
3,425,430 Feb. 4, 1969 B. M. HORTON 
FLUID‘OPERATED SYSTEM 

Sheet Filed Aug. 24. 1960 

1 N VB NTOR 

BILLY ,u. HORTON 

BY 



Feb. 4, 1969 

Filed Aug. 24. 1960 

B. M. HORTON 

FLUID-OPERATED SYSTEM 

3,425,430 

Sheet g of 10 

25 I I 

F1613 
' INVENTOR 

BIL L Y M. HORTON 

BY/g Amaze", a0. g p/ZMW» 



Feb. 4, ‘Q69 B. M. HORTON 3,425,430 
I FLUID-OPERATED SYSTEM 

Filed Aug. 24. 1960 She~et __3__ of 10 

F/G. 5 

AMPLIFIED 

VOICE OUT 

/0 37 

I 

AMPLIFIED 
VOICE OUT 

VOICE IN 
INVENTOR 

BILLY M. HORTON 

BY 3,}. A7otwa, 0.4% 
$1 goncga qLjJv-pm 



Feb. 4, 1969 , . ‘ B. M. HORTON ' 3,425,430 

. ‘FLUID-OPERATED SYSTEM 

’ Filed Aug. 24, 1960 ‘ Sheet 4 of 10 
u." 

/" l8 // 17 

72 ' / 7/ 

m» y "#0 7.3L r 74 “ 

BILLY M. HORTON 
I INVENTOR 



Feb. 4, 1969 . ’ 5. M. HORTON 3,425,430 
‘FLUID-OPERATED SYSTEM 

_ Filed Aug. ‘24, 1960 Sheet 5 M10 

INVENTOR 

BILLY M. HORTON 
J/L M5645 0.3%»); BY 



‘ Feb.4, 1969 _ B.M.HORT¢N ‘ - _3,425,430 

FLUID-OPERATED SYSTEM 

Filed Aug. 24. 1960 Sheet é of 10 
m 

INVENTOR ’ 

BILLY M. HORTON 
BY 44/‘ P423104‘, align” 

{1.1: 711% 21/ ha-fwim 



vFeb. 4, 1969 \ B. M. HORTON 3,425,430 

FLUID-OPERATED SYSTEM 

Filed Aug. 24. 1960 Sheet 7 of 10' 

INVENTOR 

BILLY M. HORTON 
J, 1362304; 0-2. @0015 



Feb. 4, 1969 B. M. HORTON 3,425,430 
FLUID-OPERATED SYSTEM - 

Filed Aug. 24 . 1960 » Sheet 8 of 10 

F29. J4 
INVENTOR 

BILLY M. HQRTON. 



Feb. 4, 1969 Y ‘B. M. HORTON 3,425,430 
_ FLUID-OPERATED SYSTEM 

Filed Aug. 24. 1960 ' Sheet ‘ 9 of 10 

' , / 

d/me 
(ZZé 9w 4 549/ 

fig. (#78 



'Feb. 4, 1969 a. M. HORTON 3,425,430 
FLUID‘OPERATED SYSTEM 

Filed Aug. 24, 1960 Sheet /0 of 10 

1:16.17 

INVENT OR 

BILLY M. HORTON 
.BY ‘9V0 W, cm. 

3.5. wwézl, yon. PM 
. 77/1 - 

mt‘ 6mgT'roRmzYs 



United States Patent 0 
1 

3,425,430 
FLUID-OPERATED SYSTEM 

Billy M. Horton, Rock Creek Hills, Md. 
(9712 Kensington Parkway, Kensington, Md. 20795) 
Continuation-impart of application Ser. No. 848,878, 

Oct. 26, 1959, which is a continuation-in-part of 
application Ser. No. 855,477, Nov. 25, 1959. This 
application Aug. 24, 1960, Ser. No. 51,754 

US. Cl. 137-81.5 
Int. Cl. F15c 1/10; F15d 1/12; G06m 1/12 

The invention described herein may be manufactured 
and used by or for the Government for governmental pur 
poses without payment to me of any royalty thereon. 
The present invention relates generally to ?uid ampli?er 

systems in which ampli?cation is a function of the mag 
nitude of de?ection of a main ?uid jet by a transversely 
operating source of ?uid pressure, and more particularly 
to a ?uid ampli?er employing positive feedback to accom 
plish ampli?cation and switching functions now conven 
tionally performed only by electronic circuits. This ap 
plication is a continuation-in-part of application Ser. No. 
848,878 ?led Oct. 26, 1959, for Fluid Operated System, 
by Billy M. Horton, now abandoned and re?led as ap 
plication Ser. No. 51,896 on Sept. 19, 1960, now issued 
as Patent No. 3,122,165, and is also a continuation-in 
part of application Ser. No. 855,477 ?led Nov. 25, 1959 
for Fluid Ampli?er Computer with Feed-Back, by Billy 
M. Horton, now abandoned. 

In ?uid ampli?er systems of the type with which the 
present invention is concerned, a power jet of ?uid, which 
is well de?ned in space, is de?ected by means of a pres 
sure differential established approximately transverse to 
the normal direction of movement of the power jet. 1" he 
differential in pressure established across the power jet 
may be employed to de?ect the jet to one of various posi 
tions at which load mechanisms may be situated. These 
may convert the energy of the ?uid stream to useful work. 
Alternatively, the energy, pressure or mass ?ow of the 
de?ected stream may be employed as an input signal to 
a further device, ?uid ampli?er, to increase the over-all 
ampli?cation of the system or to perform switching func 
tions. Ampli?cation is achieved by the ?uid ampli?er as 
a result of the fact that a relatively small ?uid pressure 
gradient is required to de?ect a high energy ?uid stream 
so as to produce a large variation in energy, pressure or 
mass ?ow, delivered to an output location. A ?uid jet 
may initially be directed away from a load device or out 
put channel so that the energy of the ?uid stream is not 
utilized. Only a small amount of energy in the control jet 
is required to alter the course of the power jet so that some 
or all of the jet becomes intercepted by the load device 
or output channel. The gain ‘of the system can be con 
sidered equal to the ratio of the energy supplied to the 
load device, etc. by the power jet to the amount of en 
ergy required to de?ect the jet to this location. Gains of 
the order of magnitude of 100 are obtainable with an 
ampli?er stage of the type described above. 
A typical single stage ampli?er may comprise a main 

?uid nozzle extending through an end wall of a chamber 
de?ned in a typical case by the end wall and two outward 
ly diverging side walls, hereinafter referred to as the left 
and right walls. A V-shaped divider is disposed at a pre 
determined distance from the end wall with the apex of the 
divider disposed along the center line of the ori?ce and 
its sides generally parallel to the left and right side walls 
of the chamber. The regions between the divider and the 
left and right side walls de?ne left and right output 
passages, respectively. Left and right control‘nozzles ex 
tend through the left and right side walls, respectively with 
one wall of each nozzle forming an extension of the end 
wall of the chamber. 
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In operation, ?uid under pressure is supplied to the 

main nozzle and a well de?ned ?uid stream issues into 
the chamber. Control signals in the form of changes of 
pressure are developed at the control nozzles and produce 
de?ection of the main stream in one direction or the other 
depending upon whether the signal is in the form of in— 
creased or decreased pressures, respectively. 

There are several broad classes of ?uid ampli?er units. 
Two of these classes are: 

(1) Those in which there are two or more streams 
which interact in such a way that one or more of these 
streams de?ect another stream with little or no interac 
tion between the side walls of the chamber in which the 
streams interact and the streams themselves. In an am 
pli?er or computer ?uid element, the detailed contours 
of the side walls of the chamber in which: the streams in 
teract is of secondary importance to the interacting forces 
between the streams themselves. Although the side walls 
can be used to contain ?uid in the interacting chamber, 
and thus make it possible to have the streams interact in 
a region at some desired pressure, the side walls are 
placed in such a position that they are somewhat remote 
from the high velocity portions of the interacting streams. 
Under these conditions the ?ow pattern within the inter 
acting chamber depends primarily upon the size, speed 
and the direction of the streams and upon the density, 
viscosity, compressibility and other properties of the ?uids 
in the streams. In the case of interacting free jets, i.e., 
those in which streams of ?uid impinge upon one another 
with no interaction between the streams and the side 
walls, and ‘with no forces from ?uids around the streams, 
momentum must be conserved. This condition of momen~ 
tum conservation can be approximated by interacting 
streams of water in air, since the viscosity of air is much 
lower than the viscosity of water, and since air is much 
less dense than water. An even better approximation to 
the condition of momentum conservation by interacting 
free jets is provided by the case of interacting jets of liq 
uid mercury in vacuum. 

(II) The second broad class of ?uid ampli?er and com 
puter elements comprises those ampli?er or computer ele 
ments in which two or more streams interact in such a way 
that the resulting ?ow patterns and pressure distribution 
within the chamber are greatly affected by the details of 
the design of the chamber walls. The effect of side wall 
con?guration on the ?ow patterns and pressure distribu 
tion which can be achieved with single or multiple streams 
depends on: the relation between width of the interact 
ing chamber near the power nozzle; the angle that the 
side walls make with respect to the center line of the pow 
er stream; the length of the side wall (when a divider 
is not used); the spacing between the power nozzle and 
the flow divider (if used); and the density, viscosity, com 
pressibility and uniformity of the ?uid. It also depends 
to some extent on the thickness of the amplifying or com 
puting element. Amplifying and computing devices utiliz 
ing boundary layer e?ects, i.e., effects which depend upon 
details of side walls con?guration can be further subdi 
vided into three categories: 

(a) Boundary layer elements in which there is no ap 
preciable “lock on” effect. Such a unit has'a power gain 
which can be increased by boundary layer effects, but 
these effects are not dominant; 

(b) Boundary layer units in which “lock on” e?ects 
are dominant and are su?icient to maintain the power 
stream in a particular ?ow pattern thru the action of the 
pressure distribution arising from boundary layer effects, 
and requiring no additional streams other than the power 
stream to maintain that ?ow pattern, but having a ?ow pat 
tern which can be changed to a new stable ?ow pattern 
either by the supplying or removal of ?uid thru one or 
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more of the control nozzles, or by altering the pressures 
at one or more of the output apertures; 

(c) Boundary layer units in which the ?ow pattern 
can be maintained thru the action of the power stream 
along without the use of any other stream, which ?ow 
pattern can be modi?ed ‘by the supplying or removal of 
?uid thru the control nozzles, but which units maintain 
certain parts of the power stream ?ow pattern, including 
“lock on” to the side wall, even though the pressure dis 
tribution at the output apertures is modi?ed. 

