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3,270,699 
HYDROFOL CRAFT 

Vannevar Bush, 304 Marsh St., Belmont, Mass. 
Filed Mar. 4, 1965, Ser. No. 437, 146 

24 Claims. (Cl. 114-66.5) 
This invention relates to hydrofoil craft, particularly 

operating controls for the type of hydrofoil craft whose 
foils remain fully submerged while the craft is in flight. 
As is well known to those skilled in the art, there 

are two main types of hydrofoil craft, namely, surface 
hydrofoil and submerged hydrofoil craft. With the sur 
face type, the foils rise out of the water as the craft ap 
proaches cruising speed which decreases their efficiency. 
Such craft have the advantage of simplicity in that con 
trol of attitude and elevation of the hull is self-adjust 
ing; the craft merely rises until the foil area remaining 
submerged and operating at a constant attack angle, is 
just sufficient to support the weight of the craft. How 
ever, pitching is a series problem with this type of craft. 
For example, the craft may be proceeding in calm Water 
at full speed, with 20% of its foil area submerged, when 
suddenly it meets with a wake which submerges the full 
forward foil area. The greatly increased amount of 
lift which results, tends to throw the bow violently up 
wardly, and many serious accidents have been attributed 
to this cause. For a similar reason, behavior of the 
craft in rough water is unsatisfactory. 

In submerged hydrofoil craft, the foils remain fully 
Submerged, even at top speed, and the hull elevation 
above the water is maintained steady by control of the 
angle of attack of the foils, that is, the angle between 
the chord lines of the foils and the direction of progress 
of the craft through the water. The problem of pitch 
ing is avoided because abrupt changes in lift cannot 
occur. Submerged hydrofoil craft also require less driv 
ing force per square foot of operating foil because the 
foils are operating in relatively undisturbed water, and 
hence are more efficient. A disadvantage of the sub 
merged type of hydrofoil craft is that it requires modes 
of control of the foils which in the past have been diffi 
cult and costly to implement. Another disadvantage 
is the deep draft of the craft when on displacement, for 
then the foils are some distance below the hull. 
One of the more serious problems of submerged hydro 

foil craft relates to wave motion. It has been found 
that water particles below the surface of waves move 
in orbits which are circular in deep water and elliptical 
in shallow water, the diameter of the orbits decreasing 
rapidly with depth below the surface. However, the 
time it takes a particle to traverse a given circle corre 
sponds to the time it takes the wave to progress one 
wave length and is independent of depth, so that par 
ticle velocities decrease with increasing depth. The re 
Sultant of the particle velocities and the velocity of the 
craft determines the apparent direction in which a foil is 
met by water. In waves, therefore, the angle of at 
tack of a foil varies as the craft proceeds through the 
Waves, producing a corresponding variation in lift. If 
the foil angles are fixed, variations in lift due to this 
cause may run as high as 50% of normal. When rela 
tively small waves are being met rapidly, as when the 
craft is proceeding against a moderate sea, such varia 
tions in lift are compensated by the inertia of the craft. 
Experience has shown, however, that when waves are 
being met relatively slowly, as with a following sea, the 
performance of conventional controls leaves much to 
be desired. In the past, controls similar to or identi 
cal with autopilot controls for aircraft have been utilized, 
but such controls do not perform properly in these cir 
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An object of the present invention, therefore is to 

provide an improved control system for submerged 
hydrofoil craft. 
A more specific object is to provide precise automatic 

control of the attitude and elevation of such craft so 
that it can be headed in any direction in rough seas as 
well as in smooth. 

Another object is to provide a more simple and re 
liable control system embodying fluid transducers and 
actuators. 

Still another object is to provide a novel form of 
steering mechanism for such craft. 
A further object is to provide a hydrofoil craft having 

retractable foils so that it can be operated in shallow 
water. 
The novel features of the invention together with fur 

ther objects and advantages will become apparent from 
the following detailed description of a preferred embodi 
ment and the drawings to which the description refers. 

In the drawings: 
FIG. 1 is a profile view in elevation of a hydrofoil 

craft in accordance with the invention; 
FIG. 2 is a rear view in elevation of the craft; 
FIG. 3 is a sectional view taken on line 3-3 of 

FIG. 1; 
FIG. 4 is a diagrammatic view of the retraction mech 

anism for one of the craft's hydrofoils; 
FIG. 5 is a diagrammatic view of a simplified form 

of control system for controlling the angle of attack 
of one of the foils as a function of the speed and eleva 
tion of the craft; 

FIGS. 6 and 7 are diagrammatic views of a more 
refined form of control system in accordance with this 
invention; 

FIG. 8 is a detail view of a flap control to vary the 
lift coefficient of a foil; FIG. 8a is a detail to be re 
ferred to; 

FIG. 9 is a diagram illustrating a system utilizing 
parallel-connected devices for effecting composition of 
multiple signals; 
FIG. 10 is a sectional detail view of the preferred 

form of cell for use in the system of FIG. 9; 
FIG. 11 is a diagrammatic view of a preferred form 

of multiplier; and 
FIG. 12 is a diagram of a system according to the 

present invention for effecting stabilization of the craft 
under certain sea conditions. 
With reference first to FIGS. 1 and 2, it will be ob 

served that the numeral 11 represents generally the type 
of hull which is preferred for the hydrofoil craft ac 
cording to the present invention. As shown, the hull 
has an unusually broad beam to take advantage of the 
fact that only during takeoff will the hull be met by 
waves and then only at relatively low speeds. The ad 
vantage of a broad beam, of course, is that for a given 
hull length, the amount of space available for passenger 
use and for storage is much greater. A hull with a 
broad beam can also accommodate relatively long foils 
which have less induced drag and which provide greater 
lateral stability. The foils themselves are designated by 
the numeral 12. There are four of them, each taking 
the form of a pair of wing-like elements which are sup 
ported near their ends by a pair of depending struts 
14 and carry between them a nacelle 13. The two rear 
nacelles are adapted to serve as housings for motors, 
and the motors (not shown) drive propellers 16. Pref 
erably, the propellers are of a type designed to operate 
within a shroud 17 as this type of propeller provides 
high thrust at low speeds, a characteristic which is de 
sirable for takeoff. Typically, the craft will cruise at 
approximately 30 knots with a takeoff speed in the 
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10-12 knot region. Hydraulic motors for driving the 
propellers are preferred because of their relatively high 
power to weight and size ratio. Fluid under pressure is 
supplied to these hydraulic motors by means of lines 
which pass inside the struts, the input ends of the lines 
being connected in common to a high pressure hydraulic 
pump (not shown) located at some convenient point 
within the hull proper. 
Two of the rear struts are provided with flaps 21 for 

steering. As shown in FIG. 3, each flap has a vane por 
tion which projects into the strut. This portion is con 
strained to pivot by clamping members 22 and 23 of ex 
truded rubber or the like. The major surfaces of the vane 
are disposed between pressurized bags of air 19 and 20. 
Angular movement of the flap for steering is produced by 
control of the relative pressures in the two bags. For 
example, a pair of balanced relief valves can be opera 
tively connected to the bags and the wheel of the craft can 
be mechanically connected to the relief valves. In this 
way, flap deflection can be made very nearly proportional 
to angular displacement of the wheel with respect to a 
center or neutral position. If more exact steering control 
is deemed necessary, all of the stern struts can be pro 
vided with these flaps. 

