A
L)

v
M
&\‘\
e

¢
=T

v

|
$

procuc/in g3 o/ the

/

Oclo ber 1965

FLUID AMPLIFICATION SYMPOSIUM

P .

CLEARINGHOWSE
FOR FEDERAL & 3V 1FI& AND
TRCHNICAY, INPOIMA TION

T Basdecpy I Nierefiche|

-
$ 2oole 75 *3‘/%&

~

ARCHIVE GOPY

|

VOLUME |I

Deiuel, '.-‘J]ﬂ

VAT

U.S. ARMY MATERIEL COMMAND

HARRY DIAMOND LABORATORIES

WASHINGTON, D.C. 20438



THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE  LEGIBLY.



The findings in this report are not to be
construed as an official Department of the Army
position, unless so designated by other author-
ized documents.

Destroy this report when it is no longer
needed. Do not return it to the originator.

AVAILABILITY/LIMITATION NOTICES

Qualified requesters may obtain copies of
this report fros DDC. DDC release to Clearing-
house for Federal Scientific and Technical In-
formation is authorised.



pro anin,J o/ the

FLUID AMPLIFICATION SYMPOSIUM

Spon sweed ‘9 the

HARRY DIAMOND LABORATORIES

26, 27, and 28 October 1965

VOLUME il

U.S. ARMY MATERIEL COMMAND

HARRY DIAMOND LABORATORIE

WASHINGTON., D.C. 20438




l.

2.

3.

4,

5.

6.

7.

8.

9.

10.

11,

CONTENTS

EXPERIMENTAL STUDY OF A PROPORTIONAL FLUID
AMPLIFILR, Cyrille Pavlin, BERTIN & Cie, France

BISTABLL FLUID JET AMPLIFIER WITH LOW
SENSITIVITY TO RECEIVER REVERSE FLOW, W. S,
Gtiffln,NASA...............oo

DEVELOPMENT OF A PURE FLUID NORGATE AND A
NORLOGIC BINARY TO DECIMAL CONVERTER, T, W,
Bermel and W. R. Brown, Corning Glass Works . .

A PNEUMATIC TAPE-READER, Norman A. Eisenberg,
llarry Diamond Laboratories . « « o ¢ o ¢ o ¢ o

FLUID STATL HYBRID CONTROL SYSTEMS, P, A. Orner,
Giannini Controls Corporation, !falvern,
Pennsylvania, and J. N, Wilson, Uriversity
of Saskatchewan, Saskatoon, Saskatchewan . . .

A FLUID STATE DIGITAL TO ANALOG CONVERTER,
Dr. Charles K, Taft, Ralph 0. Turnquist,
Case Institute of Technology, Cleveland, Ohio .

A DIGITAL-PROPORTIONAL FLUID AMPLIFIER FOR A
MISSILE CONTROL SYSTEM, Carl J. Campagnuolo,
Leonard M. Sieracki, Harry Diamond Labs s & %

A DEVELOPMENT REPORT ON A FLUID AMPLIFIER
ATTITUDE CONTROL VALVE SYSTEM, Allen B,
Holmes, John E., Foxwell, Harry Diamond Labs . .

APPLICATINN OF FLUERICS TO MISSILE ATTITUDE
CONTROL, Carl J. Campagnuelo, John E, Foxwell,
Allen B, Holmes, Leonard M. Sieracki,
llarry Diawond Jl.aboratories . . ¢« ¢« « o o ¢ ¢ o

A SECOND GENFRATION OF FLUID SYSTEM
APPLICATIONS, Dr. R, E, Bowles, E. M, Dexter,
Bowles Engineering Corporation . ¢« ¢« o o ¢ o o

A FLUID STATE ABSOLUTE PRESSURE RATIO
COMPUTER, Charles A. Belstering, Giannini
Controls Corporation, Malvern, Pennsylvania . .

17-35

37-61

63-92

93-106

107-130

131-159

161-177

179-201

203-226

227-243

e



CONTENTS (Cont'd)

Page

12, A TEMPERATURE CONTROL SYSTEM USING FLUERIC
COMPONENTS, Richard N. Gottron, Wilmer
Gaylord, ilarry Diamond Laboratories . « « « o o o o o 245=265

13. FLUID TIMER DEVELOPMENT, S, B, Martin,
Sandi‘ COtpOtatlon, Eo Ro Phillips. UNIVAC o o o o o 267-287

14, THE USE OF A FLUID AMPLIFIER IN AN INTERMITTENT
STREAM RELEASE VALVE FOR HIGH ALTITUDE
RESEARCH, Tom Morton, Fluid State Technology
Aviation Electric Limited, Montreal,
Quebec, Canada .+ « o o s ¢ o s o o ¢ ¢ o o 0 o s o 289-307

15. AN EVALUATION OF A FLUID AMPLIFIER, FACE
MASK RESPIRATOR, lienrik ll, Straub, M. S. E.,
James Meyer, M, D., Harry Diamond Laboratories . . . 309-315

16, A FLUID OPERATED DIESEL LOCOMOTIVE TRANWSITION
CONTROL UNIT, Charles H. Meyer, New York
Central System, Richard S, Gluskin, Sperry
Rand Corporation, Univac Division . « « ¢« ¢ ¢« ¢ ¢ o & 317-333

17. AREA EXPERIENCE IN MODERATE VOLUME FABRICATION
OF PURE FLUID DEVICES, R. W. Van Tilburg,
Cornlng Glass Works e o o o & 8 6 & o 6 0 o o o o o 335-349



EXPERIMENTAL STUDY OF A PROPORTIONAL
FLUID AM: LIFIER
by
Cyrille Pavlin
Societe BERTIN & Cie, PLAISIR (S.&.0.) FRANCE

ABSTRACT

An amplifier has been designed and tested which applies the
principle of the lever to aerodynamic jet deflection. The device
yields good performances as a mass flow amplifier and provides facili-
ties for matching impedances between stages. It can operate as a
differential pressure sensor.

INTRODUCTION

The fluid amplifier that we studied has a unique control region
shape. The leading idea was to avoid momentum control since this causes
difficulties as the size of the device decreases. If the control Jet
velocity is to be similar to that of the power Jet, the ratio of the
control slot width to the power jet width will be the same as the flow
gain ratio, neglecting boundary layers. The effect of the boundary
layer is to reduce the velocity, requiring a compensating change in
control jJet size. Fabrication problems become increasingly difficult if
this approach is followed.

Therefore, we tried to find another type of interaction using the
pressure effect as a means of bending the power jet. 1In order that the
pressure may rise with a small amount of control flow, the power Jet
has to be enclosed between two walls downstream of the injection region.
These walls are convergent, so that they act like an aerodynamic lever
to increase the Jet deflection.

DESCRIPTION OF THE DEVICE

The power flow rectangular channel emerges between the control
ports, the offset downstream walls of which are progressively converging
towards the power jet. They are limited by sharp edges sufficiently
close to the power Jet as to give only a narrow outlet to the control
flow, which must push back the power Jet against the opposite edge in
order to exit (Fig. 1, 2).*

The other parts of the amplifier are rather standard; after a
certain path length in a constant pressure medium, the power Jet is
diverted between two active cliannels, adjacent or separated by a bleed
line. We generally preferred this last arrangement because the inner
splitters of the active channels being located at the maximum slope of
velocity profile, the mass flow rate in both channels is small when the
flow gain is maximum.

*Figures appear on pages 11 through 15.



Flow patterns in the injection region are shown with no control
flow (Fig. 3) and with control flow (Fig. k).

POWER JET SHAPE

Without control flow (Fig. 3)

The control ports being closed, the power Jet has no deflection
and passes at an equal distance from the wall edges of the control
capacities. Pesidual air in the capacities is carried out by viscous
effects. If the edges, initially removed are progressively moved towards
the jet, air is ejected from the capacities where a vacuum appears at
first. But from a certain distance to the jet, vacuum begins to decrease
and then gives place to an overpressure. In figure 5 the pressure in the
capacities is plotted against e/w

e : distance between the edges
w : the main jet channel width

for a given geometry.