In orderto understand more fully the reasons for the 
lock-‘on phenomena, attention is called to the copending 
patent applications of Bowles and Warren, Ser. Nos. 
855,478 and 4,830 ?le-d Nov. 25, 1959 and Jan. 26, 1960, 
respectively, portions of the discussions of which are re 
produced herewith for the purposes of clarity of the pres 
ent discussion only. The lock-on phenomena is due to a 
boundary layer effect existing between the stream and a 
side wall. Assume initially that the ?uid stream is issuing 
from the main nozzle and is directed toward the apex 
of the divider. The ?uid issuing from the ori?ce, in pass 
ing through the chamber, entrains ?uid in the chamber and 
removes this ?uid therefrom. If the ?uid stream is slightly 
closer to, for instance, the left wall than the right wall, it 
is more effective in removing the ?uid in the region be 
tween the ,stream and the left wall than it is in removing 
?uid between the stream and the right wall since the 
former region is smaller. Therefore, the pressure in the 
left region between the left wall and the stream is lower 
than the pressure in the right region of the chamber and a 
differential pressure is set up across the jet tending to de 
?ect it towards the left wall. As the stream is de?ected 
further toward the left wall, it becomes even more e?icient 
in entraining air in the left region and the pressure in this 
region isfurther reduced. This action is self-reinforcing 
and results in the ?uid stream becoming de?ected toward 
the left wall and- entering the left outlet passage. The 
stream intersects the left wall at a predetermined distance 
downstream from the outlet of the main ori?ce; this point 
being normally referred to as the point of attachment. 
This phenomena is referred to as boundary layer lock-on. 
The operation of this type of apparatus may be com 
pletely symmetrical in that if the stream had initially 
been slightly de?ected toward the right wall rather than 
the left wall, boundary layer lock-on ‘would have occurred 
against the right wall. 
, Continuing the discussion ‘of the three categories of the 
second class of ?uid amplifying elements, the boundary 
layer unit type (a) above utilizes a combination of boun 
dary layer effects and momentum interaction between 
streams in order to achieve a power gain which is en 
hanced by the boundary layer effects, but since boundary 
layer effects in type (a) are not dominant, the power 
stream ‘does not of itself remain locked to the side wall. 
The power stream remains diverted ‘from its initial direc~ 
tion only if there is a continuing ?ow out of, or into, one 
or more of the control nozzles. Boundary layer unit type 
(b) has a su?icient “lock on” effect that the power stream 
continues to ?ow entirely out one aperture in the absence 
of any in?ow or out?ow signal from the control nozzles. 
A ‘boundary layer unit type (b) can be made as a bistable, 
tristable, or multistable unit, but it can be dislodged from 
one of .its stable states by ?uid ?owing out of or into a 
control nozzle or by blocking the output passage connected 
to the aperture receiving the major portion of the power 
stream. Boundary layer units type (e) have a very strong 
tendency to maintain the direction of flow of the power 
stream through the interacting chamber, this tendency 
being so strong that complete blockage of the passage 
connected to one of the output apertures toward which 
the power stream is directed does not dislodge the power 
stream from its “looked on” condition. Boundary layer 
units type (c) are therefore memory units which are vir 
tually insensitive to loading conditions at their output 
passages. ‘ 
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4 
To give a speci?c example: boundary layer effects have 

been found to in?uence the performance of a ?uid ampli 
?er element if it is made as follows: the width of the 
interacting chamber at the point where the power nozzle 
issues its stream is two to three times the width, W, of 
the power nozzle, i.e., the chamber width at this point is 
3W; and the side walls of the chamber diverge so that 
each side wall makes a 12° angle with the center line of 
the power stream. In a unit made in this way, a spacing be 
tween the power nozzle and the center divider equal to 
two power nozzle widths 2W will exhibit increased gain 
because of boundary layer effects, but the stream will not 
remain locked on either side. This unit with a divider 
spacing of 2W is a boundary layer unit type (a) which 
if the spacing is less than 2W an ampli?er of the ?rst class, 
i.e., a proportional ampli?er results;If the divider is spaced 
more than three power nozzle widths, 3W, but less than 
eight power nozzle widths, 8W, from the power nozzle, 
then the power stream remains locked onto one of the 
chamber walls and is a boundary layer type (b). Com 
plete blockage of the output passage of such a unit causes 
the power stream to lock to a new ?ow pattern. A bound 
ary layer unit having a divider which is spaced more than 
twelve power nozzle widths, 12W, from the power nozzle 
remains “locked on” to a chamber wall even though there 
is complete blockage of the passage connected to the 
aperture toward which the power stream is directed, and 
thus it is a boundary layer unit type (c). Another factor 
affecting the type of operation achieved by these units 
is the pressure of the ?uid applied to the power nozzle rel 
ative to the width of the chamber. In the above examples, 
the types of operation described. are achieved if the pres 
sure of the ?uid is less than 60* p.s.i. If, however, the 
pressure exceeds 80 psi. the expansion of the ?uid stream 
upon emerging from the main nozzle is sufficiently great 
to cause the stream to contact both side walls of the 
chamber and lock on is prevented. Lock-on can be 
achieved at the higher pressures by increasing the Widths 
of the chamber. 
The boundary layer effects which produce lock-on pro 

vide a feedback action in a ?uid amplifying element and 
thus have an important bearing on its gain, sensitivity to 
input signals, sensitivity to pressure at its output aper 
tures, response time, frequency response and memory. 
This feedback action can be used to provide digital op 
eration, logical operations and memory. 

In some instances it is desired to introduce feedback 
into a ?uid amplifying element in a manner which can 
not be conveniently provided by boundary layer effects. 
For example, it is sometimes desirable to introduce a time 
delay or a phase shift in the feedback path, and it may 
be very di?icult to achieve the required ?uid inertances, 
?uid capacitances, and ?uid resistances in a boundary 
layer feedback path. In those cases in which boundary 
layer feedback effects are not adequate to provide the de 
sired feedback action, it is possible to employ an external 
feedback path, in conjunction with an ampli?er of the 
?rst class; that is, a proportional ampli?er, to provide‘ 
the desired feedback. In such cases, and in order to 
achieve a ?uid ampli?er circuit which has stable gain, 
and which is substantially free of distortion and non— 
linearities, it is often desirable to eliminate all feedback 
paths other than the external feedback path. Elimination 
of the boundary layer feedback paths in a ?uid ampli 
fying element can be accomplished by having ?uid streams 
interact in a manner such that the ?ow pattern is vir 
tually unaffected by the contours of the side walls of the 
chamber in which the streams interact. This can be ac 
complished as indicated above by employing a sufficiently 
high pressure to the power nozzle or by having the inter 
action chamber side walls placed at a remote location 
from the power stream. This latter effect can be accom 
plished either by setting the side walls back from the 
output end of the power nozzle so that the set back is 
many times greater than the width of the power nozzle 
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and the stream cannot de?ect suf?ciently to “attach” to 
the side wall, or by having the side walls of the cham 
ber diverge sharply so that only a small portion of each 
wall is in close proximity to the power stream. This latter 
method of avoiding boundary layer effects has the ad 
vantage that the control nozzle can be located very close 
to the power stream, thus the control stream is not ap 
preciably degraded by viscous effects prior to its inter 
action with the power stream. The angle of divergence of 
the side walls has a de?nite effect on the operation of the 
apparatus since those units having the lesser divergence 
angles are not as completely free of side wall effects as 
are those having more sharply divergent side walls. 
The present invention is concerned with ?uid ampli?er 

systems employing external feedback circuits and con 
sequently ampli?ers of Class I; that is, proportional ampli 
?ers are employed. In the proportional ampli?er, in the 
absence of a signal or application of pressure to a con 
trol nozzle, the power jet or stream divides equally be 
tween two output apertures. An increase or decrease in 
pressure in one of the control nozzles may de?ect the 
?uid stream away from or toward this control nozzle 
thereby decreasing the ?uid ?ow to one of the outlet pas 
sages and increasing the ?ow to the other passage. The 
proportional ?uid ampli?er may amplify various quanti 
ties, relating to ?uid ?ow, depending upon the design 
of the unit. Speci?cally, gain may relate to pressure, 
power or mass ?ow. In considering the different-types of 
ampli?ers, it is necessary to determine whether the ampli 
?er employs a free jet or a submerged jet. In the case of 
a free jet, such as water-in-air, the viscous drag of the 
surrounding medium on the stream has little effect on the 
system and both the total and pitot pressures across the 
jet are substantially uniform. In consequence, the charac 
teristics of the jet are uniform with cross-section and all 
factors in the system, pressure, power and mass ?-ow are 
ampli?ed by the system. In a submerged jet, such as air-in 
air, the viscous drag of the surrounding medium on the 
jet has an appreciable effect and produces a non-uniform 
pressure gradient across the jet. Maximum pressure of the 
jet is usually found along the axis thereof and in conse 
quence, if a pressure ampli?er is desired, the output 
apertures are constructed to sense only a small region 
at the center of the jet when the jet is de?ected its maxi 
mum desired extent. A mass ?ow ampli?er is constructed 
by accumulating all of the ?uid in the jet while a power 
ampli?er employs outlet apertures intermediate in size 
between the‘ two aforesaid outlet apertures. The size of 
the outlet apertures for the power unit is such that the 
product of pressure and volume ?ow are maximized. 

