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ABSTRACT 

A study of longitudinal stability and control of canard 
hydrofoil-supported craft of the 110-long-ton weight class, 
in both calm and disturbed seas, is presented. Configurations 
involve craft with all foils fully submerged, all foils sur¬ 
face-piercing, and foils of hybrid arrangement (submerged 
forward, surface-piercing aft and vice versa). As a design 
aid, effects of variations of major parameters such as speed, 
c.g. location, foil spacing, dihedral angle, etc. are illus¬ 
trated, It is shown that autopilot stabilization of the sub¬ 
merged-foil reference craft is required in waves. Although 
the surface-piercing-foil reference craft is inherently stable 
in both smooth water and disturbed seas, its capabilities 
in waves are more limited than those for the submerged-foil 
vehicle. 

Also presented is a comparison of canard and conventional 
configurations in calm and disturbed seas. 



FOREM ARD 

This report was prepared by the Hughes Aircraft Company, 
Culver City, California, under Contract NObs-70572. The 
work was accomplished under the direction of Mr. Sam M. Lum 
of the Bureau of Ships, Code 421. 

The major portion of the work was performed by Messrs. 
G. Chuck and R.K.C. Luke. Mr. M. A. Sloan, Jr. assisted 
in developing procedures necessary to allow automatic com¬ 
putation of the data and suggested methods for simulating 
random seas. Technical editing of the report was provided 
by Mr. W. N. Turner. All personnel are with the Control 
Systems Section, Guidance and Controls Division, Aerospace 
Group. 



SRS-440 

TABLE OF CONTENTS 

Page No. 

ABSTRACT.. 

FOREWARD.  3 

INTRODUCTION ... 

LIMITATIONS OF THE STUDY.  9 

INHERENT CRAFT STABILITY IN SMOOTH WATER.. 

DYNAMIC PERFORMANCE IN WAVES . 45 

COMPARISON OF CONVENTIONAL AND CANARD CONFIGURATIONS.70 

RECOMMENDATIONS . gg 

FIGURES. 67 

CRAFT PHYSICAL DATA TABLES.. 

NOMENCLATURE.. 

REFERENCES. 140 

APPENDIX A: Hydrodynamic Data.... 

APPENDIX B: Reference Craft Transfer Functions .,..,., 159 

APPENDIX C: Reference Craft Simulation and ...,..,,. 162 
Root Locus Data 

DISTRIBUTION LIST 
171 



SR $-440 

TAUE OF CONTENTS 

Page No. 

ABSTRACT . \ 

FOREWARD..3 

INTRODUCTION.7 

LIMITATIONS OF THE STUDY.9 

INHERENT CRAFT STABILITY IN SMOOTH WATER.13 

DYNAMIC PERFORMANCE IN WAVES . 45 

COMPARISON OF CONVENTIONAL AND CANARD CONFIGURATIONS.78 

RECOMMENDATIONS . 05 

FIGURES.. 

CRAFT PHYSICAL DATA TABLES.. 

NOJENCLATURt.. 

REFERENCES.. 

APPENDIX A: Hydrodynamic Data.. 

APPENDIX B: Reference Craft Transfer Functions . 159 

APPENDIX C: Reference Craft Simulation and . ¡62 
Root Locus Data 

DISTRIBUTION LIST 171 



SRS-440 

mrsoDioioN 

This study oí longitudinal stability and contiol of hydrofoil 

craft »ith canard configurations foras a continuation of Reference 1, 

which was primarily concerned with conventional configurations. In¬ 

herent craft stability in calm seas and dynamic performance in reg¬ 

ular sinusoidal seas are presented herein. Comparisons between the 

canard craft of this report and the conventional vehicles of Refer- 

ence 1 are given. 

Canard craft, with the main supporting foil aft of the center of 

gravity, in the weight/size class approximated by figures of 110 long 

tons gross weight and 110 ft. overall length are considered. Four 

basic types of vehicles, each characterized by its foil operating 

node, are treated; the foil modes are: (1) both foils fully submerged, 

(2) both foils surface-piercing, (3) forward foil submerged, aft foil 

surface-piercing, and (4) forward foil surface-piercing, aft foil 

submerged. 

Parametric variations, such as speed, center of gravity location, 

foil spacing, etc., are made on the four canard configurations to 

study inherent craft stability. Locus-of-root analysis of the ve¬ 

hicle as a dynamic system is the primary tool for analysis. 
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Dynamic performance in regular sinusoidal seas of the sub¬ 

merged-foil and surface-piercing-foil reference craft is obtained 

by analog simulation. The former vehicle is investigated with an 

autopilot while the latter craft is unaugmented. A non-linear 

model is used in disturbed sea simulations. Root-loci analyses 

are also made for the submerged-foil craft with autopilot. 
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LIMITATIONS OF THE STUDY 

In order to contain the study effort within reasonable bounds, 

it is necessary to adopt a number of simplifying ground rules. 

Data and conclusions must, therefore, be qualified to the extent 

that these rules are significant. This section briefly discusses 

the primary factors involved. 

Vehicle Size 

Only one size and weight class is considered. This is not, 

however, considered a severe limitation, as the general results are 

applicable to vehicles somewhat above or below the reference craft 

in weight and dimensions. 

Vehicle Structure 

It was necessary to ignore the effects of structural flexibility. 

It is unlikely that this will appreciably influence the primary re¬ 

sults here. No hydrofoil craft, however, will be absolutely rigid. 

The presence of fundamental structural modes on the order of two 

cycles per second will require serious consideration during the de¬ 

sign of a specific vehicle to prevent adverse forcing of these modes 

in disturbed seas. 

o 
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Hydrodynamic Data 

Because specific hydrodynamic test data on the many con¬ 

figurations studied are not available, theoretical data were devel¬ 

oped in the interests of consistency. The best available informa¬ 

tion was always used for this purpose, with empirical substantia¬ 

tion whenever possible. Any differences which may be found to exist 

between the theory and actual test data are expected to be easily 

compensated by small adjustments in the basic craft or autopilot 

parameters. 

Foil Operating Mode 

Only foil-borne operation is considered, with restrictions to 

subcavitating, non-ventilated foil conditions. To this end the 

maximum speed is limited to 50 knots. 

Equations of Motion 

For the analysis of stability in smooth water, linearization 

of the equations of motion about the operating point is valid and 

is employed. To insure validity of results for the studies of 

behavior in waves, however, significant non-linearities, such as 

the curvature of lift-curve slope with depth, and the exponential 

variation of orbital-velocity magnitude with depth, are taken into 

account. The mathematical models should not, then, introduce any 

significant limitations. 

10 
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Sea Types 

Regular wave trains of various heights and wave lengths are 

simulated, rather than disturbed seas requiring statistical des¬ 

cription, as a matter of expediency. This is a perfectiy valid 

approach here, as the most severe condition to be encountered is 

represented by a regular wave train forcing the motion at a sensi¬ 

tive frequency. A sinusoidal rather than a trochoidal wave form 

is used, but the approximation is very close for the wave steepness 

ratios of interest, 

Propeller Effects 
© 

Effects of propeller slipstream and power derivatives are, 

of necessity, ignored. When these are established for a particular 

design, interpretation in terms of equivalent foil or strut varia¬ 

tions will allow an estimate of their effects. 

Interference Effects 

Similarly, effects of foil-strut or foil-nacelle interference 

are not determined. 

Aerodynamic Forces 

The neglect of aerodynamic forces on hull and struts intro¬ 

duces no limitations because these forces normally represent only 

a fractional percent of the total. 

1.1 
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Autopilot 

Only rudimentary autopilot functions are considered, as these 

are sufficient for stabilization. Ultimate performance available 

by special control techniques is not determined. Perfect instru¬ 

mentation is assumed. Flaps are driven by an actuator with a .1 see 

first-order lag and rate limited at 20 deg/sec. 

12 
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INHERENT CRAFT STARn iry in smooth w^tpp 

In this portion of the study on the inherent craft stability 

of canard hydrofoil craft in smooth water, four reference craft 

are selected, one for each of the foil operating modes. Variations 

of physical parameters are made about the reference craft values, 

and inherent stability, as determined by the characteristic roots 

of the linear model, is presented in locus-of-root type plots. 

Some analyses of the loci and inherent stability are given. 

The basic hydrodynamic data, equations of motion, and sta¬ 

bility derivative forms used in the computation of longitudinal 

characteristic roots are taken from Reference 1. A product of 

this computation is the component hydrodynamic coefficients, which 

are used (internally in digital computer programs) to compute di¬ 

mensional stability derivatives. These coefficients for the 

reference craft and parametric variations are listed in Appendix A. 

It should be noted that the data apply also to the conventional- 

layout craft of Reference 1 if the appropriate forward and aft 

components are interchanged. 

¿stows Çiati. 

Physical Characteristics 

Four reference craft are selected, one for each of the foil 

13 
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operating nodes. Sub-cavitating, non-*entUated foils are used: 

t«o fully-subnerged and t»o V-type, surface-piercing foils. The 

four canard reference craft, according to their foil operating 

modes, incorporate: 

lo submerged foils forward and aft. 

2. surface-piercing foils forward and aft. 

3. hybrid foils: surface-piercing aft, submerged forward. 

4. hybrid foils: submerged aft, surface-piercing forward. 

Craft physical data, based on a fixed beam of 30 ft. (at water line 

for surface-piercing foils) and 110 ft. between perpendiculars, are 

shown in Figure 1. 

The basic craft configuration selected has a 40/60 load dis¬ 

tribution in percent gross weight on forward/aft foils, and foil 

loadings of 1000 psf. For a craft weight of 250,000 lbs, the re¬ 

sulting horizontal projected foil areas are 100 ft.^ and 150 ft.^ 

for the forward and aft foils respectively. All foils considered 

are rectangular; that is, taper ratio of 1 and unswept quarter- 

chord lines. Reference craft foil aspect ratios are arbitrarily 

set at 6 (at the water line for surface-piercing foils). The fully- 

submerged foils are flat (P* 0), and the V-type surface-piercing 

foils have a 20 deg. dihedral. With the above values of area, aspect 

14 



and aft foils respectively; and the mean chords, 4.0Ö ft. and 5.0 ft. 

respectively. The overall spans for surface-piercing foils (mea¬ 

sured at the base line) are 52 ft. and 57.4 ft. for the forward and 

aft foils respectively. 

Struts are used »Uh submerged fells only. A single strut, 

placed at mid-span, Is used to support the forward (or secondary) 

foil. Two struts, placed symmetrically at quarter-spans, are used to 

support the aft (or main) foil. 

Only two nacelles (bodies of revolution) are used on each craft 

and are located on the main foil. The two nacelles are located at 

the foil-strut intersection of the submerged aft foils. On the aft 

surface-piercing foils the nacelles are located symmetrically at 

quarter-spans. Nacelles are included on surface-piercing foils to 

permit a more direct comparison. The practical aspects of power 

shafts to these nacelles are not considered. 

The vertical distance from the craft center of gravity (c.g.) 

to the base line is 9 ft. The vertical distance between base line 

and flying water line is 5 ft. The mean-depth-to-mean-chord ratio 

for submerged foils is referenced at 1; and for surface-piercing 

foils, at 0.55. 
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With the 40/60 load stribution and 88 ft* between foil ({U8£~ 

ter-chord lines, the c,g. is located 52.8 ft. from the forward foil 

and 35.2 ft, from the aft foil. The c,g, also coincides with the 

craft area centroid. The craft area centroid is defined as the 

point at which the foil horizontal projected area moments are equal. 

Area moment is the product of individual foil area and the distance 

between the craft area centroid and the individual foil area cen¬ 

troid, The individual (pseudo) foil area centroids are assumed to 

be located on the quarter-chord (c/4) line rather than on the more 

conventional half-chord (c/2) line in order to allow for the normal 

type of chordwise load distribution on the foils. Hereafter the hori¬ 

zontal c.g. location is expressed relative to the craft area centroid 

as a fraction of the distance between foils, Î ; i.e, (x _ x )/0 
c.g, *a.c, 

or Ax/i , For the reference craft Ax/4 * 0. 

Hydrodynamic Peta 

Reference craft component hydrodynamic coefficients are listed 

in Table A-l, Strut coefficient, used with submerged foils only, are 

based on the associated foil depth; e.g. forward strut coefficients 

are based on forward foil depth. Struts on surface-piercing foils 

are clear of the water and so do not contribute any hydrodynamic 

forces. There are only two non-zero nacelle coefficients, and these 

are constant throughout the study. 

.16 
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Characteristic Roots 

The linear model of hydrodoil craft used herein has five lon¬ 

gitudinal characteristic roots. The roots for all four reference 

craft are shown in Figure 2. The real part of the root, a, is 

plotted on the abscissa, and the imaginary part, j® , on the or¬ 

dinate. Only half of the complex plane is shown. Since complex 

roots occur in conjugate pairs, the other half of the complex plane 

is symmetric about the real axis. 

The submerged-foil canard reference craft is stable (Fig. 2a). 

It has two large negative real roots, one about -24, and the other 

about -11. The other three roots are small: one negative real at 

about -.2 and a complex pair with negative real parts of -.05 and 

imaginary part of ,07. The dominant modes are governed by the three 

small roots, where the real root is an exponential decay with about 

a 5-sec time constant, and the complex pair is a damped oscillation 

with a frequency of about .00 rad/sec, and damping ratio of about 

0.6. 

The surface-piercing-foil canard reference craft is stable 

(Fig. 2b). It has one large negative real root in the order of 

-16, an intermediate negative real root at about -5, a complex pair 

with negative real parts about -4 and imaginary part of 4, and one 

small negative real root on the order of -.02. The dominant mode is 

17 
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a long time constant (about 50 sec) exponential decay due to the 

small negative real root. The oscillation and exponential decay 

from the three roots near -5 may also be important modes. 

The hybrid surface-piercing-aft-foil canard reference craft 

(Fig. 2c) is unstable, It has one large negative real root in 

the order of -22, a complex pair with real part of about -6 and 

imaginary part of about 4, a small negative real root at approxi¬ 

mately -.07, and a positive real root at about +.66. The posi¬ 

tive real root contributes a divergent exponential mode whose 

time to double amplitude is slightly less than one second. 

The hybrid submerged-aft-foil canard reference craft (Fig. 2d) 

is stable. It has all negative real roots located at -20, -7.5, 

■3, -2, -.06. The dominant mode is a 16 sec time constant ex¬ 

ponential decay. There is some contribution from the .5 sec and 

.3 sec exponential decays. 

Craft Comparison 

The inherent stability of the submerged-foil reference craft 

appears to be much weaker than for the surface-piercing-foil refer¬ 

ence craft, as indicated by its three small roots (near the origin) 

compared with one for the surface-piercing-foil craft. Except for 

the positive root, the root pattern for the hybrid surface-piercing- 

16 
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main-foil reference craft is similar to the craft with both foils 

surface-piercing. The root pattern of the hybrid submerged-main- 

foil reference craft bears more resemblance to the surface-piercing- 

foil craft than the submerged-foil craft, although the characteris¬ 

tic of each are noticeable. 

Parametric Variâtion^ 

Configuration variations made for study of craft inherent sta¬ 

bility are listed in Table 1 for each of the four types of craft. 

There are 125 configurations including the reference configurations. 

The same variations in speed, c.g. location, and foil spacing are 

made for all four craft. 

There are no dihedral angle variations for submerged foils. Di- 

hedial angles on the craft with both tolls surtace-plerclng ate In- 

creased simultaneously. 

Foil depth variations are not made for surface-piercing foils; 

the mean-depth-to-mean chord rgtio (h/c) for these foils is refer¬ 

enced at 0.55. Submerged-foil h/S variations of 1, 1.5, and 2 are 

made. The craft with both foils submerged had combinations of these 

h/c’s. The combinations are such that each foil is independently sub¬ 

merged deeper relative to the other, or both foils are submerged si¬ 

multaneously. 