In order to maintain a straight course, it is important 
that the effective area of the rear struts be greater than 
that of the forward struts. That is to say, the struts them 
selves provide lift or sidewise thrust which is a function 
of the angle of the chord line of the struts relative to their 
line of progress through the water. If the craft is proceed 
ing through the water at relatively high speed, there is a 
tendency for minor disturbances such as localized turbu 
lence to deflect it from its course. As a consequence, both 
forward and after struts experience lift but if the effective 
area of the rearward struts is the greater, they will act to 
bring the craft back on course. 

In FIG. 4 the manner in which the struts are mounted 
on the hull is shown more in detail. To each pair of 
cooperating struts 14 there is rigidly joined a shaft 26 
which extends in a generally horizontal direction at right 
angles to the center line of the hull. Shaft 26 is con 
nected by a clutch 27 to a sprocket 28 which is chain 
driven by a motor 29. By means of motor 29, the shaft 
26 can be rotated and the foils raised out of the water 
into a retracted position, as shown by the dotted lines in 
FIG. 1. With the foils retracted, the draft of the craft 
is substantially decreased as is advantageous for navigat 
ing within a harbor or adjacent to docking areas. In fact, 
it is preferred that the craft be provided with an auxiliary 
screw 31 and rudder 32 for navigating at low speeds in 
a displacement mode. Of course another advantage of 
the foils being retractable is that the foils, especially the 
two after ones with their self-contained motors and steer 
ing mechanisms, are made readily accessible for servicing. 

Also mounted on the shaft 26 is a control lever 33 
which does not rotate with the shaft whenever the clutch 
27 is engaged to raise or lower the corresponding foil. 
Once the foil has been lowered into operating position, 
however, clutch 27 is disengaged, and a pin 34 is provided 
to fix the lever to the shaft. 

In FIG. 5 there is shown a simplified form of control 
mechanism for moving the lever 33 in order to establish 
the desired angle of attack, four such mechanisms being 
employed, one for each foil. As shown in FIG. 5, lever 
33 is connected at one end to a hydraulic cylinder or actu 
ator 36, and a valve 37 is provided to control the opera 
tion of the actuator 36. A four-way type valve is pre 
ferred, the same being coupled to the actuator by means 
of two lines 38 and 39, to a drain line 4, and a pressure 
fluid Supply line 42. When the valve is moved away from 
a neutral position in one direction, it admits oil under 
pressure to one end of the cylinder by way of line 38 and 
opens the other end of the cylinder through line 39 to 
exhaust. Conversely, movement of the valve away from 
a neutral position in the opposite direction, admits oil 
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4 
under pressure to the opposite end of the cylinder by way 
of line 39 and opens line 38 to exhaust. 

Control valve 37 is actuated by a pilot valve 43 which 
is hydraulically urged in one direction by pressure in a 
line 46, and in the opposite direction by an internal bias 
ing spring 43. Coupled to the pilot valve body is a fol 
low up or back coupling linkage. This linkage includes 
a link 47 piovtally connected between the lever 33 and 
an arm 48. Arm 48 is constrained to pivot about a fixed 
point 50. Adjacent the arm is a part 51 which is directly 
connected to the pilot valve body and is urged toward the 
arm 48 by a spring 44. A roller 52 disposed in rolling 
contact with the arm determines its spacing from the part 
51 by virtue of the fact that the roller is joined to the 
piston of a hydraulic actuator 53, the body of which is 
rigidly joined to the part 51. As will be explained more 
fully hereinafter, actuator 53 is connected by a line 56 
to an orifice 57 located on the leading edge of one of the 
foils thereby to provide a pressure in the line 56 which 
is representative of the speed of the craft. Alternatively, 
the orifice can be located on the leading edge of one of 
the struts. A pair of additional orifices 58 and 59 are 
provided on the sides of one of the struts where no dy 
namic pressure is created under quiescent operating con 
ditions. These are connected by lines 61 and 62 to re 
spective bellows 63 and 64. As shown, the bellows are 
disposed in series so as to produce linear movement of 
a relief valve 66 for a chamber 67 in response to the 
average of the static pressure sensed at the orifices 58 and 
59. A fluid such as oil under pressure is supplied to the 
inlet of the chamber 67 by way of a restriction or capil 
lary passage 68. The outlet of the chamber is connected 
to the line 46 which leads to the pilot valve 43. To main 
tain the lines 61, 62 and line 56 free of water, there is 
provided an air pump 7. Pump 71 is connected to the 
bellows and to the actuator 53 through lines 72 and 73 
respectively and creates a small flow of air out of the ori 
fices 57-59. Alternatively, a different form of pump can 
be used and the lines kept full of sea water which is caused 
to flow into the orifices, but the former scheme is preferred 
in order to minimize the possibility of the orifices becom 
ing fouled. 

In operation, movement of the lever 33 as a result of 
a pressure change at one of the orifices, reacts upon the 
pilot valve 43 so that the latter is also caused to move. 
As a result, the control valve is returned to a neutral posi 
tion which arrests the movement of the lever, causing the 
foils to take up a new angular position to compensate for 
the change in the level of flight of the craft which was 
responsible for the orifice pressure change in the first place. 
Should the depth of one or more of the foils increase be 
cause of a shift in the passenger load, for example, the 
average of the static pressures sensed by the orifices 58, 
59 also increases. As a result, the bellows 63, 64 cooper 
ate to produce an increased amount of force on the valve 
66 so as to close it more, and thereby raise the pressure 
in the chamber 67 and the line 46 leading to the pilot 
valve. This causes the pilot valve piston to assume a 
more advanced position and enables the valve 37 to ad 
mit fluid under pressure to the upper end of the cylinder 
36 by way of line 39. The piston and hence the lever 33 
then move to increase the angle of attack of the corre 
sponding foil, movement of which is arrested subsequent 
to the adjustment by the action of the follow up mecha 
nism. It is important to note in this regard that when 
the craft is travelling at high speed, roller 52 will be in a 
more advanced position which amplifies the effect of the 
follow up linkage. As a result, the pilot valve and hence 
the control valve 37 respond to arrest the movement of 
the lever more quickly, before the lever has undergone 
as great an excursion as it would if the craft were travel 
ling more slowly. This is as it should be since the greater 
is the speed of the craft, the smaller are the corrections 
in the angle of attack of the foils which are required to 
produce a given change in lift, the lift being proportional 



3,270,699 
5 

to the square of the craft speed. The reason for employ 
ing two orifices 58 and 59 and two bellows is to neutralize 
the effect of waves and changes in the direction of the 
craft which increase the pressure in one of the lines 6 
and 62 and decrease it in the other. 
A more refined control mechanism for controlling the 

fluid pressure in the supply line 46 leading to the pilot 
valve 43 is illustrated in FIG. 6. With reference now to 
FIG. 6, it will be observed that the refinements comprise 
additional bellows 76 and 77 which are connected in series 
with the depth responsive bellows 63 and 64, so as to form 
a vertical stack. Bellows 76 is disposed above the depth 
sensing bellows so that its effect is additive. Its func 
tion is to provide an adjustable biasing force which re 
flects the desired level of flight of the craft. Thus, the 
inlet to the bellows 76 is connected to a source of pres 
sure fluid by way of a line 78 which includes a needle 
valve 79. Downstream from the needle valve, there is 
connected a drain line 82 with a restriction in it. The 
rate of flow from the drain line is determined by the set 
tling of the needle valve. This rate of flow, in turn, de 
termines the pressure of the fluid which is supplied to the 
bellows 76. Therefore, the level of flight of the craft can 
be readily increased by opening the valve and decreased 
by closing the valve. 

