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FOREWORD

A symposium on fluid amplificaticn was held at the Diamond
Ordnance Fuze Laboratories, Washington, D. C. on 2, 3, and 4
Octoler 1962. The Proceedings of that symposium are issued in two
volumes. Volume I includes ail unclassified presentations. Volume
II includes all ciassified presentations, which were given during the
last half day of the symposium,

In additior to providing the first formal opportunity fox the ex-
change of information regardiay fluid amplification, an explicit ob-
jective of the symposium was to bring together the various persons
interested in this new and yct unorganized field. The names and ad-
dresses of those who attended, except for personnel of the Diamond
Ordnance Fuze Laboratories, are included in Volume I, ‘or ref-
erence and to encourage further exchanges of information,

No record was made of the welcoming addresses delivered by
Lt, Coi. R. W, McEvoy, Commanding Officer, and B. M. Horton,
Technical Director, Diamond Ordnance Fuze Laboratories, and
their remarks are consequently not inclv .2.d. Their great interest
in the field are perhaps sufficiently weli ° »wn tc make this omis-
sion excusalle,

No attempt was made to edit the papers as presented at the
Diamond Ordnance Fuze Laboratories; they were m~rely assembled
and printed in the sarae order in which they were ;| sented at the
symposium.
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WELCOMING ADDRESS

(o3

Y

Brig Gen John G. Zierdt
Deputy Chief, R&D Directorate
U. S. Amy Materiel Command

On behalf of the Army Materiel Command, I an glad to have this t
opportunity to welcome you to this first syuposium on Fluid -

Amplificetion. I am nleased to be present at this oascsembly which o
represents government agencies and private concerns from <oast to n
coast.

The concept of fluid amplification, that is, the control of high out
energy fluld streams by low energy flows, with no moving mechanical g

parts, was cvolved by Mxr. Horton less than four years ago. This go.
concept contitituted a major technical breakthrough in the sense that he

it repreccnted 2 concidcroble cldvance in the state-ul-the-art. This ne-
advancc has removed many of the limitations on conventional military one
and commercial pneumatic systems and has enabled an extremely rapid ran

extension of their capabilities. The use of low ernargy flow to direct Il
and control high erergy streams permits the design of pure pneumatic Rre
components, element., and systems, carnnkle of amplification, feedback, tic
memory, logic functions, enalogue computastion, and digital computation. tal

This, in turn, makes it possible to use prnewmatic ccoatrol systems, 2.
amplifiers, and computers where they could not be used befcre. Jef

The work done here in your host agency, the Diamond Ordnance Fuze 1 C
Laboratories, has already shown the great potential of this technology :hl
to the development of weapon cystums and miiitary hardware. The 1
scientific staff at D.O.F.L. and we at A.M.C., who have cognizunce and co
command supervision of their work, are aware of the tremendous advantagescn
afforded by the simplicity, ruggedness, inherent high reliability, and :1i
virtual immunity to environment, evenr nuclear blast and the attendant th
high radiation levels, that are charactexistics of the devices employingev
this new operating principle. These are essential requirements for e
ailitery hardware.

When Mr. Horton and his assoclates first proved the feasibility g T
of this new type control system, we recognized that his invention could in
open the way to rapid technological advances in civilian applicaticus a
ne well as in strictly military items. The decision was muce at that m
tine tc release the information to American industry immediately, ed:
believiig that tols would lead to far faster development and greeter al



benefits to the couuntry as a whole, both from the military and civilian
standpoints, than could be achieved by cloakirg this major breakthrough
in military security. The diversity of representation here today bears
out the wisdom of that decision.,

You people have proven that you are quick tu recognize and take
advantage of the potential of this technigue in your own specific
fields. The response of industriel and scientific liaders to the
challienge of new ideas and coacepts is of great importesnce to those of
us who are responsivle fcr maintaining the competitive position of our
naticr. in coping with those forces that are a continuing threat to
our existence. The respouse tc this challenge is indicated by the
magnitude and scope of your effort in this new field and i8 evidenced
by your presence here today. Thls acceptauce of the challenge iz
indicative of the forwvard thinking attitude that is u wmurk of strength
in American enterprise. We are heevtened and our faith in the ability
of ocur industrial leaders to take full advantage of the very latest
technolegical edvancss to promcte owr ecouomy is reaffirmed by the
wide-scale recognition of the significance of fluid emplification
techniques.