Each of the different types of ampli?ers obtainable 
with a submerged jet system have speci?c areas of appli 
cation and a pressure ampli?er is normally employed in 
systems Where it is undesirable to transport large quanti 
ties of ?uid. Mass ?ow ampli?ers are utilized where the 
system discharges into a low pressure and large masses of 
?uid may be moved with little pressure. Power ampli?ca 
tion is normally employed to drive a load device, such 
as a piston, and in such cases the product of pressure 
times volume ?ow must be maximized. 

Fluid ampli?ers may be operated with or without feed 
back of energy from the outlet passages to the control 
passages regardless of the type of ampli?cation required 
by the system in which the units are operating. ,If feed 
back is employed the gain of the ampli?er is controlled 
by the standard equation 

where p3 is the output signal, [71 is the input signal, G is 
the gain of the ampli?er and B is the gain of the feed 
back path to the input of the system. In this equation, if 
the magnitude of the quantity 1~GB is greater than 1, 
negative feedback results. Fluid ampli?er systems utiliz 
ing negative feedback are covered by my co-pending appli 
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cation Ser. No. 30,691 ?led May 20, 1960, now US. 
Patent No. 3,024,805, Mar. 13, 1962. 

If, however, the magnitude vof the quantity 1-GB is 
less than 1, positive feedback results and two different 
types of systems may be devised. If the aforesaid quantity 
(l-GB) is equal to 0, the output signal becomes in?nite 
(see Equation 1 above) and the system oscillates. Fluid 
ampli?er oscillators are covered in c-o-pending patent ap 
plication Ser. No. 21,062 ?led Apr. 8, 1960 by Billy M. 
Horton and Romald E. B-owles, now Pat. No. 3,185,166, 
May 25, 1965. 
The third possible arrangement of ampli?ers employing 

feedback, and the arrangement with which the present 
invention is concerned, results when the parameters of 
the ampli?er are such that the magnitude of the quantity 
l-—GB of Equation 1 is less than 1 but greater than 0. 
In the conventional positive feedback ampli?er system, 
gain enhancement results; that is, the gain of the ampli 
?er is greater with positive feedback than it is without, 
but is not sufficiently great to send the system into oscilla 
tion. Feedback for gain enhancement may be of the 
broad band type in which the gain of the system is sub 
stantially the same for all frequency components of the 
input signal in the band. On the other hand, positive feed 
back may be at a single frequency or more correctly over 
only a narrow range of frequencies so that the ampli?er 
becomes, in effect, a tuned narrow-band ampli?er having 
a large gain at a speci?c frequency. Further, the feed 
back signal may be derived as a non-linear function of the 
jet de?ection, using specially s‘haped apertures, and a func 
tion generator may thus be produced. This principle could 
be used to provide a logarithmic or exponential ampli?er. 
Various other feedback systems may be employed and in 
a speci?c example a bootstrap integrator is provided. 
The positive feedback systems described above relate 

primarily to systems for amplifying time varying con 
tinuous signals. Another class of positive feedback systems 
relate to switching systems, such as, ?ip-?ops and mono 
stable multivibrators. When employed in such systems, 
the positive feedback ampli?er employing a basic unit of 
the ?rst type of ampli?er described above can be made 
to operate in the manner of a type three or a type four 
device. The positive feedback switching device employs 
D.C. feedback to insure that upon the application of a 
signal to a control nozzle, the power jet is de?ected com 
pletely from one output aperture to another and, in the 
case of the ?ip-?op, is held there until the next input 
signal. In the case of the monostable multivibrator, the 
power jet is de?ected from a ?rst to a second output aper 
ture and held in the latter position for a predetermined 
time after which it is returned to the ?rst aperture. 

In the various systems requiring timing or tuning, it is 
necessary to employ ?uid elements capable of storing 
?uid energy as either potential or kinetic energy. Potential 
energy is stored by a ?uid capacitance, which includes any 
element capable of storing ?uid potential energy. In gen 
eral, the energy stored in a ?uid capacitance increases'as 
a result of introduction of additional ?uid therein. Fluid 
capacitance may take one or more of the following forms: 
compression of the ?uid to a greater density, change of 
thermodynamic state of the ?uid, change of elevation of 
the ?uid, change of ?uid internal energy level, compres 
sion of a second ?uid separated from the ?rst ?uid by a 
?exible Wall, compression of a second ?uid in contact 
with the ?rst ?uid, deformation of elastic walls which 
restrain the ?uid, change of elevation of a weight sup 
ported by the ?uid, and compression of bubbles or drop 
lets of one ?uid entrained in another. Fluids in motion 
have a kinetic energy which represents a second form of 
stored energy. The method of storing energy in this form 
is to accelerate the ?uid to a higher speed, the energy 
being stored in the kinetic energy of translation of the 
?uid. Fluid devices for storing kinetic energy are referred 
to as inertances and such device may take the form of a 
pipe ?lled with a ?uid. 
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It is a broad object of the present invention to provide 
?uid ampli?cation systems employing positive feedback 
of signals in order to provide switching systems, high 
gain, linear or non-linear ampli?cation systems, and op 
erational ampli?ers. 

It is another object of the present invention to employ 
positive ?uid feedback in a ?uid ampli?cation system 
having no moving parts in order to provde ?uid ampli?~ 
cation systems capable of performing as switches, and 
high gain and operational ampli?ers. 

It is yet another object of the present invention to em 
ploy positive ?uid feedback in ?uid ampli?cation systems 
having no moving parts in order to provide ?uid ampli?ca 
tion systems capable of performing as a bi-stable switch 
ing element. 

It is still another object of the present invention to em 
ploy positive feedback in a pure ?uid ampli?er to pro 
vide a mono-stable switching element. 

Yet another object of the present invention is to employ 
positive feedback in a pure ?uid ampli?cation system to 
provide a high gain proportional ampli?er. 

It is another object of the present invention to employ 
positive ?uid feedback in a pure ?uid ampli?cation system 
to provide a high gain ampli?er for mass ?ow, power or 
pressure. 

Still another object of the present invention is to em 
ploy positive ?uid feedback at speci?c signal frequencies 
in a ?uid ampli?cation system in order to provide a 
narrow band high gain ampli?er. 

It is yet another object of the present invention to 
employ positive ?uid feedback in ?uid ampli?ers employ 
ing no moving parts so as to provide operational ampli? 
cation systems. 
Yet another object of the present invention is to em 

ploy positive ?uid feedback in ?uid ampli?cation systems 
employing no moving parts in order to provide a signal 
integrator. 
Another object of the present invention is to provide 

a ?uid-operated system which utilizes feedback principles 
to produce a de?nite switching effect. 

It is a further object of this invention to provide ?uid 
operated systems in accordance with the above objects 
which require no moving parts. 
The above and still further objects, features and ad 

vantages of the present invention will become apparent 
upon consideration of the following detailed de 
scription of various speci?c embodiments thereof, especi 
ally when taken in conjunction with the accompanying 
drawings,wherein: 1 
FIGURE 1 is a plan view of the ?uid-operated system 

in accordance with the principles of this invention. 
FIGURE 1A is an end view of the system shown in 

FIGURE 1 with means for applying ?uid to the system. 
FIGURE 1B is a partial sectional view taken through 

section lines 1B—1B in FIGURE 1. 
FIGURE 2 is a plan view of another embodiment of 

the system shown in FIGURE 1. 
FIGURE 2A is an end view of the embodiment of 

FIGURE 2 with means for applying ?uid to the system. 
FIGURE 3 and 3A show a stacking arrangement for a 

pair of ?uid-operated systems shown in FIGURES 2 
and 2A. 
FIGURES 4 and 4A schematically illustrate an ar 

rangement for utilizing the systems shown in FIGURES 
1 and 1A. 
FIGURE 5 shows another arangement for utilizing the 

system shown in FIGURES‘ 1 and 1A. 
FIGURE 6 schematically illustrates another arrange 

ment for utilizing the system shown in FIGURES 2 and 
2A. 
FIGURE 7 is a plan view of another ?uid-operated 

system which effects a switching action of the ?uid stream 
by utilizing feedback principles. 
FIGURE 7A is an end view of FIGURE 7 with means 

for applying ?uid to the system. 
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8 
FIGURE 8 is a front view of a monostable switching 

element. 1 

FIGURE 9 is a front view of a ?uid ampli?er employ 
ing positive feedback to provide a high ‘gain ampli?er. 
FIGURE 10 is a cross-sectional view taken along sec 

tion line 1tl——10 of FIGURE 9. 
FIGURE 11 is a front view of a tuned or band-pass 