With control flow (Fig. 4)

With a non-zero control flow, pressure rises on both sides of the
power Jet in the control capacities, no matter from which side the control
flow originates. However, a slight unbalanced pressure arises on the fed
control side bending the main flow towards the opposite wall in the
capacity. The power flow, when impinging the wall, is strongly repelled
with a marked angle from its initial direction, because of the convergent
shape of the wall.

As a result, unlike most fluid amplifiers the r wer jet is deflected
towards the input control side.

The main purpose of such a design is to give, with a very simple
geometry, a substantially better flow gain than that obtained with
conventional fluid amplifiers.

MECHANISM OF DEVIATION

The power Jet spreads by turbulent mixing in the control capacities
with a velocity distribution decayins with the distance from the jet
center line.

With no control flow, the mean streamline which grazes the wall
edge comes necessarily from an edge of the free power Jet issuing inside
the control capacities. It obeys KORST's escaping criterion: its total
pressure is Just equal to the surrounding static pressure outside the
control capacities. In other words, the dynamic pressure on that
streamline just balances the pressure difference between the capacity
and downstream. In the steady state, air entrainment from the
capacities reaches equilibrium when the pressure in the capacities
agrees with the above condition.
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When the power jet is strongly deflected, or when the wall edges are
very close to the jet, a narrow local overpressure strip exists on one or
both sides of the jet, just at the extremity of the convergent walls. 1In
the first case, the overpressure produces the jet deflection. KORST's
escapirg criterion is still applicable, but to the maximum value of the
overpressure. This explains the pressure rise in one control capacity
when the other one is fed.

The importance of the overpressure strip in the deflection mechanism
is clearly shown by the poor gain of an amplifier, the control capacities
of which are limited by spoilers, as can be seen in Fig. 5.Suppression of
the "aerodynamic lever" leads to a large reduction of gain.

EXPERIMENTAL RESULTS

Experimental models

Experimental work was undertaken with two homothetic models in order
to test somewhat the scaling effects.

The general featuresof the amplifier are outlined in Fig. 2. The
channel width w is about 0.15 cm (0.06 inch) in the larger model, with
an aspect ratio of 6.7. The other model is reduced in a ratio of about
3. Edge distance e is variable.

The receiver position is movable and was adjusted for best opersting
conditions.

Tests were carried out with low dynamic pressure (3 psi at most).

Performances

General features

The amplifier appears to be sensitive to control flow without
threshold until the output flow reaches a maximum in connection with
the power Jet position Just in front of the receiver.

Stability appears rather good urless the flow gain be very high, as
observed by other experimenters.

Mass flow gain

Let us call q5) and qo2 the mass flows through the active outputs,
qq1 and qp, the control mass flows. We define mass flow gain as the
ratio of the change in output to the change in input control.

q = Q
G = o} - 02
qcl qcz

The gain, with e/w optimum, is usually between 10 and 100. A scale
reduction tends to improve the performance.




Dynamic response

Until now, we have proceeded only to limited dynamic tests. We
did not measure the gain, but only the phase shift between the input
and the output on the smaller model. Harmonic control input signals
wvere applied using a pneumatic oscillator. The dynamic measurements
of output response to control flow fluctuation were carried out using a
two-charnel constant temperature hot-wire anemometer arrangement.
Simulteneous readings of input control and output stream velocity
fluctuations were recorded on a dual-trace oscilloscope. The pictures,
Fig. ", in which are superimposed the input signal and successively the
left outv»ut, the bleed and the right output, show that for 80 cps
harmonic input, the lag between the output and the input is about 3 ms.
This lag can be separated in two parts: the transport lag in the
receivers and the specific lag of the amplifier (power jet settlement
in the capacities).

Ampliifier output impedance

To get a high sensitivity, a slight Jjet deflection must induce a
large difference between the mass flow received in the active channels.
Therefore the splitters of the receiver should cut the jet stream in a
region where the transverse pressure gradient is maximum.

In this zone, the Jet dynamic pressure is low and the high
transverse velocity gradient is unfavorable to a good jet pressure
recovery. As a result, the pressure recovery always remains small
compared to the jet dynamic pressure. The device is a mass flow
amplifier.

Input impedance

The input impedance is, by definition, the ratio of thz change in
input pressure to the change in control mass flow.

AP
8
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This depends on geometric dimensions; therefore, we pr-fer to
characterize the input of an amplifier by the change in input pressure
divided by the dynamic pressure of the power Jet stream for full
deflection. This change is usually small because the power Jjet entrains
the control flow almost equally in both the deflected and the undeflected
positions.

Impedance matching a two-stage cascade

An amplifier suitably controlled by a preceding stage must have its
control flow uniquely fed by the power flow of the first stage. 1In



particular, vhen the power jet of the first stage does not feed one
active channel, the mass flow through this channel must be effectively
zero.

This can be realized only in twu ways:

1) If a difference exists between the ambient pressure in the first
stage and the pressure in the control capacities of the second stage,
the pneumatic resistance of the Jjunction channel must be as high as
possible. .

2) If there is no pressure difference, the resistance of the
Junction channel may be low.

The first solution which gives a high input impedance must te
rejected because, as we saw above, the output impedance of such an
amplifier is low.

The second one can be realized by two means:

a) If the ambient pressure in the twvo amplifiers is the same,
the gap, (e), between edges of the convergent walls in the second stage
must be adjusted so as to ma¥e the pressure in the capacity equal to
ambient pressure. In general, this is possidble because the pressure
ir the control capacities can be adjusted to a level higher or lower
than ambient.

b) If the gap between wall edges is optimized for the maximum
gain, the pressure in the control capacities is fixed generally to a
value lover than the outside pressure. We can lower the level of the
ambient pressure in the fiist stage by separating this zone from the
atmosphere and by suitably loading the bleed.

. We could verify that two amplifiers having mass flow gains of 50
and 10 vith outputs to atmosphere gave a mass flow gain of 500 when
staged (Fig. 6).

Channel decoupling

Th~ 3-channel receiver, with central vent, has an interesting
characteristic; when both active channels ere fed, a load change of
one of them modifies only very slightly the mass flow through the other
one. This decoupling may be advantageous in practice.

Differential sensor operation

The Jet bending inside the control capacities is always very
small, the deflection angle being determined by the overpressure zones
existing at the exit of the convergent edges. The result is that the



10

pressure difference between the jet sides in the amplifier is also
small. Then if we Join the control capacities to two reservoirs oy
very low loss pipes, we can detect a slight pressure difference be-
tween them. The control flow is blown or sucked according as the
mean level pressure in the reservoirs is higher or lower than the
pressure in the control capacities without control flow. This device
is very sensitive to differential pressure (Ap = 1 mm H,0) and, in a
relatively wide region, insensitive to the mean value of the pressure
(t400 mm H,0).

The output signal is a mass flow change which can be amplified
in a pure fluid regulating system.

In such an application it appears that the power jet behaves like
a fluid membrane; the function of which is read by a differential flow.

CONCLUSION

It has been shown that introducing small geometricual differences
in a conventional amplifier yields a new tyre amplifier having quite
different operating characteristics. In the new device, momentum
balance plays a minor role and mass flow is actually controlled
through viscosity effects, so that it is probable that it will operate
successfully even in tiny modules. Moreover, the behavior of the device
is very sensitive to slight changes in convergent wall shape, so that a
large range of operation possibilities including bistable can be
contemplated. The rather good dynamic characteristics are felt to be
due to the simplicity of its design. For the present it must be
considered that the device acts as a mass flow amplifier, providing a
gain in the range 10-100, inclusive.
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BISPABLE FLUID JET AMPLIFIER WITH LOW SENSITIVITY
TO RECEIVER REVERSE FLOW
by William S. Griffin

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio

ABSTRACT

A selected bistable fluid jet amplifier is presented which exhibits
low receiver-interaction region coupling and which .1lso has reasonable
receiver power recoveries and control signal pressures and flows. The
receivers are specifically designed to handle load reverse flow such as
might be delivered by a piston. If the control signal pressure is in-
creased approximately 50 percent above that necessary to switch the power
Jet into an unblocked receiver, the jet may be switched into a receiver
pressurized at 40 percent of supply.