19 
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There are eleven combinations of foil areas for the craft with 

both foils surface-piercing and nine for the other three craft. 

Forward foil areas used are 50, 75, 100, 113, and 150 ft.2; aft foil 
2 

areas are 75, 100, and 150 ft . 

Longitudinal characteristic roots for each of these variations 

are presented in locu?-of-root type plots. 

Speed Variation 

Physical Data; Equilibrium speed of all four reference craft 

is varied. The speeds considered are 30, 40, and 50 knots. No 

physical craft parameters are changed to acconraodate this speed 

variation. 

Hydrodynamic Data: Hydrodynamic coefficients, however, are 

functions of speed. Foil coefficients for 40 and 30 knots are listed 

in Table A-2; those for 50 knots are given in Table A-l. Strut and 

nacelle coefficients are the same for all speeds and are given in 

Table A-l. 

Characteristic Roots: The longitudinal characteristic roots of 

all reference craft at equilibrium speed of 30, 40 and 50 knots are 

shown in Figure 3. At these speeds the hybrid surface-piercing-aft- 

foil canard vehicle is unstable; the other three craft are stable. 

However, with increasing speed the unstable craft becomes less 

20 
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unstable (i.e. the magnitude of the positive real root decreases), 

while the other three craft become more stable (i.e. the magnitude of 

the smallest negative real root or the real part of the complex roots 

increases). 

At the lower speeds the submerged-foil canard craft (Fig. 3a) 

has only exponential decay modes (all negative real roots); the sur- 

face-piercing-foil canard craft (Fig, 3b) has an additional higher 

frequency mode (complex roots) formed by the two large negative 

real roots; and each hybrid craft has only one oscillatory mode 

(Figs. 3c and 3b). For the three craft that have oscillatory modes 

at the lower speeds, the damping ratio decreases and the oscillation 

frequency increases as speed is reduced. 

Dimensionless Roots: In an attempt to determine if any of the 

longitudinal characteristic roots are dependent on equilibrium speed, 

the roots are non-dimensionalized by a parameter X. , defined as the 

ratio of the distance between foils, H , to the equilibrium speed, 

vo (i.e. 77= i/V0.). Dimensionless roots for the speed variation 

are shown in Figure 4. The submerged-foil canard craft shows that 

the two large negative real roots are almost proportional to V0 

(Fig. 4a). The three small roots of this craft do not show any de¬ 

pendence on equilibrium speed. 

n 
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The surface-piercing-foil canard craft shows that its smallest 

real negative real root is proportional to V0 since the dimensionless 

roots all have the same value (See Fig. 4b). The dimensionless com¬ 

plex roots appear to move primarily parallel to the imaginary axis. 

This indicates that the negative real part of the complex roots may 

be proportional to V0. In other words, the damping (or the exponen¬ 

tial decay) of the oscillatory modes is proportional to V 
o* 

The positive real root of the hyorid surface-piercing-aft-foil 

canard craft appears to be somewhat dependent on speed (See Fig. 4c). 

This seems to indicate, in the light of the surface-piercing-foil 

craft, that the instability of this hybrid craft may be due to a speed 

divergence mode. The dimensionless real part of the complex roots 

changes slightly with speed indicating a weaker speed dependence than 

the craft with both foils surface-piercing. 

In the speed variation the craft responses based on dimension¬ 

less or dimensional roots of the hybrid submerged-main-foil canard 

craft seem to be somewhat similar to those for the surface-piercing- 

foil canard craft. However, the negative real root around -2 (Fig. 4d) 

is the speed sensitive mode for the hybrid craft rather than the real 

root near the origin as noted earlier for the surface-piercing-foil 

rraft (Fig. 4b). 

22 
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Craft Conparison: Cruise speed does not appear to be a 

significant factor in determining the inherent stability of canard 

hydrofoil craft. With increasing equilbrium speed the hybrid sur- 

face-piercing-aft-foil craft becomes more unstable. The effect of 

increasing speed on the inherent stability of the other three craft 

is not cle$r, although inherent stability appears to be increasing. 

Horizontal C.G. Location 

Physical Pat?: In this variation only load distribution between 

the foils is varied to accomplish a c.g. change. All other physical 

characteristics of the reference craft remain the same. The load 

distributions considered are: 50/50, 40/60, 30/70, 20/60, and 10/90 

in percent of gross weight on forward/aft foils. Relative to the 

craft area centroid these load distributions correspond to c.g. 

locations of+.1,0, -.1, -.2, and -.3 of the distance between foils, ¢. 

Because of the fixed foil areas, forward foil unit loading decreases 

while aft foil unit loading increases as the c.g. is moved aft. 

Table 2 lists some of the physical parameters of this variation. 

jjydjEgdvnamic Data: With varying loads on each foil the lift 

coefficient and other hydrodynamic coefficients vary. These coeffi¬ 

cients are tabulated in Table A-3. Reference craft (Av/ Ç - q) 

coefficients are given in Table A-l, Strut and nacelle coefficients 

arc the sane in all cases as for the reference craft. 

23 
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Character15tiç Bpots; Longitudinal characteristic roots for 

horizontal c.g. variation are shown in Figure 5. In general, it 

appears that moving the c.g, forward is more favorable for stability. 

Aft c.g. movement on the submerged-foil canard craft is de¬ 

stabilizing (Fig. 5a). For Ax/,2 x -, 1 the craft has an oscilla¬ 

tory divergence. When the c.g. is moved farther aft to -.2 and -.3, 

the craft has an exponential divergence. Thus, aft c.g. movement 

drives the original oscillatory mode to instability. Forward c.g. 

movement increases the oscillation frequency and moves the small 

negative real root closer to the origin. It appears that the craft 

will remain stable for extreme forward c.g. locations. 

The surface-piercing-foil canard craft is stable throughout 

the range of c.g. variations (Fig. 5b). The most significant root 

movement appears to be the intermediate real root, which moves to¬ 

wards the origin with aft c.g. shift. At the most aft c.g. loca¬ 

tion considered this root combines with the smallest negative real 

root to form a low-frequency oscillatory mode. Forward c.g. move¬ 

ment of +.1 has less effect on the roots than -.1 aft movement. 

The unstable hybrid surface-piercing-aft-foil canard craft be¬ 

comes more unstable with aft c.g. movement, as evidenced by the in¬ 

creasing positive real root (Fig. 5c). As the positive real root 

increases the time to double amplitude decreases. Aft c.g. movement 

24 
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also increases the craft s oscillation frequency and reduces its 

damping ratio, although the undamped natural frequency remains re¬ 

latively constant. 

Although the hybrid submerged-aft-foil canard craft is stable 

within the given range of c.g, locations, there is a possibility 

that it may become unstable outside of this range, particularly 

for forward c.g. locations (Fig. 5d). Within the given range, the 

aft c.g. locations produce a low-frequency oscillatory mode, which 

may go unstable with further aft c.g. movement. However, the most 

aft position considered is already near the practical aft limit; 

and the oscillatory mode does not seem to be moving very fast with 

c.g. movement. At the most forward c.g. position considered a higher 

frequency oscillatory mode is formed and the smallest negative real 

root has moved towards the origin. Thus, it is conceivable that 

at some more forward c.g, location this small root may move into 

the right-half plane to create an exponential divergent mode. 

Craft Comparison: The surface-piercing-foil canard craft can 

tolerate large horizontal c.g. changes and still remain stable. The 

hybrid submerged-aft-foil canard craft, although stable within the 

given c.g. range, may be more susceptible to instability outside 

the considered range. The submerged-foil canard craft is unstable 

for aft c.g. movement; and it appears that this craft has a limited 

25 
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c.g. range for stability. Although forward c.g. movement reduces 

the instability of the hybrid surface-piercing-aft-foil canard craft, 

it appears that extreme forward location would not result in a sat¬ 

isfactory level of stability. 

Vertical C.G. Location 

Physical Data: A variation of ± 4¾¾ of the reference distance 

from c.g. to flying water line is made. The reference distance h 
c*9*ref# 

is 14 ft., which includes the 5 ft. from base line to flying water 

line. The ± 4$ is equivalent to ± 6 ft., where the positive incre¬ 

ment is for the c.g, higher than the reference position. 

Hydrodynamic Data; Hydrodynamic coefficients for this variation 

are the same as those of the reference craft (Table A-l). 

Characteristic Roots and Craft Comparisons; This rather large 

variation of vertical c.g. location has a relatively minor effect on 

the longitudinal characteristic roots (see Fig. 6). In other words, 

longitudinal stability is essentially unaffected by craft vertical 

c.g. location. 

Lateral stability, however, is strongly influenced by vertical 

c.g. location. Figure 7 shows the real part of the significant root 

(or real root) as a function of c.g. height above the flying water 

line Figure 7 shows that craft with submerged-main-foils 
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0 become less unstable laterally as the c.g. moves nearer the flying 

water line. Extrapolation of the curves for these two craft indicates, 

however, that they will not be laterally stable f&r any reasonable 

vertical c.g. location. Craft with V-type, surface-piercing-main- 

foils are inherently stable laterally for the c.g. below some cri¬ 

tical height, and these craft become more stable as the c.g, is 

moved nearer the flying water line. 

Foil Spacing 

Physical Day.: The distance between foil quarter-chords is 

reduced from 1.0 to ,75, .50, and .25 of the reference value 

( íre£ » 86 ft.). In this variation the load on each foil is held 

constant since the ratio of foil distances from the c.g. is main¬ 

tained constant. Table 3 lists some of thephysical parameters for 

this variation, which is made on all four reference craft. 
0 

Hydrodynamic Datg: Hydrodynamic coefficients for foil spacing 

variation are constant and are the same as those listed for the ref¬ 

erence craft in Table A-l. Dimensional derivatives, however, are 

not constant, since they depend upon other parameters such as 

the distances from c.g. to foils Uf 0„d x¡i of Tabl, 3)i Ue 

characteristic roots are changed according to these derivatives. 

27 
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Ç,haracteristic Roots : Longitudinal characteristic roots for 

foil spacing variation are shown in Figure 8. In general, the effect 

of reducing foil spacing is to reduce longitudinal stability. 

At a foil spacing of half the reference value the oscillatory 

mode of the submerged-foil canard craft is essentially neutrally 

stable (Fig. 8a). When foil spacing is reduced further to a quar¬ 

ter, the oscillatory mode deteriates into a pair of exponential diver¬ 

gent roots. Thus, this craft can tolerate only a limited reduction 

in foil spacing. 

Figure 8b for the surface-piercing-foil canard craft shows that 

a higher frequency oscillatory mode is formed for P/JJ of .75 or 
ref 

less. The damping ratios of both oscillatory modes are reduced as 

foil spacing is decreased. Although the craft is stable throughout 

this variation, its stability level, as indicated by the oscilla¬ 

tory modes,is reduced for the closer foil spacings. 

The hybrid surface-piercing-aft-foil canard craft is unstable 

at the reference foil spacing and becomes more unstable as foil 

spacing is reduced (Fig, 8c). The damping ratio of the oscillatory 

mode is also reduced for the closer foil spacings. 

An oscillatory mode exists at P/j? - .75 or less for the hy- 
ref J 

brid submerged-aft-foil canard craft (Fig. 8d). Like all the above 
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craft, the damping ratio of this mode also decreases for reduced 

foil spacing. At a quarter of the reference foil spacing, this os¬ 

cillatory mode is divergent, and the craft becomes unstable. 

Craft Comparison: As foil spacing is reduced the damping ratio 

of oscillatory modes decreases. On craft with subraerged-main-foils 

it is the oscillatory mode that goes unstable with reduced foil 

spacing. However, the hybrid submerged-main-foil craft can tolerate 

a larger reduction in foil spacing than craft with both foils sub¬ 

merged before instability occurs. On craft with surface-piercing-main- 

foils the oscillatory mode (or modes) is stable throughout this var¬ 

iation. However, the hybrid surface-piercing-main-foil craft has an 

exponential divergent mode to begin with, and the rate of divergence 

of this mode increases with reduced foil spacing; whereas the craft 

with both foils surface-piercing is stable for all foil spacing 

considered. 

The hybrid submerged-main-foil craft is similar to craft with 

surface-piercing-main-foil in that the smallest negative real root 

is essentially unaffected by foil spacing, while this is not so for 

the craft with both foils submerged. Thus, it appears that this 

small negative real root is governed, to some extent, by surface¬ 

piercing-foil characteristics. 
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Another observation that may be ¡nade from the data for this 

variation is that, if the foil spacing is reduced to zero, (that 

is, a craft with only one large foil located directly under the c.g.) 

the craft would be longitudinally unstable. This intuitively ob¬ 

vious conclusion is confirmed by the trend of the loci of roots. 

Dihedral Anale 

Fully-submerged foils used in this study are flat; that is, the 

dihedral angle P is always zero and no P variation is made for these 
• 0 

foils. Hence, only three craft are involved in this variation. 

Dihedral angle on V-type surface-piercing foils is varied from 20 degs. 

(the reference value) to 50 deg. in 10-deg. increments. On the craft 

with both foils surface-piercing the dihedral angles are varied si¬ 

multaneously in 10-deg. increments. 

Physical Data: For rectangular planforra, V-type surface-pierc¬ 

ing foils (i.e. no taper and no sweep) the dihedral angle P, as¬ 

pect ratio (measured at the water line) /R , horizontal projected 

area A, and foil mean depth h (mean depth is half apex depth) are all 

related by the following expression: 

a) (A0(A)=i6,fi2/wr 
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It can be seen that for fixed values of Ä. and A, (say, at the 

reference values) as P is varied h «ust also change, as prescribed 

by the above expression. Thus, dihedral angle variation is accom¬ 

panied by a mean-depth variation. Also, the wetted plan area S, 

is varied according to the expression: 

(2) 3 = A¡ C05 F' 

The raean-depth-to-mean-chord ratio h/S varies with dihedral angle 

because c is constant in this variation* 

The three foil parameters that change with dihedral angle are 

listed in Table 4. All these parameters increase with larger di¬ 

hedral angle, 

Hldrodynamiç Data: The coefficients for the forward and aft 

surface-piercing-foil dihedral variations are shown in Table A-4. 

Nacelle hydrodynamic coefficients are the same as those for the 

reference craft listed in Table A-l, 

Cltarñrtpriuic RootSi Increasing dihedral angle simultaneously 

on both surface-piercing foils appears to affect, primarily, the 

oscillatory mode (Fig. 9a); the oscillation frequency is reduced 

while damping ratio is increased slightly. However, the stability 
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of the mode is reduced since the real part of the complex roots is 

reduced. Although the negative real roots are moved aroundt these 

movements do not appear to significantly alter the inherent stability 

of the craft. 

Increasing the dihedral angle of the hybrid surface~*piercing** 

main-foil canard craft also affects, primarily, the oscillatory mode 

(Fig, 9b), In this case the oscillatory mode forms two exponential 

decay modes with larger dihedral angles. However, the craft is 

unstable throughout this variation, although the divergence rate of 

the unstable exponential mode is reduced. The remaining roots do 

not seem to be appreciably affected. 

The effect of increasing the dihedral angle on the forward (sec¬ 

ondary) surface-piercing foil of the hybrid submerged-aft-foil canard 

craft is to form a low-frequency mode (Fig. 9c). Although the os- 
© 

dilation frequency and damping ratio are decreased with increasing 

dihedral angle, the craft is stable for all dihedral angles con¬ 

sidered. 

Craft Comparison: In general, increasing dihedral angle on the 

main (aft) foil tends to eliminate the oscillatory mode, while in¬ 

creasing dihedral angle on the secondary (forward) foil tends to 

generate a low-frequency oscillatory mode. These two trends are 
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shown individually in the loci-of-roots for the two hybrid craft 

and collectively in the locus-of-roots for the canard craft with 

both foils surface-piercing. 

Aspect Ratio 

Physical Data: Foil aspect ratios of 4, 6, and 8 are used. 