?uid ampli?er. 
FIGURE 12 is a front view of a structure providing 

the fluid capacitances and inertance required in the ampli 
?er of FIGURE 11. 
FIGURE 13 is a physical structure employed to ex 

plain the operation of the apparatus of FIGURE 11 by 
analogy. 
FIGURE 14 is a front view of an ampli?cation system 

employed as integrator of ?uid signals. 
FIGURES 15 and 16 are views in elevation of ?uid 

ampli?cation systems which when combined provide a pre 
ferred form of ?uid integrator illustrated in FIGURE 14, 
and 
FIGURE 17 is a view in elevation and in partial cross 

section of an ampli?er 70 controlling the opening and 
closing of contacts of an electric switch. 
The ?uid~operated system 10 of this invention con 

sists basically of a power nozzle through which a ?uid, 
for example, compressed air from a suitable source, 
passes; a control nozzle through which ?uid under pres 
sure can ?ow and impinge upon the fluid issuing from the 
power nozzle; and two or more apertures for receiving 
the ?uid from the power nozzle. The apertures, power 
nozzle and control nozzle are positioned such that when 
the ?uid from the control nozzle impinges upon the ?uid 
issuing from the power nozzle, the apertures will receive 
varying amounts or proportions of ?uid depending upon 
the quantity and velocity of the ?uid issuing from the 
control nozzle. Suitable ‘means are connected to the aper 
tures and the functioning of these means is based upon 
variations in proportions of ?uid ?ow into the apertures. 
FIGURES l and 1A illustrate one embodiment of the 

?uid-operated system of this invention. The ?uid operated 
system referred to by numeral 10 is formed by three ?at 
plates 11, 12, and 13 respectively. Plate 13 is positioned 
between plates 11 and 12 and is tightly sealed between 
these two plates by machine screws 14. Plates 11, 12 and 
13 may be composed of any metallic, plastic, ceramic or 
other suitable material. For purposes of illustration, plates 
11, 12 and 13 are shown composed of a clear plastic mate 
rial. 
The substantially Y-shaped con?guration cut from plate 

13 provides a ?uid supply nozzle 15, a control nozzle 
16, and apertures 17 and 18. Nozzle 15 and nozzle 16 
are adjacent to each other and are at substantially right 
angles. =Nozzles 15 and 16 form constricted ori?ces or 
throats 15a and 16a, respectively, for issuing ?uid. The 
exact shape of the throatsis not critical as long as they 
form a jet of ?uid issuing from the nozzles. The input 
ends 15b and 16b of nozzles 15 and 16 communicate with 
bores 20 and 21, respectively, formed in plate 12. The out 
put ends of 17b and 18b of apertures .17 and 18, respec 
tively, communicate with bores 22 and 23, respectively, 
in plate 12. Ori?ces 17a and 18a form openings for aper 
tures 17 and 18, respectively, and are symmetrically 
spaced relative to nozzle 15. Both ori?ces 17a and 18a 
have identical cross-sectional areas in this embodiment. 

Bores 20, 21, 22 and 23 are internally threaded so 
that tubes 25, 26, 27 and 28 which are externally threaded 
can be tightly held in their respective bores. The end of 
tube 25 extending from plate 12 is attached to a source 
of ?uid under pressure. This source is designated by nu 
meral v31. The ?uid under pressure can be air or other 
gas, or water or other liquid. Gas such as air, with or with 
out solid or liquid particles, has been found to work very 
satisfactorily in system 10. Also the liquid may have solid 
particles or :gas bubbles therein. A ?uid-regulating valve 
62 may also be used in conjunction with source 31 to in 
sure continuous ?ow of ?uid at a constant pressure. Com 
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binations of liquid and gas may also be used. Such ?uid 
regulating valves are, of course, conventional. 

Since the ?uid stream ?owing from nozzle 15 is reduced 
in cross-sectional area by the nozzle throat 15a, the 
velocity of the ?uid increases. Relatively small ?uid pres 
sures applied to nozzle 16 causes a jet to form which im 
pinges at right angles to the jet exiting from nozzle 15. 
This impingement will cause considerable displacement of 
the jet stream from the latter nozzle as it passes nozzle 
throat 16a and the principle can be termed “momentum 
exchange,” since the control jet from nozzle 16 imparts 
momentum to the jet from nozzle 15. When nozzle 16 does 
not apply ?uid pressure against the jet issuing from nozzle 
15, ori?ces 17a and 18a will receive equal proportions or 
quantities of ?uid. Thus the proportions of ?uid ?ow from 
tubes 27 and 28 will be equal and constant. A relatively 
small ?uid pressure applied to the stream issuing from 
nozzle 15 by the jet from nozzle 16 will cause aperture 18 
to receive a much larger proportion or quantity of ?uid. 
This is Ibecause the jet from nozzle 15 can be substantially 
deviated as it passes nozzle throat 16a. 

This momentum exchange principle is utilized by the 
present invention so that system 10‘ is capable of perform 
ing the functions of multiplication and ampli?cation. It 
can be seen that small variations in ?uid pressure applied 
to nozzle 16 cause large variations in ?uid pressure in 
tubes 27 and 28. Thus the system 10‘ is capable of amplify 
ing small pressure variations in tube 26. 
One illustration of how the system 10 can be used to 

regulate the air speed of a plane is illustrated in FIGURE 
4. Airplane 34 has the usual gasoline engine 35 for 
driving propeller 38. Engine 35 has a carburetor 37 at 
tached which feeds air and gasoline into the engine. Pitot 
tube 36 is connected to nozzle 16 while nozzle 15 is con 
nected to an airscoop 39. Tube 27 is connected to the 
carburetor 37 while tube 28 exhausts through the trailing 
edge of wing 40‘. While only one system 10 and associated 
tubes are shown in airplane 34, it will be evident that the 
number of systems used will depend upon the number 
of carburetors 37. 
When the airspeed of airplane 34 increases, pitot tube 

36 senses an increase in air pressure which causes the 
jet from nozzle 16 to de?ect the air forced into nozzle 
15 'by airscoop 39 so that a larger proportion of air is 
de?ected into tube 28. Less air will thus be fed into 
carburetor 37 automatically reducing the speed of airplane 
34. A decrease in air speed of airplane 34 will cause less 
de?ection of the air stream from nozzle 15 so that more 
air is fed into carburetor 37, thereby increasing the speed 
of engine 35 and airplane 34. The effect is thus to maintain 
essentialy constant air speed. 

Another illustration of a system which will utilize 
the amplifying feature of system 10' is shown in FIGURE 
5. In this ?gure exponentially curved horn 29 is attached 
to tube 26. Source 31 provides a constant, continuous 
source of air to nozzle 15. Anyone speaking into the en 
larged end of this horn will cause pressure pulsation to 
occur in tube 26. These pulsations will be ampli?ed by 
system 10. The ampli?ed pulsations pass through tubes 
27 and 28 and into horns 37 and 38 respectively. Ampli 
?ed voice issues from horns 37 and 38. 
FIGURES 2 and 2A illustrate a modi?cation of the 

?uid-operated system shown by FIGURES 1 and 1A. This 
modi?cation is designated by numeral 10a. In system 10a 
a second control nozzle 46 is positioned opposite the 
control nozzle 16. Throats 16a and 46a are substantially 
of the same size and shape. Input end 46b of nozzle 46 
communicates with tube 47 threadedly ?xed in bore 48. 
Numeral 50, like numeral 33, represents any means which 
would cause a ?uctuating ?uid pressure. Fluid-regulating 
valve 62 insures that the system 10a receives constant 
quantities of ?uid. 

Since throats 16a and 46a are in opposed relationship, 
variation in ?uid pressure in either nozzle will cause 
ampli?ed movement of the jet issuing from nozzle 15 in 
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accordance with the “momentum exchange” principle. If 
both nozzles 16 and 46 simultaneously receive ?uid pres 
sure, the resultant movement of the jet from nozzle 15 
will depend upon the difference between the magnitude 
of the two opposing ?uid streams from nozzles 16 and 
46. Also, should one control nozzle ‘be under a vacuum, 
the resultant elfect upon the jet from power nozzle 15 will 
be the difference between the two pressures. Thus, it can 
be seen that the resultant ?uid pressure difference causes 
movement of the stream from nozzle 15. 
The above-described feature which ampli?es the 

difference of two pressures from any two sources is utilized 
as shown in FIGURE 6 as a yaw control for a jet air 
plane. FIGURE 6 shows jet airplane 54 the tail end of 
which is beginning to yaw or sideslip in the direction of 
arrow S so that the oncoming air approaches the airplane 
in the direction of arrow W. Tubes 26 and 47 extend from 
ports 55 and 56, respectively, adjacent the nose of the 
plane, as shown. Movement of plane 54 through the air 
produces air pressure in tubes 26 and 47. Tube 25 com 
municates with jet chamber 57 so that nozzle 15 will issue 
a continuous stream of gas under pressure. Wind pressure 
acting in the direction of arrow W will cause an increase 
in air pressure in tube 26 with the result that the pressure 
in tube 26 is greater than the pressure in tube 47 . Nozzle 
16 will thereupon issue a jet at higher pressure than that 
jet issuing from nozzle 46. As a result, the ?uid from 
nozzle 15 will be moved a larger proportional amount into 
aperture 18. The greater air pressure issuing from tube 27 
will cause a greater reactive force than that produced by 
tube 28 causing jet airplane ~54 to turn about its center 
of gravity in the direction of arrowR thereby aligning 
airplane 54 so that it heads directly into the wind. 
FIGURES 3 and 3A illustrate another embodiment of 

the present invention wherein like numerals refer to like 
parts in FIGURES 2 and 2A. In these ?gures, two 
identical ?uid-operated systems 10a shown in FIGURES 
2 and 2A are stacked on top of one another so that 
differential air pressures in tubes 27 and 28 can be 
ampli?ed again. 