INTRODUCTION

In 1959 and 1960, Diamond Ordnance Fuze Laboratories (now HDL)
introduced a series of fluid signal processing devices which were called
fluid amplifiers or fluid interaction devices. Unlike the more conven-
tional fluid signal processing devices available at that time, fluid in-
teraction devices possessed no moving mechanical parts and relied instead
on the interaction of streams of fluid for their operation. Their sim-
plicity, ruggedness, and lack of moving parts made them appear quite reli-
able and suiteble for use in extreme environments. Potential applications
included the use of fluid interaction devices as control components in the
vicinity of a nuclear rocket engine, on jet engine inlet and engine con-
trols, and in hot gas servosystems. Considerable interest was aroused in
their application and a number of companies and government agencies became
active in the field.

Unfortunately, the practical development of useful fluid amplifier
circuits proved more difficult than had originally been supposed. The
fluid amplifiers of that time were often unstable or noisy when their re-
ceivers were blocked, and lcad-amplifier interactions occurred which were
not well understood and degraded system verformance. A particular load-
amplifier interaction effect which proved quite troublesome was the cou-
pling between a fluid jet amplifier and a blocked, highly capacitive load
such as a piston or a bellows. In practical servosystems, however, bellows
or piston loads are quite common and their destabilizing effects on fluid
Jet amplifiers tended to hinder the development of fluid amplifier servo-
systems.

18 T X-52120



This paper presents a NASA developed, bistable fluid Jjet amplifier
which was specifically designed to handle such loads and the reverse flow
which they can deliver into the receivers of the amplifier. The design
presented is still in the developmental stage and neede improvement; how-
ever, it is capable of driving a capacitive or reverse flowing load at
high speed and with much smaller control signals than would be required
of more conventional fluid jet amplifiers under similar loading conditionms.
It is the purpuse of this paper to furnish the designer with an amplifier
design which, although in need of refinement, will enable him to apply
fluid jet amplifiers in systems where load-amplifier interactions have
been heretofore troublesome.

DEVELOPMENT OF A FLUID JET AMPLIFIER CAPABLE
OF HANDLING RECEIVER REVERSE FLOW
Description of the Problem

Figure 1 shows a fluid jet amplifier of convertional design driving
a dead-ended, highly capacitive load such as a piston. In figure 1(a) the
amplifier has been driving the load for a sufficiently long time for all
transient effects to die out. If, as shown in figure 1(b), the power jet
1s switched to the right hand receiver, the volume load will start to dis-
charge. The discharge flow forms a reverse flowing Jet which impinges on
the power jet in the vicinity of the interaction region. Since the reverse
flow initially has a stagnation pressure equal to the maximum static pres-
sure that the amplifier can develop when driving a blocked load, its momen-
tum will keep the main power jet of the amplifier firmly attached to the
right-hand wall. In addition, the flow delivered by the reverse flowing
Jet procably upsets the flow geometry of the interaction region in much the
same manner as application of a control signal. Thus, to switch the main
power jet back into the reverse flowing receiver, shown in figure 1l(c), a
control signal much larger than normal must be applied.

Figures 2 and 3 show typical control pressures and flows required to
switch a fluid jet amplif'er of the design shown in figure 1 into a reverse
flowing receiver. As can be seen, the required control pressures and flows
rise sharply as a function of the reverse flowing supply pressure of the
receiver pr/ps. Since this particular fluid jet amplificr design could

develop a blocked recciver pressure of 55 percent of the amplifier supply
pressure, unduly high control signals are required to assure that it will
switch into a highly capacitive load. Otherwise, time must be allowed for
the load to discharge to an acceptably low pressure before switching. These
restrictions of control signal levels and switching speed considerably limit
the usefulness of conventionally designed fluid jet amplifiers as power
valves for piston or bellows loads.

19
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Design Approaches

Two conflicting requirements had to be fulfilled to develop a fluid
Jet amplifier which could handle receiver reverse flow. First, the re-
ceiver reverse flow had to be diverted away from the interaction region
and, preferably, a quiet ambient atmosphere supplied to the interaction
region. Second, the receiver had to develop satisfactory pressure and flow
recoveries during normal, forward-flowing operation. Both changes in am-
plifier geometry and the interaction of flow fields could be used to accom-
plish this task. The former approach was chosen, primarily because of the
lack of flow visualization equipment at the time of the amplifier develop-
ment.

The resultant amplifier design is shown in figure 4. Figure S shows
an expanded view of the interaction region and inlet portion of the re-
ceivers. As can be seen, the receivers in the NASA Model 7 design are
pointed away from the interaction region and reverse flow exiting from them
will flow out the vents V. The entrance to the vent Vz 1is widened

slightly so that the extra flow entrained by the reverse flowing receiver
Jet will be captured and diverted away from instead of into the interaction
region. A separate vent Vz is used to provide entrainment flow to the

interaction region. The baffle wall between \F and V; prevents re-

ceiver spillover flow or reverse flow from interfering with the entrain-
ment flow. All vents are connected to atmosphere.

The interaction region (fig. 5) differs somevhat from conventional
ractice. A set of control port restrictions are used to prevent control
{low from entering the interaction region. These control port restrictions
have zero offset and are machined in the same pass as the main power nozzle.
The use of zero offset enables small machining errors to Le tcelf-canceling.
Another benefit is that the control flow required by the control port during
absence of a control signal is reduced,

Figure € shows hypothetical 1low patterns in the amplifier receivers
during operation. In figure 6(a) the amplifier is ¢ iving a conventional
orifice load. One portion of the flow is delivered to the lcad while the
other part is exhausted through the vent. Vi. Because the baffle wall iso-
lates the interaction region from the flow going out through the vent Vz,
the receiver may be completely blocked with little or no noise occurring
on its output.

Figure 6(bt) shows operation of the amplifier when one of its receivers
is reverse flowing. Because the receiver is directed away from the interac-
tion region, the load reverse flow is dumped out through the vent VS'

Thus, little interfercnce with the interaction region occurs, and the main
power ‘et may be switched into the reverse flowing receiver by means of a
small control signal.

20



EXPERIMENTAL PERFORMANCE OF NASA MODEL 7 AMPLIFIER
Equipment and Test Procedures

A series of static tests were corducted on the NASA Model 7 amplifier
to determine its performance under various loading conditions. Dynamic
performance, although important, was not evaluated at this time.

The amplifier (fig. 7) was machined out of an acrylic block by a
pantagraph engraving machine. 7Tne power throat sc¢ction was 0.101 centi-
meter (0.040 in.) wide by 0.152 centimeter (0.06) in.) deep. Wall surface
roughness was estimated as being equal or less than 0.0005 centimeter
(0.0002 in.) in the vicinity of the power nozzle and interaction region.

No particular effort was made to trim the amplifier for symmetrical perfor-
mance other than exercising suitable care in machining the entire unit. It
shiould be pointed out, however, that the performance of the interaction re-
glon is very sensitive to small manufacturing errors, and much difficulty
was experienced in trying to machine additional units which yielded the
same performance.

Measurements of amplifier triggering pressures and flows as a function
of receiver loading were conducted with the test setup shown schematically
in figure 8. A servopressure controller was used to maintain either con-
stant positive or negative pressures on one of the two receivers of the
amplifier, regardless of the flow through the rece’ver. Total error in
receiver pressure by this method was no greater than 2 percent of the
nominal value. The other receiver was optionally loaded with a needle
valve or left open to atmosphere. The point of triggering was determined
by observing the point at which the trace on the X-Y recorder plot made a
sudden break from the previously smcoth curve,

Control port cross-flow characteristics were measured with the test
setup shown in figure 9. The servopressure controller was again used to
maintain atmospheric pressure at the amplifier control port at which the
flow was being measured. Thus, a flow resistor with a linear pressure
drop-mass flow characteristic could te used to measure control port cross-
flow without changing the ambient pressure supplied to the control port.

