1.5 to 2.0. Using 

these values in Equation [5.30] gives an approximate range for 

Pl' + P2'> assuming the value Xl/x2 is close to unity, of 

z ’ 
W 

- = pl' + p*' M ml - 2.5 t0 - 11 

In dimensional form this is 

zW - 2.5 F to - 11 f sec. -1 -= 
m Pl + P2 FY 

15.311 

c5.321 

Effect of Speed - If the submerged foil area does not change 

with speed then the value of Z w'/ml will not change with speed 

since Fa times the lift coefficient and lift curve slope will re- 

main practically constant. On the other hand if the submerged 

foil area changes with speed in a way such that CL remains con- 

stant (as may be possible with area stabilized craft) then the 

value of Z w'/mf will vary as l/3 and that of Zw/m as l/U provided 
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- 

cL 
and C L 

remain constant. 
af aa 

Uncoupled Heave Stiffness 

Using Reference (5.5) we approximate the heave stiffness 

term of Equation [5.16], but in dimensional form, by 

- 'h 
cw cot r + CL 

h S 

I: 5.331 

In order to express Zh in terms of the foil geometry we idealize 

the foil area distribution as shown in Figure 5.5. We consider 

the foil to have two principal panels, a horizontal flat panel 

and a surface piercing panel set at a dihedral angle I?. If we 

consider the lift developed on the dihedral panel separately from 

that on the horizontal one we may approximate Equation L5.331 by 

+R f 

Ra 
I 

1 

[: 5.341 
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where 

df 

Af 

Rf 

The term Rf 

is the depth of the forward foil (see Figure 5.5), 

is the sum of the horizontal projected area of the 
two forward surface piercing panels, 

is the chord of the surface piercing panel measured 
at the free surface, 

is the mean chord of the forward surface piercing 
panel, 

is the effective lift-depth coefficient of 

the forward surface piercing panel, 

represents a small remainder which may be thought of 
as the contribution of the horizontal panel. 

is normally determined together with the term contain- 

ing C 

i 1 3-l 
as described in Reference (5.5) but is shown separately 

f 

here for convenience. As Af goes to zero Rf becomes the value for 

a completely submerged foil, while.for A 
f = Sf it becomes equal to 

zero. Equation E5.341 may be written 

-,z -LfAf h-df&+bf)f+~~(~+bg)l+$pU~2(Rf+Ra) 15.351 
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where 

The heave stiffness at the forward and aft foils is seen to be 

approximately inversely proportional to df and da respectively. 

For a given value of d, and d- the stiffness is largest when 
I a. 

Q-f = Aa/sa = 1 ; i.e., the horizontal panel area is zero. In- 

cress ing the ratio cw/Cs also increases the heave stiffness, The 

value of b depends on a number of factors but principally on the 

dihedral angle depth-chord ratio and aspect ratio, as described 

in Reference (5.5). According to this reference b has a magnitude 

which usually lies between about $ and 2". 

' v%C s is the lift at the forward foils, 
Lf (= FP Lf f) 

La 
=m -L 

g f' 

According to Equation L5.201 the square of the undamped nat- 

ural frequency for the uncoupled heave motion is given by 

* Values in the vicinity of five have been estimated in Reference 
(5.12) and (5.19) but details of the method of determination 
are not given. On the other hand this term has been assumed to 
be negligible in References (5.3) and (5.13). 
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+ $pu2 
i 

Rf + Ra 
m 

[: 5.361 

Multiplying through by ta/U2 we obtain the non-dimensional form 

( I 

2 

(JJ’ = 
n H 

-y=g[-$+$+bjf+-$k(;+ba)a] 

+ $pG2 
Rf + Ra 

i 1 
m c5.371 

For V-foils fore and aft we have A/S = 1. If in addition 

da = df = d, ba = bf = b and (c,/E,),= (cw/Es)r we get, since 

xa'+ x ' = 1 f 

g k+b =- 
d 's 

[: 5.383 

- 

- 
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For completely submerged foils aft and V-foils forward Equations 

C5.361 and L5.371 become respectively 

(wn)il = f- $ ($ + bf) + +J2 (cL~ab~s)a L-5.401 

il = --$ $($ + bf) + $p&2(CL:a/mE;)a L-5.411 

The contribution from the term for the completely submerged foil 

(the second term on the right) is generally very small at depth- 

chord ratios near unity or greater. 
2 

Effect of Speed - It is seen from Equation L5.361 that 
H 

is inversely proportional to d and will vary with speed approxi- 

mately as d is allowed to vary with speed. For constant foil 

depths (WnlH is practically independent of speed. 

Uncoupled Heave Damping Ratio 

The uncoupled heave damping ratio is, from Equation [5.22] 

- Zw'/m' 

'H = '(Wn')H 
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- ,. 