This can be easily effected by merely connecting tubes 
27 and 28 by means of suitable sleeves 61 to control 
nozzles 16' and 46'. Source 31’ is identical to source 
31 so that the power nozzle 15’ can receive continuous 
air pressure. Air introduced into nozzles 16' and 46' will 
be ampli?ed again and will issue from tubes 27' and 28’, 
respectively. The ampli?ed variations in air pressure in 
tubes 27’ and 28' can be utilized to move expansible bel 
lows, diaphragms, pistons or other ?uid responsive mech 
anisms, as will be evident to those skilled in the art. If 
so desired, further ampli?cation can be effected by adding 
additional systems to the stacking arrangement shown in 
FIGURE 3. 
The ?uid-operated system 10a described above gradual 

ly moves the air stream from one aperture to another upon 
the application of air from the control nozzles. Fluid 
operated system 70 shown in FIGURES 7 and 7A effects 
a de?nite switching movement of the ?uid so that either 
substantially all the ?uid enters one aperture, or substan 
tially all the ?uid enters the other aperture. Also, since 
system 70 utilizes a feedback principle, the sensitivity of 
the system 70 to ?uid issuing from nozzles 16 and 46 is 
considerably greater than the sensitivity of system 10a. 

Fluid-operated system 70 comprises ?uid-operated sys 
tem 10a which is modi?ed by adding two substantially 
semi-circular feedback channels or tubes 71 and 72. These 
channels are cut from plate 13. Input ends 71a and 72a of 
channels 71 and 72 communicate with apertures 17 and 18, 
respectively, as shown. Channels 71 and 72 form a con 
tinuous channel for air passing from apertures 17 and 18 
into feedback nozzles 71b and 72b, respectively. In the 
embodiment shown, opposed nozzles 71b and 72b are 
identical in size to nozzles 16 and ‘46 and are positioned be 
tween nozzles 16 and 46 and nozzle 15. Throats 73 and 74 
are formed at the ends of nozzles 71b and 72b, respec 



3,425,430 
1 l 

tively. Bores 72c and 72d in plate 12 are connected by tube 
74 (FIGURE 7A), so that feedback channel 72 does not 
intersect feedback channel 71. Jets of ?uid issuing from 
nozzles 71b and 72b will impinge at substantially right 
angles against the ?uid jet issuing from power nozzle 15. 

Since channels 71 and 72 feed back proportional quan 
tities of ?uid received by apertures 17 and 18, respectively, 
when one control nozzle 16 or 46 receives a greater quan 
tity of ?uid than the other, its associated feedback channel 
72 or “71, respectively, will initially bias or de?ect the jet 
as it passes from nozzle 15. Only relatively small quantities 
of ?uid from that control nozzle, 16 or 46 are then re 
quired to keep substantially all of the ?uid ?owing into 
channel 72 or 71, respectively. Thus all or substantially all, 
of the ?uid will be passing either through tube 27 or 
tube 28. 
As a result of feedback channels 71 and 72 initially 

biasing the air stream in the same direction as that control 
jet which issues the greatest quantity of ?uid, a de?nite 
switching action occurs in apertures 17 and 18 and in tubes 
27 and 28. Fluid-operated system 70 is sensitive to small 
variations in .air pressure in control nozzles 16 and 46, and 
because of the de?nite de?ection of substantially all the 
?uid from one aperture to another the operation of system 
70 can be analogized to the operation of a conventional 
bistable electronic switch. 

If feedback channels 71 and 72 are sufficiently large, 
the ?uid issuing from nozzle "71b or 72b will be suf?cient 
to maintain substantially all of the ?ow from nozzle 15 
into either aperture 17 or 18, respectively, even though 
thev ?uid ?ow from nozzles 46 or 16, respectively, is 
stopped. Thus the system stays “locked” into one aperture 
?ow. 
The system 70 shown in FIGURES 7 and 7A can be 

used asrsystem 10a shown in FIGURES 2 and 2A. For 
example, the system 70 can be used to compensate for yaw 
of a plane by replacing system 10a in FIGURE 6 with sys 
tem 70. Other possible applications, as for example, ?ip 
ping a switch will be apparent to those skilled in the art. 
The amplifying elements of FIGURES 1 through 7A of 

the accompanying drawings are all of the ?rst type of ele 
ment described in the introduction to the speci?cation; 
that is, the elements are proportional amplifying devices 
in which the ?uid issuing from the power nozzle is cen 
trally located in the receiving chamber and divides equally 
between two output nozzles in the absence of an input sig 
nal. However, it is seen that by employing the positive 
feedback of the circuit of FIGURE 7 it is possible to estab 
lish a ?ip-?op action which is essentially the same as the 
?ip-?op action achievable with the third and fourth type 
of amplifying elements described in the introduction; that 
is, the positive lock-on and positive lock-on with memory 
elements. 

In the ?eld of switching, the bistable ?ip-?op of the type 
illustrated in FIGURE 7 represents only one speci?c type 
of switch of several types which may be provided by the 
present invention. A second example of a positive feedback 
switch is illustrated in FIGURE 8 of the accompanying 
drawings. 

Referring now speci?cally to FIGURE 8 of the accom 
panying drawings, there is illustrated a monostable multi 
vibrator comprising an input or main power nozzle 80 
directing a power ?uid jet directly at an output channel 
81 axially aligned with the nozzle 80. A ?rst control jet 83 
is connected via an aperture 94 with the source of pressure 
pulses. A second control jet 84 is provided on an opposite 
side of the main power jet from the control nozzle 82 and 
is intended to return the system to its quiescent condition 
when supplied with a ?uid pulse. The apparatus is pro 
vided with a second outlet passage 86 which is adapted 
to supply ?uid to a utilization or load device. A positive 
feedback path 87 is connected bet-ween the output passage 
86 and control nozzle 82. A ?uid resistor 96 which may be 
a porous plug, is connected at the junction of the passages 
86 and 87 so as to limit the amount of ?uid fed back 
through the passage 87. The passage 86 is also intersected 
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12 
by a passage 89 connected via a plurality of alternate 
chambers 91, acting as ?uid capacitors, and lengths of 
straight passages 92, acting as inertances, to the control 
nozzle 84. The elements 89,91 and 92 constitute a negative 
feedback path 93 having a time delay determined by the 
size and number of elements 91 and 92. 

In operation it is assumed that initially a positive pres 
sure pulse is applied through passage 94 to the control 
nozzle 83 and the main power stream is de?ected into 
the output pasage ‘86. A predetermined portion of the 
energy of the stream is fed \back via the feedback path 87 
to the ori?ce 82 and the stream is ‘maintained directed 
to the output passage 86 even after termination of the 
input pressure pulse. However, a pressure pulse is also 
developed in the feedback path 93 and after an interval 
determined by the value of ?uid capacitors 91 and ?uid 
inertance 92 the pulse appears at the control nozzle 84. 
By appropriately designing the feedback path 93 to have 
a relatively small attenuation, the pressure appearing at 
the nozzle 84 is su?‘iciently greater than the feedback 
pressure developed in the feedback path 87, this presure 
being reduced by the resistor 96, to de?ect the main stream 
issuing from the nozzle ‘80 to the output passage 81 and 
the unstable state is terminated. The stream continues to 
?ow to the passage 81 until another pressure pulse arrives 
via the passage 94 to nozzle '83 at which time the stream 
is again ‘de?ected to the passage 86 and again remains 
de?ected to this path for the time interval required for 
a pressure pulse to proceed through the feedback path 
or delay line 93 to the control nozzle ‘84. ‘In the apparatus 
of FIGURE 8, the preferential state, that is, the state in 
which the ?uid stream enters the passage 81 is determined 
by aligning the passage 81 with the nozzle 80. Lobe 95 
is connected to ori?ce 90 which is connected to the atmos 
phere or to a source of pressure P--, which is lower than 
the pressure supplied to power nozzle 80 through ori?ce 
88. Control of pressure P- may also be used as a means 
of biasing the ?ow pattern of the power stream so that 
initially substantially all of the power stream ?ows out 
through passage 81. Other techniques may be employed 
to effect this preference, and speci?cally a pressure leak 
between the ‘supply to the nozzle 80 and the control 
nozzle 84 may be employed so that a small bias pressure 
is always available at the nozzle 84. In this latter case, 
the more conventional symmetrical or Y con?guration, 
as illustrated in‘F-IGURE 7 may be employed. Boundary 
layer lock on may also be used to bias the power stream 
to ?ow initially along the left wall of the interacting 
chamber. 
The lower side of lo'be 95, is viewed in FIGURE 8 

of the accompanying drawings, diverges sharply from the 
center line of the power stream issuing from nozzle 80. 
This sharp divergence prevents boundary layer effects of 
the right wall from in?uencing the flow of the power 
stream. 
The positive ‘feedback con?gurations illustrated in FIG 

URES 7 and 8 relate only to switching actions. 'As pre 
viously indicated a large ?eld of application exists for ?uid 
ampli?er systems employing positive feedback in propor 
tional ampli?er systems as opposed to stable state systems. 
Referring speci?cally to FIGURE 9 of the accompanying 
drawings, there is illustrated a positive feedback ampli?er 
which enhances the gain of the amplifying system by a 
predetermined amount which depends upon the resistance 
of the feedback path. Speci?cally, there is provided a main 
power nozzle 101, a ?rst control nozzle 102 and a second 
control nozzle 103. A stream from the nozzle 1101 issues 
into a chamber 104 de?ned by side wall 106 on the left 
and 107 on the right. It will be noted that the ratio of the 
distance between the walls 106 and 107 with respect to 
the width of the nozzle 101 is such that the positive 
lock-on would normally result, except for the fact that 
the angle of divergence of the walls 106 ‘and ‘107 in the 
immediate region of the nozzle 101 is so great that lock-on 
cannot be effected. 
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In this case lock on of the power stream to one of 
the side walls is prevented by a combination of set back 
of the side walls at the lower portion of the chamber 
and the angle of divergence of the side walls with respect 
to the center line of the power stream. The angle of diverg 
ence can be less in this case than if the set 'back of the 
side walls were less. 
The wall 106 forms the lower portion of a lobe-shaped 

passage 108 there being a corresponding pas‘age ‘109 on 
the right side of the ori?ce '101 which is partially de?ned 
by the wall 107. The lobe-shaped passages 108 and 
109 are provided with outlet ori?ces 111 and 1112 respec 
tively which may be vented to the atmosphere or a suitable 
source of pressure P- for purposes to 'be de?ned sub 
sequently. The apparatus is also provided with outlet 