The following foil quantities are kept constant while aspect ratio 

( A*. ) is varied: horizontal projected area, dihedral angle, and 

taper ratio. This means that foil chord and span are altered to 

obtain the desired aspect ratio. Mean^depth of surface—piercing foils, 

as stated earlier, is allowed to vary. Submerged foil depth is 

also allowed to vary so as to keep h/S constant at unity. Physical 
O 

data for this aspect ratio variation are tabulated in Table 5. 

Hydrodynamic Data: Foil hydrodynamic coefficients for aspect 

ratios of 4 and 8 are shown in Table A-5. Coefficients for aspect 

ratio of 6, which is the reference value, are given in Table A-l, 

Two strut coefficients, listed in Table A-5 and used for submerged 

foils, differ from the reference values because of foil depth, 

which is varied to maintain h/c . i# 

Characteristic Roots: Seven combinations of aspect ratios are 

considered. These combinations are chosen to vary each foil aspect 

ratio while the other remains at the reference value, and both foil 
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aspect ratios simultaneously by the same increment. Longi¬ 

tudinal characteristic roots for these variations are shown in 

Figure 10. 
0 

Aspect ratio changes affect,primarily, the three small roots 

of the submerged-foil canard craft (Fig. 10a). Increasing forward 

foil aspect ratio alone increases the oscillation frequency; where¬ 

as increasing aft foil aspect ratio alone decreases the frequency. 

Increasing both foil aspect ratios tends to increase the damping 

ratio with slight changes in frequency. In these variations the 

small negative real root tends to move towards the origin. 

Small forward foil aspect ratio on the surface-piercing-foil 

canard craft produces an additional oscillatory mode (Fig. 10b). 

Small aspect ratio, on either or both foils, increases the frequency 

of the original oscillatory mode, while large aspect ratio tends to 

reduce the frequency. The smallest negative real root of this craft 

tends to move towards the origin whenever aspect ratio is increased. 

The oscillatory mode of the hybrid surface-piercing-aft-foil 

canard craft is controlled by aspect ratio (Fig. 10c). The small 

aft aspect ratio (A*as 4) increases the oscillation frequency while 

the large value (A?a. 9) produces a pair of negative real roots. For¬ 

ward foil aspect ratio variation results in an almost negligible change 

in the oscillatory mode. The smallest negative real root and positive 
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real root are affected slightly by all these combinations of aspect 

ratio, and it appears that these roots are moving towards the origin 

for the larger aspect ratios. 
: 

Forward foil aspect ratio is more effective in changing the 

longitudinal characteristic roots of tht hybrid submerged-aft-foil 

canard craft (Fig, lOd). Small forward aspect ratio . 4) pro¬ 

duces a relatively high-frequency oscillatory mode, while large 

forward foil aspect ratio (AHf m Q) produces a relatively low- 

frequency oscillatory mode. Aft foil aspect ratio variation appar¬ 

ently did not influence the characteristic roots much. The smallest 

negative real root is essentially unaffected by foil aspect ratio. 

Craft Comparison: Summarizing the foil aspect ratio variation 

it appears that: (1) both foil aspect ratios are important to the 

inherent stability of the submerged-foil canard craft; (2) the sur- 

face-piercing-foil aspect ratio has more influence on longitudinal 

characteristic roots of the two hybrid craft than their submerged 

foils. In general, small aspect ratio surface-piercingfoil tends 
© 

to increase an oscillatory mode's frequency; while large aspect ratio 

tends to reduce the frequency. 
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Foil Depth 
o 

ShmosLßaUi Foil depth variation is made for fully-submerged 

flat foils only. V-type surface-piercing foil depth cannot be changed 

independent c' other foil parameters. Thus, only three craft have 

this variation. 

Actually, submerged foil depth-to-chord ratio h/c, is also varied, 

since the chord remains constant at the reference value. Values of 

h/c considered are 1 (reference value), 1.5, and 2. For the submerged- 

foil canard craft seven of the nine possible combinations of these 

h/c's are made. These combinations may be viewed as submerging; (1) 

the forward foil deeper than the aft, (2) the aft foil deeper than 

the forward, and (3) both foils deeper simultaneously. For the two 

hybrid craft the submerged foil is lowered while the surface-pierc¬ 

ing foil is maintained at the reference depth. 

iíjrdrodynamic Data; Hydrodynamic coefficients for the submerged 

foils and their associated struts are listed in Table A-6. Coeffi¬ 

cients for h/c - 1 are the same as for the reference craft (see 

Table A-l). 

¿Haracteristic Roots and Craft Comparison; Submerged-foil canard 

craft characteristic roots for foil depth variation are shown in 

Figure 11a. The craft is stable for the reference foil depths and for 
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aft foil submerged deeper than the forward foil. The craft is un¬ 

stable for all other combinations of foil depths. 

When the forward foil is submerged deeper than the aft foil, the 

craft is exponentially divergent, and the rate of divergence increases 

with deeper forward foil depth. When the aft foil is submerged deeper 

than the forward foil, the craft remains stable, although the os¬ 

cillation frequency is increased and the damping ratio is reduced. 

When both foils are submerged deeper simultaneously, the craft is 

first oscillatory divergent and then exponentially divergent with in¬ 

creasing foil depths. Note that in this last variation only the os¬ 

cillatory mode is affected while the small negative real root is 

essentially undisturbed. In all these variations the two large nega¬ 

tive real roots are negligibly affected. 

Variations of the depth-to-chord ratio of the submerged foil 

on the two hybrid craft have a negligible effect on the longitudinal 

characteristic roots (Figs, lib and 11c). This results from the 

strong depth dependence of surface-piercing-foil forces in comparison 

to those of submerged foils. 

£PÜ AW 

Flat submerged-foil area is varied while maintaining foil aspect 

ratio and depth-to-chord ratio at the reference values. This requires 

changing foil span and chord to obtain the desired area. Changing 

chord requires altering foil depth to maintain constant depth-to- 
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chord ratio. 

V-type surface-piercing-foil horizontal projected area is 

varied while maintaining foil aspect ratio and dihedral angle at 

their reference values. Foil span, chord, and mean-depth are then 

dependent on the selection of area and the reference values of as- 

pect ratio and dihedral angle. The mean-depth-to-raean-chord ratio, 

however, is kept constant for area variation since this ratio is 

dependent only on aspect ratio and dihedral angle. 

Physical Data; Five foil areas considered are: 50, 75 100 
2 1 * 

113, and 150 ft . Combinations of these areas used are shown in 

Figure 12. There are 11 combinations for the surface-piercing- 

foil craft and 9 f0E the other three craft. Figure 12 also shows 

lines of constant (horizontal projected) area ratios Af/A a and 

lines of constant craft foil loading W/Aj,, defined as crafi gross 

weight divided by total horizontal projected foil area. Individual 

foil loadings are also noted on the axes of this figure. Center of 

gravity position is constant at 60¾ $ 
ref 

Four obvious ways of considering foil area variations are: 

(1) varying forward foil area for fixed aft area, (2) varying aft 

area for fixed forward area, (3) varying foil area ratio, and (4) 

varying craft foil loading. Unfortunately all of the variations are 
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interrelated such that changing one foil area automatically 

changes some of the other parameters (see Fig. 12). For example, 

decreasing forward foil area also means increasing both forward foil 

loading and craft foil loading, and decreasing area ratio. In the 

following examination of characteristic root patterns, the most mean, 

ingful variations are considered for each craft. 

Hydrodynamic Data: Hydrodynamic data for the 12 submerged and 

surface-piercing foils (excluding the reference) are listed in Table 

A-7. 

Characteristic Root?: The submerged-foil craft’s characteris¬ 

tic roots for area variation are shown in Figure 13a. Area ratios 

of 1 and 3/2 result in longitudinally unstable craft with an expon¬ 

ential divergent mode. The divergence rate appears to be strongly 

dependent on area ratio. Area ratios of 2/3 and 1/2 result in 

stable craft with an oscillatory mode, whose oscillation frequency 

is increased with higher craft foil loading. Individual foil area 

variations do not appear to be particularly significant. 

The surface-piercing-foil canard craft is stable for each of 

the 11 foil area combinations (Fig. 13b). Area ratio and total craft 

foil loading do not appear to be the meaningful control parameters. 

Rather, it is the individual foil area (and individual foil loading) 
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that seem to b* more directly related to the resaltiag root patterns. 

For forward foil areas of 50 and 75 ft.2 an additional oscillatory 

mode is formed whose frequency increases with higher aft foil loading. 

With forward foil area of 50 ft.2, the original oscillatory mode's 

frequency is relatively constant for varying aft foil area. For 

forward foil areas of 75, 100, and 150 ft2, however, the original 

oscillatory mode's frequency increases with smaller aft foil area. 

The negative real roots appear to be governed by forward foil area, 

except the one nearest the origin, which appears to be somewhat inde¬ 

pendent of foil area. 

The hybrid surface-piercing-main-foil canard craft is unstable 

for all the combinations of foil areas as shown by the positive real 

root in Figure 13c, The degree of instability is apparently not a 

strong function of foil area. The other four roots, however, are 

affected by foil area. The oscillatory mode is governed almost en¬ 

tirely by aft foil area. In particular, the oscillation frequency 

is increased and damping ratio decreases when aft foil loading is in¬ 

creased, The largest negative real root tends to be positioned by 

forward foil area; the root is moved towards the origin when forward 

foil loading is increased. The smallest negative real root, however, 

tends to be related to total craft foil loading; this root is moved 

towards the origin with increasing total craft foil loading. 
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The characteristic roots of the hybrid subnerged-Min-foil 

craft show it to be stable for the foil area variation (Fig. 13d) 

concerned. The formation of an oscillatory mode (there is none for 

the reference craft) is apparently determined by the magnitude of 

the forward foil area. A relatiyely low-freguency oscillatory mode 

is formed when forward foil area is 150 ft? „r U3 exp01,eilUal 

decay modes exist when forward foil area is 100 f,?: »„d a relatiyely 

higher frequency oscillator, mode is formed when forward foil area 

is 75 ft? or 50 ft? The frequency of the latter oscillator, mode 

is increased with decreasing forward foil area. Like the other hy¬ 

brid craft the smallest negative real root tends to move towards 

the origin with increasing total craft foil loading. No apparent 

trend is noted for the larger negative real roots. 

Craft Comparison: Stability of the submerged-foil craft is 

determined by area ratio. The craft is stable for area ratio of 

2/3 or less. The surface-piercing-foil and hybrid submerged-main- 

foil craft are both stable while the other hybrid craft is unstable 

throughout the area variation. 

The frequency of the oscillator, mode of stable submerged-foil 

craft is controlled by area ratio and craft foil loading. Individual 

Toil area appears to govern the oscillator, mode(s) of the surf.ee- 

piercing-foil craft; whereas it is the area of the surface-piercing 
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foil that appears to dominate the oscillatory modes of both hybrid 

craft. The smallest negative real root of both hybrid craft tends 

to move towards the origin with increasing total craft loading. 

Summary of Results For Parametric Variations 

Sgegd. In general, with increasing equilibrium speed the basic¬ 

ally stable craft becomes slightly more stable. However, the degree 

of stability or instability change is not considered significant. 

Horizontal C.G. Location: Both surface-piercing-foil and hybrid 

submerged-aft-foil canard craft are stable for the range of c.g. lo¬ 

cations considered. It appears, however, that the former craft has 

much wider stable c.g. range. The submerged-foil canard craft has 

a more limited stable c.g, range than the above hybrid craft. The 

hybrid surface-piercing-aft-foil craft is unstable for the given c.g. 

range and appears to have an even wider unstable c.g. range. 

Vertical C.G, Location: This parameter has essentially negligible 

effect on longitudinal stability of all four types of craft. 

£9-1.1 Sfiacinq; Closer foil spacing is destabilizing. The surface¬ 

piercing-foil canard craft can tolerate a close foil spacing and re¬ 

main stable. The hybrid submerged-aft-foil canard craft has a 

smaller minimum stable foil spacing than the craft with both foils sub¬ 

merged. The hybrid surface-piercing-aft-foil canard craft becomes 
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more unstable with closer foil spacing. 

Dihedral: The effect of (V-type surface-piercing foil) dihedral 

angle on inherent craft stability is not clear* However, it is shown 

that dihedral angle influences the oscillatory mode. 

Asjject Ratio: This parameter affects craft dynamic modes signi¬ 

ficantly. Its effect on craft inherent stability is not self evident 

(although inherent stability is undoubtly affected) because the com¬ 

binations of aspect ratios investigated did not destabilize the other¬ 

wise stable craft nor stabilize the one unstable hybrid craft. 

Foil Depth: Relative foil depth is important to the inherent 

stability for the canard craft with both foils submerged. In genral, 

aft foil submerged deeper than the forward foil in chords is desirable 

from a stability standpoint. Depth of submerged foils is inconse¬ 

quential to longitudinal stability of the two hybrid craft. 

Foil,Area: Area ratio appears to govern the stability of the sub¬ 

merged-foil canard craft. Individual foil areás determine the dyna¬ 

mics of the surface-piercing-foil canard craft, which is stable for 

all combinations of areas considered. The surface-piercing-foil area 

controls the oscillatory mode of both hybrid craft, while craft foil 

loading influences the exponential decay mode nearest the origin. 

However, the hybrid surface-piercing-aft-foil craft is unstable and 
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the hybrid subnierged-aft-foil craft is stable throughout the com¬ 

binations of foil areas concerned* 

Craft Comparison; Since the canard craft with both foils surface¬ 

piercing is inherently stable for a wide range of parametric varia¬ 

tions, this type is probably easiest to design with assurance of a 

stable craft. 

0 
The hybrid submerged-aft-foil canard craft is stable for all 

parametric variations except the closest foil spacing. However, its 

region of inherent stability appears to be smaller than that for the 

surface-piercing-foil craft. 

A much limited inherently stable region is seen for the submerged- 

foil canard craft. In particular, the directions from the reference 

craft for stability appear to be: (1) more forward horizontal c.g. 

position, (2) larger aft depth-to-chord ratio than forward, and 

(3) smaller area ratio and/or higher forward foil loading. 

The hybrid surface-piercing-aft-foil canard craft is unstable for 

all parametric variations. It appears that this craft is inherently 

unstable for almost all possible but reasonable combinations of para¬ 

meters. 
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DYNAMIC PERFORMANCE IN WAvrs 

The longitudinal dynamic performance for both the fully-sub¬ 

merged- foil and surface-piercing-foll reference craft in regular 

sinusoidal seaways was studied on an analog simulator. This section 

presents the data obtained and discusses the equations and standard 

techniques used in the analog simulation. Typical analog time his¬ 

tones are included to help illustrate the behavior of these craft 

in a calm sea and in waves. A discussion of an autopilot for sta¬ 

bilization and control of the longitudinal modes of the submerged-foil 

reference craft is also included. Cruise speeds of 50 knots are 

used to subject the vehicles to the higher frequencies of encoun¬ 

tering wavesr Ull wave heights mentioned are crest-to-trough 

(double amplitude). 

Analog Simulation Equations and Technignpc 

A set of non-linear longitudinal equations of motion is used in 

the analog simulation to determine vehicle performance in waves. Some 

of these non-linearities occur in the hydrodynamic force coefficients. 

The equations of motion, auxiliary equations, methods for generating 

wave trains, and other data necessary for simulating the vehicle in 

waves are presented herein. 
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The subscript convention adopted denotes the combined contri¬ 

butions due to the forward foil and forward strut by ( )f and com¬ 

bined contributions due to the aft foil, aft struts, and nacelles by 

( ) a« Whenever equations are applicable to both forward and aft 

arrangements (combination of foil, strut, nacelle, etc,), the sub¬ 

scripts are omitted. 

Longitudinal Equations of Motion 

Mathematical representation of the craft used in the simulation 

consists basically of four equations. These are: 

(3) 

(4) 

(5) 

(6) 

• r 
a = — ô 

m 

0 = 
M 

i = -i - X Ô 

c-i- 

These equations involve the usual small-angle approximations of 

letting the sine equal the argument and cosine equal unity. 
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Auxiliary Equations 

c 
To simulate the above equations of motion, certain auxiliary 

equations are necessary. These are given below. 