The Army Materliel Command has the responsibility for the
scientitic rasearch and development work ttat is the basis for the
design, production, and nrocuremen. of Army weapons and military
meteriel, We, therefore, fully appreciate the nccessity for sound
sclentific investigation and fcr good comzunication between scientists.
Such investigation and communication is particularly important in the
prosecution of fundamental vesearch ir o stimuwleting uew £icld such as
that of proceseing control signals in fluld systems having no moving
parts,

Thet is, of course, the cbject of this symposium. We encourage
you to question, to chailenge, to contribute. In this field which
has, thus tar, limited literature and limitel exploitaticn there are
few experts. We all have unsolved techniceal problems and ucexplained
experimental phenomena. Only by active participation can you exchange
ideezs and learn what others have done. The enthusiastic response ot
goverrmert agencies, universities, and private industries to the
request for papers for this syaposium, coupled with your individual
perticipation as workers in this tremendsusly interesting and exciting
field, should guarantee a profitable and stimulaing mceting for all
of us.
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WALL EFFECT AND BINARY DEVICES

by

R, W. WARREN
of

Diamond Ordnance Fuze Labcratories

In general, there are two approaches to fluld amplification., In
the first approach the large power jet is defiected by a small control
stream, the amount of the deflection eing proportional to the momentum
of the streams. The second method 1c to use the entrainment character-
ictics of the stream and hounding wrlls to effect the deflection,

This is a short introduction 1o the way the flows and walls are used
to obtein a bistable amplifier,

In Flgure 1, a submerged stream is seen issuing from a nozzle
between bounding walls, The stream entrains fluid {rom the interaction
region, lowering the pressure, The entrained fluild is replaced by a
counterflow of fluid from the ambient pressure, This is an unstable
situation. Any small perturbation, turbulence or mechanical misalign-
merit, will incline the stream closer to one wall than the other.

The stream entraius essentially an equal amount cf fluid on each
cide. However, as the arca avallable for counterflow ig less on cne side
than the other, the pressure is reduced on that side creating a pressure
difference across the stream. The pressure difference inclines the
stream toward the low pressure region still further restricting the area
available for counterflow., Thus a regenerative action is instituted whicn
rapidly forcez the stream to the wall, as shown in Figure 2, There is
umbient pressure on one side of the stream and a low prescure separation
bubble on the oppusite side of the stream which is denied fluid to
replace the entrainment, The differential pressure across the stream
curves the siream to the wall, Where the stream contacts the wall the
major'ty of the flow is diverted toward the outlet wit!. a resulting high
pressure on the wall, A small amount cf the flow 1s curved back ioward
the nnzzlc vhere it eirculales 8s A vortex to be reentrained by the
streax,

The bistable amplifier is shown in Figure 3, If flow is introduced
into the separation bubble through th: right control, the point of
attachment will move downstream tut i+ main attached to the wall until
the entrainment characteristice of the stream are cetisfiad UWhon iheore
is suftficient control flow to satis{y the entraimment, the stream will

11



move to the center of the interaciion reogion. bntrzinment will lower
the pressurce on the left side of the stream and the streem will attach
to the left wall.

An alternative method of switching the ctream 1s to remove fiuid
from the left control. This, In combination with the entrainment,
lowers the pressure on the left and the stream attaches to the left
wall, If the control openings are large enough to admit sufficient flow
trcm the atmosphere, the unit can be shifted by closing one control and
opening the other, The stream moves to the side of the cliosed conirel,
as the closed control limits the entrainment on that side. If the
outputs of the unit are lcaded, the pressure in the interaction region
increases and there is an outflow from both controls. In this instance,
if one of the controls 1s closed the stream attaches to the opposite
wall, In other words, the conirols have reversed, Actually the operation
of the unit is the same, as the flow out of the open control limits the
cntrainment on that side and the stream attaches Lo the wall on the slde
where the ertrainment is limited,

There is always a question as to the range of Reynolds numbers
over which a unit can be operated, It was {cund that a stream of
eir wculd attach to the wall at a power precsure of .2" ol water
ebove atmosphere. This is approxiuately .007 PSIG, A Reynolds number
was calculated for this pressure usiig the wetted perimeter of the nozzle,
for L in the formu.. for the Reynclds number R = gVL,, A Reynolds number
of 200 was obtaincd by this method. The units 4 have also been operated
with a Reynolds number of cver one million. The highk level of operation
occurs when the stream expands outside the nozzle sufficiently to
attach to both boundary walls, as shown in Figure 4., The streem can still
be controlled by admitting a control flow but the unit is no longer
bistable.