> passages 114 and 116, the interior walls of which are 
de?ned by the divider 113 and the exterior walls of 
which extend into contact with the upper walls of the 
lobes 108 and 109 respectively. The outlet passage I1-16 
has positioned therein a U-shaped catcher structure 110 
which samples a portion of the ?uid directed to the outlet 
ori?ce 114 and communicates via pasage 118 with the 
?rst feedback nozzle 127. The feedback passage 118 is 
provided with a porous plug 128 constituting a ?uid resist 
ance so as to reduce the amount of feedback obtainable 
with the system. The outlet passage 114 is also provided 
with a U-shaped ?uid catcher .123 which communicates 
with a second feedback passage 124 to a second feed-back 
nozzle 121. FIGURE 10 is a cross sectional view along 
the line 10-10 of ‘FIGURE 9. FIGURE 10 shows the 
can?guration of the feedback passage of the feedback 
ampli?er shown in FIGURE 9. lPassage 124 is also pro 
vided with a ?uid resistor or porous plug 129, also to limit 
the amount of feedback pressure. 

lIn operation, ?uid from the nozzle 101 is normally 
directed at the apex of the divider 1-13 and divides equally 
between the passages 114 and 116. Substantially equal 
portions of this ?uid are captured by the catchers 1'17 
and ‘123 so that equal proportions of the ?uid are fed 
back to the feedback nozzles 127 and 121 so that the 
system is stabilized in its intermediate position. Upon the 
application of an input signal, which in the apparatus of 
FIGURE 9 should 'be a push pull signal, the ?uid stream 
is diverted from its central position so that a greater pro 
portion of the ?uid enters one of the output channels, 
for instance, the channel ‘116. ‘Consequently, the catcher 
117 intercepts a greater proportion of ?uid than the 
catcher v123 associated with the pass-age 1‘14 and a larger 
feedback signal is developed in the feedback passage 118 
than in the feedback passage 124. This results in an even 
greater proportion of the stream being directed to the 
channel ‘114 thereby increasing the gain of the system. 
The function of such a ‘system is governed by Equation '1. 
So long as the magnitude of the quantity l-GB is less 
than 1 but greater than 0, the system does not become 
unstable and switch the ?ow completely to one output 
aperture as opposed to the other. However, the amount 
of ?uid directed to the one output aperture is greater than 
would be thus directed in the absence of a feedback signal 
and therefore the gain of the system is greater than without 
feedback. 
The lobes 108 and 109 are employed only in those 

instances when it is desired to produce a pressure gain or 
a power gain, and are not employed when a mass ?ow 
gain is desired. As previously indicated, if mass ?ow 
gain is desired, then all of the ?uid issuing from the jet 
101 is directed to the output passages and there is there 
fore no residual moving ?uid that does not appear in the 
output passages. In the case of pressure gain, the output 
passages 1-14 and 116 are quite narrow and sample only 
a small portion of the total ?uid available in the stream. 
If power gain is desired, the passages 114 and 116 are 
wider than if a pressure gain is desired. 7 
The ampli?er of FIGURE 9 is a wide band ampli?er in 
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14 
that all frequencies are ampli?ed equally within the range 
of operation of the system. 

Referring now speci?cally to FIGURE 11 of the ac 
companing drawings, there is illustrated an ampli?er 
which may be employed to amplify a single frequency 
rather than a broad range of frequencies. This system em 
ploys a single ended input. The feedback signal is supplied 
to a single feedback nozzle which is located on the side of 
the power nozzle opposite to the side on which the input 
control nozzle is located. Speci?cally, the ampli?er is 
provided with a power nozzle 130 for providing a power 
stream directed at an apex 131 of a divider 132. The lower 
sides of lobes 153 and 154 ‘diverge sharply from the 
centerline of the power stream so as to prevent lock on 
of the stream which would otherwise occur. The ap 
paratus is provided with a ?rst outlet passage 134 and a 
second outlet passage 136. The outlet passage 136 is 
connected to a tuned feedback path which supplies a 
?uid feedback signal to nozzle 133. A porous plug ?uid 
resistor 139 is positioned in passage 137 so as to limit 
the amount of the signal fed back to the control nozzle 
133. The passage 137 communicates with a ?uid capaci 
tance 14-1 which is connected via a ?uid inertance 142 to 
a second ?uid capacitance 143 connected to the control 
nozzle 133. Input signals to the control nozzle 151 are 
supplied through an ori?ce 152 connected to a suitable 
source of ?uid signals. The feedback network is tuned to 
a speci?c frequency and therefore the system has maxi 
mum gain at a speci?c frequency. 

In order to explain the operation of the system and 
more speci?cally the design considerations relating to the 
feedback network, reference is made to FIGURE 12 of 
the accompanying drawings. Passages 137’, 142' and 133' 
of FIGURE 12 constitute ?uid inertances corresponding 
to the ?uid inertances of passages 137, 142 and nozzle 
133 respectively of FIGURE 11. Chambers 141' and 143' 
of FIGURE 12 constitute ?uid capacitors corresponding 
to r?uid capacitors 141 and 143 respectively of FIGURE 
11. The functioning of the physical arrangement shown in 
FIGURE 12 is as follows: The inertance 137' will tend to 
resonate with a ?uid capacitor at some particular fre 
quency. A portion of ?uid capacitor 141’ serves to res 
onate with ?uid inertance 137' at that frequency. 
Similarly, a portion of ?uid capacitor 143' can be made 
to resonate with ?ui-d inertance 133’ at that same fre 
quency 1‘. Thus, considering the input to the physical 
arrangement of FIGURE 12 through passage 137' and 
the output through passage 133' the network can be made 
to resonate at some frequency f. The combination of ?uid 
inertance 142' with the remaining portions of capacitor 
'141’ and 143’ serve as a matching network also tuned to 
this same frequency 1‘. Such a matching network can be 
used to provide a matching of impedances between the 
input and the output resonate ?ow structures. Fluid 
inertance 137' includes the inertance of the ?uid in 
passage 137 of FIGURE 11 plus additional inertance 
caused by the mass of ?uid in passages 136 and 149. 
Fluid inertance 133’ is a ?uid inertance corresponding to 
the effective inertance of the ?uid in nozzle 133 of 
FIGURE 11. The ?uid capacitors required to resonate 
at some particular frequency with ?uid inertance 137' 
can be combined with the ?uid capacitors necessary to 
accomplish the impedance matching between the input 
to FIGURE 12 and the output. Hence, a single ?uid 
capacitor 141’ is used to accomplish these two functions. 
The total ?uid capacitors of ?uid capacitor 141’ is equal 
to the sum of these two capacitors. Similarly, ?uid capaci 
tor 143' can serve both to resonate with the output 
inertance 133' and to match the output impedance level 
of FIGURE 12 to the input impedance level. 

Referring now to FIGURE 13, a mechanical resonant 
system similar to the resonant ?uid arrangement shown 
in FIGURE 12 is provided by masses 137", 142" and 
133" and springs 141" and 143". This mechanical ar 
rangement of masses and springs can by appropriate 
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choice of mass and spring constants be made to resonate 
at any desired frequency. Mass 137" represents ?uid 
inertance 137’ and mass 133" corresponds to ?uid 
inertance 133” of FIGURE 12. Springs 1141'’ and 143" 
of FIGURE 13 corresponds to ?uid capacitors 141' and 
143' of FIGURE 12. 
The speci?c frequency to which the apparatus shown in 

FIGURE 12 is tuned is a function of the physical dimen 
sions of the elements 141’, 142' and ‘143i’ and therefore, 
by properly choosing these elements one may tune the 
ampli?er shown in FIGURE 11 to pass a speci?c fre 
quency or more correctly a speci?c narrow band of 
frequencies while rejecting all other frequencies applied 
to the input of the system through ori?ce 152. 