- 

which gives with the aid of Equations c5.301 and c5.371 

For the case of two V-foils as represented in Equation L’5.381 and 

C5.393; i.e., bf = ba = b, df = da = d and (c~/E~)~ = (c~/"~)~ . 

c5.431 - 

For the case of submerged foils aft and V-foils forward we have, 

on neglecting the small contribution of the aft foil in Equation 

c5.411 

E5.441 

It will be seen later that it is generally desirable not to allow 

this quantity to become much greater than unity nor less than about - 
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,70, However, this depends on the uncoupled pitch mode and the 

coupling term which are discussed subsequently. 

It can be seen that for completely submerged foils Equation 

c5.421 reduces to 

c5.451 

Due to the small magnitude of CI, for the usual fully wetted sub- 
h 

merged foil systems the value of 6 H 
in these cases is generally 

much greater than unity. This leads to two real roots given by 

for5 >l 
H 

The term dependent on 6, given by (, -dFand plotted in 

Figure 5.3 becomes small very rapidly with increasing 6, so that 

the smaller of the roots pll, p2' usually shows only a very 



HYDRONAUTICS, Incorporated 

5.46 

slight stability in the uncoupled heave. 

Effect of Speed - For the case given by Equation 15.423, if 

d is held constant then CL will be proportional to 1/U2, 6, will 

increase directly with speed and, since (w~)~ is practically con- 

stant, the damped natural frequency will decrease with increasing 

speed. On the other hand, if CI, is to be held constant,theG is 

proportional to l/U and 6, varies inversely with the speed squared 

provided the remaining terms do not change very much. 

Uncoupled Pitch Damping 

From Reference (5.5) we approximate the pitch damping term 

of Equation [5.16], but in dimensional form, by 

- Mq M +pU CL IX.461 

If we put I = mk2 then we have, on combining Equation r-5.281 and 

L-5.461 

M x 
q g a -e& - - 
I 

u ,I:" &Jifl + 2-,')- P3 + p4 c5.471 

which according to Equation [5.19a] is the sum of the two roots 

for uncoupled pitch. By multiplying through by t/U we obtain the 
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non-dimensional form 

M' 'x ' q _ 1 xa f 
cL 

I'--Fa 
af 

k12 cLf 

By comparing these expressions with Equations c5.291 and [5.X03 it 

is seen that 

M zw q - = -- 
1 m 

M' 
.-5L 

I' 
= 

X ‘x ’ a f 

k" 

Z ’ x ‘x ’ 
W a f 
m' 

k'z 

i Xf' 
ml 

fKX' 
2 a 1 

i 

Y 
X ' +-x1 

a K2 
f 

1 

i 
Y 

xf’ + c xa’ 1 

i 

“1 
X a ’ +j-yx 

2 
f' 

1 

Representative values for a tandem foil system are xf' NN l/2 and 

k' = l/3. This gives 

.x. ‘X ’ 
a f 

-- = g/4 
k'" 
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Thus, fOPK av" 
1 

2, the sum of the stability roots in uncoupled 

pitch may be as large as about twice that for heave. As xf' or 

X al becomes smaller this ratio becomes smaller becoming equal 

to unity when xfl or xat equals 0.13. 

Uncoupled Pitch Stiffness 

From Reference (5.5) the pitch stiffness term of Equation 

C5.161 may be approximated, in dimensional form, by the following 

expression 

c5.J+91 

For the first part of this term we have, with the aid of Equation 

c5.351 

+ Rf + xa2'Ra 

L-5.501 
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It is clear that - Me is always positive and therefore produces 

a restoring moment. For the second part of this term we have 

- Mw = - $pu CL - K1 X.aSa 

= $plJ CL - - - 1 
af xfSf 

x1 
i 1 K2 L5.511 

7 
In order for - Mw to be positive it, is necessary that -> 1. In 

K2 

order to achieve this it may become necessary to operate one of 

the hydrofoils at a non-optimum condition, since it is usually 

necessary to operate the aft foil either at a lesser loading, a 

greater depth, a higher aspect ratio, with less sweep or in some 

other appropriate way [see Reference (5.5)1 different from the 

forward foils. The effect of downwash from the forward foil on 

the aft foil should also be taken into account in the determina- 

tion of CL on the aft foil [see Reference (5.5)1. The stabilizing 
a 

effect of - Mw is sometimes expressed in terms of the dimension- 

less distance aft of the c.g. at which - Zw acts. This has some- 

times been called the static margin*of the boat and is given by 

* Static margin in aircraft is usually non-dimensionalized with 
respect to the mean chord of the main lifting surface whereas here 
it is with respect to the distance between foils 4. 
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s.m. 
Mw 

= zwL = Xa’Xf’ ( 1 x1 1 -- 
lc2 

Ia’ + $f’) 