Receiver charecteristics were measured with the setup shown schemati-
cally in figure 10. The servopressure controller was again used to maintain
.« pressure upstream of the linear flow element constant but at a negative

pressure equal to the amplifier supply pressure of 6.88x105 newtons per
meter squared (1.0 psig). Thus, measureuments of receiver flow could be made
at subambient pressures.

All tests of the Model 7 amplifier were conducted at a supply pressure
of 6.88x103 newtons- per meter squared (1.0 psig) and a temperature of
298° K (75° F).

21



Sources and Magnitudes of Error

Combined nonlinearity and hysteresis of the pressure transducers and
the readout devices were estimated as 1 percent full scale. The nonlinear-
ity of the linear flow elements was also approximately 1 percent of full
scale. The transducers, rcadout device, and the flow element, if applica-
ble, were calibrated as a single unit and in terms of the variable being
measwed., Estimated calibration accuracy was 1 percent of full scale for
pressure measurements and 3 percent of full scale for flow measurements.
Reading error, which occurred when switching pressures and flows were read
off the X-Y recorder plots, was approximetely 0.2 to 0.3 percent of supply
pressures and flows to the power nozzle. Total instrumentation and reading
error for switchirgz pressures and flows is estimated as being equal or less
than 0.4 percent of the amplifier supply pressure and 0.5 percent cf its
supply flow, respectively. Total instrumentation error for control port
croce-flow characteristics is estimated as C.2 percent of the supply pres-
sure and 0.3 perceut of the supply riow, respectively. Total instrumenta-
tion and calibration error for the receiver output characteristics is esti-
mated as 2 percent of supply pressure and 4 percent of supply flow.

A set of errors was apparently caused by nonrepeatable variations in
the interral flow pattern of the amplifier. The lack of repeatability
varied from a minixzum for receiver and control port cross-flow characteris-
tics to a maximum when the amplifier was switching into a reverse flowing
receiver. In scme cases, two distinect triggering pressures were observed.
Ir. the other cases, the lack of repeatability is included in the reading
grror previously discussed.

A variation in performance characteristics was noted from one ampli-
fier to the other. This lack of reproducibility was apparently caused by
machining errors and varied from a minimum for receiver pressure flow char-
acteristics to a maximurm when control port characteristics were measured.
Not enough amplifiers were machined and tested at the time of writing of
this report to esteblish necaningful figurec for the observed performance
variations; however, preliminary ovservations indiceated that, for carefully
machined units, variations in triggering pressures and flow of approximately
50 percent or more of the nominal values could be expected. The particular
errors in machiring which caused these performeance variations have not been
determined. Norzle and interaction region wall roughness appear to be major
contributors. It was found that any given fluid jet amplifier could be
trimmed for symmetrical performance by shaving a small amount of material
off the portion c¢f the contrcl port restriction which was in contact with
the main power stream. By this procedure, amplifiers could be made with
performance characteristics approximately equal to the amplifier reported
in this paper. No experiments were perform:3d to find the sensitivity of
amplifier performance to variations resulting from photoetching type proc

22



DISCUSSION OF RESULTS

Although some coupling between the rece..er and the interaction still
exists in the NASA Model 7 amplifier (figs. 11 and 12), it is much smaller
than the coupling present in an ampl:fier of more conventional design. A
control pressure of cnly 9 percent of supply pressure was required to switch
the particular amplifier tested into a receiver pressurized at 100 percent
of supply pressure. The more convernitional unit, on the other hand, is
practically inoperable after the reverse flowing receiver pressure is above
40 percent of the supply pressure to the main power nozzle. If the receiver
pressure into which the main power jet is flowing is increased, the jet at-
tachment becomes more stable and Larder to switch (fig. 13). This behavior
exists for receiver pressures up to 100 percent of supply and is not typical
of amplifiers of the type shown in figure 1.

Pigure 14 shows the effects of a "worst possible case" in which the
receiver on which the power jet ic attached is blocked and the opposite
receiver is reverse flowed. As can te seen, a control pressure of 15 per-
cent of supply pressure is adequate to switch the amplifier into a reverse
flowing receiver pressurized at 100 percent of supply. In practical situa-
tions, it is quite doubtful if such a combination of receiver flows and
pressures could be achieved by a damped, second order load such as a piston.

Unfortunately, although the NASA Model 7 fluid jet amplifier has been
made relatively insensitive to the effects of receiver return flow, its
switching characteristics are strongly affected by a ncgatively pressurized
receiver. Figure 15 shows that a negative receiver pressure of only 15 to
20 percent of supply pressure is sufficient to cause the jet to switch into
that receiver. This triggering semsitivity to negative receiver pressure
will become important when the amplifier is used to drive a piston. If the
amplifier is driving the piston ard the piston velocity builds up to a max-
imum value, the piston could cornsume a flow of approximately 110 percent of
the flow supplied to the mair Jet power nozzle (fig. 16). However, if the
amplifier is switched to the other side to decelerate the piston, the piston
will, for a short period of time, contirue to draw the same amount of flow
out of the receiver. The experimental receiver performance curves shown in
figure 16 indicate that a flcw of 100 percent of supply out of a receiver
will cause a negative preesure of 40 percent of supply if the main power
Jet is directed towards the other receiver. This negative receiver pressure
is sufficient to cause the main power Jet to switch back and again acceler-
ate the piston to maximum velocity.

Fortunately, this reverse switching may be avoided if a steady pressure
is maintained on the amplifier control ports. Figure 17 shows the control
port pressures and flows required to switch the main power Jjet away from a
negatively pressurized receiver and the minimum pressures and flows to keep
the jet from switching back (called reverse switching in the figures). As
is shown in figure 17, if the negative receiver pressure is less than
50 Jercent of supply, the control pressures and flows necessary to switch
the jet away from a negatively pressurized receiver are more than enough to
keep it away. A negative receiver pressure of 50 percent of supply will
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correspond to a fiow greater than the amplifier was capeble of delivering
to the piston load and hence is not likely to be encountered in a non-
resonant load. JConsequently, if the driver stage used to drive the Model 7
amplifier maintains continuous pressures and flows in the amplifier control
ports, the Model 7 amplifier would not be expected to switch because of the
negative receiver pressures created by pistcn deceleration.

Figure 17 alsu shows the presence of two distinct triggering pressures.
The pressure at which the amplifier would switch appeared to be a function
of how rapidly the ccntrol signal was applied.

A comtination of receiver loads nct investigated was a negative re-
ceiver pressure on the side on which the jJet was attached and a positive
pressure (hence implying reverse flow) on the side toward which the jet
was being switcried. However, cmission of this combination of loads is not
expected to be serious since btoth are not likely to occur at the same time.
If a piston 1lcad is being driven by the amplifier, maximum receiver pres-
sure will te developed only when the piston is moving very slowly and hence
drawing very little flow. C(oaversely, maximum flow will be drawn by the
piston only when the pressure differential across it is a minimum. Hence
the conditions of most difficult switching are probably given by either
figures 11 and 12, or figure 17,

The countrol port cross-flow characteristics of the amplifier are shown
in figure 18. As is seen, flcw entrainment into the control port is low
during the abseuce of a control signal. Control port cross flow does not
start ‘o btecome significant until a control pressure in excess of S percent
of supply is applied to the cpposite control port. A control port pressure
of 10 percent of supply, which is sufficient to cause the amplifier to
switch under practically any piston load, causes a control port cross flow
of ovaly 4 percent of supply. Thnis value of cross flow is quite low and can
prohably be handled without difficulty by most passive or active fluid logic
elemer.ts of couventional design (cf., fig. 1).

CONCIJSIONS

It is concludea that a bistabie fluid jet amplifier with reasonable
receiver pressure ard flow recoveries can be made which exhibits greatly
reduced sensitivity to recesiver loading effects. The design is particularly
gooil at hardli=g receiver reverse flow, such as might be delivered by a
piston and bellows, and should fird application for such loads. At the
supply pressure “ested (1.9 psig), application of continuous control pres-
sures aid flows of 15 and 10 percent of supply, respectively, are sufficient
+0 erable the amplifier tested to drive a piston load under most conceivable
modes of operation.