A flow model of the stream is shown in the upper view of Figure 5,
The power stream is issuing from a rozzle into the interaction region.
There is a central core where the pressure 15 eszentially unchanged from
the source, This region has not felt the effects of the entrainment and
the lower pressure in the intersztion region., There 1s an outer mixing
zone where the stream is entrainir~ fluid, and an inner mixing zone which
contains fluid entrained from the separation bubbtle or fram the control,
ihe middle view shows the velocity profiles of the stream across the core
refion at a point on the wall just downstream of the attachmenti point,
T ..J4er view ghows the stellc pressures along the wall to which the
stream is attached. Tt can be seer that there is a low presswre in the
separatlior. bubble which rises to the higher pressufe at ihe stream
reattachment point, The pressure goes still higher as the stream is
d’erted to flow along the wall and then the pressure decreases in the
boundary layer to essentially the exhaust pressure.

When a unit is being loaded, the pressure in the boundary leyer must
rise above the pressure which exicts just beyond the re:ttachment point

12



before it can affect iLhe sepsration lubhble and separate the stream f{rom
the wall, A picltorial view of a loaded unit i shown in Figure 6, The
stream wos originally going out the right outlet. When this outlet was
tlocked the prescure rose in the oullet and an increase in pressure
proceeded down th~ boundary layer, The stream flowed around the splitter
and out. the left cutlet, The splitier 1s far cnough downstream so there
is no turbulence at the reattechment point and the pressure in the right
outlet does not exceed the pressure at the reattachment point so that
the stream remaine locked to the -~ight wall while exhauctirg out the
left ou.let, As can be seen from Figure 6, a vortex is formed on the
left side of the stream in the interaction region, which aids materially
in stabilizing the flow, This feature of the unii is called memciy,

and is a functlon oi the splitter position,

It is well known that a stream can become over-expanded and ccparate
from the wall of a diffuser. This characteristic gives another mcde of
operation rov a supersonic bistable element. In Figure 7, an over-
expanded stream is geern which is separated from the left boundary wall
by an chlique shock-wave, The oblique shock-wave adjusts the flow between
the over-expanded region ir the stream which is between 2 and 5 psia
( pounds per cquare inch absclute) and atmospheric pressure on the other
clde of the chack-wave, Onening the richt eontrel 4o cimecthere or
otherwise introducing flow into the right control will fiip the power
stream to the left wall,

There are many parameters which can be varied in a bistable fluid
element., Tn addition tc the pressure and flow, physical par:gmeters can
be varies also, The effect of varying some of the physical parameters
is shiown oun Figure 8, On the right is chown the effect of moving the
splitter downst:eam, increasing the receiver aperture, increasing the
wall angle, and increasing the nozzle area. On the lef! 1s shoun the
effect " increasing the interaction reglon width and increusing the
depth ci aspect ratio, The effects of Increaszing the loading and the
power Jjet pressure are also shown on this figure, Additional work needs
to be done in evaluating the relationship of these variablec,

13
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Figure 2. Final fluid flow between parallel walls,
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“igure 3. Fluid bistable element.

Figure 4. Control of completely filled bistable elements.
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SYNAMIC PRESSURE MAINTAINED
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Figure o. Memory characteristics of fluid bistable elements.