By virtue of its position in the stack below the valve 
66, bellows 77 opposes the effects of bellows 63, 64 and 
76. In other words, the effect of the bellows 77 is sub 
tractive with respect thereto. To actuate the bellows 77, 
one end of a line 83 is connected thereto and the other 
end of the line is connected to a device which is respon 
sive to vertical accelerations of the corresponding foil 
for the purpose of partially overcoming the depth con 
trols under circumstances where constant depth would be 
undesirable, as where there is rapid wave action. This 
device is seen to comprise a vertical cylinder 84 partly 
filled with a fluid such as oil in which is suspended a slug 
or weight 86. The slug is supported by a spring 87 and 
is free to move vertically when the device experiences 
vertical acceleration. In consequence, the pressure of 
the fluid in the container is increased or decreased depend 
ing upon the direction of acceleration which the slug ex 
periences. If the diametrical clearance between the slug 
and the inside cylinder wall is made relatively small, and 
the static length of the spring is long in comparison with 
the amount of deflection it undergoes when the slug ex 
periences acceleration, then the static pressure of the fluid 
in the container will have superimposed thereon a term 
which is very nearly proportional to the acceleration of 
the foil. 
As in FIG. 5, relief valve 66 controls the fluid pressure 

supplied to the pilot valve. In FIG. 6, however, a more 
elaborate form of pressure-multiplying device is employed 
in association with the valve. Communicating with the 
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valve 66 by means of a line 88 is a chamber 89 within 
which there is mounted a bellows 91. Bellows 91 acts 
upon a valve 92 located at the inlet to the chamber which 
is supplied with high pressure fluid by a line 93 with a 
restriction in it. The line 46 to the pilot piston is con 
nected to an outlet from the chamber and there is a small 
tube 94 which at one end projects into the outlet passage. 
The opposite end of the tube communicates with the in 
terior of the bellows 91. When the flow to the pilot valve 
by way of the line 46 is cut off, the internal and external 
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pressures on the bellows 91 are substantially equal. Under 
these conditions, the supply valve 92 is set to permit only 
a small flow of fluid into the chamber which then escapes 
by way of the main relief valve 66. However, when the 
flow of fluid to the pilot valve is appreciable, the pressure 
in the bellows 91 is decreased by reason of the negative 
pressure to which the tube 94 is subjected. The bellows 
then contracts, opening the supply valve more and in 
suring that the pilot piston's increased need for fluid is 
adequately met. Conversely, when, when flow occurs out 
of the pilot piston, as a result of the main relief valve as 
suming a more open position, then the pressure in the 
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chamber decreases, causing the valve 92 to assume a more 
nearly closed position. It follows that the advantage of 
the pressure multiplying device of FIG. 6 over that of 
FIG. 5 is that the former requires less oil to operate. 
An example of the manner in which the inertial sensor 

and its associated bellows 77 controls the angle of attack 
of a foil will now be described. In this example, it will 
be assumed that the foil is caused to undergo a vertical 
component of acceleration in the upward direction which 
increases the fluid pressure in the sensor. As a result, the 
force on the main relief valve 66 decreases, permitting 
the valve to assume a more open position. This causes 
the chamber pressure to decrease and the pilot piston to 
assume a less advanced position. In response to this 
change in position of the pilot valve piston, the angle of 
attack of the foil is decreased, which reduces the amount 
of lift produced by the foil and arrests its upward accelera 
tion. The net effect of this control is to increase the ap 
parent inertia of the craft so that it responds to vertical 
forces as though it had a much greater mass than it actual 
ly has. This is especially important in a seaway where 
vertical excursions of the craft would otherwise become 
dangerously large. The effect can be made very powerful 
by provision of a bellows 77 having a relatively large 
effective area in relation to the area of the depth responsive 
bellows 63 and 64. 
The foregoing operations may also be explained as fol 

lows: From the foregoing description it is apparent that 
the depth-sensing means involves a control loop, includ 
ing the orifices 58, 59, the bellows 63, 64, the pilot valve 
43, the actuator 36 and the foil shaft 26 by which the 
angle of attack is varied. In the absence of any other sig 
nals this loop operates to control the angle of attack in a 
manner to maintain the depth substantially constant. 
A second control loop is constituted by the accelerom 

eter 84, which is immediately responsive to vertical ac 
celerations, the second loop acting through the bellows 77 
in a direction to change the angle of attack in a sense to 
prevent the craft from undergoing the full vertical ex 
cursions called for by the depth control. Since the slug 86 
is immediately responsive to accelerations, the response 
time of this second loop is shorter than that of the first 
loop, which responds only to changes in position of the 
entire craft relative to the actual surface of the water. 

In FIG. 7 there is illustrated a complete hydraulic sys 
tem including the refinements of FIG. 6 together with cer 
tain other refinements whereby control of the craft ac 
cording to the invention is effected in a preferred man 
mer. As shown in FIG. 7, three additional bellows 101, 
102, and 115 are added to the stack of four bellows 63, 
64, 76, 77 which were described in connection with FIG. 6. 
The sense of bellows 101 is seen to be the same as that 
of bellows 63, 64 and 76 while the senses of bellows 102 
and 15 are opposite. In this embodiment, it is assumed 
that the stack of bellows illustrated is located at a cen 
tral station amidships as are the three other stacks for 
control of the other three foils. A primary function of 
bellows 101 and 102 is to compensate for the effect of heel 
of the craft and acceleration in a horizontal plane as it 
affects the pressure of the fluid in the lines leading to the 
depth control bellows 63, 64 and the inertial control bel 
lows 77. To this end, the bellows 101 is physically con 
structed in like manner as bellows 77 and is adapted to be 
connected by Way of a valve 103 and a line 104 to a short 
Vertical standpipe 106 wherein the vertical inertial effect 
of the fluid is small. The standpipe 106 is located directly 
above the foil with which the stack is associated, one of 
the bow foils it will be assumed, and the line 104 leads 
from the central station, where the valve is located, for 
ward and athwartships to th standpipe. The function 
of the valve 103 is to interchange hydraulic input signals 
to the bellows 101 and 77, and to this end, the bellows 
101 is alternatively adapted to be connected by the valve 
103 to a line 107 leading to an inertial sensing device 
such as that described in connection with FIG. 6. In fact, 
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in this preferred embodiment, there are provided several 
inertial control sensors of differing sensitivities (desig 
nated I.C. ii.1, I.C. it2 and I.C. iF3) which are adapted 
to be selectively connected to the line 07 by a selector 
08. 
The bellows 102, which is adapted to compensate for 

the effect of horizontal acceleration and heel of the craft 
upon the depth signals applied to the bellows 63 and 64, 
is connected by means of a line 109 to another standpipe 
111. Standpipe 113 is located forward and athwartships 
of the central station at the same location as the stand 
pipe 106. A third standpipe 112 is located directly 
athwartships of the control station, on the same side of 
the craft as the foil with which it is associated, and is 
connected to a bellows 115 at the central station through 
a line 113 and a valve 14 in the line. As will be de 
scribed in detail, bellows 15 functions during a turn to 
produce banking or heeling of the craft in response to the 
pressure of the fluid in the line 13. 