Tne design is not yet optimized, and it is concluded that the perform-
ance of the interac*%ion region is sensitive to small manufacturing errcrs.
Any particular amplifier may be ‘rimmed to give symmetrical performance,
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after which it will continue to give reproducible results. However, a new
interaction region design must be developed which will give the necessary
Jet deflection angles, have short length, and exhibit reduced performance
sensitivity to the manufacturing process. One possibility is the more
conventional interaction region shown in figure 1.

The design presented in this paper is basically incompressible and
will not work well at supply pressures approaching critical or greater.
Work should be done to develop an amplifier with a supersonic nozzle which
can operate at more useful supply pressures.

NOMENCLATURE
Dy width of main pover nozzle, m {in.)
h height of channels in fluid jet amplifier, m (in.)
] mass rate of flow, kg/sec (1b,/sec)

p  pressure, N/’ (1bp/in.2) gage

Subscripts:
] control
r receivers

8 supply conditions

v vent
Superscript:
@ angle, deg
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Figure 1. - Performance of standard design bistable element with various receiver laadings.
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Figure 2 - Control pressures required to switch conventional fluid jet into reverse flowing
receiver. Other recelver i, vented to atmosphere.
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Figure 3. - Control fMlaws required to switch conventional fluid jet amplifier into reverse
flowing receiver. Other receiver is vented 1o atmosphere.
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Figure 4. - NASA Model 7 fluid jet amplifier.
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Figure 5. - Interaction region of NASA Madel 7 fluid jet amplifier.
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Figure 6. - Performance of the NASA Madel 7 fluid jet amplifier under
various loading conditions.
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Figure 8. - Schematic of test %o measure control port switching pressures and fiows,
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Figure 9. - Schematic of test to measure control port crossfiow characteristics.
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Figure 10. - Schematic for test to measure receiver characteristics.
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Figure 11. - Control pressures required to switch conventional and NASA Modei 7 fluid jet
amplifiers into reverse flowing receivers. Other receiver is vented to atmosphere,
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Figure 12. - Control pressures and flows required to switch NASA Madel 7 fluid jet amglifier
awgy from pressurized recelver. Other receiver is vented to stmesphere,
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DEVELOPMENT OF A PURE FLUID NORGATE
And A
NORLOGIC BINARY TO DECIMAL CONVERTER

by

T. W. BERMEL & W,R,BROWN
of

CORNING GLASS WORKS

ABSTRACT:

A review of the empirical approach to the design and fabri-
cation of an active, two-input, pure fluid OR-NOR Gate is
presented. Performance criteria and testing methods for
this device arc discussed relative to a discrete standard

breadboard-type component.

The breadboard assembly of a binary to decimal converter
using these gates is reviewed and finally the reduction of

this breadboard circuit to a three-dimensional circuit module

is discussed,
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INTRODUCTION

An active, two input, pure fluid OR-NOR Gate is a digital logic element with
a supply pressure input, OR and NOR outputs, and two control pressure
inputs. A unit having a constant supply pressure will normally generate a

pressure signal from the NOR leg. If, however, a sufficient control flow is

transported to either, or both, control channel inputs, the output signal will 2
switch to the OR leg. When all control signals terminate the output will e
return to the NOR leg. 2
&

As non-bled fluid amplifiers must be properly sized to function in a system, it
thus rendering them difficult if not impossible to breadboard, only OR-NOR w
Gate designs incorporating bleeds at the interaction area are investigated. e
Closed, or non-bled, systems must be uniquely designed to accommodate =

specific flows and characteristics of interconnected components, therefore

by incorporating bleeds in fluid element design, units of the same size and A
utilizing a common power source can be combined into functional systems. th
Possibly the most difficult facet of designing and fabricating breadboard units, =
whether they be pure fluid elements or any other device utilized in logic or i
control circuits, is establishing and meeting certain minimum standards. AR
The major desirable operating characteristics of an OR-NOR Gate are: gt
a) Fan-out capability, i.e. the ability to drive several i
units, co
b) Load insensitivity, i, e. switch points remain constant al

as load is changed.
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c) Operation over a broad range of supply pressures.

d) Balanced control switching characteristics.
e) Complete shutoff in the inactive output,
f) Fast response,

A number of devices were fabricated for each of the designs discussed and
only typical curves are shown. Most of the data accumulated during this
study have been omitted from this paper for the sake of clarity, Although
substantial flow-pressure and operating range information was accumulated,
it was found that these characteristics changed only slightly as the designs
were changed. The recovery pressure vs, switch pressure relationship was
most indicative of design parameter variations, therefore only these curves

are presented.

All devices were fabricated in Fotoceram glass cerarnic and cover plates of

the same material were thermally fused to the ¢tched images,

- s D —— g —— ——

It was decided that a bistable element could be altered to function as a two-
input OR-NOR Gate by (a) geometrically biasing the power stream to a
given attachment wall, such that in the absence of a control signal the stream
would normally attach to that wall, and (b) installing a two-input control
configuration adjacent to the given wali, The method of geometrically biasing

a bistable unit is shown in Figure 1,
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A program was initiated to increase the control width dimension ""A'',and
adjacent wall setback, dimension '"B', thereby increasing the tendency of

the power jet to attach to the opposite wall,

The first design study is shown in Figure 2, The design of the two-input
control coufiguration was completely arbitrary, and the OR wai.l offset
dimension '""A', was varied in an attempt to establish an optimum bias
operating condition, The effect of bleed area, dimension ''B'', on recovery

preesure was also investigated at this time.

When designs | thru 9 were tested it was found that none of the elements
exhibited bistability unless a substantial control differential existed. It then
became quite obvious that the ratio of control width to wall length was too

great to allow bistable operation. In an effort to obtain data on recovery and
switching characteristics the bottom control channel was blocked, thus reducing
the effective control area on the NOR side causing all of the units to biat o the

proper wall and function as inverters. Typical switch curves for the top

control of each design are shown in Figure 3,

-

The following conclusions were drawn from these curves:
a) The NOR side control area was too large (proportioning
occurred when no control signal was present).
b) The greater the OR side attachment wall offset,
dimension "A', Figure 2, the higher the switch

pressure and the greater the tendency to proportion
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from the ''set' wall to the opposite wall during
switching.

c) The bleed design did not appear to be efficient
in removing all of the excess flow at high loads.
Note, Figure 3, that all of the units 'flood out' at
the various loads. It can also be noted that the , 020"
wide bleeds caused extreme flood-out at high loads
while there is little difference between the . 030" and

. 040" wide bleeds.

Design #10, Figure 4, was then initiated, with the bieed design being
patterned after designs discussed in a papcr by R. W, Warren entitled '"Bistable
Fluid Amplifiers', and a two-input control again arbitrarily chosen, A typica!
switch curve is shown in Figure 5. The data indicated:
a) Fairly good load stability, i. e. no ''flood-out' and
relatively load insensitive,
b) Upper control switch pressure was high and far out
of balance with lower.

c) The hysteresis loop was extremely large.

From these data it was apparent that adequate venting had been achieved, but
that the control imbalance and the large hysteresis loop required further
study. The switch pressures, in particular that of the upper control, were
high enough to severely limit '"fan-out''; and the return pressi.res were low

enough to indicate that minor variations in manufacturing techniques or slight
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flow "spill-over' of interconnected units could result in bistability. It

was decided to adjust both attachment wall locations through the ranges
shown for designs 11 to 14, in Figure 6, in order to establish what effect, if
any, the relative distances between the attachment walls had on the switching
and return pressures, All four designs yielded approximately the same

s witching characteristics, as shown by the typical curve presented in Figure
7. It was concluded that the distance between walls has little effect on the
switch points of this particular bistable device design and no further study

is contemplated in this particular area at this time.