Figure 7, Schlieren photograph of bistable reaction jet.
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AN INTRODUCTION TO PRCPORTICHAL FLUID CORNTROL

by
Silas Katz

L
%

Piamond Ordnance Fuze Laboratories

One of the objsctiv.:s, here at DOFL, 1s to develop a proportional
fluid control system wit.iwout mechanlcal moving parts. To accomplish
this requires both active and passive components without mechanicel
moving parts,

The active component, which 1s the besic huilding block of the
control system, is the proporiional tiuid amplifier. This device
provides & lavgs Tiuld ouip'w "igne) that Is properticnel TS e smeller
fluid input signal. A besic .gle stage proportional amplifier is
shown in Figure 1., High energy fluia from the power jet is directed
into the interactica region. Contrsol or iow enmvgy fluid is also
directed into this region from Jets on eaci side of the power Jet.
The direction that the power Jet assures after interacticu with the

mtrol Jets depends on the momentum flux of the power Jjet and the
{orces exerted by the control jets. At some distance downstream the
Jjet 1s collectel by twn output apertures. There 1s an optimum
position for these outputs. They must be far enough downstream to
take advantage of the streamn deflection and close enough to recover
a1 reasonable amownt of stream pressure. When the control pressures
are equel, the power stream is not detlected. Thren each output
aperture collects the same quantity of fluld, £ small chenge in one
of the contrul pressures deflects the power strear and causes ovae
cutput to collect more fluld than the other. Since the output
difference is greater then the countrol dlfference which caused it,
this is & stage of amplification.

The unusual shape of the interaction chamber shown in Figure 1
was lcl'berately chosen to prevent the poiwer stream from locking..on
to the yolle und making the amplifier bisteble., The shape and
dimensions of the cutcut areus haie a considerable influence on the
perfuraance of the ampiifier. Any fluid that is not cicked up by
the output collectors must be removed as 2fficiently and with as
little disturhence as possibla, When disturbences are present they
may be reflected from tle walls of the cutout back toward the power
stream to produce a feedbuck effect. This could result in unstable
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operation, oscilliation, or reduced gain. In practice the two cutout
gide chambers are counnected togelher to equelize the pressure ascrnss
the power stream.

Figure 2 shows a Schlieren photogruph of u power stream being
deflected by a control stream., The deflecting force of the control
atreams may be ygeunerated in two ways. The force may be efther a
pressure force or a mcmentum rlux force. Both force types are present
in any proportional amplifier. 1In general, the low frequency input
impedance of an amplifier with predominantly pressure type force is
high. When the forces are predominantly momentum fiux type the low
frequency input impecdance is low. 1In the particular geometry shown
in Flgure 2, momentum flux forces predominate. However, bty bringing
the controls in closer to the edges of the power Jet, the pressure
torece is lIncreased and the momentum flux force 1s decreased.

A more complex type of fluid amplifier is shown in Figure 3.
Two stages of amplification are cascad=d with one power supply. Power
1s supplied to the first stage only. The second stage cbtains its
power by picking off part of the first stage flow at the collectcr
station., The outputs of the first =~ ‘e become the inputs to the
aecond stege, In operaticn o inpu. cignal at the control Lo the Licsl
stage 15 received ampiified ut. the output of the second stage. The
advautage of this configuration is incrcased arplification without an
additional expenditure of supply fluid,

Passive components do not require a separate power supply. They
produce their effects solely because of the fluid properties and a
particular geometry. Some passive components are sh:own in Figure L,
In dealing with passive components it is convenient to use the
electrical analogy. Thus, pressure s analogous to voltage and flov
i1s analogous to current. Resistance is represented by an orifice or
porous plug. The magnitude of the resistance depends on the viscosity
of the fluld and the diameter of the orifice. Inertance is obteined
with a length of tubing. Its magnitude depends on the density of the
fluid, the length of the tubing and the cross sectional area of the
tubing. Capacitance is obtained with a tank and depends on the volume
of the tank., The function of these passive components ic to operate
on the signa) waveform and produce some desired effect. For example,
a combination of resistance and capzcitance gives an output pressure
which is approximately the integral of the input pressure.

At present the technigues described albove are being used to build
a high gain operational amplifier. In order to accoriplish this several
stages of amplification must be cascadcd. The steges are directly
coupled, That ig, the outputs of a stage are fed directly into the
inputs of the succeeding stage. Using this procedure amplifiers have
been built with measured pressure gaine in the neighborhood of 500.
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Figure 1. Proportionai amplifier.
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Figure 2. Deflected vower stream,
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FLUID AMPLIFIER DEMONSTRATION VEHICLE
by
R. Richard Palmilsano
ot