Finally, there is provided in the embodiment of FIG. 
7, a bow tilt control which is particularly useful on take 
off and landing. For purposes of level control alone, 
the pressure in the bellows 76 of each stack is adapted 
to be controlled by a single needle valve. Thus, it will 
be observed from FIG. 7 that the needle valve 6 is 
located in the main input line from the source of high 
pressure fluid. A chamber 117 with a restricted inlet 
125 and a restricted opening 120 to exhaust is provided 
on the downstream side of the valve 6. The lines lead 
ing to the bellows 76 for control of the level of the Stern 
foils are connected directly to chamber 17. However, 
the lines leading to the bellows 76 for control of the level 
of the bow foils, such as the line 78, are connected to one 
outlet from a chamber 121 which has its inlet connected 
to the downstream side of the valve 16 through a re 
striction 120'. Another outlet from the chamber 121 
leads to exhaust by way of a restricted passage 22. A 
bypass line around restriction 120' leading from the 
pressure fluid source to the inlet of chamber 121, and a 
needle valve 124, to control the flow rate in the bypass 
line complete the arrangement for bow tilt control. As 
in FIG. 6, the stack of bellows operates upon relief valve 
66 which, through the medium of a pressure multiplier, 
such as that described in FIG. 6, determines the amount 
of pressure Supplied to the pilot piston. 

In operation, it is desirable to produce a positive tilt, 
that is to raise the bow slightly with respect to the stern, 
both on take-off and setdown. Also, it is desirable to re 
duce the drag of the foils as much as possible while the 
craft is being brought up to take-off speed. To accom 
plish these ends, the valves 16 and 124 are both set to 
Zero or to a low pressure setting such that the angle of 
attack of the foils is very small. As the craft approaches 
take-off speed, the valve 116 is adjusted to provide an in 
creased amount of pressure to each bellows 76, thereby 
substantially increasing the angle of attack of each foil. 
By way of example, the lift coefficient established at this 
time may be in order of eight to ten times that which is 
established once the craft is in flight at cruising speed. 
Preferably, the foils are not set to produce maximum lift 
at this time, however, in order that control adjustments 
of both a positive and a negative sense can be initiated, 
if need be, even during take-off. 
When the craft first begins to rise, valve 124 is opened, 

thereby increasing the pressure supplied to the bow bel 
lows 76 and raising the bow slightly with respect to the 
stern. As the hull rises more and more out of the water, 
the drag of the hull decreases and the craft rapidly picks 
up speed. The foil angles will then begin to decrease auto 
matically as required to terminate the upward movement 
of the hull at the desired level. The valve 124 can then 
be closed again to eliminate the upward tilt of the bow, 
and the valve 116 can be trimmed to establish precisely 
the desired level of flight for crusing speed. A similar 
procedure can be followed during setdown at which time 
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8. 
it is likewise desirable to introduce a small upward tilt 
of the bow. In this way, the hull is adapted to settle 
more smoothly in the water. 
With the craft operating at cruising speed and the 

valves 103, 14 in the positions shown, let it be assumed 
now that a turn is initiated. During the turn, the liquid 
in the lines 104 and 109 is subject to the acceleration of 
the craft in a horizontal plane which causes a change of 
pressure within the bellows 101 and 63, 64. However, 
the liquid in the lines leading to bellows 77 and 02, re 
spectively, are subject to the same acceleration and there 
fore, pressure changes occur in these bellows as well. The 
resulting changes in the forces produced by bellows 101 
and 77 will be equal and opposite if the line 104 is filled 
with liquid of a like nature as the oil or other liquid in 
line 107. By the same token, the forces produced by 
bellows 63, 64 on the one hand, and bellows 162 on the 
other, can be made equal and opposite by the use of a 
more powerful bellows 102 or a heavier fluid such as water 
in the line 109 leading to belows 102. This will com 
pensate for the fact that the line 109 is shorter than the 
lines leading to the bellows 63, 64 and also the fact that 
the forces produced by bellows 63, 64 acting in series are 
additive. Under these conditions there will be no net 
force acting on the relief valve 66 due to horizontal ac 
celerations as in a turn. 

In the foregoing description, the valve 103 was set to 
connect the inertial sensor to the bellows 77 while the 
compensating line 104 was connected to the bellows 8. 
At times, it is desirable to reverse the roles played by 
the bellows 101 and 77 which has the effect of simulating 
inertia, but in a negative sense. The reason this mode of 
control may be desirable has to do with the effect of waves 
whose crest to trough height is greater than the vertical 
distance between the foils and the bottom of the hu!l. 
In a sea of this kind, the waves are quite long, typically 
20 to 30 times greater than their height in deep water. 
In order for the craft to be able to negotiate this kind of 
a Sea, it must "ride' it, that is rise and fall with the waves 
themselves. This can be accomplished more readily if the 
effect of the inertial control is diminished, or in very long 
Seas, reversed altogether by a change in the setting of the 
Valve 103. This connects the inertial sensor to the bellows 
101, and the standpipe 106 to the bellows 77. As a result, 
the normal tendency of the craft to rise and fall with the 
Waves is enhanced and it is made to perform as though it 
had less mass than it actually has, thereby insuring that the 
foils remain submerged at all times. 
As described thus far, the craft is adapted to make 

turns on a level keel which is desirable for rough seas in 
Order to avoid exposure of the foils. However, for sharp 
turns in relatively smooth seas, it is advantageous to 
cause the craft to bank. Not only are banking turns 
more comfortable to negotiate, but excessive side thrust 
on the struts is eliminated. To enable the craft to bank, 
Valve 14 is set to connect the bellows 15 to the stand 
pipe 2. It will be recalled that standpipe 112 is lo 
cated athwartships of the central control but is not dis 
placed longitudinally with respect thereto. Accordingly, 
during a turn, pressure is created in the bellows 115 due 
to the effect of centrifugal force upon the fluid in the 
line i3. For example, if the turn is to port, a positive 
pressure is created in the bellows E15 associated with the 
port foils causing the angle of attack of the port foils 
to decrease. Conversely, a negative pressure is created 
in the bellows 15 associated with the starboard foils 
Which causes the angle of attack of these foils to increase. 
The net result, therefore, is that the craft starts to bank. 
The greater the amount of bank, however, the greater 
will be the effect of gravity upon the fluid in the lines 113, 
the resultant of the force of gravity and centrifugal force 
being determinative of the net pressure created in the 
bellows 15. Since there would be no net pressure with 
the standpipe 112 perpendicular to the direction of this 
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resultant force, it follows that the angle of the bank ap 
proaches this condition but never reaches it. 
At the same time as the bellows 115 is causing the 

craft to bank the depth control bellows is tending to cause 
the craft to fly on a level with the standpipe 112 oriented 
vertically. Therefore, the relative sensitivities of the 
depth and banking controls will be determinative of how 
steep the angle of the bank is, the more powerful being 
the heel control, the more closely will the angle of the 
bank approach the optimum. The effect of bellows 115 
can be made more powerful if its area is relatively large 
in comparison to the other bellows or alternatively a 
high density liquid such as mercury can be used in the 
lines 113. 