Solving this equation for x1/x2 we obtain 

c5.521 

c5.531 

Although the static margin is of primary importance in the sta- 

bility of the short period longitudinal mode of aircraft its in- 

fluence on the longitudinal stabili,ty of hydrofoil boats is 

usually of less importance, This is especially true for boats 

with surface piercing hydrofoils fore and aft since - M 
8 is 

usually a relatively large factor, (See also Equations C5.561 

and C5.581 and related discussion). For boats with completely 

submerged foils, where - Me is small Reference (5.12) shows that, 

for a conventional configuration with Sf/Sa = 3/2, the effect of 

increasing the static margin from -.lO to + .30, though increasing 

the longitudinal stability of the boat, did not improve the sta- 

bility sufficiently to eliminate the need for stability augmenta- 

tion. Similar results for a canard configuration with sf/sa = 2/3 

- 
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are reported in Reference (5.22).When it is realized that this 

static margin variation corresponded to a variation of x1/x2 of 

from 2/j to 6 or a movement of the c.g. from mid-ships to 10 per- 

cent aft of the forward foils it is clear how difficult it is to 

adequately stabilize a completely submerged foil system of this 

type without automatic controls. Nevertheless, some static marginmay 

be desirable in order to allow for some shift in the longitudinal 

c.g. location without substantial adverse changes in the transfer 

function of the uncontrolled boat and to provide some pitch sta- 

bility in case of failure of the automatic control system. 

According to Equation c5.211 the square of the undamped 

natural frequency for the uncoupled pitch motion is given by 

Me + MwU 'x ' 
g Xf a = - =-- 

mk2 G k'" 

cL af + - -- 
c 

Lf ( 1 

K1 1 
K2 

1 + @EL- 
2mg 

[Fz&-+ bf), 

Xf x 
x Rf + $' Ra 

a f 

L-5.541 
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where the last term is the contribut.ion due to static margin. In 

non-dimensional Y?orml~Equa?,jion .[ 5,541 becomes 

Me 
'+M' 

W = 
m' kf2 

E5.551 

For the case of V-foils fore and aft we have i, = 1. If in addi- 

tion d = d 
a f = d, ba = bf = b and (c,/C,) = (cw/cs) then 

c a 

g Xfvxa! =-A-. 

d kfa 

2 1 & Xf'Xa' = - .- 
F2 d k'" 

For completely submerged 

[5.5&l becomes 

C5.561 

c5.571 

foils aft and V-foils forward Equation 

- 

275- 
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x ‘x ’ 
t3 a f =- 
df kl2 

X r2 

+ $p$ A- 

k I2 
( 1 

C Ba/mEs = 
Lh a 

2 

w 
1 

LL 

nP1 -e2 C5.581 

where the contribution from the last term is usually small for 

depth-chord ratios near unity or greater. It is seen from Equation 

I: 5.561 that, since d/4 CL 
/ af 

CL is of the order of 1 or 2 the 
f 

value of X1/x2 must be of the order of 1.5 or greater to begin 

to have a significant effect on w o 
? 

According to Equation c5.521 

this corresponds to a s.m. of about 0.1 (for xa/& = 3). On the 

other hand, for the completely submerged aft foil case it is seen 

from Equation [5.58] that the relative importance of static margin 

becomes increasingly great as the value of xft becomes smaller. 

Effect of Speed - It may be seen from Equation [ 5.541 that 

the contribution of - Me/mk2 to (wn)" is inversely proportional 
P 

to the depth of the surface-piercing foils, df and da and will de- 

pend on speed only insofar as df and da are p.ermitted to vary with 

speed. On the other hand the contribution of the last term in 
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Equation L5.541 (-MwU/mk") to (w,)" is directly proportional to 
P 

the velocity squared for a constant value of d 
f 

and d a' 

Uncoupled Pitch Damping Ratio 

The uncoupled pitch damping ratio is from Equation L5.231 

-M /I 

6,= 2:: 
nP 

which gives, with the aid of Equations C5.481, c5.541 and L5.553 

c- = 
-P 

2F 

X cL 
Rf+$ Ra 

f 
++ 

Lf- 

C 

$+b 
a 

S a 

For the case of two V-foils for which bf = ba = b, df = d = d 
a 

and bps) a = (c,/C,) we have 
f 

- 

277 
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- 

cP = 

/y $qXfl + 2 xal) 

2F [i (cw,Zs + b)+'%($ - l)]' 

L5.601 

For the case of submerged foils aft and V-foils forward we have, 

on neglecting the small contribution of the aft foil due to the 

depth effect (the Ra term in Equation c5.541) 