In operation of the system of FIGURE 1.1, an input 
signal applied via the ori?ce 152 to control nozzle 151 
produces alternating de?ections of the main or power 
stream issuing from the nozzle 130. This alternating de 
?ection produces pressure ?uctuation in outlet passages 
134 and 136. A portion of this signal is fed back via 
the feedback path and only those signals having a fre 
quency within the pass band of the feedback path produce 
positive feedback; that is, reinforce the de?ection of the 
power stream from power nozzle 130. All other signals 
are fed back by the feedback path either with such a small 
magnitude that they have little effect on the path of the 
power stream, or they arrive at nozzle 133 with such a 
phase angle that they actually diminish the de?ection of 
the power stream by nozzle 151. 
The ampli?ers thus far described have related speci?cal 

ly to ampli?cation functions but the apparatus may be 
employed as a computational or operational element and 
in one embodiment of the present invention it is employed 
in an integration circuit. The integrating circuit which is 
illustrated in FIGURE 14 of the accompanying drawings 
is a push-pull circuit having a ?rst signal input ori?ce 170 
and a second signal input ori?ce 171. The ori?ce 170 is 
connected via a channel 169 having a ?uid resistor 172 
connected therein to a ?uid capacitor ‘176 which is in 
turn connected to ?rst control nozzle 173 of a ?uid am 
pli?er generally designated by the reference numeral 
174. The ?uid resistor 172 and capacitor 176 connected 
in series constitute an integration network the output of 
which is, developed at the control noz-zle 173‘. The integra 
tion circuit is symmetrical to provide push-pull output 
signals and therefore on the right side. of a main power 
nozzle 177 there is provided a ?uid passage l178 connected 
between ?uid input nozzle 171 and a second ?uid capacitor 
181. Capacitor 181 is connected to a second control noz 
zle 179 of the ampli?er 174. Between the nozzle 171 and 
the capacitor 181 is a ?uid resistance 182. The resistor 
1-82 and capacitor 181 constitutes an integrating circuit, 
the output of which is connected to the control nozzle 
179. Fluid is supplied to the power nozzle 1177 via ori?ce 
223 and passage 226 and the ?uid issuing from the nozzle 
177 is normally directed at a divider 183 having output 
channels 184 and 187 disposed to the left and right there 
of respectively. Interposed between the control nozzle 
173 and the output channel 184 is a lobe 1-86 serving the 
same purpose as the lobe 109 in FIGURE 9 of the accom 
panying drawings; that is, the portion of the ?uid stream 
not captured by the output channel 184 is disposed of to 
the atmosphere or to a source of pressure P-, ‘which is 
lower than pressure p+, through an ori?ce 188 communi 
cating with the lobe 1x86. Utilization of the lobe 186 per 
mits the divider '183 to be set back a considerable distance 
from the nozzle 177 without “lock-on,” referred to earlier, 
resulting. Disposed between the control nozzle 179 and 
output channel 187 is another lobe 189 communicating 
through a passage 191 with the atmosphere or other pres 
sure source P- to which the excess ?uid may be dis 
charged. 
The apparatus of FIGURE 14 comprises a second am 

plifying element 192 which receives the output signal 
from amplifying element 174 and returns a portion of 
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its output to ?uid capacitors 176 and 181. The ampli?er 
192 includes a power nozzle 193 and a pair of control 
nozzles 194 and 196. The control nozzles‘ 194' and 196 
communicate ‘with the outlet passages 184 and 187 of the 
ampli?er 174, respectively, via passages 197 and 198. 
The ampli?er 192 is provided with lobes 199 and 201 
which communicate with the channels 213 and 214 which 
are connected to the atmosphere or to a source of pressure 
P~. The ampli?er 192 is provided with a divider 202, a 
?rst output passage 203 and a second output passage 204. 
Output passage 203 of the amplifying element 192 supplies 
?uid to feedback passage 216 and integrator output'pas 
sage 218. Divider 221 insures that the total pressure, in 
cluding dynamic pressure plus static pressure, is fed to 
passages 216 and 218. Similarly output passage 204 of 
the amplifying element 192 supplies ?uid to feedback pas 
sage 217 and integrator output passage 219. Divider 2'22 
insures that total pressure, including dynamic pressure 
plus static pressure, is fed to passages 217 and 219. Fluid 
in passage v216 ?ows through ?uid resistor 207 into ?uid 
capacitor 176. Similarly ?uid in passage 217 ?ows through 
?uid resistor 208 into capacitor 181. 

It is apparent from the arrangement of the two ampli 
tiers that push-pull output signals developed by the ampli 
?er 174 are fed in push-pull relation to the input chan 
nels of the ampli?er 192. Further the output signals de 
veloped by the ampli?er 192 after passing through ap 
propriate ?uid resistors are applied in push-pull to the 
input ori?ces 173 and 179 of the ampli?er 174. 

In analyzing the operation of the ?uid integrator shown 
in FIGURE 14 the following postulates will be assumed: 
(I) The total ?uid ?owing to a junction must be zero. 
This is exactly true for an incompressible ?uid contained 
in passages which have rigid walls. It is approximately 
true‘ for compressible ?uids if the volume of the junction 
is small in relation to the volume of adjacent parts of the 
system, or if only steady state or slowly varying ?uctua 
tions are considered. This postulate is a consequence of 
the continuity equation of ?uid mechanics. (2) The vol 
ume current of ?uid through a ?uid resistor depends only 
upon the difference in pressure at its two ends and the re 
sistance of the ?uid resistor. Compressibility effects or 
expansion of the side walls of the passage in which the. 
resistor is located can cause thereby a ?uid capacitance 
in addition to the ?uid resistance. But if the volume of 
the resistor is small in relation to the volume of adjacent 
parts of the system, the effect of this capacitance can be 
made small. The mass of the ?uid in a ?uid resistor causes 
it to have, in addition to its resistance, an inertance; but, 
again, if the mass of ?uid in the ?uid resistor can be kept 
small and if in addition the ?uid resistor is broad so that 
the local velocity of the ?uid is kept small, then the total 
kinetic energy stored in the resistor can be made small 
and the ?uid resistor will have low inertance. Thus, the 
inertance will be negligible for steady ?ow or slowly vary 
ing ?ow conditions. When the above conditions are met, 
a ?uid resistor will have an instantaneous ?ow rate which 
is substantially equal to the difference in pressure across 
its ends divided by the ?uid resistance. (3) The volume 
current of a varying ?uid current into a ?uid capacitor 
is directly proportional to the variation of pressure in that 
capacitor and inversely proportional to the reactance of 
the ?uid capacitor, where that reactance depends upon the 
?uid capacitance C and the frequency of the ?uctuating 
pressure. The generalized expression for the reactance of 
a ?uid capacitor is given by Equation 2 

Xc=1/sC (2) 

where s is the generalized frequency used in Laplace 
transform analysis as described in “Transients in Linear 
Systems” by Gardiner and Barnes, vol. I. If the signal 
being considered is a pure sinusoidal signal, then s has 
the value j21rf. In this case, the ?uid reactance of the 
capacitor is . 
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Utilizing the above postulates and terminology, we are 
now about to analyze the operation of the ?uid integrator 
shown in FIGURE 14. We ?rst consider the ?uid ?ow in 
the left side of the integrator. Let p1 represent the input 
pressure supplied through ori?ce 170 and passage 1169 to 
?uid resistor 172. and let ?uid resistor 172 have the value 
R1. Let p2 represent the pressure in ?uid capacitor 176. 
Let the value of the capacitance of ?uid capacitor 176 
be represented by C. Let 123 be the pressure in passage 216. 
Let ?uid resistor 207 have the value R2. Let the ?uid 
resistance of nozzle 173 be represented by Rn. Let the 
pressure in the region into‘ which nozzle 173 discharges 
be represented by p4, where p4 is essentially the chamber 
pressure in the vicinity of nozzle 177 of amplifying ele 
ment 174. 

Considering only the left half of the ?uid integrator, 
we have 

(4) 
Similarly, let p1’ represent the ?uid pressure supplied 
through ori?ce 171 and passage 178 to ?uid resistor R1’. 
Let p2’ represent the ?uid pressure in capacitor 181. 
Let the value of ?uid capacitor 181 be C. Let the pres 
sure in passage 217 ‘be represented by p;,’. Let ?uid resistor 
208 have the value R2. Let the ?uid resistance of nozzle 
179 have the value Rn. Then for the right half of the 
?uid integrator, we have 

We now de?ne pressure differences between correspond 
ing points in the left and the right halves of ?uid integrator 
of FIGURE 14 as follows: 

AP1=P1—P1' (7) 
AP2=P2""P2' (8) 
APa=Ps~P3' (9) 

Using these de?nitions, we have 

_A_?!_% %__A_il2_ __A7L2__ 
R, R2 R2 R2 “280 12,50 (10) 

Now let 
AP3=GAp2 (11) 

Or 

_é£8 
APP G (12) 

Substituting expression (12) into expression (10) yields 

?a_%+%_%_AwC_ 4103:‘) R1 R10 R2 RZG G RnG (13) 
Or 

A171 _ ;__l _l_ £2’ 1 ‘171-Am (131G R2+R2G+ G +RuG) (14) 
Solving for the ratio of output pressure difference for the 
entire integrator Apa divided by the input pressure dilfer 
ence Apl gives 
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18 
Now if 

R1 Rl___ 
1——l?2(G—1)+Fn-0 (17) 

Or 

_ at in G‘IJFRI' Rt“) (18) 
Then the ?uid integrator has an overall gain given by 

Ap3/Ap1=G/sCR1 (19) 
This ?nal expression (19) shows that if the gain of ?uid 
ampli?er elements 174 and 192 in cascade have a gain 
satisfying expression (18) then the over all integrator will 
operate as an ideal ?uid integrator. Equation 18 can be 
satis?ed by adjusting the pressure supplied to nozzles 177 
and 193 through ori?ces 223 and 224 respectively. 
The ?uid integrator shown in FIGURES 15 and 16 is 

substantially equivalent to the integrator of FIGURE 14, 
except that ?uid amplifying element 192 has been, in 
effect, folded behind ?uid amplifying element 174. The 
reference numerals in FIGURE 14 are also employed in 
FIGURES 15 and 16. The con?guration of FIGURES l5 
and 16 has the advantage that passages 216 and 217 can 
be made appreciably shorter than corresponding passages 
in FIGURE 14. In addition the ori?ces 188 and 191 of 
FIGURE 14 can be connected to ori?ces 213 and 214 of 
FIGURE 14 respectively. These are replaced in FIGURES 
15 and 16 with ori?ces 188’ and 191' respectively. Except 
for these changes, the structures are the same and the ex 
planation previously given to describe the operation of 
?uid integrator 14 can now be applied to describe the 
operation of the ?uid integrator 174’ shown in FIGURES 
l5 and 16. 
The structures illustrated in FIGURES 8, 9, 10, 11, 12, 

14, 15 and 16 are incomplete in that no means is illus 
trated for con?ning the ?uid to the passages of the ampli 
?er systems. It is apparent, however, that front and where 
necessary back plates may be provided, as in FIGURES 
1, 1A, 2, 2A, 7 and 7A, to con?ne the ?uid and provide 
apertures for access to external ?uid power and signal 
sources. 