It should be noted that the bellows 115 also acts to 
correct for heeling of the craft. For example, should the 
craft heel to starboard due to a shift in weight, a positive 
pressure will be produced in the bellows 115 for the port 
foils, tending to decrease their angle of attack. Also a 
negative pressure will be created in the bellows 115 as 
sociated with the starboard foils, tending to increase their 
angle of attack. The net effect is to increase the tend 
ency of the craft to fly on a level in aid of the operation 
of the depth control bellows. 

It can be shown that the net force on the main relief 
valve due to a change in pressure in any one of the 
bellows in the stack is equivalent to 

S 
AAPS, LS, ... LS, 

where A is the area of the bellows, Ap is the change in 
pressure therein, and S1 through S6 represent the spring 
constants of the respective bellows. This assumes that 
whenever the pressure in one of the bellows changes, 
the resulting expansion or contraction thereof does not 
change the pressure in the other bellows appreciably, even 
though it acts to alter their volume. 

Although the invention has been described in terms of 
moving the entire foils to make changes in the attack 
angle of the foils to change their lift coefficients, flaps can 
also be provided for this purpose. These can be built 
into the foils in like manner as the steering flaps are 
employed on the struts. One form of foil with flap con 
trols for changing the lift is shown in FIG. 8. The foil 
130 is provided with a tail flap 132 hinged to the main 
body of the foil by a suitable connection, as in the form 
of a thin metal sheet 134. A cover piece 136 attached 
to the flap is adapted to ride over the rear surface of the 
body 130 as the flap 132 pivots about its hinge. A bag 
138 of flexible material of general horseshoe cross-section 
is received in a similarly shaped recess at the rear of the 
body 130. A metal bar 140 is received within the re 
entrant portion of the bag and at its rear edge is re 
ceived in a slot 141 in the flap. The bag 138 is anchored 
or otherwise secured to the body 130 throughout its outer 
surface. A pressure line 142 connects to the interior of 
the bag. This pressure connection can come from the 
line 46 shown in FIG. 5 so that the pressure in this line 
is used to expand the bag 138 enough to tilt the flap into 
a position for increased lift. The water pressure on the 
flap tends to move it toward the position of low lift and 
hence it is necessary only to provide for motion of the 
flap 132 downwardly under the pressure in the bag. The 
mechanism consisting of the pilot valve 43, the actuator 
36, the arm 33 and associated parts shown in FIG. 5 may 
be omitted, in which case the flaps 132 will be relied on 
solely for lift control. 

It is desirable also to provide for motion of the whole 
foils; thus limit Switches may be provided to signal when 
the flaps have reached predetermined limits of angular 
movement. Thus as shown in FIG. 8a, a limit switch 143 
operates when a sufficient quantity of fluid has passed 
through the line 142 to indicate that the flap 132 is near 
its maximum lift position. A normally closed valve 143 
is in the line 46 leading from the chamber 67 to the pilot 
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valve 43, which controls the operation of the foil lift 
lever 33. When the valve 143 opens, the lever 33 then 
moves the entire foil. Upon reverse flow of fluid in the 
line 142, the limit Switch may operate to allow the valve 
to remain open in a manner to restore the foil to its low 
lift position. Under these circumstances the flaps are 
especially useful to compensate for the effect of small 
Waves which necessitate a fast acting mode of control of 
lift coefficient in the nature of a vernier. 

It will be understood, therefore, that the term foils as 
used in the claims hereinafter is intended to embrace such 
equivalent devices for influencing lift coefficient as foil 
Sections or flaps. 
While the combination of movable foils and movable 

flaps on the foils, as described above, may be desirable 
in larger hydrofoil craft, this arrangement is believed to 
be necessary in smaller craft. A relatively small craft 
will have a rate of change of attitude in response to 
change in conditions such as wave form and height, etc. 
which is Substantially greater than that of the larger craft. 
Thus where the control system of this invention is em 
ployed in association with such smaller craft, it is nec 
essary to provide variations in lift coefficient at a rate 
much greater than is necessary with larger craft. Ac 
cordingly, with the smaller hydrofoil craft the control of 
lift coefficient of the foils should preferably be accom 
plished through the utilization of adjustable flaps on the 
foils with the flaps being controlled, for example, as shown 
in FIG. 8. While the speed of flap movement can be 
made to be sufficiently large to obtain the desired degree 
of control in smaller craft, the extent of change in lift 
coefficient of the foils, by means of the flaps, is limited 
and may not be Sufficient to compensate for all conditions. 
Accordingly, Suitable means for moving the entire foil 
Structure may still be necessary. However, the foil move 
ment Will be necessary only when a large change in lift 
coefficient is required. As appears from FIG. 8a, the 
Same central control System could be employed for both 
the foils and the flaps. The movement of the entire foi 
Structure Would thus provide a rough control of the at 
titude of the craft while a fine control of faster response 
would be provided by the flaps. 

In the parts thus far described, the operating controls 
which are dependent on the effects of several signals 
obtained by the use of series-connected bellows, it has 
been found in some cases that a parallel preSSure cell 
construction is preferred. In FIG. 9 there is shown a bar 
144 pivoted at 146 and Substantially balanced to avoid 
effects of gravity. Pressure cells 148 connected to vari 
ous signal sources act on the bar through rods 150. 
The preferred cell construction is shown at FIG. 10. It 
comprises a body 52 carrying a membrane 154, pref 
erably a thin sheet of neoprene impregnated nylon fabric 
clamped at the edges of the body 152. The rod 150 is 
hinged to a plate on the membrane. The rod 150 is also 
hinged to the bar 144, preferably by means of a short 
section of flexible plastic tubing. 

Leading into each cell is a pressure line 156 corre 
Sponding to the lines 61, 62 of FIG. 5, 109, 113 and 
104 of FIG. 7, etc. The cells are spaced along the bar to 
produce clockwise or counterclockwise motion, that is, 
for either addition or subtraction of signals depending on 
the desired composition of signals under the same cir 
cumstances as in the series connected bellows of the pre 
vious figures. 
A Spring 158 is provided to urge the bar 144 in one 

direction. An adjusting nut 160 may be used to adjust 
the spring factor. 