L5.611 

Comparing Equations C5.601 with the uncoupled heave damping ratios 

given by Equations [5.43] we see that the uncoupled damping ratio 

in pitch is roughly given by 

CPM 
L5.621 
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when H w K 
1 2' 6, is seen to get smaller as xfl or xa' become 

smaller. Representative values for a tandem foil system are 

xf I w l/2 and k' w l/3. Thus the damping ratio in pitch may be 

as large as about j/2 that in heave. The effect of static margin 

will be to reduce this ratio. If we compare Equations L-5.611 

and [5.44] for the case where the aft foil is completely sub- 

merged we have for the case u = 1c 
1 2 

x ’ 

‘, Cd + ‘, L5.631 

For the case of xal = l/2 this gives the same result as above, 

Le., 6,/c, w 3/Z However, in this case 6, isfi times as large 

as for the same case but with V-foils fore and aft. The ratio of 

CR/C, is seen to get larger as the ratio x 1 is increased. The a 

relative effect of static margin in keeping the magnitude of 

6,/c, from becoming excessive is greater in these cases than for 

the case of V-foils fore and aft. 



HYDRONAUTICS, Incorporated 

5.57 

The Coupling Terms 

The stability derivatives that account for the principal 

coupling effects are given in the last term of Equation E5.161. 

From Equation C 5.601 we have 

MW g -=-- 
I U-t 

and 

MW' 1 -=-- 
I' Fe 

From Reference (5.5) we find *that Z w Mw so that 
q 

Z 
-.a =-EL 
m U 

Xf'(l - Xf') $f 2 - 1 
r i 1 

and 
n 

z' 1 -.+-x 
F" 

f'(l 
LLcxf 9 

- Xf') - - - 
1 i CLf "2 

1 

C5.641 

C5.651 

C5.661 

. 

L5.671 
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From Equations c5.291 and t5.301 we have 

Z cL 
W g af "1 -=-- - 

m u c 
Lf 

xa' f-X 

x2 
f' 

and 

zW' 1 cL af 
-z-w - 
ml F2 C 

Lf 

Y 
X ‘f-x 

a %2 
f 

C5.681 

t 5.691 

From Reference (5.5) we make the following approximation for Mh 

5-l fil &JZ~~ x 
[i 

CLCw cot r + c s cos r 

32 75 
S 1 

D I 
si~wr,+cDh$#+oxz~+z~] ‘5’70a3 

The drag on the struts and surface piercing foils usually accounts 

for the principal contribution to C z 5-l 
. Since C z 

5 
is always 

negative it is clear from the role of Mh in E of Equation c5.171 

that C z 3-l tends to be destabilizing. For completely submerged 

foil systems this term is a major component of Mh, With the aid 
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of Equation c5.341 we obtain 

% 
Z8 + c ZYh 

-M 
I mk" 

=;x;:" [$-z (c+ bf)f- -$&+ ba)j 

+$~fRf~xaRa)+i~~ I: 5.7Obl 

- 

($+ bf)f - -$-k($+ba II a 

I: 5.711 

9 since according to Reference (5.5) we also find the following 

relationships 

% 
= Z0 + C z Xh and Mht = Ze' + C z' Xh' 15.721 
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For the case of fore and aft V-foils with ($+ bf)&+ ba)a 

we have 

ze = 72 -cz =o 3-l 

ze=y-ycz >o 3-l 

Ze=~-Cz)i,‘O 

when d = d f a' 

when d < d f a' 

when d > d 
f a' 

c5.731 

For the case of completely submerged foils aft and a V-foil fore- 

ward we have, on neglecting the small contribution due to R 
a 

Yl -cz yr Xf’(l - Xf’) 9-l 
I 

I g - c x’ x$ u” 
=- - 

I 
4df k'" I' J3 

[ 5.741 

and 

ze g-e 

df f 
‘(LXf ze' u" -c-x 

m 
f 

=m' t t-5.751 
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It is thus clear that the coupling terms 9-l' I and Ze/m tend to 

be largest for tandem systems with submerged foils aft and V-foils 

forward. From Equation c5.741 and L5.751 it is seen that this 

varies inversely as d 
f' 

When the static margin is zero or very small the zeros in 

the Coubiing term become very large and-are effectively eliminated. 

By combini'ng Equations [5.67], [5.69], [5.71] and [5.72] we obtain 

z ’ 
cl 

C 5.76al 

= 
1 

(s.m.) - 

[&+ bfi, - &&+ bJa] _ R 

cL af X1 

df' cx, - Ii Lf i i 

I: 5.76bl 

The absolute value of this term for s.m. << 1 is clearly much 

greater than unity for Z,' I; 0. The maximum positive value that 
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the numerator of the second term in Equation C5.76al can achieve 
-. 

is 1/4df'(cw/cs + bf)f o Withe representatve values of df' = l/l8 

and cwfis + b 
f 

= 2.5 this gives for this term a value of l-. which 

I n, \ 
is less than C L ' + Ix t 

x2 f 
so that the numerator is usu- 

ally negative or slightly positive in such cases also. Thus for 

small values of static margin (Zw' + Ze')/Z 
q 

f is usually much 

greater than the modulus of the dominant roots ad' . 
I I 

For these 

cases the effect of Z ', in Equation [5.16], on the dominant roots 
q 

is small. This results in the elimination of one of the zeros in 

Eq,uation [5.24]. Thus 

O’Z’ z ‘+z i z ‘+Z’ 
q + w 0 W 8 

m' 
-, m 

m ' m' 

and is usually less than zero. 