Total craft forces along the x and z axes are represented by 

the lift and drag of the forward and aft foil systems with small- 

angle approximations: 

F^C-D^L^HLo^-DJ 

F2,(-Lf-D(c*f) + (-DA-y 

(7) 

(Ö) 

The total craft pitching moment is expressed as products of 

foil forces and distances: 

(9) 

M=(-Df + Lto(f)zi + (-D+yc<a)zi 

-(-LrWv(-Dao<a-LBK 
The drag and lift expressions are, respectively: 

(10) 

(11) L = '4pVACL 
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»here one-helf the wetted area (S) is used in drag computation and 

the horizontal projected area (A) is used in Hit computation. For 

the rectangular planforms considered, these areas are expressed as: 

(12) 

and 

(13) 

where 

S = C b 
for fully-submerged foils 

for surface-piercing foils 

(14) A- 5 cos r 

The relative velocity is: 

(15) V=V + u-n o ^ Sed 

and the square of velocity is approximated by: 

(16) V=V%2V(u-u ) 
o o sea. 

The component lift and drag coefficients are 

drodynamic Data section of Reference 1. However, 

given in the Hy- 

for simulation 
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purposes coefficient forms are modified. The drag coefficient used 

for fully-submerged-foil systems is: 

(17) C = C ' + C + K C o 
6 

and for surface-piercing-foil systems is: 

(18) C^C' + K C 

where ls the sm Qf the constant drag coefficientSf Cß 1$ the 

strut drag due to depth changes (no strut hydrodynamic forces in 

surface-piercing-foil systems), and K, is the sum of the induced and 

wave drag coefficients which can be expressed as: 

(19) K = 
D 

. Ke(iht)(u£) 
TT Ä 

+ 13 
ZVlex> 

submerged foils KQ ¡s approximated by a constant, evaluated with 

initial conditions (e.g. V . V„ and h = b0). F„r surface-piercing 

£0US Kd is "ade a f“"cUo" »f depth (h) only. Considering V-type, 

rectangular foils only, the aspect ratio as a function of depth is: 

(20) A< - -z 
IcunP 

I 
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and the planforra correction factor (< ) is approximated by (see 

Figure A-2 in Reference 1 for £as a function of/R): 

(21) £ =,0087Ä - .005 

The approximation for KD is then: 

(22, K = ^lt0r)£Unr 
0 4tT + 5, 

ï' 

¿vV^Wv.1) 
where: 

^ ^ 4(.00 S7) 

^ c tan P 

(24) 

The lift coefficient can be expressed as: 

<S> C = C (o< + « S) 
ot * 

The lift-curve slope expression is a complicated equation which is 

evaluated for a given foil as a function of submergence. The lift- 
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cuzve slope chazactexistics (C^ vs* h) aze approximated on function 

genezatozs using five~stzaight-line segments and aze shown in Figuzes 

14 and 15 zespectively foz the submezged-foil and suzface^piezcing-. 

foil zefezence cxaft. Foz simplicity the first straight-line segment, 

CL • 0 when h < 0, has been omitted from these figures. 

The angle of attack at a foil is approximated by: 

W + -X è 
V 

• 

where x is the longitudinal distance from the craft c.g. to the foil 

(positive for the forward foil and negative for the aft foil), w is 

the c.g. »elocity along the t-axls, and wsea is the waie velocity ,t 

the foil parallel to the z-axis. 

To compute the depth or height at any point on the craft (e.g. 

the foil depth) Equation (6) is used. The vertical c.g. velocity 

is approximated by: 

<27> -A =v e-w 
c-t- ° 

Generation of Disturbed Spas 

Several approaches may be taken in developing a mathematical 

representation of a seaway for simulation purposes* Basically, two 
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general classes of seas are of interests (1) randomly disturbed 

and (2) regular periodic. Combinations of these types are, of course, 

commonly encountered in nature. 

The mathematical representation of any sea state requires some 

sort of specification or pertinent information concerning the sea con¬ 

ditions. The Neumann spectrum (Ref. 2 and 3) provides an accepted des¬ 

cription of a fully random sea. In brief, the Neumann spectrum hypo¬ 

thesizes that random seaways are made up of an infinite number of wave 

systems varying in frequency, direction of travel, and phase. Random 

sea representations are then developed based on power spectral con¬ 

cepts applied to measurements of the sea surface at a fixed point, 

assuming a fully developed sea and constant wind velocity. 

Representation of regular periodic seas, on the other hand, is 

much simpler, requiring only specifications of direction of travel, 

wave length, height, and shape. Although the true surface wave form 

is trochoidal, a sinusoidal approximation very closely represents 

the actual conditions and is more readily generated. 

The simulation of hydrofoil vehicles in disturbed seas is com¬ 

plicated by the requirement to provide for the difference in time of 

wave arrival at the individual foils. Actual time delays are necessary 

for random sea simulations, while a simple phase shift is sufficient for 
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sinusoidal seas. Consideration of the details involved in each 

type of simulation follows, 

Random Sea States : A means of developing random sea inputs of 

height and local velocity at each foil for an analog simulation is 

shown in Figure 16, White noise is passed through a filter designed 

from data based on the Neumann Spectrum. The output of the filter can 

then be passed directly to a time delay device or recorded permanently 

on magnetic tape. The two devices most readily available for getting 

accurate time delays of long duration are: (1) magnetic tape recorders 

and (2) digital computers. In the former delay technique, the tape 

recorder accepts information from the filter output (either directly 

or from pre-recorded tape) and provides the desired delay between out¬ 

put channels to account for the time differences in wave arrival at 

the foils. The latter delay method involves a digital computer with 

an analog-to-digital-to-analog converter. Analog inputs are fed 

into the digital computer from the filter (directly or pre-recorded), 

the computer provides the desired delays, and the appropriate analog 

outputs are fed to the sea state mechanizer, which transforms the in¬ 

puts into a submergence and local disturbance velocity (properly corre¬ 

lated) at each foil. Outputs of the sea state mechanizer can then 

be used in an analog computer to obtain dynamic craft responses to 

waves. 
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Regular Sinusoidal Sea States; The alternative method for 

studying craft behavior in waves is to assume operation in seaways 

that are regular and sinusoidal in nature» This is a conservative 

approach, as the most severe condition to be encountered is repre¬ 

sented by a regular wave train forcing the motion at a sensitive 

frequency. This approach has been used throughout this study as a 

matter of expediency. 

Equations used to describe regular sinusoidal waves are derived 

from Reference 4 and are: 

(28) 

(29) 

w -V, coslii (V t +X) 
6éa orb. A .sea ' 

sea 

(32) 

(31) 
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Frfifluency of Wave Encounter: The frequency of wave encounter is 

expressed as: 

(33) X = Vsco. ~ 
¡ " X in cps 

^ sea 

The sign convention is to denote head seas by the upper sign and follow¬ 

ing seas by the lower sign. The frequency of (wave) encounter is the 

effective frequency of the forcing functions acting on the vehicle 

and is due to the interactions between the craft and wave velocities. 

Hence all performance data in waves will be discussed in terms of 

frequency of encounter, 

Kange of Sea States Simulated: The sea states in the simulation 

are chosen in accordance with Reference 5, which specifies, briefly, 

head and following seas with wave steepness ratios of 20, 30, 40, 

and 50. Figure 17 summarizes the range of sea states considered. 

Basically two wave heights, 4 and 10 ft., with steepness ratios of 

about 5 to Ö8 (corresponding to wave lengths of 44 to 352 ft.) are 

examined for the fully-submerged-foil craft. For the surface-piercing- 

foil vehicle, wave heights of 2 and 4 ft., with steepness ratios of 

about 11 to 176 (corresponding to wave lengths of 44 to 352 ft.) 

are studied. This more than covers the specified range. 
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£Iap Actuators and Rate Limitinn 

Actuator lags of •! sec (corresponding to a break frequency 

of 10 rad/sec) are assumed for all flaps whenever used in the simu¬ 

lation. In addition all flaps are rate limited to 20 deg/sec; rate 

limiting seems to decrease the useful gain margin before craft in¬ 

stability occurs. These arbitrarily selected values appear con¬ 

sistent with current "state-of-the art". 

Simulation Block Diagram 

A simplified functional block diagram summarizing the simulation 

procedure is shown in Figure 18. 

Limitations of the Simulation 

The effect of increased vehicle drag in conditions where hull- 

slamming occurs is not included in any of the analog simulation. To 

the extent that this effect is significant, a lower degree of accuracy 

in the data must be inferred. 

fJil 1v-Submeraed-Foil Craft 

The fully-submerged-foil reference craft is investigated in 

regular seaways with a rudimentary autopilot sufficient for longi¬ 

tudinal stabilization and control of the vehicle in all sea states 

concerned. The autopilot design and its basic functions are discussed. 

Performance data in sea states, summarized from extensive analog 
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computer studies, are presented. Parameters used to simulate the 

craft are tabulated in Appendix C. 

Basic Craft Stability 

Figure 19 shows that the submerged-foil reference craft has a 

natural tendency to recover from a positive initial disturbance of 

one-half ft, in c.g. height, but plunges into the sea when the dis¬ 

turbance is increased to one ft. Although the vehicle is inherently 

stable in a calm sea and for small disturbances, it becomes expon¬ 

entially divergent when the perturbations become toe large or vio¬ 

lent. The divergence rate, measured as the time to double amplitude, 

is found to be about 8-15 sec. This basic instability is considered 

too severe for long-term manual control. Hence, an autopilot is 

necessary for stabilization and control of the vehicle. 

It is of interest to note that instability always occurs in the 

same manner. An instability cycle can be initiated by a slight in¬ 

crease in submergence of the foils. The associated increase in 

strut wetted-area causes an increase in vehicle drag which produces 

a pitching-down moment and a decrease in forward speed and lift. The 

overall effects induce the foils to sink even deeper and the craft to 

pitch downward even more. The cycle continues until the craft finally 

’crashes" or plunges bow first into the sea. 
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Autopilot Pesian 

Only rudimentary autopilot functions are considered herein, as 

these are sufficient for longitudinal stabilization and control of 

the submerged-foil reference craft. Ultimate performance available by 

special control techniques is not determined. A composite functional 

block diagram of the autopilot design is shown in Figure 20. For 

ease in discussing autopilòt functions, however, each control loop 

is shown individually in Figure 21. 

As can be seen, the autopilot control system is composed of 

three loops: (1) pitch stabilization, (2) vertical stabilization, 

and (3) acceleration. The pitch and vertical stabilization loops 

are considered the primary longitudinal stabilization and control 

loops, for both loops must be closed to assure complete stabiliza¬ 

tion of the craft in the whole range of sea states considered.* 

The acceleration loop alone is unable to provide complete vehicle 

stabilization in all sea states examined. Hence this loop is viewed 

as a supplementary or secondary loop whose chief function is to in¬ 

duce better ride characteristics, especially in reduced on-board 

accelerations. 

It should be noted that for some sea states examined either the 
p tch or vertical stabilization loops was sufficient for stabiliza¬ 
tion, but other seaways required closure of both loops. 
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•r 

Pitch Stabilization Loop: The pitch stabilization loop 

(Fig. 21a) provides, as the name implies, pitch stabilization for 

the craft and steady-state control of pitch attitude during cruise 

by operating the forward and aft flaps asymmetrically, i.e. posi¬ 

tive deflection of the forward flap and negative deflection of the 

aft flap or vice versa. The control signal is obtained by comparing 
A 

a pitch trim command (0) to a signal from a vertical gyro (0). In¬ 

tegration of the pitch error signal (Kg^) is also employed to assure 

steady-state accuracy. The form of the control law is: 

(34) 

where: 

(e-e) 

/\ 

& = flap command 

Kg = pitch error gain 

K0 = pitch error integral gain 

aP 
Ö = pitch trim command 

0 z pitch signal measured 

by vertical gyro 

Vertical Stabilization Loop: The vertical stabilization loop 

(Fig, 21b) provides height stabilization of the craft and steady- © 

state control of average forward foil depth during cruise by operating 

the forward flap. The control signal is obtained by comparing the 
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o 
A 

height command signal (h) to a signal from a height sensor (hsensor^ 

located over the forward foil. Integral height error signal (Kp) 

is also employed to assure steady-state accuracy. A height error 

filter (consisting of a first-order lag) controls, to some extent, 

the transition frequency between wave contouring and level flight. 

The form of the control law is: 

(35) 

where: 

+ 
T.S4-I Û-4 ) 

sensor 

A 

<5^ = forward flap command 

Kp = height error integral gain 

K = height error gain 
h 

2T^ = height error filter time constant 

^ = height command 

h = height as measured by height senso? 
sensor 

Acceleration Loop: The acceleration loop (Fig. 21c) provides a 

means for attenuating on-board normal accelerations by operating the 

forward and aft flaps symmetrically. The control signal is obtained 

by comparing a normal acceleration command (az) to a signal from an 

accelerometer (a ) located over the c.g. A simple high-pass filter z 

offers some control over the transition frequency between wave con¬ 

touring and level flight. The form of the control law is: 
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(36) 

where: 

8 = 

Kv 
flap command 

normal acceleration error gain 

normal acceleration error filter time 

constants 

normal acceleration command 

normal acceleration measured by 

accelerometer 

Parameter Settings: Analog simulation shows that only a small 

amount of integral height error gain and integral pitch error gain 

are necessary for steady-state accuracy. Hence the ratio Kp/Kh and 

Kôp/Kô aEe maintained constant at .01 for all ensuing work.. These 

low ratios are also beneficial in maintaining maximum gain margins 

for Kh and Kq . 

The choice of suitable height and normal acceleration error 

filter time constants and%) influences the transition 

frequency between wave contouring and level flight. The design 

objective is to contour waves of longer wave lengths and to maintain 

level flight or "plow’* through the shorter ones. At the same time 
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a large amount of height feedback and small amount of acceleration 

feedback are required for wave contouring and the opposite for level 

flight. This can be obtained, to some extent, by using a high-pass 

filter on the normal acceleration error signal and a low^pass filter 

on the height error signal, and adjusting the filter time constants 

appropriately. Suitable results are attainable in all succeeding 

work by fixing these time constants at .65 sec. (Tj =¾ ■ .65 ) 

which places the transition or break frequency between contouring and 

level flight at about 1.54 rad/sec or ,25 cps. 

The autopilot parameters KQ, Kh, and Ka are considered adjust- 
z 

able in sea states. The objectives in adjusting these parameters in 

waves areï Cl) to restrict the vertical maneuvering of the foils to 

a region that prevents foil broaching or hull-slamming and (2) to 

minimize adverse dynamic responses in pitch angle and on-board 

normal accelerations. The former objective is regarded as being more 

important than the latter and, therefore, is given prime consideration 

when both objectives cannot be satisfied simultaneously. Further 

discussions on adjustable autopilot parameter settings can be found 

later. 

Choice of this particular transition frequency is an educated guess 
based on work done earlier in Reference 1. Perfotmance data for 
the conventional fully-submerged-foil reference craft, appearing on 
pp. 79-83 of that report, seem to indicate that a transition fre¬ 
quency of .25 cps is an appropriate value. 
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Augmented Craft in Calm Sea 

Root loci plots showing behavior of the augmented craft (using 

a linear model) at 50 knots, are summarized in Figures 22 through 25, 

Additional data and tabulation of critical open-loop poles and zeros 

appear in Appendix C, Since complex poles and/or zeros always appear 

as conjugate pairs, only one member of the pair is shown in these 

figures. None of the autopilot loops examined individually, as noted 

earlier, can fully stabilize the craft in sea states. However, it 

is still worthwhile, for ease in demonstrating individual loop effec¬ 

tiveness and functions, to investigate these autopilot loops separately 

in a calm sea. 