The most undesirable feature of design 10 is obviously the relatively high
pressure required in the upper control in order to effect switching, The

switch pressure level of the lower nozzle, although not optimum, was felt
to be adequate; and for this reason it was decided to concentrate effort on

bringing the upper control into balance with the lower, rather than decreasing

the average of the two,

In an attempt to show visually the interaction of the control flows with the
power stream flow, an experiment was conducted utilizing a double size image
of design 10 with a transparent glass coverplate attached over the image. A
container filled with smoke was then inserted in the exterior control line and
a control flow passed through the container to the upper and lower controls
respectively. Switching of the power stream by each control was observed,
Figure 8 depicts the smoke residue formed on the transparent coverplate with

vortex currents also inserted to illustrate what was believed to have been
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taking place in the critical areas. This vortex action does not appreciably
effect the lower control but greatly effects the upper by apparently increasing
the effective resistance at the point of impact with the power stream and
allowing a relatively large amount of ''waste fiow'' to pass out the inactive
bottom control. In an attempt to minimize the effect of this phenomena three

new designs were processed.,

Design 15, Figure 9, moved the intersection of the two controls closer to the
power stream in the belief that such a move would tend to balance the switch-
ing points. However, as noted on the curve in Figu:e 10, the upper contro:
pressure actually increased, and it would appear that the closer the lower
control channel to the vortex region, the more efficient it becomes in venting
the control flow from the upper channel; hence the higher the pressure re-
quired to obtain enough flow to switch the power stream. Design 16, Figure 11,
decreased the angle of approach between the top control channel and the power
stream. From the curve in Figure 12 it is obvious that the controls were
balanced rather well but that both switching points increased, indicating that the
effective resistance due to the vortex phenomena in this design effected the lcwer
control as well as the upper. The third design, #17, Figure 13, was made in an
attempt to decrease the effective resistance of the control opening by removing

a small amount of material from the corner between the control opening and

the attachment wall, It was reasoned that this would decrease the resistance at
the point of impact of the power stream and control stream by streamlining

the flow at this point. The curve shown in Figure 14 not only indicates that

the desired results of balancing the controls were attained but also suggests
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that the return pressure is increased thus decreasing the hysteresis loop.

INTERCONNECTION

Having achieved what was felt to be a reasonably stable device for use in
breadboard circuits, proof of its ultimate potential required fabrication of

a reasonably complex multi-layer, diffusion bonded circuit, Although the
interconnection of fluid devices introduces many unique problems, most

of these problems can be avoided if the circuit is designed well within the
operating capabilities of the basic devices used, or conversely, if the circuit
design is such that the devices included are required to operate under any

marginal conditions, unexpected pressure inconsistencies combined with

margirally performing gates might well result in erratic operation.

In order to establish the validity of this reasoning it was decided to design
the circuit well within the capabilities of the NORgate, while, in effect,
making no effort to design around potential interconnection problems. With
this in mind, the following design parameters were established:
1) Fan-out - although the gate, as designed, could
generally be expected to actuate six similar devices,
fan-out was limited to four,to assure stable operation.

2) Complexity - the circuit should have a minimum of

ten gates in'a minimum of ten plates.

3) Size - all gates would have . 010" wide power nozzles,

and the plates would be designed to have vertical

symmetry, thereby simplifying artwork preparation

52



and venting.

4) External connections - there would be no test taps, and

as many devices as possible would vent into common
sumps, thereby minimizing external porting. In
addition, all devices would be fed from a common supply
port.

5) Components - only two input OR-NOR gates would be in-

cluded in the circuit in order to avoid malfunctions not

directly attributable to the component being tested.

At the time this test was being formulated several circuits were being
developed, and from these, the one selected as being most readily adapt-

able to the previously stated conditions was the binary to decimal converter,

BINARY TO DECIMAL CONVERTER LOGIC DESIGN

There are, of course, many basic logic designs which will accomplish the
conversion from a binary number to a decimal number, one of whickh is that
shown in Figure 15, This particular design was chosen because it utilizes

only two input OR-NOR Gates with a maximum fan-out of four. The eighieen

gates included could easily be laid out on ten plates,

The design is obviously negative nor logic, with the eleven gates in line
representing the ten decimal numbers, plus a reset, and the seven gates in
line connected to represent the four possible combinations from the one and
two counters, and the three combinations required from the four and eight

counters,
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Figure 16
Figure 16 shows the converter as breadboarded prior to final design, with
the counter below the manifold and the converter above, while Figure 17
shows the same layout with the converter prciuced in module form, The

counter part of the circuit was not included in the block to avoid other than

nor logic.

Figure 17
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ASORMBLY DERON

The assembly was designed with the gates placed in the same relative
position on each plate, as shown in Figure 18, Although it is readily
apparent that there is considerable wasted space on each plate, this design

technique greatly simplifies artwork preparation and venting, and is felt to

be justified until such time as size and weight become criticali,

The four plates running clockwise from the top contain the seven gates which
receive the signals from the counters, and the remaining five plates show

nine of the eleven re:dout gates, One active plate and the coverplate are not
shown, The device piciured in the lower left-hand corner is a standard NOR-

gate of the type used in assembling the breadboard circuit,

Two converters were fabricated and stacked as shown in Figure 19, and both
of them performed as intended, up to approximately 100 cps. This would
certainly seem to indicate that thc NORgate, as developed, is adequate for
circuit fabrication as long as it is not required to function under marginal
conditions, It is quite probable that this same device would malfunction if
included in a circuit requiring a fan-out of five, even though designed to
fan-out to six, because it is certainly not unreasonable to expect one slightly
sub-standard device out of eighteen, and the fabrication techniques used do
not permit replacement. Figure 20 presents the input and output character-

istics of the converter.
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CONCLUSIONS

It would appear that an effective method of geometrically biasing a bistable
unit incorporates both a slight wall offset and an enlarged control area.
Once this is accomplished and an input control width is established, 010"
in this case, the operating characteristics ot the unit become relatively
fixed for various changes in attachment wall distances and two-input
configurations. Possibly the most significant accomplishment was recog-
nizing the apparent interaction of the control stream with the power stream
and the rather elementary solution of streamlining the flow at the critical

area.

The final analysis of the value of the NORgate described will not be available
until data are obtained relating the fan-out of the NORgate to selection. How-
ever, the binary to decimal converter did demonstrate that fabrication of
reasonal.y complex NOR-logic circuits in multi-layer, diffusion sealed

blocks, can be accomplished.
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One large class of tape-readers are those that decods paper
tapes punched vith holes; i.e.,the pattern of holes in the tape
is translated into a typed message. Both electrical and pneumatic
systems are available commercially to perform this function. The
tape-reader described in this paper uses flueric devices.

Pneunatic tape-readers have been available for many years.
The main use of these machines is the typing of duplicate letters.
Thus businessmen are able to send apparently individually typed
letters at a much lower cost than letters individually typed by a
human typist. These tape-readers use a piano-roll type tape with hole
positions corresponding to each character or control instruction;
i.e,.,there are sbout 50 hole positions in a tape.

Likewise electrical tape-typewriter systems have been extant
for many years. The electric machines are also used to duplicate
letters. In addition,the electric mackines are capable of processing
standard forms upon which duplicate information is to be typed
together with some special information on each form; in other words,
the electric machines can insert specific bits of typed information
at the desired locations in a standard form. The electrical
machines may also be tied in with more sophisticated business systeas,
vhich use electronic digital computers. These tape readers use an
eight-hole tape; each cha-acter or control function has a combinatorial

code using six bits., Omne hole position is used for a parity check
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The system described in this paper combines the reliadbility
of pneumatics with the flexibility of the electric system.
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THR SYSTEM AS A WHOLE

The tape-reading system (fig. 1) comprises two inter-

F locking subsystems, the main logic subsystem and the control sub-
system. The primary task of translating the tape falls to the main
logic subsystem, which converts the pattern of holes in the tape
into pneumatic signals, amplifies these signals, feeds the
amplified signals into decoding elements, and actuates the typewriter.

The control subsyster allows the operator of the tape-readsr to
regulate the translation process. This subsystem is responsible
for advancing the tape across the reading head at the proper speed
and synchronizing this motion with the main logic subsystem. Figure

2 is a photograph of the rear of the system.
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Figure 1. Block diagram of the tape-reader system
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Fieure 2.