The other zero in the coupling term of Equation [5+24] can be 

eliminated in the same manner when I%;/M,lI > >~cJ~~[ . For these 

cases we have 

c'M ' M ' M ' 
W h h 

II +I,=-- I' 

Thus the numerator of Equation [5.25] for small Mwi reduces to the 

case given by Equation [5.25d] 

w ’ Zw’ + Ze’) 
- zz - 

m'1' 
RI [ 5.771 

If in addition Mh'/I' or (Zw'+Ze')/m' is also very small then the 

coupling is correspondingly small and the stability roots are then 

essentially those of the uncoupled equations of motion. From Equa- 

tions [5.70] and c5.711 it is clear that T-l' I and hence Ze/m can be 

made to take on values varying from large positive (submerged foils 

aft only) to large negative (submerged foils forward only). Thus a - 

considerable amount of control over this coupling term can be exer- 
cised. 
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EXAMPLE 

The following example is selected to illustrate a possible 

application of the root locus method to stability analysis. The 

hydrofoil configuration was selected so that variations in the 

coupling term had a minimal influence on the uncoupled roots. Al- 

though this condition makes the stability design problem straight- 

forward it is not a requisite for obtaining useful results by this 

method. 

We consider an area stabilized tandem hydrofoil configura- 

tion which has negligible static margin so that the coupling term 

is given by Equation [5.77]. In addition we assume the c.g. is 

midway between the center of lift of the forward and aft foil sys- 

tems. It can be seen by comparing Equations [5.29]. [5.38], [5.47 

[ 5.561 and [ 5.711 that it is possible to make large changes in 

Mh'/I' by varying the ratio 

a 
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between almost zero (submerged foils forward only) to very much 

greater than unity (submerged foils aft only) without appreciably 

affecting Z wf/m', Zh/ml, Mql/I', M8'I', which determine the un- 

coupled stability roots. Thus, for this case, a root locus 

plot will show how the stability roots are affected by the ratio 

of the degree of area stabilization forward to that aft for 

various selected sets of uncoupled stability roots. The maximum 

value of 
72' 

I under these conditions is, from Equation c5.703 for 

completely submerged foils aft only, and on neglecting the term 

in R 

max 

c z 
5-l 

c z Xh V 
= 

I 
+ C5.781 

mk2 max 

By interchanging the fore and aft foils we have for the minrmum 

value 

To non-dimensionalize we multiply through by J"/u" 
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max 
f+ 

Cz’ ’ 
5-l ze 

‘+Cz’ ’ 
% 

= L5.803 
m1kt2 rnlk'" 

From Equations c5.403 and C5.581 we have for the undamped,un- 

coupled natural frequencies 

L5.811 

From Equations c5.441 and C5.633 we have for the uncoupled damping 

ratios 

E5.831 
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From Equations C5.181, [5.19] and [5.24] we have for the uncoupled 

stability roots 

p1,2' = 

"3,4' = 

6 #J 
H nH 

6 w ' If 
[ 

6 p2 -. 1 

P np =I 6, 

G5.851 

c5.861 

We take as an example of an application of the foregoing, a 

boat with the following data 

F = 1.8 df' = 1/16 

cL a 
- = 15 

cL 
k' = l/3 

5 = "2 = 
1 

- 

and C z' 
5' 

I mlk12 assumed negligible. From Equations C5.811 and 
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C5.821 we obtain for the non-dimensional frequencies 

w ’ 
nH 

= 16 x 2.5 [- I 2(~8)~ 

3 
= 2048 

w ’ 3 

nP 
= 5x 2.48 = 3.72 

From Equations C5.831 and C5-843 we get for the damping ratios 

6, = 

cp=;x .g3 = 1.40 

From Equations C5.853 and C5.863 we get for the stability roots 

for the uncoupled heave and pitch modes 

P1,2' = - .g3 x 2.48 i f 1 [ * T]= -2.31 f -93 i 

P3,4’ = -1.4.0 x 3.72 14 Jr3 [ 1 1.40 = -1.56 and -8.8 

- 
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From Equations E5.771 and lI5.801 we get for the coupling con- 

stant when 1 
92' 

1' is maximum 

= -27.8 t-4.63 + 3.091 = 43 

Since ZwV/mt is a negative constant, a possible maximum exists 

for some value of 1 
7-l' 