Near one end of the bar is an air gage indicated gen 
erally at 162 fed from a constant pressure source 164 
through a suitable restriction as is well known in the 
construction of air gages. The orifice at the end of the 
gage 162 directs the flow of air against a plate 166. The 
pressure within the valve 162 varies in accordance with 
the distance of the plate 166 from the stationary valve 
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member, and changes of this pressure are utilized through 
a multiplier to control the foil 12 in FIG. 5 or the flaps 
132 of the type shown in FIG. 8. The plate 166 is re 
quired to move only a few thousandths of an inch and 
the inertia of the bar is negligible; hence the forces ap 
plied by the cells are small. 
A preferred form of multiplier is shown in FIG. 11, 

to be used in place of the devices shown at 67 and 91. 
The multiplier comprises a body 70 enclosing a chamber 
within which is a control valve having a seat 172 and a 
movable valve member 74. The member 74 is mounted 
on a stem 176 connected to two diaphragms 178 and 
180, the stem being urged by a spring 181 to a position 
to close the valve 174 on its seat 172. The edges of the 
diaphragms 178 and 180 are suitably clamped to enclose 
an inlet chamber 182 between them. The signal, as from 
the tube 88 in FIG. 6, leads into an input fitting 184 and 
thence into the chamber 182. 
Also enclosed within the body 170 is a movable valve 

member 186 adapted to close against a valve seat 188 
through the medium of a flexible diaphragm 190, the 
valve member 186 being urged toward its seat by a 
spring 192. The chamber 194 in back of the diaphragm 
is connected by a passage 96 with the inlet chamber 182 
which lies between the previously described diaphragms 
178 and 80. 
A source of constant pressure is supplied to an inlet 

fitting 198, which connects to the passage. 200 within 
the valve seat 172. When the valve 174 is open this 
pressure is communicated to an outlet chamber 202 
leading to an output line 204. This line 204 is the line 
leading to the operating elements typified by the tube 
46 in FIGS. 5 and 6. 

The chamber 206 in back of the diaphragm 180 is con 
nected with the outlet chamber 202 through a passage 
208. The chamber 209 interior of the valve seat 188 is 
connected by a passage 210 with the outlet chamber. 
Thus the chambers 202, 206 and 209 are subjected to 
Outlet pressure while the signal input pressure appears 
in chambers 182 and 194. 
The operation of the device is such as to repeat the 

signal pressure so that the constant pressure source 198 
can Supply fluid to the operating mechanisms. The sig 
nal pressure is unable to sustain a sufficiently large flow 
for the operating mechanisms but the necessary flow can 
be sustained from the source 198. Thus the device 
operates as a current amplifier. 
The operation of the multiplier is as follows: Assume 

first that there is zero pressure on the inlet 88 and also 
on the outlet 204. Under these conditions the spring 181 
holds the valve 174 closed. There is no pressure tending 
to open valve 186. If now the pressure in the signal line 
88 increases, a signal is sent to the multiplier to cause 
the pressure in chamber 182 to increase. There is no 
substantial flow since chambers 182 and 194 are closed. 
The area of diaphragm 180, as shown in FIG. 11, is 
greater than that of diaphragm 178. This tends to cause 
valve 174 to open and there is a fluid flow from the 
Source 198 into the outlet chamber 202. When the pres 
sure in the outlet chamber 202 builds up to equal that 
on the inlet, the pressures on both sides of diaphragms 
178 and 180 are equal, and the spring 181 then closes 
valve 174. Thus as the inlet pressure rises the outlet 
pressure will rise to equal it, and this will occur with very 
little time lag. Under these circumstances, since the 
outlet and inlet pressures rise practically simultaneously 
valve 186 will not open. 

If there is a fall in signal pressure, the valve 186 oper 
ates in the following manner: The valve 174 is held even 
more tightly closed than under the static pressure condi 
tion. However, the balance on diaphragm 190 is dis 
turbed in the direction to cause valve 86 to open, since 
the reduced signal pressure is communicated through the 
port 196 to the chamber 194. The chamber 21, which 
is separated from chamber 209 by the valve 186, is 
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vented to atmosphere through the port 212. Since cham 
bers 202 and 209 are connected together the outlet pres 
Sure will drop until it again nearly equals the inlet pres 
SUII.E. 

Therefore, in case of either a rise or fall of pressure, 
there will be a substantial flow of fluid in one direction 
or the other through output line 204 until the signal 
pressure and the output pressure are equalized. The 
flow that thakes place during the equalization process is 
utilized to operate the mechanisms controlling the lift of 
the foils. 
An alternative form of inertial sensor that can be em 

ployed is a standpipe filled with liquid and open at the 
top in like manner as standpipes 106, 111 and 112 but of 
greater length. It is also contemplated that gages can 
and preferably should be provided to reflect the pres 
Sures in the various bellows from which an indication 
of the attitude of the craft can be readily obtained. 
Certain of these gages can be common to the control 
systems for all of the foils. 

In the operating system shown in FIG. 5, the operat 
ing devices for the foil 12 are controlled by sensors as 
sociated only with the foil itself. The refinements shown 
in FIG. 7 contemplate that a foil will respond to the effect 
of signals originating at different points in the craft. A 
further improvement is shown in FIG. 12, wherein each 
foil is actuated not only in accordance with signals origi 
nating in its own sensors but also in accordance with a 
signal dependent on an averaging of the depth signals de 
rived from all of the struts. The purpose of this is to 
stabilize the craft in a seaway; for example, in a quarter 
ing sea, if one foil suddenly finds itself over a trough, that 
foil does not react to drop that corner of the craft. 

In the preferred embodiment, the pressure lines 61 and 
62 of the foil 12 are connected by lines 261 and 262 with 
a pressure averaging chamber 264, into which run lines 
61' and 62 from the depth sensors of one or more of the 
other foils. A pressure line 266 runs to bellows 268 which 
is stacked with the bellows 63 and 64 of FIG. 5. Thus 
the control signals for the foil 12 comprise local signals 
from depth sensors 58, 59 together with a signal through 
line 266 corresponding to the average of signals from two 
or more foils. The relative effects of these signals may 
be adjusted by suitable orifices in the several lines. Thus 
with small orifices in the lines leading to the bellows 63 
and 64 the averaged signal will predominate over the 
local signals; in fact, the bellows 63 and 64 may be omitted 
altogether, in which case each foil will respond only to 
the average of the depth controls; or the orifices may be 
made adjustable so that the composition of local and 
averaged signals may be varied by the operator in ac 
cordance with the sea conditions. In any event, the 
depth signals may be combined with the other signals 
introduced by the devices shown in FIGS. 6 and 7 for 
controlling operation of the craft under the conditions 
described in connection therewith. 

It will be understood that the composition of signals 
from several points may be accomplished by use of paral 
lel pressure cells of the general structure of FIG. 9 as well 
as by the series bellows arrangement shown diagram 
matically in FIG. 12. 
The use of fluid controls constitutes one of the impor 

tant features of the present invention, since such controls 
afford a simple and reliable means of adding signals alge 
braically, and also amplifying or multiplying the flows 
whereby the operation of the control surfaces may be ef 
fected with adequate power and yet with speed and ac 
Curacy. 