Diamond Ordnance Fuze Laboratories

Abstract

A Jet-propelled vehicle has been built which demcrstrates the
practicality of fluid-amplification for thrust vectoring. An account
is aiso given of a f.ctoge proportional fiuid amplifier which is
capable of amplifying control signels over 100,000 times. The
amplifier output 1s used to steer tne vehicle by deflecting the
rropelling jet stream. Both propulsicr and eteering of the vehicle
are achievec without the use of mechanical linkasge,

Requd rement«

In order to demonstrate the practicality of fluid amplification
in guidanes syctcms a sultsble test vehicle was soughii. Although the
initial demonstration was intended to show the feasibility of fluid
amplification as a means of thrust vectoring, a versatile conveyance
was neede? wnich could be readily modified to test and demonstrate a
variety of tluild smplification devices under development. Since the
available types of rockets and surface water craft were considered
unsuitable, 1t was decided that an atiempt should Le made to build a
demonstration vehicle having the follewing charecteristics:

(1) 1initially, it shoula be a diractionally unstable vehicle
which could be stabilized by a driver whco operates the control system.

(2) 1I» should be an eir pcwered vehicle mot requiring rccket
fuel.

(3} The vehicle should be capuble of giving a 2-dimensional
demonstration on land.

(4) The demonstration should run for a relatively long period

of time and be repeatable.

(5) The vehicle and control system should allow for future

27

- o v——

L, i, -l



changes and modifications to permit testing and demonstrating other
fluid amplitiication devices and systems under developzent.

Demonstration Vehicle

The vehicle built to meet these requirements is shown in Figures 1
and 2. "this B50-pcund vehicle carries a turbo-compressor povwered by a
gas turbine engine wnicn has a governed speed of 42,200 RPM. The
compressor supplies alr at a constant pressure of about 40 psig and at
4 steady rate ot aboul 122 pounds per mimite.

A 28-volt starting battery is mounted near the front of ean aluminum
A-frare chassis. The engine fuel is JP4 and is carried in a 12-gallon
tank which is mounted centrally on tne chassis, next to the ballery.
1his fuel capacity is sufficlent for 12 minutes of operation. A driver's
seat was improvised on the fuel tank. The turbo-compressor is mounted
next to the fuel tank toward the rear of the vehicle.

The front wheel of the vehicle rctates about a fixed axis and is
theretore nonsteerable. Since the vehicle is propelled by a constant
thrust, tne front wheel is equipped wilh a shoe-lyp~ Lrake which provides
the cnly means for the driver to keep the forward speed of the vehicle
within safe limits. This brnke can be upplied by the driver either
through ¢n air cylinder operated by a velve on the de<l. panel or by a
foot-operated mechanical linkage which overrides the air cylinder. The
two rear wheels are oversized castors, free to swivel in any direction.
To further increase the instability of the vehicle, these rear wheels
were equipped with narrow stecl bands. Very sight imperfections on the
surface of thec runway would therefore tend to throw the vehicle otf its
course and require a corrective signel from *he driver. Since the CG of
the -ehicle was tar to the rear, its intentioial, inherent instaktility
was further increased.

Propulsion and steering are achieved without the use of mechaaical
linkage.

Figure 2 shows the 01l tank in the foreground, compressed-air intake
screen to the lefi, and the large exhaust duct for engine exhaust gases
to the right. is exhaust contributes very liittle tuward propelling the
vehicle, On the far left, mounted on the dash panel are two preseure
regulators with corresponding pressure gauges. It 1s by means of these
regulators that the driver sends directicnul control signals to the
5-stage amplifier.

The output of the compressor, i.e., tlie compressed air for propelling
the vehicle, passes through the 3-inch diameter stainless steel flexible
tube. The mejor portion of this flow of alr passes through a converging
nozzle whici: hus a throat opening 1/2 inch wide by 2 inches high. The
flow of air iscsuing from this nozzle provides the thrust required to
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provel the veh
foregroind suppl
the thrust nczzle. A close-up
seen in Figure 3

le. A-1-1/4 inch dianetcer copper line shown in the
les uir to the L-stage smpnlifier which {5 mounted below
' the thrust nozzle assembly may be

The thrust-vectcring system including the relstive tiow ratec is
hown in Figure 4. The tiow through the thrust nozzle is estimated at
abouti- 75 pouvsy per rinute, producing « susiained thrust of about
44 pounds. As previcusliy indicated, air is supplied to the S-stage
proportional wurplifier through a 1-1/4 inch dlameter copper line. The
amplifier output is directed to either side of the thrust nozzle output
by two curved paccages whose *ross section is 5/16 inch x 1-1/2 inches.
Optimun position of the reaction v.ancc was determined experimentally in
field tests.