I' between zero and 27.8. If r is the ratio 

between thisvalue and 27.8 we have for the equation for r, since 

Mh 
'WZ' 0 

d - - 
dr 

4.63 + = 0 

which yields 

I:= 
4.63 

2(3.09) = l 75 

The maximum value of the coupling term is then 
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Xl = 
max 

-.75(27.8) C-4.63 + .75(3.09)] = 48e3 

The minimum value for the coupling term is obtained by reversing 

the sign of Mh' and Zel, thus 

Xl min = 27.8 C-4.63 - 3.091 = -214 

The locus of the stability roots for this range of coupling val- 

ues is shown in Fig-ure 5.6. The points marked by crosses (x) 

represent the stability roots for the uncoupled heave mode and 

the points marked by triangles (h) represent the roots for the 

uncoupled pitch mode. 

The construction of the root locus plot is facilitated by 
* 

making the following observations: 

1. For x1 > 1 the real axis locus must lie between the 

two real roots. For x1 < 1 the real axis locus lies outside the 

two real roots. 

2. There are four loci and four asymptotes to infinity 

since there are four roots and no zeros. 

3. The asymptotes are as follows: For K1 r 1 they lie 

(1 + 24180~ 
along lines given by - 4 . These are given by angles 

* More details on the method, are contained in standard texts. 
See Referenees 5*19 or 5.20 for example. 
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of f 45’ and f 135’. For K1 < 1 they lie along lines given by 

( 2rn)180° 
4 l 

These are given by O", f 90' and 180’. 

4. The intersection point of the asymptotes lies at 

the center of gravity of the poles since there are no zeros. This 

p@nt is given by 

(-J ' = -( 2.31 + 2.31 + 1.56 + 
4 

8.8)= -3 . 

0 

75 

5. The breakaway point oil on the real axis between 

-1.56 and -8.8 is found from 

1 1 --- -- 
42 JJl 

2b co 
b2 + w1 I2 

where the &Is, &I, b are defined on Figure 5.4. By trial and 

error CT 1 
i 

=,-7.0 corresponding to 4, = 5.4, 4, =-1.8 and b = 4.7. 

6. The angle of departure from the pole -2.31 + .93 i 

is obtained from @,, in the following equation 

Ql + Q2 + Q3 + e4 = (1 + 2m)180° 

8’ + go0 + 129' + +4 = 

. . ' (B4= -47O 

(1 + 2m ) 180’ 

- 

2 93 
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7. The frequency at which the oscillatory root becomes 

unstable was not computed separately in this case. However it is 

readily found by setting Routh's discriminant equal to zero and 

solving for X1. The desired frequency is then obtained by putting 

cr' = iw' in Equation c5.121 and solving the imaginary equation 

where the above found value of R1 is substituted in the expression 

for D. 

a. Since Zw'/mI a.nd M ',/I' are held constant the sum 
q 

- 

of the roots must remain constant. Thus the real parts of the 

smallest roots tend to move in opposite directions as the coupling 

term changes in magnitude, 

The above relationships were sufficient guides in this case 

so that with the aid of the Spirule the root-locus plot on 

Figure 5.6 was readily drawn. The arrow is drawn in the direction 

of increasing value of M h r,/I1m It is seen that for the case of 

the completely submerged foil aft and V-foil forward (K = + 43) 

the dominant stability roots are the complex pair which have a 

value of 0 '= 
C 

-1.3 f 1.5,i and a damping ratio 6 = 0.65. As the 

value of Mhl/Il is decreased it is seen that this root first be- 

comes less stable and then reverses at a value of xl = 48.3 be- 

coming again more stable. At a value of Xs = +3 it is seen that 

the real part of this root is equal to the minimum real root. 

- At this point the complex root is ocr = -2.1 k 0.75'i and the 
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least stable real root has a value of about -2.1 also. This is 

the point at which the least stable mode has the maxium rate of 

decay. Furthermore, it is seen that the value of 6 is 0.94 thus 

indicating negligible overshoot and apparent desirable frequency 

response characteristics. As Et is decreased further the value 

of C for the complex root becomes smaller and the root approaches 

the 90' asymptote with a real part of -3.75. The smallest real 

root continues to move to the right leading to a divergence type 

of instability at E' = -88. This is the condition for E = 0 in 

the characteristic equation [Equation 5.121. The portion of the 

root-locus plot shown by the broken lines gives the stability 

roots for values ofxl beyond the range obtainable in this exam- 

ple. Familiarity with root-locus plots enables the designer to 

determine the effect of changing the uncoupled roots quite 

readily. 