Pitch Stabilization Loop Closed: Figure 22 shows the effect on 

the pitch angle (9) to pitch command (9) transfer function when the 

pitch stabilization loop is closed. The root locus has 7 open-loop 

poles and 4 open-loop zeros. The most important effect of the loop 

is to move the low-frequency complex pair of poles away from the vi¬ 

cinity of the origin and to relocate the complex poles in a region 

which provides better overall craft pitch angle stability. As pitch 

error gain is increased substantially (Kô>2), the pitch angle to 

pitch trim command (0/9) transfer function for the augmented craft 

can be approximated by a third-order system consisting of a complex 

conjugate pair of poles and a negative real pole far away from the 
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origin. Therefore the complex closed-loop poles are the dominant 

poles in determining pitch angle transient time response. 

Vertical Stabilization Loop Closed: Figure 23 shows the effect 

on the cruise height above the water surface at the forward foil 

(h) to height command (¾ transfer function when the vertical sta¬ 

bilization loop is closed. The root locus has 8 open-loop poles and 

4 open-loop zeros. Primary effect of this loop is to increase the 

oscillation frequency of the low-frequency pair near the origin and to 

produce an additional oscillatory mode. If height error gain (K.) 

is greater than .01 the forward height to height command (h/h) trans¬ 

fer function for the augmented craft can be approximated by a fifth- 

order denominator and first-order numerator. The dominant poles for 

forward height transient time response, however, are the complex 

pair closer to the origin. 

Acceleration Loop Closed: Figure 24 shows the effect on the 

normal c.g. acceleration (az) to normal acceleration command (aj 

transfer function when the acceleration loop is closed. The root 

locus has 7 open-loop poles and 6 open-loop zeros. Although this 

loop may not appear to be of much help in improving craft stability 

in calm sea, its effectiveness in helping to reduce normal accelera¬ 

tions in waves is invaluable. Hence, further mention of this loop 

is deferred to a later section wnere its worth in sea states can 
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be more easily demonstrated. 

Both_Pitch and Vertical Stabilization Loops Closed: Figure 25 

is a family of root loci plots, showing only complex closed-loop 

characteristic poles for the augmented craft, with both the pitch and 

vertical stabilization loops closed. Solid lines show the effect of 

maintaining Ke constant and varying Kh while broken lines show the re¬ 

sult of maintaining Kh constant and varying Kg. A comparison of 

Figures 22, 23, and 25 reveals that the outcome of closing both sta¬ 

bilization loops is two oscillatory modes located in an intermediate 

region, bounded by the closed-loop complex poles that resulted earlier 

when each stabilization loop was closed separately and independently 

of the other. For reasonable fixed values of Kh between .02 and .32, 

Kq seems to have its primary affect on the complex poles further from 

the origin; this is characterized by an increasing oscillation fre¬ 

quency and decreasing damping ratio for increasing K0. In contrast, 

fixing Kq causes Kh to have most affect on the complex poles closer 

to the origin; the tendency is an increasing oscillation frequency 

and decreasing damping ratio for increasing Kh. 

Analog studies have verified that these two pairs of complex 

closed-loop poles are the dominant poles for determining craft time 

responses. The complex pair of poles nearer the origin is the dominant 
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set for determining height time response to height conmands while 

the other complex pair is the dominant set for determining pitch 

angle time response to pitch commands. Therefore, Figure 25 is a 

useful tool for selecting appropriate combinations of It and K 
h *0 

for desirable craft responses to either height or pitch trim commands. 

The procedure for each mode consists basically of 2 steps: (1) select 

the damping ratio and damped oscillation frequency desired and (2) then 

by using the appropriate portion of Figure 25 predict the values of 

Kh and Kg that correspond to the previously chosen damping ratio and 
« 

frequency. Actually, the final choice of Kh and Kg values involves 

a compromise; adequate damping must be attained for both pitch and 

height responses to assure good craft performance in waves. 

As an example consider the cases where it is desirable to have: 

(1) damping ratio of .44 and oscillation frequency of 1.9 rad/sec for 

c.g. height time response to c.g. height command, and (2) damping 

ratio of .30 and oscillation frequency of 8.4 rad/sec for pitch angle 

time response to pitch angle command. The K and K values predicted 
w h 

from Figure 25 and those finally used in the analog simulation are 

tabulated below for both cases. Time histories showed that using 

For those unfamiliar with the methods for determining damping ratios 
see John C. Truxal*s "Control System Synthesis", Section 1,4, 
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the predicted gain »alues in the simulation did not result in the 

J previously indicated damping ratios and oscillation frequencies! 

to this end, some readjustments in gain »alues become necessary. 

I Differences can be attributed to the incorporation of primary non- 

linearities in the analog simulation. The fact that the adjusted 

simulation values are identical in both cases is a coincidence. 

Figure 26 shows time responses for the adjusted »alues given. In 

addition. Figure 26 also shows time response when the acceleration 

loop is closed. The acceleration loop does not seem to affect height 

or pitch time responses much. 

Quantity 
Actual Values 

Mi. for Analoa Simul.) 
Predicted Values 

(From Fin. 25) 
Case 1 Case 2 Case 1 Case 2 

K9 Ö Ö 4-0 7.8 

Kh .1 .1 .06 .12 

Figure 27 establishes stable and unstable regions for various 

g combinations of K# and Also illustrated in this figure is the 

region of and Kh combinations used later in sea state simulations. 

I 
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Auflmented Craft in Sinusoidal Spsc 

Ufects andJ>lethods of_Selectinq Variable Autopilot Parameter Í 

~-tin^s: As mentioned previously, autopilot parameter settings of | 

K0* Kh, and are considered variable. In general each sea state 

requires different gain settings for optimum dynamic performance. f 

Figures 20 and 29 present the effects of varying autopilot para¬ 

meter settings in a typical sea state (4-ft head sea of steepness * 

ratio 22) and demonstrate the type of graphical plots that can be J 
made and used in selecting suitable autopilot parameter values. 

Solid lines illustrate the effect of varying Kh for three different I 

values of KQ; broken lines show the effect of the acceleration 

loop (varying K ) with just barely enough stabilization to maintain 

stable flight (only vertical stabilization is necessary in this 

particular sea). 

X 

Peak-to-peak c.g. height response decreases with increasing K^. 

Provided that KQ is sufficiently large, c.g. height response decreases 

with increasing K 

I 
Peak-to-peak pitch angle response decreases with increasing Kg. 

For sufficient amounts of pitch error feedback (Kg), pitch response I 

reaches a definite minimum for a certain value of K». ■ h j 

I 
I 
I 
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Peak-to-peak c.g. normal acceleration increases with increasing 

Kq but decreases with increasing K^, 

The acceleration loop is seen to effectively reduce peak-to-peak 

c.g. normal acceleration, for this sea, 3 to 4 times with no oh- 

jectionable c.g. height or pitch angle responses. 

Thus the selection of final values of 1C K anH v . , 
*9, 1^, ana Ka involves 

compromises and trade-offs to achieve the most desirable craft res¬ 

ponses in sea states. For this particular sea state, values of K - 8, 

Kjj _ .1, and Kg^ _ .()09 seem suitable (see Figures 30 and 31 for 

additional justification). 

For purposes of expediency, however, it is not practical in this 

study to determine parameter settings for each particular sea state 

by the detailed graphical means presented in Figures 26 and 29. 

Therefore, parameter settings for other sea states examined are de¬ 

termined experimentally by simultaneously watching analog time his¬ 

tories like those shown in Figures 30 and 31 and adjusting variable 

autopilot parameters. The exact procedure followed in each case 

is to. (1) first adjust KQ and Kh to provide good overall transient 

and steady-state responses irrespective of normal acceleration levels, 

and then (2) adjust K .j 
az PEovlde a suitable reduction in acceleration 

level without introducing objectionable pitch angle and height steady- 
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state responses when possible. Adjustable autopilot parameters 

used are tabulated in Appendix C, 

Time Responses: Typical time histories of the augmented ve¬ 

hicle in a 4-ft, high, steepness ratio 22, head sea appear in 

Figures 30 and 31. Figure 30 is for the craft with only pitch 

and vertical stabilization loops closed and Figure 31 has the 

acceleration loop closed too. Comparison of Figures 30 and 31 

clearly demonstrates the effectiveness of the acceleration loop 

in reducing on-board accelerations in sea states. Before the 

acceleration loop is closed the peak-to-peak incremental normal 

acceleration at the c.g. is about ,5g (Fig. 30). In Figure 31 

when the acceleration loop is also closed, the peak-to-peak nor¬ 

mal acceleration has been reduced to about ,16g. 

With all three control loops closed the craft responses to 

step pitch trim commands of 3 degrees and -3 degrees are shown 

in Figures 32 and 33 respectively. The pitch trim command is 

applied while the craft is moving in a sinusoidal sea. These 

two pitch trim commands happen to be the limits attainable in 

the particular sea; the vehicle seems quite capable of "riding 

out” all transient effects. In actual flight, however, it is 
A 

recommended that pitch trim commands (Ô) be gradually increased 

to the desired value. 
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Steady-State Responses: Steady-state peak-to-peak values of 

some craft response variables are shown in Figures 34 through 37. 

These values are measured from time histories similar to those 

shown in Figure 31. 

Incremental normal acceleration at the c.g. (Fig. 34) has a 

tendency in most cases to increase with higher frequencies of wave 

encounter. For a fixed frequency of encounter, acceleration levels 

are higher for following seas than head seas. Normal acceleration 

also increases as the wave amplitude increases. 

Craft pitch angle response, shown in Figure 35, becomes more 

pronounced for larger wave heights. In addition there seems to be 

a tendency in most cases for pitch angle response to be slightly more 

severe in following seas than head seas. 

Depth of submergence of forward and aft foils are given respec¬ 

tively in Figures 36 and 37. As expected, forward foil depth seems 

to follow a more regular pattern than the aft foil depth. The reason 

for this, of course, is that height feedback is applied only to the 

forward foil. Peak-to-peak response of the forward foil depth increases 

with larger wave amplitudes and becomes more pronounced in following 
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seas than head seas. The vehicle operates quite easily through 4-ft, 

waves with no evidence of foil broaching and/or hull-slamming. In 

10-ft. waves, however, the forward foil will broach in following 
« 

seas much shorter than 88 ft. There is also a tendency for hull- 

slamming to occur in 10-ft. waves. Based on the above data it 

appears the vehicle can traverse sea states up to about 8-ft. in 

height without foil broaching or hull-slamming, 

Surface-Piercinq-Foil Craft 

The unaugmented surface-piercing-foil reference craft is examined 

in regular sinusoidal seaways and longitudinal dynamic performance 

data are summarized from extensive analog computer studies. Typical 

analog time histories are included to illustrate typical behavior of 

the craft in waves. Parameters used to simulate the craft are tabu¬ 

lated in Appendix C, 

Basic Craft Stability 

Analog time histories of the uncontrolled craft indicate that it 

is stable while flying at 50 knots in a calm sea. For example, Figure 

38 shows typical time histories of the vehicle when the forward foil 

depth of submergence is briefly reduced to zero. As can be seen the 

craft is inherently stable and requires no autopilot. 

* 
Waves 10-ft, high and less than 88 ft. long have steepness ratios less 
than 8.8. Waves with steepness ratios less than 7 are generally regarded 
as being unstable and uncommon. 



SRS-440 

Unauqmented Craft in Sinusoidal Sonc 

Steady-State Eespon.s^.: The objective of the study is to exaiuine 

the uncontrolled craft in a variety of sea states and to determine the 

degree of incremental pitching, vertical movement at the foils, and 

incremental normal acceleration at the c.g. These steady-state res¬ 

ponses are s—ariaed from analog time histories similiar to those 

shown in Figure 39 for a 2-ft., steepness ratio 44, head sea. 

Incremental c.g. normal acceleration (Fig. 40) has an overall 

tendency to increase with frequency of wave encounter. Generally, 

for a given frequency, higher levels of normal acceleration are ex¬ 

perienced in a following sea than in a head sea. Normal acceleration 

also increases as wave amplitude increases. 

Craft pitch angle response is presented in Figure 41. As would 

be expected, a minimum occurs at frequencies corresponding to waves 

whose length is equal to the foil spacing. 

The depth of submergence of both forward and aft foils follow 

the same trends (Fig. 42 and 43). Incremental changes in foil depth 

are greater for: (1) larger wave height and (2) following seas than 

head seas. Foil broaching does not occur for any of the sea conditons 

examined, but 4-ft, waves will contact the vehicle hull. 
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Pitch Trim Capabilities in Flight: Pitch trim control of 

the vehicle in calm to moderate (2-ft.) sea states is attainable 

by deflecting an aft flap. Trim capabilities in 2-ft. seas, however, 

are restricted to a region bounded by -.8 to + 1.2 degrees before the 

water touches the hull or the aft foil broaches. Pitch trim res¬ 

ponses to -.8 and +1.2 degree commands in a 2-ft. head sea of 

steepness ratio 44 are shown in Figures 44 and 45 respectively. 

Comparison of Canard Craft Performances in Waves 

Comparison of sea state performance is made between the canard 

fully-submerged-foil reference craft stabilized longitudinally 

with an autopilot and the unaugmented canard surface-piercing-foil 

reference craft. 

Basic Craft Stability in Waves 

Although the fully-submerged-foil reference craft is inherently 

stable in a calm sea, it becomes unstable in waves. A large pitch- 

down moment due to increases in foil-strut drag with submergence and 

a loss in foil lift as this drag slows the craft are the prominent 

destabilizing factors. Consequently, the submerged-foil craft re¬ 

quires an autopilot for stabilization and control of its longitudinal 

modes. The surface-piercing-foil reference craft, on the other hand, 

is stable both in a calm sea and in waves and, thus, needs no stability 
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augmentation. Henceforth all comparisons made are for the former 

craft with augmentation and the latter craft without augmentation. 

Performance In Sea States 

Jte-CpntouEinq: One significant consideration in comparing 

hydrofoil performance in seaways is the manner in which the vehicles 

tend to track (contour) the waves. This is important from the stand¬ 

point of keeping the foil submerged and/or the hull from slamming 

during foil-borne operation. Both the surface-piercing-foil and 

submerged-foil reference craft contour waves to some degree. Con¬ 

touring is achieved to a greater degree in head than following seas 

in both types of craft. The submerged-foil craft can traverse waves 

of greater wave heights before foil broaching and/or hull-slamming 

occurs. This fact alone limits the surface-piercing-foil craft to 

lower sea states than the submerged-foil craft. 

From the data available it appears that the submerged-foil craft 

can partially contour waves up to about 0-ft. in height without in- , 

curring foil broaching and/or hull-slamming. This, of course, prohibits 

foil-borne operation in seas which have wave heights greater than the 

craft keel-to-foil distance (except for swells with very long wave 

lengths) and limits the operational capability of the vehicle to a sea 
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state just below State 5 (wave heights 10 to 12 ft.). Also in 

light of the results obtained for the surface-piercing-foil craft, 

no attempt should be made to operate in seas having wave heights 

over 2 to 3 ft. 

Vertical Acceleration; Another important consideration in com¬ 

paring hydrofoil performance in sea states is incremental vertical 

acceleration. Minimization of vertical acceleration along the hull 

of the craft is essential to insure that design stresses and crew 

physiological tolerances are not exceeded. 

Incrementa] normal accelerations can become excessive even in 

moderate sea states. The acceleration has a general tendency in both 

types of craft to: (1) increase for higher frequencies of encounter 

in most cases, (2) be often greater in following seas than head seas, 

and (3) increase for larger wave amplitudes. 