Rear view of assembled tape-reader system



THE MAIN LOGIC SUBSYSTEM

The first stage of the main logic subsystem is the reading head
(fig. 3), which consists of two sets of eight orifices. The orifices
are cut into two opposing plates between which the tape moves. The
spacing of the holes in both plates corresponds to the spacing of hole
positions in the paper tape. The region behind the upper plate is
pressurized so that the upper set of orificee emits air jets.
The orifices in the lower plate are individually connected to eight
transmission tubes. As the tape moves between the plates, depending
on vhether or not a hole appears in a ziven tape position, either the
transmission tubes receive a pressure step derived from the dynamic
pressure of the emitted air jets passing through the hole in the tape,
or the end of the transmission tube in the reading head is closed off
by the paper tape.

The combinatorial logic that decodes the tape requires two types
of signals: (1) signals that are high vhen there is & hole and low
vhen there is not and (2) signals that are low when there is a hole
end high vhen there is not; that is,the logic system requires a signal
indicating both the presence and absence of a hole. To produce
these two types of signals and also to amplify the signals originating in
the reading head, the eight transmission tubes from the reading head
are connected to a set of eight flueric flip-flops.

Each transmiseion tube is connected to one control port of a P5

¥
y

flip-flop and the other control port is left open to atmospheric pressure.

When the tape position correspoanding to a given flip-flop has no hoie
in it, the transmission tudbe is closed at the reading head end. Because
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the flip-flops used are of the type in which sealing off a control
port while the opposite control is open to atmosphere switches off
the unit, the absence of a hole in the tape will cause the £flip-flop
to switch to the side connected to the reading head.

On the other hand when a hole appears in the tape position cor-
responding to a flip-flop, if the pressure producing the air jets in
the head is sufficiently high, the pressure received in the trans-
mission tube will cause the flip-flop to switch to the opposite side.
Hence the outputs of the flip-flops are the Boolean functions X and
i, vhere X is defined as followse:

1 if there is a hole in the Xth tape position
e 0 1f there is not a hole in the Xth tape position o
X is of course the Boolean complement of X.

With these two Boolean functions available for each of the eight
tape positions it is possible to produce all the combinations of in-
puts making up the code. The code used is one of the standard Friden
Flexowriter codes. The eighth tape position is used only for the
carriage return,and the fifth position is the parity bit; thus
to eimplify the decoding circuitry, the eighth and fifth positions were
ignored and a six-bit decoding circuit was built. The parity bit is
used to make an odd number of holes in the code of any character.
Many erroneous codes in the tape can be detected by checking to make sure
that the number of holes for any code is odd; that is,checking the
parity. A parity checking circuit was not built into the present

system, however, because it was not believed necessary for demonstration

purposes.
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Although the Boolean functions available from the flip-flops would
permit the use of either AND or NOR elements for decoding, turbulence
amplifiers (NOR elements) were chosen as the decoding elements (fig. 4).
When there is no input to the turbulence amplifier, the output recovers
a dynamic pressure from a laminar jet; when an input is received, the
jet becomes turbulent, and, because of the difference in energy
dissipation between laminar and turbulent flows, a much lower pressure
is recovered by the output. 'rhc turbulence amplifiers used have
eight input terminals. Since the turbulence amplifier behaves as a

NOR element, for inputs Yi’ the output Z 1is

z-'l*yz+13ooo+tk+o.o (2)

However, since the code for a character is a Boolean AND functiom,

a Boolean algebraic manipulation must be made to determine the inputs
to the turbulence amplifier necessary to produce the proper response.
The code for A, for example, has holes in the first, sixth, and seventh
positions. Hence ignoring, as previously stated, the fifth and eighth

positions

Aol 2°3°%4+6°7
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Now, an extension of DeMorgan's Rules shows that if

Fe U1 v, V¥, 0, U, "W

2 3 4 5 6 3

then

%)

F= U1 + U2 + 03 + U4 + U5 + U6

where, as is customary, °* is the Boolean AND operation, + the
Boolean OR operation, and - is the Boolean inversion.
A comparison of (2), (3), and (4) shows that if
P- = . o o »
U1 U2 U3

then the variables 61’ ﬁé, and U3 + o o» must be supplied to the inputs
of a turbulence amplifier so that its output will be F.

Since the same variables are required as inputs to several NOR
elements, fanouts are necessary at the outputs of the flip-flops.
The fanouts used are manifolds in which the supply and output ports

are mounted axially in order to reduce losses. Each fanout has 30

outputs through 0.032-in. I.D. brass tubes about 4 in. long.
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Appendix I shows that if the supply pressure to the flip-flops
is greater than 57.4 cm H20, then the steady-state operation of the
main logic circuit is assured. (The dynamic problems will be treated
shortly.) Thus,whenever a particular code appears in the reading head,
the corresponding turbulence amplifier delivers an output pressure
signal.

The remaining task of the translating system is the conversion of
this pressure output into the movement of the typewriter keys. Because
the primary objective was the demonstration of flueric logic devices
in a complex system, the development of pneumatic-to-mechanical trans-
ducers was not considered. Instead provision was made to utilize an
existing system,

The existing 50-hole tape reading system contains actuators
requiring a vacuum supply. In this system the control port of the
actuator is connected directly to the reading head; thus as the piano-
roll tape rides over the reading head the holes in the tape allow
the control port to be exposed to atmospheric pressure. When a control
port is connected to atmospheric pressure, the sctuator activates a type-
writer key through a series of levers. The compatibility of this
actuating system with several popular models of typewriters made
its use in the main logic subsystem very desirable.

Because the output of the turbulence amplifiers is a pressure
step above atmosphere and the input to the actuators is the partial re-
lease of a vacuum, a bellows-controlled orifice arrangement (fig. S)
was used to couple the two sets of devices. When the orifice is

uncovered the actuator connected to it will pull a key on the typewriter
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The assembled bellows-orifice arrangement

FPigure 5.



. e ES

down., When the orifice is covered the key is released.

All the dynamic problems center around the synchroniszation of the
pneumatic input signals to the NOR elements. The requirement is that all
inputs to all NOR elements must change simultaneously for proper operation
of the system described above.

$ince changes in the various inputs to a NOR element cannot be
made to arrive sirultaneously, a means of eliminating the transient
errors wvas developed. Because only six of the eight inputs to the NOR
units are used for decoding, one of the remaining inputs is used to
receive & blanking pulse. A pulse of air delivered to a NOR unit
will prevent it from firing; thus a blanking pulse delivered to all the
NOR units, during the time trat the inputs are still changing, will
prevent errors cauvsed by the transition. The blanking pulse would be
required to arrive at the NOR element a short time before a change occurs
and to cease a short time after all changes in the inputs are completed;
in other words, the blanking pulse would completely mask the transition
period. Because the blanking pulse must be synchronized with the tape
motion, the pulse originates in the control circuit and passes

through a fanout to all the decoding NOR elements.
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THE CONTROL SUBSYSTEM

The central component of the control subsystem is a two-output
flueric trigger (fig. 6). The two outputs of the flueric trigger (ST)
are Boolean complements of each other. When the input to the ST
reaches a threshold level, the normally high output becomes low, and the
normally low output, high. When the input reaches some lower threshold
level, the outputs return to normal, The normally high output is
sometimes called the low side, and the normally low output is called
the high side: i.e., the outputs of the ST are named for their condition
in the activated state. This type of device has been identified by
the nonstandard nomenclature OR-NOR.

The ST's used in the control subsystem have integral Y connectors
in the control and two outputs. The device was designed by tilting the
power jet of a bistable unit (flip-flop) until it became monostable.

The device has a built-in fanout of two, but the use of external Y
connectors rermits a fanout of five.

The control subsystem must advance the tape and provide a synchronized
blanking pulse to the translating system. Because of its purposes the
control subsystem naturally separates into three main paris: (1)

a central oscillator, (2) the blanking circuit, and(3) the advancing
circuit. The advancing circuit contains both moving-part and no-moving-
part pneumatic components, whereas the oscillator and blanking circuits
are entirely flueric.