Figure 5.6 reveals a considerable amount of information 

about the stability of the boat. It indicates that a relatively 

small amount of coupling, obtained by making the area stabiliza- 

tion forward slightly greater than aft would maximize the sta- 

bility of the least stable mode. Since this result leads to 

values of A /!? and Aa/sa which are less than unity it is possi- 
f f 

ble to increase the foil depth if desired since the degree of 

area stabilization is essentially determined by the product 

at the forward and aft foils respectively. Figure 

5.6 also shows the sensitivity of the stability to variations in 
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the distribution of area stabilization, It reveals, graphically, 

the manner in which the coupling alters the uncoupled stability 

roots. 

Effect of Speed - The effect of changing speed on the un- 

coupled stability roots is readily determined from Equations 

[5.81-1 - t5.861. It is apparent that as the speed changes and 

for dff constant, 6 H Wn')H and cpbn')p ( remain approximately con- 

stant. While c, and 6, increase directly with speed. Thus with 

decreasing speed the real part of the complex roots remain con- 

stant but the imaginary part increases. Simultaneously the roots 

due to uncoupled pitch move closer together and eventually form 

a complex pair when cl, = 1; at which point the real part remains 

cons+,ant while the imaginary part increases with further reduc- 

tion in speed. This pattern of behavior is clearly illustrated 

in Figure 4 of Reference (5.22) and Figure 49 of Reference (5.12) 

(in dimensional form), for the case where the coupling terms are 

small, i.e,, surface piercing foils fore and aft. For increasing 

speed the complex roots move together, while maintaining a con- 

stant real part, and split into two real roots after joining on 

the real axis. Since c, increases while C,(wrL1)R does not the 

two real roots due to the uncoupled pitch move further apart, The 

effect of positive coupling (Rl>O), when all the uncoupled roots are 

real, is to cause the two least negative roots (uncoupled pitch 

and heave roots) to move toward each other and for large enough 

Rf form a complex pair. The behavior of the two most negative 

roots is similar. For negative coupling the least negative root 
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moves in the direction of the positive real axis toward + 00 while 

the most negative real root moves in the opposite direction. The 

remaining real roots move together to form a complex pair and 

eventually move out toward the 90' and 270' asymptotes for large 

enough negative values of Kf. 

It is clear from the foregoing example that the application 

of the root locus method in the determination of the stability of 

area-stabilized hydrofoil boats can furnish considerable insight 

to the designer. Familiarity and experience with the general con- 

struction of such plots is of course important, especially in ap- 

plications where there is a zero or two and a given parameter 

variation changes more than one variable at a time. However only 

four loci are involved and the root loci of most hydrofoil boats 

have a good deal of similarity. Undoubtedly the root locus method 

will not be of practical use in all stability studies of area- 

stabilized craft. However, it can be an extremely useful tool in 

some problems in stability analysis and design of area-stabilized 

boats and its use should always be considered. 

CONCLUDING REMARKS 

The first part of this chapter presents a derivation of the 

characteristic equation of the hydrofoil boat together with a dis- 

cussion of some of the simplifications possible and methods of 

determining the stability. Since the coefficients of the charac- 

teristic equation are given in terms of the stability derivatives 

it is necessary to obtain these derivatives preferably from model 

data or by the use of detailed estimating procedures such as those 

described in Reference 5.5. Although this procedure is feasible 
- 
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once a design is reasonably well established it may be expensive 

and time consuming in the preliminary stages of design. There - 

fore simplifying approximations have been derived for many of the 

formulas for the stability derivatives given in Reference 5.5 and 

methods of relating these to the uncoupled stability roots have 

been given, Furthermore, the effects of coupling on the uncoupled 

stability roots has been treated in conjunction with the applica- 

tion of Evans root locus method of solving characteristic equa- 

tions. It is felt that this procedure offers a useful additional 

tool to the designer in the preliminary synthesis of area stabi- 

lized hydrofoil systems. It should be emphasized that once a 

desirable arrangement is found by the approximate formulas re- 

ferred to above more exact calculations should be made. 
- 
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TABLE 5.1 

Summary of Craft Characteristics 
(Velocity = 40 knots) 

- 

? .; - , --- 

Configuration Configuration 
Symbol Symbol Characteristic Characteristic 1 1 2 2 3 3 4 4 5 5 

D D Displacement, lbs Displacement, lbs 30,000 30,000 30,000 30,000 30,000 30,000 29,450 29,450 27,422 27,422 

LOA LOA Length overall, ft Length overall, ft 40.0 40.0 40.0 40.0 40.0 40.0 34.4 34.4 37.0 37.0 
k k Long.rad.of gyr,,ft Long.rad.of gyr,,ft 9.21 9.21 9.21 9.21 9.21 9.21 7.93 7.93 8.50 8.50 

Xf Xf C.G. to fwd fcil,ft C.G. to fwd fcil,ft 9.63 9.63 9.63 9.63 9.63 9.63 14.49 14.49 7.94 7.94 