For a given wave, the surface-piercing-foil craft gives a much 

rougher ride with higher accelerations than the fully-submerged-foil 

vehicle. The principal reasons for this are: (1) the submerged-foil 

craft has a feedback loop to help reduce accelerations, and (2) each 

change in wave profile or water surface is transmitted directly to the 

surface-piercing-foil vehicle by virtue of the area stabilization 

feature, whereas only the orbital velocity effects act on the fully- 

submerged foils. 
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mch^Response: For a given wave height the surface-piercing- 

foil craft is more susceptible to pitching than the submerged-foil 

craft. However, in all sea conditions examined for either vehicle, 

craft pitch angle response did not exceed 4 degrees peak-to-peak. 
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COMPARISON OF CONVENTIONAL AND CANARn 
* 

CONFIGURATIONS 

The main differences between conventional and canard con¬ 

figurations are the foil and nacelle locations and horizontal c.g. 

position. Conventional craft have the main foil forward and secon¬ 

dary foil aft. These foils and their associated struts when used 

are reversed on the canard craft. The horizontal c.g. position 

is also reversed in these two configurations. The c.g. is as far 

forward of the mid-point between foils on the conventional configura¬ 

tion as it is aft on the canard configuration. Nacelles are always 

located on the main foil. All other physical parameters are iden¬ 

tical on both configurations. 

The hydrodynamic coefficients for main and secondary foils are 

identical on both configurations under the same conditions. 

Inherent Craft Stability In Smooth Water 

Inherent stability of the conventional and canard reference 

craft, as determined by the characteristic roots, is compared below. 

Data for the conventional configuration were obtained from Reference 

1, which considered only 3 types of craft; the hybrid submerged-main 
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(forward) -foil craft was not considered, 

tic roots for the reference craft of both 

Longitudinal characteris- 

configurations are shown in 
Figure 46. 

Submerged-Foil Craft 

In the overall évaluation oí the inherent stability, i„ 501„„th 

»ater, of conventional and canard configurations of submerged-foil 

craft there are no apparent outstanding merits or deficiencies to 

favor one over the other. Both configurations exhibited the same 

trends in the parametric variations with the exception of equilibrium 

speed changes, where increasing speed tends to be destabilizing for 

the conventional and stabilizing for the canard configuration. The 

«nard reference craft is stable and remains stable over reasonable 

ranges of the parametric variations. The conventional reference 

craft is mildly unstable and remains unstable during many of the 

parametric variations. However, if an inherently stable conventional 

configuration is selected, it appears possible and reasonable to 

expect that this craft would exhibit the same degree of stability 

tolerance to the parameter changes as the canard reference craft. 

It is evident that inherent stability of hydrofoil craft with 

both foils submerged is sensitive to man, parameters. Absolute 

«ability or instability cannot be precisely predicted. Regardless 

of configuration, the inherent stability of these craft, according 
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to the linear model used, is undoubtedly weak. It is uncertain that, 

given an inherently stable submerged-foil craft, the degree of 

stability is sufficient to operate successfully in sea states. Thus, 

stability augmentation of some form (damper or autopilot) is desirable 

and probably necessary for any physically realizable craft intended 

for service in seas. 

Surface-Piercing-Foil Craft 

Conventional and canard configuration of surface-piercing-foll 

craft are inherently stable (except the conventional configurations 

Kith large dihedral angles) and showed the same trends for all para¬ 

metric variations. Design of these craft from a longitudinal sta¬ 

bility viewpoint is relatively simple since almost any reasonable 

combination of parameters will probably result in an inherently stable 

craft. 

Hybrid Foil Craft 

Of the hybrid surface-piercing-main-foil craft investigated, 

the conventional configuration is inherently stable for all reasonable 

parametric variations, and the canard configuration is inherently un¬ 

stable. it should be noted that the hybrid submerged-main-foil 

canard craft, however, is inherently stable for all reasonable para¬ 

metric variations. Thus, it appears that hybrid craft with forward 

00 



SRS-440 

surface-piercing foil and aft submerged foil, regardless of nominal 

configuration, are superior in inherent stability to hybrid craft with 

these foil types reversed. 

It is also apparent from the parametric variations made that the 

much stronger lift dependence on depth of forward surface-piercing 

foils compared to forward submerged foils is the dominant contri¬ 

bution to craft inherent stability. In fact, it is apparent fron 

the autopilot study of Reference 1, and preceding sections of this 

study, that a strong lift dependence on depth forward of the c.g. 

is sufficient, in many cases, to stabilise all craft configurations 

for operation in sea states. This lift dependence on depth for 

submerged forward foils is usually obtained by deflecting a forward 

foil flap as a function of measured submergence. 

Dynamic Performance In Sea Stritt 

The longitudinal dynamic performance of conventional and canard 

submerged-foil and surface-piercing-foil reference craft in sinusoidal 

sea states are compared herein. Cruise speed is 50 knots in all cases 

and data for conventional craft are from Reference 1. Surface-pieroing- 

foil reference craft are unaugmented. Submerged-foil reference craft 

include Stability augmentation, although not the same augmentation for 
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both configurations. Some comparison data are shown in Figures 

47, 48,and 49. These data are the responses obtained in 4-ft 

following seas for surface-piercing-foil craft and 10-ft following 

seas for submerged-foil craft (minimum acceleration cases only). 

Submerged-Foil Craft. 

Height feedback to the forward flap is sufficient to stabilize 

the conventional submerged-foil reference craft in seaways, whereas 

height feedback to the forward flap and pitch feedback to both for¬ 

ward and aft flaps are required for stabilization of the canard 

submerged-foil reference craft. Acceleration feedback is used in 

both configurations to help reduce on-board accelerations. 

Incremental c.g. normal acceleration responses to 10-ft waves 

for both configurations are shown in Figure 47. It is seen that 

acceleration increases with higher frequencies of encounter. How^- 

ever, the conventional configuration has greater acceleration in¬ 

creases than the canard configuration as indicated by the overall 

slope of the curves. 

As shown in Figure 48, the conventional configuration has much 

higher incremental pitch angles at the lower frequencies of encounter 

than the canard configuration, but exhibits a sharp decrease in pitch 
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angle to levels comparable with those of the canard configuration 

as the frequency of encounter increases. 

Forward foil depths for both configurations appear to have 

approximately the same trend and magnitude with increasing frequency 

of encounter (Fig. 49). Aft foil depth excursions are comparable in 

magnitude though more erratic in pattern. 

Surface-Piercinq-Foil Craft 

Ihis type of reference craft operates in waves without stability 

augmentation. However, operation is limited to waves of 4-ft. or 

less. Hence, the comparison data shown are for 4-ft, waves. 

Incremental c.g. normal accelerations of surface-piercing-foil 

craft are shown rn Figure 47. Except for the first peak for the con¬ 

ventional craft, the acceleration responses for both configurations 

tend to follow a similiar trend especially at the higher frequencies 

of encounter. The overall trend is to higher acceleration with in¬ 

creasing frequency. 

The pitch angle response for the canard configuration is lower 

than for the conventional configuration at all frequencies of encounter 

except the highest (see Fig. 48). 
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»-type surface-piercing foil depth is measured from the water 

surface to foil apex. Forward foil depths of both configurations of 

surface-piercing-foil craft are comparable as a function of fre¬ 

quency of encounter (Fig. 49). There is a slight difference in 

minimum foil depths at the higher frequencies of encounter in which 

the forward foil of the canard craft is closer to the water surface. 

Mt foil depth excursions of the conventional craft are more erratic 

with frequency of encounter than those of the canard craft, with a 

greater tendency to broach. 

Concluding Remarks 

Craft response to sea states do not seem to differ enough to 

justify the selection of canard vehicles as being superior to con¬ 

ventional craft or vice versa. However, submerged-foil craft de¬ 

finitely have the advantages of lower incremental accelerations, 

craft pitching, and foil depth responses to waves of a given 

amplitude than surface-piercing-foil craft; hence, the former type 

of craft can operate in much higher sea states than the latter 

type. 
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RECOMMENDATIONS 

Based on the foregoing study the following design and study recomen 

dations are made for craft of canard configurations: 

1. The design of fully-submerged-foil and hybrid surface-piercing- 

aft-foil craft should include stability augmentation due to the 

inherent weak stability or actual instability of such vehicles. 

2. In the design of hybrid foil craft from a stability standpoint, 

a surface-piercing forward foil is recommended. 

3. The incorporation of autopilots (and/or other devices) on 

surface-prercrng-foil and hybrid submerged-aft-foil craft should 

be investigated as means of extending their capabilities in waves 

4. A study of the ultimate performance capabilities of various 

autopilot philosophies (non-interacting, adaptive, etc.) would 

be valuable, particularly as regards to suitability over ex¬ 

treme speed ranges and in the transition regions of take-off, 

landing, and the development and subsidence of cavitation and 

ventillation. 

5. Hydrofoil craft dynamic performance in random seas should be ex¬ 

amined and compared with results obtained for regular sinusoidal 
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6. A detailed investigation of the coupling of structural modes with 

oscillatory forcing functions arising from sea turbulence should 

be undertaken. 

7. Methods for alleviation of acceleration on board hydrofoil ve¬ 

hicles should be studied more extensively in order to extend 

e tlie Ean9e of sea states in which foil-borne operation is possi¬ 

ble, extend the basic structural fatigue life, and ensure that 

crew physiological tolerance does not prematurely restrict 

extended operation in seaways. 
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AFT. FOIL 

A =150 FT.' 

AR = 6 

F : 5 FT. 

TR : I 

A = 0 

I = 0 

CRAFT 

W = 250,000 LBS 

V -- 50KTS 

I, = 0 9X 10*5LUG - FT2 

ly = 6.4X IOSSLUG - FT.2 

Iz = 6 4X 10*SLUG - FT2 

= o 

FWD. FOIL 

A : 100 FT.2 

AR -- 6 

F : 4 08 FT. 

TR = I 

A = 0 

I --0 

FULLY-SUBMERGED FOILS 

-FWD STRUT 

« = 3.5' 

SURFACE-PIERCING, V-TYPE FOILS 

FOILS : NACA 16-009 

figure i. reference craft physical data 
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a 

(a) SUBMERGED FOILS CANARD 

o 
(b) SURFACE-PIERCING FOILS CANARD 

a 

(c) HYBRID SURFACE-PIERCING-AFT-FOIL CANARD 

(d) HYBRID SUBMERGED-AFT-FOIL CANARD 

FIGURE 2 LONGITUDINAL CHARACTERISTIC ROOTS REFERENCE CRAFT 
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a 

(c) HYBRID SURFACE-PIERCING-AFT-FOIL CANARD 

(d) HYBRID SUBMERGED-AFT-FOIL CANARD 

FIGURE 3 LONGITUDINAL CHARACTERISTIC ROOTS SPEED VARIATION 
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TO 

(a) SUBMERGED FOILS CANARD 

ra 

(b) SURFACE-PIERC.NG FOILS CANARD 

ra 

(C) HYBRID SURFACE-PIERCING-AFT-FOIL CANARD 

FIGURE 4 DIMENSIONLESS LONGITUDINAL CHARACTERISTIC ROOTS SPEED VARIATION 
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o 

(d) HYBRID SUBMERGED-AFT-FOIL CANARD 

FIGURE 5 LONGITUDINAL CHARACTERISTIC ROOTS HORIZONTAL C.G. LOCATION 
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a 
(a) submerged foils canard 

a 

( c ) HYBRID SURFACE - PIERCING - AFT - FOIL CANARD 

a 

Id ) HYBRID SUBMERGED - AFT - FOIL CANARD 

FIGURE 6 LONGITUDINAL CHARACTERISTIC ROOTS VERTICAL C.G. LOCATION 
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FIGURE 7 EFFECT OF VERTICAL C. G. LOCATION ON LATERAL STABILITY 
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(a) SUBMERGED FOILS CANARD 
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FIGURE 8 LONGITUDINAL CHARACTERISTIC ROOTS FOIL SPACING VARIATION 
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(a) SUBMERGED FOILS CANARD 

(c) HYBRID SURFACE-PIERCING-AFT-FOIL CANARD 

FIGURE 10 LONGITUDINAL CHARACTERISTIC ROOTS ASPECT RATIO VARIATION 
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CANARD SUBMERGED-FOIL CRAFT 

FIGURE 14 COMPARISON BETWEEN NON-LINEAR AND STRAIGHT LINE 
SEGMENT CLa VS. h CURVES 
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FIGURE 15 COMPARISON BETWEEN NON-LINEAR AND 

STRAIGHT LINE SEGMENT CLq VS. h CURVES 
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FIGURE 16 
FUNCTIONAL BLOCK DIAGRAM 

OF RANDOM SEA SIMULATION PROCEDURE 
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FIGURE 17 RANGE OF SEA STATES STUDIED ON ANALOG SIMULATOR 
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FIGURE IS FUNCTIONAL BLOCK DIAGRAM OF SIMULATION PROCEDURE 
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CANARD SUBMERGED-FOIL REFERENCE CRAFT 
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FIGURE 19. CtfAFT ALONE RESPONSE AT 50 KNOTS 
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a. PITCH STABILIZATION LOOP 

b. VERTICAL STABILIZATION LOOP 

FIGURE 21 FUNCTIONAL BLOCK DIAGRAMS SHOWING INDIVIDUAL AUTOPILOT LOOPS 
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PICURE 22 
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FIGURE 23 ROOT LOCUS FOR CANARD SUBMERGED-FOIL REFERENCE CRAFT AT 50 KNOTS 
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BOTH VERTICAL AND PITCH STABILIZATION LOOPS CLOSED 

FIGURE 25 FAMILY OF LOCI SHOWING ONLY COMPLEX CONJUGATE ROOTS FOR 
CANARD SUBMERGED-FOIL REFERENCE CRAFT AT 50 KNOTS 
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CANARD SUBMERGED-FOIL REFERENCE CRAFT 

FIGURE 26 AUGMENTED CRAFT RESPONSE AT 50 KNOT 
PITCH TRIM COMMANDS 

TO STEP HEIGHT AND 

115 



R
A

D
 .
/ 

F
T

. 

SRS-440 

CANARD SUBMERGED - FOIL REFERENCE CRAFT 

Kg , RAD./ RAD. 