It should be noted that the maximum input signal to the 5-stage
amplifier iz only .004E pounds wir per minute. These minute {input
signals arc capable of contrslling tle much larger flows issuing frum
the two ampliflier outputs. Th:zie amplifier outputs are in tuvrn used to
deflect (vector) the main jet issuing from the thrust nozzle vhich propels
the vehicle.

Proportional Ampliifier

A iline drawing of & 2-stage proportional wmplifier (Fiwure &) shows
how the cutputs of the first stage serve ss contrvols f~r =hifting the
input of the seccnd stage. The area of each succeeding nozzle or
passaze is four times the ares 2f ihe vreceding nczzle. (This also
applies to the output nczzle.) The conzave rumps help overcome
instability by providing proper chamber feedback.

The S-ctzpe proportional amplifier designed by B. M. Horton and
S. J. Peperone and used in steering the vehicle is shown in Figures 6
end 7. The acsembled unit 15 aprroximately 3 inches wide x 2-1/2 inches
high x 18 inches long and when built of aluminum weighs ebout 9-1/h
pounds. A redesign of this unit indicates that an equivalent emplifier
may be bullt weighing only 3-1/L pounds should the need arise.

The exploded view of the cmplifier (Figurs 7) shows how air is
supplied to sll the power jet nozzles from »one line, & l-l/h inch
dimneter copper tubs chown at the upper left harnd corner. The nanifold
plate sHupplying elr to the first three stages also contains the control
signal inputs to the firest stege. The outpiuts of the first stage serve
as control inputs for the second stuge. The outputs of the gecond stage
serve as control inputs tor the third stage, and so on to the final stage,
i.¢., the outputs of one stage are used to deflect the input of the
succeeding stage. The gaskeis separate the flow in one stage from the
sther. The throats of the first control nozzles are .004 inch wide x
.090 inch high. As previcusly noted, the final output passages are
5/16 inch wide x 1-1/2 inches higr.
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Lemonstration

The wogk or: this first phase of the project culminated in a
dewonstiation given at Andrews Air Force Base for nersounnel of 0CO. A
short 16mm film strip of this demcastration is available. The first
nart of the film shows & restrajned-type test in which the rear wheels
were equipped with stops to limit their swivel movement and the front
wheel was locked. This demonstration showed that a maximum control
signal of less than 1/2 ps‘ transmitted through the pressure regulators
Lo the S-stare amplifier was all that was required for a complete
reversal cf the vehicle's turning direction.

The second part of the demconstration film shows the vehicle in
motion. With the rear wheel restrainers removed and with control
signals ctransmitted to the S-stage amplifier through the two pressure
regulators, thc cart is seen advancing in a straight line with the
operator controlling the vehicle. This action demonstrates the
feasibility of employing fluld amplification as a means of stabilizing
a directicnally unstable vehicle while in motilon. As the vehicle
advanced in a struight line, the froant wheel breke was locked and the
vehicle was put through a nuwber of turuing manoeuvres.

The third part of the demonstration shows manipulation of the
vehicle when the contreol pressure regulutors were by-passed by means
of flexible plastic tubes. This enall«Z one to transmit the signal
to the umplifier by piacing his thumbs ut the open ends of the two
plastic tubes zcnd varying the pressure ia the line by controlling the
amount of air allowed to bleed off. This action gave one the opportunity
to actually feel the small magnitude of the control siguais transmitted
to the amplifier. Using this "thumbs" technique, the vehicle was steered
in a straight line and then put through a series of turning msnoeuvres
as in Part Two of the demonstraticn.

Since the vehicle was propelled by & constant thruct (cf about
LY pounds) frcm the rozzle, a safe forward speed of about 15 mph was
maintained by applying the front vheel brake. The breking action on
the single fixed axle front wheel located on the centerline of the
vehicle had no effect on the steering.