It should be understood that in the foregoing descrip 
tion and appended claims the term bellows is intended to 
include other structures such as diaphragms and piston 
cylinder arrangements whereby an expansible chamber 
is provided. Accordingly, the terms bellows and expan 
sible chamber may be used interchangeably. Various such 
details of construction and modifications of the preferred 
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embodiment that are within the spirit and scope of the 
invention will no doubt occur to those skilled in the art. 
Therefore, the invention should not be deemed to be 
limited to the details of what has been described herein 
by way of illustration, but ratherit should be deemed to 
be limited only to the scope of the appended claims. 

This application is a continuation-in-part of my co 
pending application Serial No. 111,575, filed May 22, 
1961. 
What is claimed is: 
1. In a submerged hydrofoil craft, the combination in 

cluding completely submerged depth sensing means and 
means to sense vertical accelerations of at least one foil, 
means to supply fluid under pressures determined by 
depth and by vertical accelerations of said one foil, con 
trol mechanisms to vary the lift coefficients of said one 
foil, means to actuate said mechanisms in response to 
fluid pressure variations resulting from depth variations 
and vertical accelerations of said one foil, and means 
to cause outward fluid flow through the depth sensing 
means to prevent fouling thereof. 

2. In a hydrofoil craft, the combination including 
means to sense vertical acceleration of at least one foil, 
means to supply fluid under a pressure determined by Ver 
tical acceleration of said one foil, an expansible chamber 
responsive to the pressure of the fluid, drive means op 
eratively connected to said one foil, a control valve to 
control the operation of said drive means, a source of 
pressure fluid, a pressure multiplier including a relief 
valve to vary the pressure of the fluid from said source, 
said chamber being operatively connected to said relief 
valve, and a pilot piston responsive to the variable pres 
sure fluid from said pressure multiplier, said piston being 
operatively connected to said control valve to change the 
setting thereof and thereby cause said drive means to 
change the lift coefficient of said one foil when the foil 
undergoes vertical acceleration. 

3. In a hydrofoil craft, apparatus for controlling the 
lift coefficient of at least one foil, said apparatus includ 
ing means to mount said one foil for pivotal movement 
about a generally horizontally disposed axis, depth sens 
ing means to sense the depth of said one foil and to supply 
fluid under a pressure determined by the depth of said one 
foil, a first bellows responsive to the pressure of the fluid 
representing the depth of said one foil, inertial sensing 
means to sense vertical acceleration of said one foil and 
to supply fluid under a pressure determined by the magni 
tude and sense of such acceleration, a second bellows re 
sponsive to the pressure of the fluid representing the verti 
cal acceleration of said one foil, means to mount said 
bellows in series relation, drive means operatively con 
nected to said one foil, and means responsive to the net 
force produced by said bellows to control the operation 
of said drive means. w 

4. Apparatus according to claim 3 wherein said inertial 
sensing means includes a pressure transducer to supply 
fluid under pressure as a function of vertical acceleration 
of said one foil, said pressure transducer being located 
at a distance horizontally from said second bellows, and 
an interconnecting line between said transducer and said 
second bellows to transmit said pressure fluid. 

5. Apparatus according to claim 4 including a third 
bellows disposed in series relation to said second bellows, 
a source of static pressure, and an interconnecting line 
between said static pressure source and said third bellows, 
said line extending in a horizontal direction with respect 
to said third bellows so that when the craft undergoes 
horizontal acceleration the pressure in said third bellows 
is caused to change thereby to compensate for the effect 
of the horizontal acceleration upon the line interconnect 
ing said transducer and said second bellows. 

6. Apparatus according to claim 5 including valve 
means Selectively to interchange the lines leading to said 
second and third bellows. 
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7. In a hydrofoil craft having a pair of bow foils and 75 
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a pair of stern foils, apparatus for controlling the lift of 
coefficient of each foil, said apparatus including means 
to mount the foil for pivotal movement about a gener 
ally horizontally disposed axis, depth sensing means to 
Sense the depth of the foil and to supply fluid under a 
pressure determined by the depth of the foil, a first bel 
OWS responsive to the pressure of the fluid representing 
the depth of the foil, a second bellows, manual means to 
adjust the pressure in said second bellows, means to 
mount said bellows in series relation, drive means opera 
tively connected to the foil, and means responsive to the 
net force produced by said bellows to control the opera 
tion of said drive means. 

8. In a hydrofoil craft apparatus for controlling the 
lift coefficient of each foil, said apparatus including 
means to mount the foil for pivotal movement about a 
generally horizontally disposed axis, depth sensing means 
to Sense the depth of the foil and to supply fluid under 
pressure determined by the depth of the foil, a first bel 
lows responsive to the pressure of the fluid representing 
the depth of the foil, inertial sensing means to sense ver 
tical acceleration of the foil and to supply fluid under 
a preSSure determined by the magnitude and sense of 
Such acceleration, a second bellows responsive to the 
pressure of the fluid representing the vertical accelera 
tion of the foil, a third bellows, manual means to apply 
a selected pressure to said third bellows, means to mount 
said bellows in a stack with said first and third bellows 
opposing said second bellows, a fluid actuator operative 
ly connected to the foil, and means responsive to the net 
force produced by said bellows to control the operation 
of Said actuator, said control means including a follow 
up linkage, means to produce signals representative of 
the speed of the craft, and means to modify said follow 
up linkage in response to said speed signals thereby to 
modify the response of said actuator to changes in the 
net force produced by said bellows. 

9. In a hydrofoil craft apparatus for controlling the 
lift coefficient of each foil, said apparatus including 
means to mount the foil for pivotal movement about a 
generally horizontally disposed axis, depth sensing means 
to Sense the depth of the foil and to supply fluid under a 
pressure determined by the depth of the foil, a first bel 
lows responsive to the pressure of the fluid representing 
the depth of the foil, inertial sensing means to sense ver. 
tical acceleration of the foil and to supply fluid under 
a pressure determined by the magnitude and sense of 
Such acceleration, a second bellows responsive to the 
pressure of the fluid representing the vertical accelera 
tion of the foil, said depth and inertial sensing means 
being located at a distance horizontally of said first and 
Second bellows, a third bellows, manual means to apply 
a selected pressure to said third bellows, fourth and fifth 
bellows, means to pressurize said fourth and fifth bel 
lows in response to acceleration of the craft in a hori 
Zontal plane, means to mount said bellows in a stack with 
said first and third bellows opposing said second bel 
lows, said fourth and fifth bellows opposing said first 
and Second bellows, respectively, to compensate for the 
effect of horizontal acceleration of the craft on the pres 
Sures in said first and second bellows, a fluid actuator 
operatively connected to the foil, and means responsive 
to the net force produced by said bellows to control the 
Operation of said actuator, said control means including 
a follow up linkage, means to produce signals repre 
sentative of the speed of the craft, and means to modify 
Said follow up linkage in response to said speed signals 
thereby to modify the response of said actuator to changes 
in the net force produced by said bellows. 