FIGURE 27 HEIGHT ERROR GAIN VS. PITCH ERROR GAIN 
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CAi\'ARD SUBMERGED-FOIL REFERENCE CRAFT 

0 0.004 0.008 0.012 0.016 0.020 

Kqj, RAD /FT/SEC.2 

FIGURE 28 EFFECTS OF AUTOPILOT PARAMETER SETTINGS ON C.G. HEIGHT 

AND PITCH RESPONSES IN SEA STATE 
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CANARD SUBMERGED-FOIL REFERENCE CRAFT 

0 0.004 0.008 0.012 0.016 0.020 

Ka2, RAD./FT/SEC.2 

FIGURE 29. EFFECTS OF AUTOPILOT PARAMETER SETTINGS 

ON NORMAL C.G. ACCELERATION IN SEA STATE 
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CANARD StB^FRGED-FCIL REFERENCE CRAP’ 
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FIGURE 30 
AUGMENTED CRAFT RESPONSE TO 4-^T, STEEPNESS RATIO 22, HEAD SEA 
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CANARD SUBMERGED - FOIL REFERENCE CRAFT 
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FIGURE 32 AUGMENTED CRAFT RESPONSE TO 3 DEG STEP PITCH 

W 4 - FT , STEEPNESS RATIO 22 , HEAD SEA 
TRIM COMMAND 

© 
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canaud submerged - foil reference craft 

VERTICAL , PITCH , AND ACCELERATION LOOPS CLOSED 

Kaz: 0CU9, Kh = 0 I ; KpsQ 001, Kg = 8 ; Kg = 0 08 

TIME .SECONDS 

FIGURE 33 AUGMENTED CRAFT RESPONSE TO -3 DEG STEP PITCH TRIM COMMAND 
IN 4 - FT., STEEPNESS RATIO 22 , HEAD SEA 
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CANARD SUBMERGED-FOIL REFERENCE CRAFT 

FIGURE 34 AUGMENTED CRAFT NORMAL 
ACCELERATION (AT C.G.) RESPONSE IN SEA STATES 
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CANARD SUBMERGED - FOIL REFERENCE CRAFT 

FIGURE 36 AUGMENTED CRAFT FORWARD FOIL DEPTH RESPONSE 

IN SEA STATES 
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CANARD SUBMERGED-FOIL REFERENCE CRAFT 

FIGURE 37 AUGMENTED CRAFT AFT FOIL DEPTH RESPONSE 

IN SEA STATES 
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CANARD SURFACE: - PIERCING - FOIL REFERENCE CRAFT 
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FIGURE 38 UNAUGMENTED CRAFT RESPONSE TO MOMENTARY 
REDUCTION IN FORWARD FOIL DEPTH 
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CANARO SURFACE-PIERCING-FOIL REFFRE;ncE CRAFT 
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FIGURE 39 UNAUGMENTED CRAFT RESPONSE TO 2-FT., STEEPNESS RATIO 44, HEAD SEA 
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CANARD SURFACE -PIERCING-FOIL REFERENCE CRAFT 

FIGURE 40. UNAUGMENTED CRAFT NORMAL ACCELERATION 

(AT C.G.) RESPONSE IN SEA STATES 
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CANARD SURFACE-PI ERGING-FOIL REFERENCE CRAFT 

FIGURE 41. UNAUGMENTED CRAFT PITCH ANGLE 
RESPONSE IN SEA STATES 
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SRS-440 

FIGURE 42 UNAUGMENTED CRAFT FORWARD FOIL APEX DEPTH 

RESPONSE IN SEA STATES 
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CANARD SURFACE -PIERCING - FOIL REFERENCE CRAFT 

FlGURF 43 UNAUGMENTEO CRAFT AFT Füll APEX DEPTH 
RESPUNSE IN SEA STATES 
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CANARD SjrpacE PIERCING - FOIL REFERENCE CRAFT 

FIGURE 44 
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CANARD SURFACE - PIERCING - FOIL REFERENCE CRAFT 
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UNAUGMENTED CRAFT RESPONSE TO 1.2 DEG. STEP AFT FLAP 
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CANARD AND CONVENTIONAL CONFIGURATIONS 

FIGURE 46 REFERENCE CRAFT LONGITUDINAL CHARACTERISTIC ROOTS 

135 



SKS-440 

CANARD AND CONVENTIONAL CONFIGURATIONS 

FIGURE 47. NORMAL ACCELERATION RESPONSES IN SEA STATES FOR SUBMERGED-FOIL 

AND SURFACE-PIERCING-FOIL REFERENCE CRAFT 
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FIGURE 48. CRAFT PITCH ANGLE RESPONSES IN SEA STATES FOR SUBMERGED-FOIL 

and surface-piercing-foil reference craft 
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CANARD AND CONVENTIONAL CONFIGURATIONS 

FIGURE 49 CRAFT FOIL DEPTH RESPONSES IN SEA STATES FOR SUBMERGED-FOIL AND 

SURFACE-PIERCING-FOIL REFERENCE CRAFT 
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Table 1 

CONFIGURATION VARIATIONS iUADE FOR INHERENT CRAFT STABILITY STUDY 
Foil Types, 
fwd/aft foils 

submerged/ 
submerged 

surface-pierc./ 
surface-pierc. 

tna uiiMTi DlrtülLI. 

submerged/ 
surface-pierc. 

ir aiuur 

surface-pierc./ 
submerged 

Cruise speed, 
knots 

30, 40, SO1“ 30, 40, 50* 30, 40, 50* 30, 40, 50* 

, + 
Horizontal c.g. 

Ax/1 
.1. 0* -.1, 
-.2, -.3 

.1, 0Î -.1, 
-.2, -.3 

.1, Of -.1, 
-.2, -.3 

.1. 0* -.1, 
-.2, -.3 

Vertical c.g. 
Az/hc a ^ 

t.g.ref 

+.43, 0*. 
-.43 

+.43, 0*. 
-.43 

+.43, 0*. 
-.43 

+.43, 0*. 
-.43 

Foil Spacing, 
% ref. value 

100*. 75, 
50, 25 

100*, 75, 
50, 25 

100*. 75, 
50, 25 

100*. 75, 
50, 25 

Dihedral Angle, 
in deg. fwd/aft 
-ft>ils 

0/0* 20/20*. 30/30, 
40/40, 50/50 

0/20*, 0/30 
0/40, 0/50 

20/0*. 30/0 
40/0, 50/0 

Aspect Ratio, 
fwd/aft foils 

4/4, 4/6, 
6/4, 6/6*, 
6/Ö, 6/6, 
8/a 

4/4, 4/6, 
6/4, 6/6*, 
6/0, 0/6, 
0/0 

4/4, 4/6, 
6/4, 6/6*. 
6/0, 0/0, 
0/0 

4/4, 4/6, 
6/4, 6/6*, 
6/0, 0/6, 
0/8 

Foil Depth, 
h/c. £wd/aft 

foils 

1/1? 1/1.5, 
1.5/1, 1.5/1.5, 
1/2, 2/1, 2/2 

.55/.55* 
1/.55*, 
1.5/.55, 
2/.55 

,55/1*, 
.55/1.5, 
.55/2 

Foil Area, 
horiz. project 
area in ft^, 

fwd/aft foils 

50/75, 50/100, 
75/75, 75/150, * 
100/100,100A50 
113/75, 150/100, 
150/150 

50/50, 50/100, 
50/150, 75/75, 
75/150,100/100, 
100/150*, 113/75, 

150/75,150/100, 
150/150 

50/50, 50/100 
75/75, 75/150, 
100/100,100/150 
113/75, 150/100, 
150/150 

50/75, 50/100 
75/75 . 75/150, * 
100/100,100/150, 
113/75,150/100, 
150/150 

Total No. of 
Variations 

32 31 31 31 

Reference Values 

is the c.g, location relative to the horizontal projected foil area cen¬ 
troid using quarter-chord points as individual foil area centers. Ax 
is negative for c.g. aft of craft area centroid. 

is measured relative to the reference value, positive up; h is the 
c.g. height above flying water line (14ft.). c*9*ref. 
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Notes: 

Notes: 

lafele S 

mSIÇAl PARAMETERS FOR HORIZONTAL C.G. VARIATION 

wf/wa 50/50 40/60 30/70 20/80 10/90 

xc.g. 
ft 

44.0 52.8 61.6 70.4 79.2 

Ax/J? +.1 0 ~.r -.2 -.3 

(W/A)f 

psf 
1250 1000 750 500 250 

«/A)a 

1 psf 

033 1000 1167 1333 1500 

1. Wf/Wa . ioa(j distribution in percent gross weight 

on forward/aft foils. 

xc.g.: c*9« location aft of forward foil c/4 line. 

3. ¿Wí : c.g. location relative to craft area centroid; 
negative for c.g. aft of area centroid. 

Table 3 

FOIL SPACING PARAMETERS 

i/jP 
*'^ref 

1.00 . 75 .50 .25 ' 

4 ft. 88 66 44 22 

xf,ft. 52.8 39.6 26.4 
-1 

13.2 

xa,ft. 35.2 26.4 17.6 8.8 

1. K : distance between foil c/4 lines; JiTpf a 08 ft. 
2. Xf: c.g. to forward foil £/4 line. * 

3. xa: c.g. to aft foil £/4 line. 
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a 

P deg 20 
fard Fo 

30 
Li_ 

40 50 
Aft 

20 
Foil 

30 40 50 
I, ft^ 106.4 115.5 130,5 155.6 159.6 173.2 195.8 233.4 

h/c .55 .87 1.26 1.79 .55 .87 1.26 1.79 

h,ft 2.23 3.54 5.14 7.30 2.73 4.33 6.29 8.94 

. S: wetted plan area; h/C : mean-depth-to-mean-chord 
ratio; h: mean depth (half apex depth). 
For all foils: *= 6, TR = 1, A « 0. 

3. Forward foil: b r 24.5 ft, î , 4.O8 ft, A . 100 ft2 
4. Aft foil: b . 30,0 ft., c = 5.00 ft, A . 150 ft2 
5. Foil span b measured at flying water line. 
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Table 5 

PHYSICAL DATA FOR ASPECT RATIO VARIATIONS 

Submerged Foils 

1 Forward Aft 

4 6 8 4 6 8 

b.ft. 20.0 24.5 28.3 24.5 30.0 34.6 

C» ft 5.00 4.08 3.54 6.12 5.00 4.33 

S, ft2 100 100 100 150 150 150 

h, ft 5.00 4,08 3.54 1 6.12 5.00 4.33 

|vc J 1.0 1.0 1.0 j 1.0 1.0 1.0 

Surface-Piercing Foils 

Forward ! Aft 

/R 4 6 8 4 6 ! 8 
b, ft 20.0 24.5 28.3 24.5 30.0 34.6 

c, ft 5.00 4.08 3.54 6.12 5.00 4.33 
2 

S. ft* 106.4 106.4 106.4 159.6 159.6 159.6 

h, ft 1.82 2.23 2.57 2.23 2.73 3.15 

h/<C .36 .55 .73 .36 .55 .73 

Notes: 1. For all foils: TR - 1CA« 0. 

2. Forward foil; A = 100 ft2; aft foil: A s 150 ft2. 

3. Surface-piercing foil: b and/¾ measured at flying water line* 
20 degs. dihedral. ' 

4. A*, r 6 are reference foils. 
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rVOÆENCLATüRE 

A - horizontal projected area of wetted foil, ft^ 

“ foil aspect ratio, dimensionless 

a 

a. 

Cd. 

,D - 

'D. - 

real part of complex root, per sec, 

- normal acceleration, ft./sec^ 

- foil span (at flying water line for surface-piercing foil), ft. 

drag coefficient, dimensionless 

- sum of constant drag coefficients, dimensionless 

partial derivative of C0 with respect to«, per rad. 

partial derivative of CD with respect to h, per ft. 

X - 

x 
'L - 

4 - 

partial derivative of CD with respect to v, per ft./sec. 

partial derivative of Cu with respect to S, per rad. 

lift coefficient, dimensionless 

partial derivative of CL with respect to h, per ft. 

Lv - partial derivative of CL with respect to v, per ft./sec. 

C[^- lift curve slope, per rad. 

ClS' P0111*1 derivative of CL „¡th respect to S. per rad. 

î - mean chord of wetted foil, ft. 
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D - drag, lbs. 

Fx - force along craft x-axis, positive forward, lbs. 

Fz - force along craft z-axis, positive downward, lbs. 

f - frequency of wave encounter, cps 

g - gravity constant, ft./sec2. 

Hsea “ wave amplitude (1/2 crest-to-trough height), ft. 

h - foil mean depth below free water surface, positive down; 

or height above free water surface, positive up; ft. 

hapex sur^ace-piercing-foil depth below water surface to foil apex, ft, 

^sea~ he*9ht of free water surface above mean free surface, positive 

up, ft. 

hsensoreight as measured by height sensor, ft. 

h/C - mean-depth-to-chord ratio 

V Iy, ^ ~ ro11« pitch.and yaw moments of inertia respectively, 

slug~ft? 

i - foil incidence, rad. 

j 

Kjj - sum of induced and wave drag coefficients 

% - correction factor for box foil configuration 

Kaz - normal acceleration error gain, rad/ft,/sec2 

h - height error gain, rad/ft. 
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Kp - height error integral gain, rad/ft-sec. 

Kq - pitch error gain, rad/rad. 

If 
Op - Pitch error integral gain rad/rad-sec. 

L - lift, lbs. 

$ - distance between foil quarter-chord lines, ft. 

M - pitching moment, ft-lbs. 

m - craft mass, slugs 

S - foil wetted planform area, ft? 

S}, - partial of S with respect to h, ft^/ft. 

s - Laplace transform variable 

TR - foil taper ratio (wetted, tip/root) 

t - real time, sec* 

u - pertubation velocity along x-axis, positive forward, ft/sec. 

usea" local sea velocity along x-axis, positive forward, ft/sec. 

V - velocity, ft/sec, 

Vorb7 wave orl>ital velocity, ft/sec. 

Vsea~ wave velocity, positive when crest is traveling in negative 

X direction, ft/sec. 

W - total gross weight of craft, lbs. 

w - pertubation velocity along z-axis, positive down, ft/sec. 

wsea” l°cal sea velocity along z-axis, positive up, ft/sec. 
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x,y,z - distances along craft x-, y-, and z-axis, positive forward, 

starboard, and down respectively, ft. 

Ax - horizontal c,g, location relative to horizontal projected 

foil area centroid, positive forward of a.c,, ft, 

Az - vertical c.g, location relative to reference value, positive 

up, ft. 

- angle of attack, rad. 

^¢5 - flap effectiveness parameter, dimensionless 

P - foil dihedral angle, deg. 

A - unaugmented craft longitudinal characteristic equation 

& - control surface deflection, rad. 

^ - foil planform correction factor, dimensionless 

¿iQ - constant in linear approximation of 

= 0.0348/(5 tanP 

9 - craft pitch angle, rad. 

-A. - quarter-chord sweep angle, deg. 

Aj * 2gh/V2 

Aea- sea wave length, ft. 

p = 1,994 slugs/ft?, density of sea water 

0" - Munk's interference factor 

= S/V0. sec. 

Xj - height error filter time constant, sec. 
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tj; ^3 - normal accoleratlon error filter time constants,“sec. 

« - imaginary part of complex root, rad/sec. 

Subscripts 

^a or foil arrangement 

< )f - forward foil or forward foil arrangment 

^c.g. - center of gravity 

( - nacelle 

( ^ref. " reference quantity 

^ - strut 

^ ^trim “ trim quantity 

Í )0 - equilibrium quantity 

Superscripts 

A 
()- command quantity 

( ) - first derivative with respect to time 
• • 

( ) - second derivative with respect to time 

Other notation 

( ) (s) - function of Laplace transform variable 

( J (t) - function of time 
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APPENDIX A 

ÜMÖD YNAMIC DATA 

Hydrodynamic data for the reference craft and parametric 

variations, as computed by the digital computer programs, are tabu¬ 

lated in this appendix. These coefficients may be used with the 

forms given in Appendix B of Reference 1 to compute dimensional 

stability derivatives, which are then used to compute the charac¬ 

teristic roots. The coefficients are listed according to com¬ 

ponents (foil, strut, and nacelle) since the same component is 

used in more than one craft. For example, the forward surface¬ 

piercing-foil arrangement is used on both the surface-piercing- 

foil craft and the hybrid subraerged-aft-foil craft. 