X X C.G. to aft foil,ft C.G. to aft foil,ft lg. 26 lg. 26 lg. 26 lg. 26 lg.26 lg.26 17.01 17.01 15.88 15.88 
a a 

sf sf Area fwd.foil,ft' Area fwd.foil,ft' 22.00* 22.00* 22. oo* 22. oo* 22. oo* 22. oo* 11.70* 11.70* 21,62* 21,62* 

'a 'a Area aft foil,ft' Area aft foil,ft' lo.23 lo.23 15.00 15.00 13.10 13.10 12.13* 12.13* 11.68 11.68 

C C 
Lf Lf 

Lift coef.fwd.foil Lift coef.fwd.foil 0.200 0.200 0.200 0.200 0.200 0.200 o. 298 o. 298 0.185 0.185 

CL CL Lift coef.aft foil Lift coef.aft foil 0.215 0.215 0.147 0.147 0.168 0.168 0.244 0.244 0.171 0.171 
a a 

cL cL Lift slope fwd foil Lift slope fwd foil 3.13 3.13 3.13 3.13 3.13 3.13 3.02 3.02 3.23 3.23 
of of 

cL cL Lift slope aft foil Lift slope aft foil 3.83 3.83 3.81 3.81 2.94 2.94 3.24 3.24 3.92 3.92 
oa oa 

rf rf Dihedral fwd., deg Dihedral fwd., deg 38 38 38 38 38 38 42 42 38 38 

ra ra Dihedral aft, deg Dihedral aft, deg 0 0 0 0 45 45 56 56 0 0 

- - 
Cf Cf Mean chord fwd.,ft Mean chord fwd.,ft 3.00* 3.00* 3eoo* 3eoo* 3.00* 3.00* 2.17* 2.17* 2.91* 2.91* 

z- z- Mean chord aft,ft Mean chord aft,ft ~- ~- --. --. 1. 75 1. 75 * * 2x7* 2x7* -- -- a a 

df df Submergence fwd.,ft Submergence fwd.,ft 2.54 2.54 2.54 2.54 2.54 2.54 2.09 2.09 2.57 2.57 

da da Submergence aft,ft Submergence aft,ft 2.50 2.50 2.50 2.50 3.75 3.75 2.09 2.09 3.34 3.34 

* Includes factor of 2 to account for number of foils. * Includes factor of 2 to account for number of foils. 

Note: Note: The effect of The effect of C C 
tions. tions. Lh Lh 

was was not taken into account in these calcula- not taken into account in these calcula- 
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TABLE 5.2 

Stability Constants of Five Area Stabilized Boats 

- 

Configuration 
Stability Constant 

1 2 3 4 5 

01 -16.71 -22.22 -15.75 -lg. 28 -16.74 

0 - 8.01 - 9.44 - 7.21 - 5.63 -11.00 
2 

Re G - 0.44 - 0.47 ~ 1.20 - 1.35 - 0.37 
3, * 

+Im cs 1.86 1.78 1.33 2.34 2.89 
3>4 

I: . 23 .26 .67 .50 .13 
3>4 

(Tl > set, 1.55 1.45 -57 .51 1.85 
T 394 

OJ1 > 0 '+5 .41 .12 . 19 .85 -2 394 
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Table 5.3(a)- Comparison of Amplitudes of Vertical 
Displacement on the Basis of Root Mean Square 

U = 40 knots - Following Seas 

L 

Forward Foil Aft Foil 
Wind Speed Wind Speed 

Configuration 
knots knots 

18 14 10 18 14 10 

1 5.4 3.0 .85 4.9 2.8 .77 

2 5.1 2.8 .74 4.7 2.6 * 71 

3 4.1 2"l .53 3.5 1.8 049 

4 3.6 1.8 - 51 2.8 1.4 .44 

5 5.5 3,l .88 5.1 3.0 .86 

Table 5.3 (b) - Frobabllity of Foil Emergence 

1 .080 .017 -- .058 .007 -- 

2 .080 .013 -- .047 .004 -- 

3 1 036 -001 -- -I -- -I 

4, 017 -- -- -- 

l- 

-- -- s 
5 . 098 "017 -- -027 . 001 -- 
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TABLE 5.4 

The Non-Dimensional System 

Dimensional 
Quantity 

x, z 

M 

. 
u,w,h 

. , . . 
u,w,h 

D=$ 

P,~,~,q 

df.,da+,xa,kh 

;1 

Divisor 

&U2Ar 

$J2ArJ 

U 

U2/.l 

u/a 

U/J 

1 

U2/J2 

Non-Dimensional 
Quantity 

X',Z' 

M' 

. 
u',w',h' 

;+,;I 

D' 

P' ,cT',m',q t 

df',da',xr',xa',k',h' 

* I q 
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