As has been previously indicated, a system 70 as illus 
trated in FIGURES 7 and 7a can be used as the system 
10a shown in FIGURES 2 and 2a. Thus, in FIGURE 3, 
one or both of the cascaded ampli?ers 10a may be re 
placed by the system 70 of FIGURE 7. Such an arrange 
ment where one of the ampli?ers 10a is replaced by the 
system 70 is illustrated in FIGURE 17 of the accompany 
ing drawings. Referring speci?cally to FIGURE 17 where 
in reference numerals corresponding to the numerals of 
FIGURES 2 and 7 are employed on corresponding ele 
ments, the system or bi-stable switch 70 includes control 
nozzles 16, 46, 71b and 72b and further includes output 
channels 17 and 18. The output channel 17 is connected 
via feedback path 71 to the nozzle 71b and the output 
channel 18 is connected via feedback path 72 to the noz 
zles 72b. Outlet passages 17b and 181) are connected to 
the feedback paths 71 and 72, respectively, at the general 
region of their juncture with the channels 17 and 18, 
respectively. 

Pipes 27 and 28 are connected to the channels 17b and 
1812, respectively, and extend into communication with 
nozzles 16' and 46’ of the ampli?er 10a arranged above 
the ampli?er or ?ip-?op 70 as illustrated in FIGURE 3. 
The ampli?er 10a is provided with a power nozzle 15' and 
outlet passages 17’ and 18’. 

In operation, upon an input signal being applied to, 
for instance, the input nozzle 16, more ?uid is applied to 
channel 18 than channel 17 and, due to the feedback 
action through the feedback channel 72, the power stream 
issuing from the nozzle 15 is switched completely to the 
output channel 18. The ?ow from the output channel 18 
proceeds through the output passage 18b and the pipe 28 
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to the control nozzle 46' of the ampli?er 10a. This causes 
the power stream issued by the nozzle 15' of the ampli?er 
10a to be switched to the output channel 17’. If, on the 
other hand, an input signal had originally been applied to 
the input nozzle 46, the power stream issuing from the 
nozzle 15’ of the ampli?er 10a would be directed to the 
output channel 18'. i 
As mentioned immediately above, both of the ampli?ers 

10a to be switched to the output channel 17'. If, on the 
desired so that as previously indicated in the discussion of 
the FIGURE 7, the system of that ?gure may also drive 
a switch; that is, a ?uid switch. 
The switch driven by the system 70 of FIGURE 7 may 

also be an electrical switch and reference is now made to 
FIGURE 18 of the accompanying drawings to illustrate 
such an arrangement. In this arrangement, the pipe 27. 
which is connected to the output passage 17b, is connected 
to a further centrally apertured base member 231 of an 
electric switch generally designated by the reference 
numeral 232. The member 231 is basically a circular disc 
having a downwardly extending centrally apertured pipe 
233 into which the tube 27 extends so that the interior of 
the pipe 27 communicates with the hollow interior of the 
pipe 233. The upper surface of the member 231 is gen 
erally concave and a ?exible diaphragm 234 is secured to 
the periphery of the member 231 so as to de?ne a sealed 
?uid region 235 between the diaphragm 234 and the con 
cave upper surface of the member 231. The interior of 
the pipe 233 is in communication with the region between 
the diaphragm and the upper surface of the member 231 
so that ?uid directed to the pipe 237 causes upward move 
ment as viewed in FIGURE 18 of the diaphragm. A 
?apper valve 236 is provided which permits air to be ad 
mitted through the pipe 27 to the region 235 but which 
prevents ?uid from egressing from the region 235 back 
into the tube 227. A bleed passage 237 is provided for 
communication between the chamber 235 and the ambient 
atmosphere. The diaphragm 234 carries a ?rst switch con 
tact 238 and a second switch contact 239 is carried on an 
arm 240 secured to an annular member 241 which extends 
about the periphery of the member 231. A lead 242 is 
connected between a ?rst electrical terminal 243 and the 
contact 238. The arm 240 is made of conductive material 
so as to connect the contact 239 to a second terminal 244. 
The terminals 243 and 244 may be connected in some 
external circuit which is responsive to closure of the con 
tacts 238' and 239. 

In operation, when ?uid is directed to the channel 17, 
the ?exible diaphragm 234 is raised and breaks the con 
nection between the contacts 238 and 239. When the ?uid 
from the nozzle 15 of the system 70 is directed to the 
channel 18, the ?apper valve 236 closes, the pressure in 
the chamber 235 is reduced due to bleed-out of ?uid 
through the passage 237 and the diaphragm returns to its 
unextended position and causes the contact 238 to engage 
the contact 239. This latter condition therefore indicates 
that the ?uid from the nozzle 15 is directed to the pas 
sage 18. 
As previously indicated, the switch 70 of FIGURE 7 

may be employed to operate an electrical switch and 
reference is now made to FIGURE 7 of the accompany 
ing drawings to illustrate such an arrangement. In this 
arrangement, the pipe 27, which is connected to the out 
put passage 17b, is connected to a further centrally aper 
tured base member 231 of an electric switch generally 
designated by the reference numeral 232. The member 231 
is basically a circular disc having a downwardly extending 
centrally apertured pipe 233 into which the tube 27 ex 
tends so that the interior of the pipe 27 communicates 
with the hollow interior of the pipe 233. The upper sur 
face of the member 231 is generally concave and a ?exi 
ble diaphragm 234 is secured to the periphery of the mem 
ber 231 so as to de?ne a sealed ?uid region 235 between 
the diaphragm 234 and the concave upper surface of the 
member 231. The interior of the pipe 233 is in communica 
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20 
tion with the region between the diaphragm and the upper 
surface of the member 231 so that ?uid directed to the 
pipe 237 causes upward movement as viewed in FIGURE 
7 of the diaphragm. A ?apper valve 236 is provided which 
permits air to be admitted through the pipe 27 to 
the region 235 but which prevents ?uid from egress 
ing from the region 235 back into the tube 227. 
A bleed passage 237 is provided for communication be 
tween the chamber 235 and the ambient atmosphere. The 
diaphragm 234 carries a ?rst switch contact 238 and a 
second switch contact 239 is carried on an arm 240 se 
cured to an annular member 241 which extends about the 
periphery of the member 231. A lead 242 is connected 
between a ?rst electrical terminal 243 and the contact 238. 
The arm 240 is made of conductive material so as to con 
nect the contact 239 to a second terminal 244. The ter~ 
minals 243 and 244 may be connected in some external 
circuit which is responsive to closure of the contacts 238 
and 239. 

In operation, when ?uid is directed to the channel 17, 
the ?exible diaphragm 234 is raised and breaks the con 
nection between the contacts 238 and 239. When the ?uid 
from the nozzle 15 of the system 70 is directed to the 
channel 18, the ?apper valve 236 closes, the pressure in 
the chamber 235 is reduced due to bleed-out of ?uid 
through the passage 237 and the diaphragm returns to its 
unexpected position and causes the contact 238 to engage 
the contact 239. This latter condition therefore indicates 
that the ?uid from the nozzle 15 is directed to the pas 
sage 18. 

While I have described and illustrated one speci?c em 
bodiment of my invention, it will be clear that variations 
of the details of construction which are speci?cally illus 
trated and described may be resorted to without departing 
from the true spirit and scope of the invention as de?ned 
in the appended claims. 

I claim: 
1. A ?uid-operated system comprising: means adapted 

to issue a continuous ?uid stream under pressure, apertures 
positioned to receive ?uid issuing from said means,‘ and 
control means positioned to de?ect said stream, said con 
trol means adapted to issue a stream of ?uid against said 
continuous ?uid stream thereby varying the quantity of 
?uid received by each aperture, means connected to said 
apertures responsive to variations in the quantity of ?uid 
received by said apertures, and means communicating with 
at least one aperture adapted to feed back a stream of ?uid 
against said continuous stream of ?uid. 

2. A pure ?uid system comprising at least one output 
aperture, an interaction region, means for issuing a stream 
of ?uid through said interaction region to said output aper 
ture, at least one ?uid control means for developing a 
pressure gradient across said stream to de?ect said stream 
and vary a parameter of the ?uid received by said aper 
ture, and feedback means for diverting a portion of the 
?uid directed to said aperture to said interaction region 
to vary said pressure gradient and modify de?ection of 
said stream. 

3. The combination according to claim 2 wherein said 
at least one aperture is a pair of apertures arranged to 
accept ?uid from said stream differentially. 

4. The combination according to claim 3 further com 
prising, a second ?uid control means arranged to develop 
a ?uid pressure gradient across said stream to de?ect 
said ?uid stream in a sense opposite to the sense in which 
it is de?ected by a ?rst mentioned control means, and a 
second feedback means communicating with said second 
aperture and arranged to increase the ?uid pressure gradi 
ent produced by said second control means. 

5. The combination according to claim 4 wherein each 
of said feedback means increases the ?uid pressure gra 
dients of the same sense su?iciently to de?ect the ?uid 
stream completely to one of said apertures upon pressure 
gradients of one sense becoming larger than the pressure 
gradients of the other sense. 