Table A-l 

SRS-440 

REFERENCE CRAFT HYDRODYNAMIC DATA 

Used with submerged foils only. Coefficients based on associated foil area* 

Coefficients based on fo:il area. 
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Table A-2 
SRS-440 

FOIL HYDRODYNAMIC DATA FOR SPEED VARIATION 

Note: Strut and nacelle coefficients same as those at 50 knots (Table A-l). 
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Table A-3 

FOIL HYDRODYNAMIC DATA FOR HORIZONTAL C.G. VARIATION 

__(a) Submerged Foils 

Forward Foil Aft Foil 

Ax/Ji +.1 -.1 -.2 -.3 +.1 -.1 -.2 -.3 

CL .1756 .1053 .0702 .0351 .1171 .1639 .1873 .2107 

^L 
Lo< 

per rad 
3.92 3.92 3.92 3.92 1 3.88 3.88 3.88 3.88 

CL Lh 

per ft 
.0070 .0042 .0028 .0014 .0038 .0053 ,0061 .0069 

CL 
V 

per fps 
.00018 .00011 .00007 .00004 .000142 .00020 .00023 .00026 

CD .01544 .01160 .01011 .00891 .01222 .01482 .01633 .01796 

per rad 
.1144 .0687 .0458 .0229 .0773 .1082 .1237 .1872 

per ft 

.00008 .00003 .00001 .000003 .00003 .00006 .00008 .00010 

CDV 

per fps 

-5 
".10x10 

-6 
-.38x10 

"6 
-.17x10 

-7 
-.42x10 

-6 
-.51x10 

-6 
-.99x10 

-5 
-.13x10 

-5 
-, 16x10 

per rad 
2.61 2.61 2.61 2.61 2.59 2.59 2.59 2.59 

CDg 
per rad 

.1642 .1214 .1000 .0786 .1294 .1583 .1727 .1872 

s 
trim 
rad 

.0673 .0403 .0269 .0135 .0453 .0634 .0724 .0815 

Note: Strut and nacelle coefficients same as reference values (Table A-l), 
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Table a-3 (concluded) 

(b) Surface-Piercing Foils 

Forw ard Foil Aft Foil j Ax/Jt +.1 -.1 -.2 -.3 +.1 -.1 -.2 -.3 

.1756 .1053 .0702 .0351 .1171 .1639 .1873 .2107 

Cl« 
per rad 

3,56 3.56 3.56 3.56 3.5! 3.51 3.51 3.51 

1 h 
per ft 

.2104 .1186 .0791 .0395 .1149 .1511 .1727 

f 

.1943 

pL V 
per fps 

.00026 .00015 .00010 .00005 .00021 .00028 .00032 .00036 

CD .01570 .01149 .01008 .00892 .01244 .01450 .01588 .01736 

f CD« 
1 per rad 

.1156 .0652 .0434 .0217 .0776 .1021 .1167 .1313 

PT I per ft 

.01459 .01047 .00912 .00802 .00932 .01097 .01209 .01330 

PP~ 
per fps 

-5 
.20x10 

-6 
.64x10 

-6 
.29x10 

-7 
.70x10 

~~~ -5 
.12x10 

-i" 
.21x10 

__ 

.27x10 .34x10 

K, 
per rad I £ 

2.37 2.37 2.37 2.37 2,34 2.34 2.34 2.34 

I ” trim 
rad .0741 .0418 .0279 .0139 .0501 .0659 .0753 .0847 

Cds 
1 per rad 

.1681 .1197 .0989 .0780 .1318 .1554 .1694 .1834 

Note. Nacelle coefficients sarae as reference values (Table A-l) 
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Table A-4 

Note, Nacelle coefficients same as reference values (Table A-l) 

V 
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Table A-5 
HYDRODYNAMIC DATA FOR ASPECT RATIO VARIATION 

SRS-440 

Note: Nacelle coefficient same as reference values (Table A-l). 
135 
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Table A-6 

HYDRODYNAMIC DATA FOR SUBMERGED-FOIL DEPTH VARIATION 

Forward Components 

--- 

Aft Component 

Fo il Strut Foil Strut 

h/c 1.5 2.0 1.5 2.0 1.5 2.0 1.5 2.0 

CL .1405 .1405 0 0 i .1405 .1405 0 0 

CL 

per rad 
4.135 4.255 0 0 4.104 4.220 0 0 

per ft 
.00235 .00141 0 0 .00193 .00118 0 0 

V 

per fps 
.00013 .00011 0 0 .00015 .00014 0 0 

CD .01302 .01313 .00416 .00523 .01310 .01290 .00467 .00584 

Cdo< 
per rad 

.0893 .0737 0 0 .0906 .0882 0 0 

CDh 
per ft 

-5 
.32x10 

-6 
.47x10 .00052 .00052 

-5 
.32x10 

-5 
-.40x10 .00047 .00047 

^D 
uv 

per fps 

-5 
-.11x10 

-5 
-.16x10 0 0 

-5 
-.12x10 

© ‘5 
-.14x10 0 0 

Cl* h per rad 
2.76 2.58 - - 2.73 2.81 - - 

Cd5 
per rad 

.1400 .1312 - - .1411 .1389 - - 

S trim 
rad .0510 .0545 - - .0514 .0500 - - 

Note: Nacelle coefficients same as reference values (Table A-l). 
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Table A-7 (concluded) 

(b) Surface-Piercing Foils 

SRS-440 

1 Forward Foil Aft Foil 

A, ft2 50 75 113 150 75 100 

CL .2809 .1873 .1243 .0936 .2809 .2107 

cL 
Lo( 

per rad 
3.625 3.589 3.544 3.509 3.589 3.558 

Cr 
Lh 

per ft 
.4452 .2429 .1318 .0864 .3643 .2372 

c, 
-y 

per fps 

.00028 .00023 .00018 .00016 .00034 .00029 

CD .02180 .01563 .01237 .01105 .0220 .01718 

Cd«. 
per rad 

.1721 .1154 .07705 .0583 .1731 .1303 

c% 
per ft 

.02903 .01674 .01066 .00821 .0240 .01605 

CD 
V 

per fps 

-5 
.28x10 

-5 
.17x10 

-6 
.97x10 

"Ó 
.68x10 

-5 
.37x10 

-5 
.26x10 

CLg 
per rad 

2.41 2.39 2.36 2.34 2.39 2.37 

CD b 
per rad 

.2219 .1678 .1312 .1133 .2230 .1823 

S trim 
rad 

.1094 .0736 .0495 .03765 .1104 .0836 

Note: Nacelle coefficients same as reference values (Table A-l). 
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APPENDIX n 

REFERENCE CRAFT TRANSFER FilNTTTOMS 

Longitudinal transfer functions for the four canard reference 

craft are given in this appendix. These transfer functions are 

computed from the linear model as discussed in Reference 1, The 

denominator, A , is the same for all transfer functions for a given 

craft and is listed first, followed by the various numerators. 

These numerators are for; (1) perturbation speed along the craft 

x-axis, u; (¿) perturbation speed along the z-axis, w ; (3) pitch 

angle, 0; and (4) center of gravity height along the vertical h 
c.g.' 

in response to both forward flap deflection, S, ; and aft flap de¬ 

flection, S . For example, the transfer function of h to S is 
d c.g. f 

equal to the numerator of h^^/^ divided by the denominator A. 

Bode and root locus plots may be constructed utilizing these 

transfer functions. 

Submerged-Foil Craft 

A = (s + 24.17) (s+10.65) (s+.206)(s + .0566 + j.0718)(s + .0586 -j,0718) 

u/Sf = -13.08(s + 25.84)(s + 12.45)(s + 1.500)(s - .212) 

w/& = -239.1(5 + 19.99) (s + ,699)(s - .528) (s + .00487) 
A 3 

0/<5, r 15.05 (s + 10.66)(s + .209) (s + .00303) 
i 

hc /£ r 239.1(s + 22.82)(s + 2.585)(s + .0790) 
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u/¿a = -19.75(s + 22.97)(5 + 13.79) (s - .425 + j.lö5)(s - .425 - j.lô5) 

w/£a = -355.2(5 + 27.1) (s + .0121) (s + .0728 + j.451)(s + .0728 - j.451) 

0/fia = -15.64(s + 10.61)(s + ,209)(s + .00830) 

hc.g/£a - 355.2(5 + 24.96) (s - 1.507) (s + .0770) 

Surface-Piercinc-Foil Cr^ft 

A = (s+15.48) (s+5,67) (s+.0225) (s+4.408 +j3.689) (s+M08 -j3.689) 

< = ’14*22(s + 16.39)(s + 8.096 + J3.322)(s + 8.096 - J3.322) 

(s - 1.315) 

WS£ = -216.9(5 + 9.082 + J4.409) (s+ 9.082 - j4.409) (5 - 1.694) (5 + .01936) 

0/<| = 13.63(s + 4.639 + j3.405) (s + 4.639 - j3.405) (s + .01900) 

hc.g.^ = 2i6*9(s + 10.88 + jl.240)(s + 10.88 - jl.240) (s +.04597) 

“/¿g = -10.73(s + 14.03 + j3.079)(s + 14.03 -j3.079)(s + 1.413 + j.381) 

(s + 1.413 - j.381) 

19.63) (s + 2.044 + jl.724)(s + 2.044 - jl.724)(s+ ,02162) 

e/^a = -7.081(5 + 4.609 + j4.070)(s + 4.609 - J4.070) (s + .02153) 

hc.g/4 = 160*5is + 16.84)(s + 3.164)(s + .01026) 

Hybrid Surface-Piercino-Aft-Foil r.raft 

A = (s + 22.07) (s + 5.612 + J3.328) (s + 5.612 - J3.328) (s - .6560) 

(s + .0673) 

u/<Sf = -13.08(s + 2l.74)(s + 8.039 + j2.806)(s + 8.039 - j2.806)(s - .8632) 

w/é. = -239.1(5 + 9.068 + J3.897)(s + 9.068 -J3.897)(s - 1.673)(s + .03165) 
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= 15.05(s + 4.627 + j3.100)(s + 4.627 - j3,100)(s + .03127) 

hc.g./<í = 239.1(s + 12.46) (s + 9.300) (s + .04089) 
f 

ü/í = -20.66(s + 22.22) (s + 12,62) (s - .7400 + j.4123) (s -.7400 - j.4123) 

w/¿a r -321.0(s + 27.13)(s + .1365 + j.4603)(s + .1365 - j.4603)(s -.1193) 

0/5 = -14.15 (s + 10,59) (s + .2600) (s - .07267) 
a 

hc.g/^û " 321*0(s + 24.99) (s - 1,405) (s + ,05696) 

Hybrid Submeraed-Aft-Foil Craft 

A = (s + 19.93) (s + 7,?75) (s + 3.233) (s + 1.911) (s + .0653) 

vJSf = -13.70(s + 23.11) (s + 12.16) (s + 1.394) (s - .0399) 

w/Sf r -216.9(s + 19,94) (s + .739) (s - ,410) (s - .172) 

0/5f » 13.64(s + 10,60) (s + ,270) (s - .0650) 

hc.g.Æf = 216.9(s + 22,76)(s + 2.572) (s + .0030) 

u/5fl = -19.76(s + 15.20 + j2,067) (s + 15.20 - j2.067)(s + 1.425 + jl.202) 

(s + 1.425-j1,202) 

w/Sa = -355.2(s + 19.92)(s + 1.009 + jl.742)(s + 1.009 - jl.742)(s + .0390) 

0/^ s 15.64(s + 4.610 + J3.777) (s + 4.610 - J3.777) (s + .0307) 

hc.g/4 = 355.2(s + 17,21) (s + 2.701) (s + .0170) 
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APPENDIX C 

REFERENCE CRAFT SIMflLATION AND ROOT LOCUS DATA 

Herein are presented: (1) some craft and fixed autopilot para¬ 

meters used in the analog simulation of the fully-submerged-foil 

and surface-piercing-foil canard reference craft at 50 knotst 

(2) additional information on the root loci plots appearing in 

¡¿Figures 22 through 24, (3) tabulation of the critical open-loop 

poles and zeros for these plots, and (4) tabulation of variable auto¬ 

pilot parameter settings. 

Simulation Parameter Value«; 

Craft parameters pertinent to both vehicles simulated are: 

VQ = 84.5 ft/sec 

p = 1.994 slugs/ft^ 

g = 32.16 ft/sec^ 

m s 7,774 slugs 
ly = 6.4 X 10^ slug-ft^ 

.666 for all flaps 

S = 20 deg/sec maximum for all flaps 

Other craft and fixed autopilot parameters are tabulated in Table C-l. 



I SRS-440 

Root Lpcu^ For the Pitch Stabilization lqqd rinc»^ 

The root locus plot of Figure 22 shows the effect of closing 

the pitch stabilization loop on the submerged-foil reference craft at 

50 knots in a calm sea and is calculated from the mathematical model 

of Figure C-l. Pitch-to-flap transfer functions (0/£f and -0/£ ) 

are obtained from digital computations, and a value of K /K« ! 01 

critical open-loop poles and zeros are 

lated below. 
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Root Locus for thej^ertical Stabilization Loop CIospH 

The root locus plot of Figure 23 illustrates the effect of 

closing the vertical stabilization loop on the submerged-foil refer¬ 

ence craft at 50 knots in a calm sea and is computed from the mathe¬ 

matical model of Figure C-2. The sensor height-to-forward flap 

transfer function (hsensor/6f) is obtained by digital computation, 

and a value of Kp/Kjj = ,01 is used. Critical open-loop poles and 

zeros are given below. 

Type of Root Real Part Imaginary Part 

zero -.01 0 

zero -.073 1 o 

zero -1.135 0 

zero -13.05 0 

pole 0 0 

pole -.0506 -.0710 

pole -.0506 +.0710 

pole 
1 ' 
-.206 0 

pole -1.54 0 

j pole -10 0 

^ pole -10.65 0 

pole -24.17 0 

[ 
164 R 
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We zoot locus of Figure 24 presents the effect of closing the 

acceleration loop on the suhuerged-foil reference craft at 50 knots 

in a cals, sea and is based on the mathematical model of Figure C-3. 

The c.g. normal acceleration-to-flap transfer functions and 

' are 0bUi"ed ^ Agitai computation. Critical open-loop 

poles and zeros appear below. 

Type of Root Real Part Imaginary Part 

* 
zeros 0 o 0 

zero -.0645 -.0418 

zero -.0645 +.0418 

zero -24.10 0 

pole -.0586 -.0718 

pole -.0506 +.0718 

pole -.206 0 

pole -1.54 0 

pole -10 0 

pole -10.65 0 

pole -24.17 0 

- - « » w JL U V 

The variable autopilot parameter settings ( K,, K#. and K , „Sed 

ia the sea state simulation of the subnerged-foil reference crlft at 

50 knots are tabulated in Table C-2. 

Triple zeros located at oriqin, ' ' -- 



CANARD SUBMERGED-FOIL REFERENCE CRAFT AT 50 KNOTS 

FORWARD 
FOIL 

FIGURE C-l BLOCK REPRESENTATION OF PITCH 
STABILIZATION LOOP 
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CANARD SUBMERGED-FOIL REFERENCE CRAFT AT 50 KNOTS 

LOW-PASS 
FILTER 

PARAMETER 
SETTING 

INTEGRATION 

10 8f ^sensor I033S5 + I4733S2 + I6376S+III9 

S + IO 

FORWARD 
8 f S5 + 35.I4S4 +269S3 + 84.4S2+8.5S +0.456 

FOIL 
ACTUATOR 

HEIGHT SENSOR-TO-FORWARD FLAP VEHICLE DYNAMICS 

FIGURE C-2 BLOCK REPRESENTATION OF VERTICAL STABILIZATION LOOP 
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& 

CANARD SUBMERGED-FOIL REFERENCE CRAFT AT 50 KNOTS 

FORWARD 
FOIL 

ACTUATOR 

C.G. NORMAL ACCELERATION-TO- 

FORWARO FLAP VEHICLE DYNAMICS 

FIGURE C—3 BLOCK REPRESENTATION OF ACCELERATION LOOP 

0 



Table C-l 

CRAFT AAD FIXED AUTOPILOT PARAMETERS 

SRS-440 

* Indicates value in calm sea only. 

Function of foil depth submergence. 
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Table C-2 

VARIABLE AUTOPILOT PARAMETER SETTINGS 

Sea 
State 

Head Sea Following Sea 
Wave 

Steepness 
Ratio 

“e Kh Ka az 

Wave 
Steepness 

Ratio Ke Kh \ 

4
-F

t.
 

W
av

es
 

11 14 .16 .006 11 5.7 .12 .007 

16.5 2.7 .16 .006 16.5 16.5 .09 .008 

22 8 .10 .009 22. 19 .03 .026 

33 15.7 .09 .004 33 20 .02 .026 

44 20 .06 .017 44 16 .006 .025 

Ö0 15 .003 .029 88 20 0 0 

V) 
Q) > 

4.4 12.3 .07 .003 4.4 4.7 .00 .010 

6.6 .7 .10 .001 6, b .34 .07 .019 
CD 

Sc 
• 8.Ö 2.3 .07 .002 8.8 .83 .009 .007 

(fa S 13.2 2.6 .01 .007 13.2 13 .005 0 

17.6 8.4 .001 .003 17.6 20 .02 0 
35.2 20 0 0 35.2 1 20 .16 0 

Notes: 1 
2 

Wave height is crest-to-trough. 
Wave steepness ratio s wave length/wave height 
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