Cenelusions

The inportont feature {n demonstrating this vehicle was not to show
that thrust vectoring is possibla; this has already been achieved in
missile flight through the use of auwxililary fluid sources and complex
electro-mechanical systems. The significant achievement, it is felt,
lies in the fact that an extremcly low-level signal has been amplified
rver 100,000 times in a S-stage fluld amplifier without the use of e
single moving part an® without the ugse of an auxiliary power source.
This clearly iundicates the direct usefulness of these techniques to
other hot-gas propulsion and control systems.
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AR SUPPLY INPUT CONTROL

TO 5-STAGE AMPLIFIER SIGNAL (FLOW &,0045
\ LB/MIN. MAX.) TO

5-STAGE AMPLIFIER

{

AIR SUPPLY FROM

5-STAGE AMPLIFIER TURBINE COMPRESSOR
Ll

OUTPUT AVAILABLE FOR
ot-:n.scrch; Lrgas%%)

W % .
(FLOW~33 5-STAGE AMPLIFIER

THRUST NOZZLE
(FLOW =~ 757 LBS/MIN.)

THRUST ~ 4.3 LBS
REACTION VANES

Figure 4. Thrust-vectoring system of jet demonstratica vehicle
using a 5-stage proportional fluid amplifier,
I8t STAGE 2nd STAGE

LEFT
CONTROL

34 Figure 5. Two-stage closed proportional power ariplificr,



€9-2Lt

1271371dwe pyny3y teuoyizodoad a8e3ys A4 °y 21n81g

aflels 35373 o saindup Toajuwe)

anduy
L1ddne a7y

35



4th Stage 5ta Stage

Control
w_rt:::’riﬂpull
i _ - : 2nd
; / Stage

Supply (power
jet)

Outputs

1st
Stage

Gaskets

771-62

Figure 7. Five stage amplifier (exploded view).
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THE HYDRAULIC ANALOGY
by
Ralph G. Barclay
of

Diamond Ordnance Fuze Laboratories

Introduction

The hydraulic analogy is the analcgy tuat exists between two-
d_uensional compressible-gas flow and open-channel liquid [low. Open-
channel liquid flow is flow of a liquid with no confining plune above
the liquid. That is to say the surface of the liquid is open to the
atmosphere and to all practical intents 1s a free surface,

DOFl, Frogram in Hyarsulic Auelogy

DOFL has an internal effortv snd supports un external effort at
The University of Maryland. In both cases the emphasis 1= on using
the hydraulic analogy to investigate various fluid-amplifier designs.

References

The feature article in the June 1962 isane of Applied Mecharics
Reviews 1s, "The Hydraulic Analogy for Compressible Gas Flow" by
J. W. Hoyt., It lists 126 references. The article gives the early
history, tellc cf the general surveys and studies and mentions
current applications of the analogy.

Use of Analogy in Study of Fluid Amplification

The main contribution of the hydraulic znalogy to the study of
fluid amplification is in providing a means of flow visualization.
Corplex flows can be observed with the hydraulic analogy using models
vhich are very easily made and very easily changed. In this way the
effect of various shapes can be quickly ascertained in a gquolitative
naniner. Visualizetion is aided by the fact that the speed of flow in
iiguid is approximately a thousand times slower than the corresponding
flow in the compressible gas. Transient flow conditious can thus be
observed by the naked eye.
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Photog raphy

At the sympcsium a color movie was ehown cf various flow situations,
Sti]1 pictures in black and while are inadequate representations of the
phenomena shown, With this in mind we reproduce here only one of the
scenes from the color wmovie.

Discussion of Accompanying Photograph

The plcture which accompanies this write-up shows a hydraulic model
representating ihe injJection of a secondary flow into a primary
propulsion nozzle for the purpose of changing the direction of the
thrust from the primery nozzle. The liquid in use here is water which
is dyed heavily cnd iuminated from below with diffuse light. The
degree of shading ot a particular point in the flow indicates the
relative depth of the water. The depth of the water is analogous to
the density of th2 ges in the corresponding compressible gas flow,

The light area which 1s roughly diamond-shaped to the right of
the piecture is the primary nozzie with the fluid flow directed upward
on the page. The light tone in2izales that the water in the nozzle

Sl

and downstream of the nozzle is relullvely shallow.

In the left lower part of the picture there is & bistable <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>