10. In a hydrofoil craft having a plurality of sub 
merged foils with means for varying the light coefficients 
thereof, completely submerged depth-sensing means, fluid 
pressure means for generating a signal from said depth 
Sensing means, fluid pressure means to generate signals 
from vertical accelerations of the craft, means connected 
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with said foils for applying fluid pressure to effect vari 
ations in the lift coefficients thereof, means for causing 
outward flow of fluid through the depth sensing means 
to prevent fouling thereof, and means for combining said 
signals to produce fluid pressures for the several foils in 
accordance with the aggregate of said signals for the 
several foils. 

11. In a hydrofoil craft as defined in claim 10, the 
provision of bellows arranged in series and independently 
connected to said fluid pressure means to combine said 
signals for each foil to vary the lift coefficient thereof. 

12. In a submerged hydrofoil craft having a plurality 
of foils, at least one foil having a movable part to vary 
the lift coefficient thereof, completely submerged depth 
sensing means, linear inertial sensing means to detect 
vertical accelerations of said foil, a first fluid pressure 
means controlled by the depth sensing means, means for 
causing outward flow of fluid through the depth sensing 
means to prevent fouling thereof, a second fluid pres 
sure means controlled by the inertial sensing means, and 
devices controlled by changes in said fluid pressures to 
operate asid movable part to vary the lift coefficient. 

13. In a submerged hydrofoil craft having a plurality 
of foils, at least one foil having a movable part to vary 
the lift coefficient thereof, depth sensing means, linear 
inertial sensing means to detect vertical accelerations 
of said foil, a first fluid pressure means controlled by the 
depth sensing means, a second fluid pressure means con 
trolled by the inertial sensing means, individual ex 
pansible chambers operated by changes in said fluid 
preSSures, and means jointly controlled by said cham 
bers to operate said movable part to vary the lift co 
efficient. 

14. In a submerged hydrofoil craft having a plurality 
of foils, at least one foil having a movable part to vary 
the lift coefficient thereof, completely submerged depth 
Sensing means, linear inertial sensing means to detect 
vertical accelerations of said foil, means jointly con 
trolled by said depth sensing means and said inertial sens 
ing means to operate said movable part to vary the lift 
coefficient, means for causing outward flow of fluid 
through the depth sensing means to prevent fouling 
thereof, and means controlled by the speed of the craft 
for diminishing the motion of the movable part under 
the influence of the depth sensing and inertial sensing 
means as the speed increases. 

15. In a submerged hydrofoil craft having port and 
starboard foils, each having a movable part to vary the 
lift coefficient thereof, completely submerged depth sens 
ing means for the foils, linear inertial sensing means to 
detect vertical accelerations of the foils, fluid pressure 
means jointly controlled by the depth sensing means and 
the inertial sensing means to operate the movable parts 
of said foils, means for causing outward flow of fluid 
through the depth sensing means to prevent fouling there 
of, and compensating means acting on said fluid pres 
Sure means to compensate for changes in the lift coef 
ficients of the port and starboard foils due to horizontal 
accelerations occurring in a turn. 

16. In a submerged hydrofoil craft having a plurality 
of foils, at least one foil having a movable part to vary 
the lift coefficient thereof, completely submerged depth 
Sensing means, a slug to detect vertical accelerations of 
the craft, means controlled by said depth sensing means 
to control said movable part in a manner tending to main 
tain the depth constant, and means controlled by vertical 
motions of the slug relative to the craft to operate said 
movable part to vary the lift coefficient in a manner to 
risist vertical movement of the craft, the provision of in 
dividual fluid pressure means controlled by said depth 
sensing means and by said slug, means for causing out 
ward flow of fluid through the depth sensing means to 
prevent fouling thereof, and expansible chambers to op 
erate the movable part of said foil under changes in the 
pressures in said chambers. 
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17. In a submerged hydrofoil craft having a plurality 

of foils, at least one foil having a movable part to vary 
the lift coefficient thereof, completely submerged depth 
sensing means, connections from the depth sensing means 
to said movable part to vary the lift coefficient in a man 
ner tending to maintain a constant depth of the foils be 
low the surface, linear inertial sensing means to detect 
vertical accelerations of the craft in response to wave 
motion, means for causing outward flow of fluid through 
the depth sensing means to prevent fouling thereof, and 
means controlled by the inertial sensing means to oper 
ate on said movable part in a direction to reduce vertical 
accelerations. 

18. In a submerged hydrofoil craft having a plurality 
of foils, at least one foil having a movable part to vary 
the lift coefficient thereof, completely submerged depth 
Sensing means, a first signal loop from the depth sensing 
means to said movable part to operate the latter in a man 
ner, in the absence of other signals, to maintain a con 
stant depth below the surface, means for causing outward 
flow of fluid through the depth sensing means to prevent 
fouling thereof, an accelerometer to detect vertical ac 
celerations of the craft and a second signal loop includ 
ing the accelerometer and said movable part to operate 
the latter in a manner to reduce vertical accelerations. 

9. A submerged hydrofoil craft as defined in claim 
18, in which the second signal loop has a shorter re 
sponse time than the first loop. 

20. In a submerged hydrofoil craft, a completely sub 
merged foil having a body and a movable flap, complete 
ly Submerged depth sensing means for the foil, means for 
mounting the foil for movement of the foil as a whole 
to vary its angle of attack, additional means for operating 
the flap to vary its lift coefficient and limit-control means 
actuated upon motion of the flap near the limit of its 
movement to cause motion of the foil as a whole. 

21. In a Submerged hydrofoil craft having a plurality 
of foils, means for controlling the lift coefficient of at 
least one foil, depth sensing means to sense the depth of 
said one foil and to supply fluid under a pressure deter 
mined by the depth of said one foil, a first pressure sens 
ing means responsive to the pressure of the fluid repre 
senting the depth of said one foil, second sensing means 
for Supplying fluid under a pressure representing another 
characteristic of the motion of the craft, a parallel con 
nection for combining the effects of the sensing means, 
and means for operating the means for controlling the 
lift coefficient in accordance with the operation of said 
parallel connection, each sensing means being a pressure 
cell, and there being provided a pivoted bar to which the 
Several pressure cells are connected in parallel for com 
bining the effects of the cells. 

22. In a submerged hydrofoil craft as defined in claim 
21, the combination of an air gage to sense movements 
of the bar, a multiplier, and connections from the air 
gage through the multiplier to vary the lift coefficient. 

23. In a Submerged hydrofoil craft having a plurality 
of foils, at least one foil having means for varying its 
lift coefficient, means for sensing depth of said one foil, 
means to Supply fluid under a signal pressure determined 
by said depth, a multiplier having an inlet chamber in 
which the signal pressure is applied, a source of pressure 
and an outlet chamber, a valve between the source and 
the outlet chamber, pressure responsive means operable 
upon a difference of pressure between the inlet chamber 
and the outlet chamber to control operation of the valve, 
and means operated by flow through said valve to oper 
ate said means for controlling the lift coefficient. 

24. In a submerged hydrofoil craft having a plurality 
of foils, at least one foil having means for varying its 
lift coefficient, means for sensing depth of said one foil, 
means to Supply fluid under a signal pressure determined 
by said depth, a multiplier having two independent inlet 
chambers in which the signal pressure is applied, a source 
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