The central oscillator is a resistance-capacitance, feedback type.
Varying the value of the feedback resistor with a needle valve varies the
frequency of oscillation. The frequency can be varied continuously from

5 to 11 cps. The output of the oscillator is a square
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Disassembled flueric trigger

Figure 6.



wave. Since it is desirable to be able to stop the system at any time,
an input is provided to lock the oscillator in one position. The output
of the oscillator is fed into the tape advance and blanking circuits.

The tape advance circuit amplifies the clock pulse from the
oscillator and uses it to drive a piston. The piston drives a tape-
advancing sprocket through a pawl and ratchet assembly,

The blanking circuit contains a variable time delay, an adjustable
single-shot multivibrator, and a pulse power output (fig. 7). The
variable time delay is necessary to compensate for the many delays in
the advancing circuit. Adjustment of the variable delay will cause
the blanking pulse to coincide with the change of tape position. The
variable delay is effected by passing the output of the oscillator
ttrough a series tank-and-valve combination intoem ST. Adjustment of
the valve varies the time delay, because the time required for the
pressure in the tank to reach the switching pressure of the ST depends
on the series resistance.

The adjustable single-shot multivibrator (S8) varies the on-time
of the periodic step-function output. This feature is necessary, because
the duration requirement for the blanking pulse changes with
frequency. If the blanking pulse is ' Lo short, the NOR logic will
errcneocusly decode the transient input states, since not all the
transient states will be blocked. If the blanking pulse duration is
too long, the NOR elements will not have enough time to come to a fully

on-state. and the bellows-orifice mechanisms will nct actuate, because

of the lack of sufficient pressure.
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The adjustable SS uses three STI's and a series valve-tank combination.
ST 3 has inputs from the high side of ST 2 and the low side of ST 1.
In the quiescent state, with no input from the delay circuit to ST 1,
the low side of ST 1 has an output, so that ST 3 is in the activated state,
and no output occurs on its low side. When an input comes into ST 1,
the low side no longer has an output and ST 3 goes to an unactivated
state with an output on the low side. Since the high side of ST 1 is
connected to the input of ST 2 through a valve-tank combination, ST 2
switches to an activated state after a time delay depending on the
valve setting. When ST 2 switches, it deactivates 3T 3, Thus the
low side of ST 3 has an output that starts when there is an input to
ST 1,and stops after a delay time dependent on the valve setting.

Thus a variable pulse width is achieved without affecting frequency.
By choosing one or another of the outputs of ST 3, pulse widths of 5
to 95 percent of the period of oscillation are availablie,

The output of the SS is fed intoan ST with a higher power jet
pressure than the ST's in the SS. This power amplified signal is then
delivered to a fanout that feeds all the NOR elements. Adjustments of
pulse width and time delay are made while observing simultaneously the
output of the masking pulse fanout and the other inputs to the NOR
decoders. In this manner the blanking pulse is adjusted to the proper

width and the correct time relationship to the changing inputs.
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FERFORMANCE

In general the performance of the tape-reader was good. Tapes could
be read at about ten characters per second with few errors. This is
about twice the speed of existing pneumnatic tape readers and about the
normal operating speed of electric tape readers. The causes of the errors
are known.

One type of error occurs when the carriage is returned. The time
for the carriage to return is greater than the period of oscillation,
especially for long lines of type. At 10 cps,the carriage return
for a full line of type takes about four periods. Hence, while
the carriage is still in reverse motion, the initial letters on the next
line will be typed, causing them to appear erroneously in the middle
of the page. To eliminate these errors the tape must not advance while
the carriage is returning. An obvious solution is to lock the oscillator
for a few periods by a signal from the eighth (carriage return) flip-
flop. This solution will not work because the delay betwzen the
oscillator and tape advance ratchet is greater than 3 period of oscilla-
tion; hence, even if the oscillator were shut down, the signal stil! in
the lines would make the tape advance. Another possible solution is
to pre-sense the carriage return hole by a separate reading head and
thereby shut off the oscillator enough in advance so that the stopping of
the tape-advancing sprocket will coincide with the return of the carriage.

Another type of error occurs when a double letter is coded. The
action of the bellows-orifice arrengements, although fast enough

for effective single operation at high speeds, is not fast enough to
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& respond to two consecutive signals. Nothing short of redesigning the
bellows-orifice arrangements will solve this problem. However, 1if
the reading speed is reduced slightly, the present arrangements will

respond fast enough.
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CONDITION FQR EFFECTIVE STEADY-STATE CPERATION

The flip-flop, fan-out, turbulence amplifier circuit is as follows:

s |
)

FAN S ' Turbulence
CUT =3y Amplifier

FF ¥
I

This cirzuit can be represented schematically as follows:

B R

l I I

D F?O 8 P ANt
Fb? Rzz R

| A
= ) —»\/\13\r L AANC——e

where Pl’ Ro is the equivalent circuit for the output of the flip-flop
(P1 is either a constant pressure dependent on the supply pressure to
the flip-flop or is zero pressure when the flip-flop is switched off,

and Ro is a square law resistance,

The R,, are the resistances of the separate branches of the fan-

11
out. The Rz1 are the input resistances of the turbulence nmplifiers.
Both the Rl1 and Rzi are linear resistances.
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Now the circuit must be arranged so that when the flip-flop 1is

on, P, 18 large enough so that the turbulence amplifier is shut off.

3
Figure Al shows that although the turbulence amplifier never shuts

off entirely, a suitably low output pressure level is reached when

P = P input pressure

in
5 .35 P (em H,0) (1)
o b P = output pressure
¢ (em HZO)
Figure A2 shows that
P = 319 P - 3,19 20=5P = 55 2)
o 8 s

where P8 is the supply pressure.
Since it is desired to have as bigh an output as possible from the
turbulence amplifiers without sacrificing stability, P. is set

nominally at 50 em HZO' Thus Po = 12,75 em HZO’ and for effective

operation Pin;3'19 cm H_O.

2

The circuit components must then be adjusted to effect this con-

dition. Since Ro’ R ., and R, are all fixed, P, is the only

11 21 1
adjustable parameter. Pl may be changed by varying the supply pressure

to the flip-“lop. From figure A3 it is seen that

Pl - 533 Pj 3)

where PJ is the supply pressure of the flip-flop.
Steady-state equations for the circuit can be written by applying

the resistance laws and the continuity equation for one-dimensional

incompressible flow,
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Since

R -Rlz-..'..............-R

11 1i

‘nd Rzl-RZZ-CQOOOOOOOOOQ.....-R

21
We may write

P31 - P32-o'oooo.o.oo.ooooo = Pai

Q11 le'................. L Qli

Q21 - Q22.ooo'ootooococcooo. - in

Thus it is possible to speak o. R_, RZ’ P, Q, and
resistance laws give 1 3711

_o2
o Bl T N

Py =By = QR

B R
The continuity equation yields

Qo - NQl

where N is the number of fan-outs.
Combining (5), (6), and (7)

P, =Q R +R)
Combining (9), (4), and (8)

sade ¥
P =NQ ‘R +Q (R +R)

Q « The

2
(4)
(5)

(6)

N

(8)

(9)



or

2 2 ; - -
NQ, Ro-rQl(Rl'l-Rz) P, =0
hence “& +R) £ V@R +R)2+ PN 2R (10)
1 2 = V4 2 1 ¢
Q ®
1 2y 2

R
°
Obviously the positive root should be taken, hence

- 2 ¢ 2
(R, +R,)) + ‘\/(Rl +R)2+ PN 2R an

Q -

2N 2
[¢]
Combining (11), 6, and 7 \
I'd
| “\/l @ +R)+ BN - R +R) |
P e s YR2 (12)
3 y 3
2x R J

N
Substituting the appropriate vaiues in equation 12

P.Z3.19 ¢em 1L O

3= 2 em H20
& -2

R1 3.3 x 10 vy

cm H O
= -2 : i
RZ 8.0 x 10 rry

N = 35 (an upper bound for the fan-out of a single
variable for the code used; see figure 3)

cm 1{20

(cc /min)%

R = 1.61 x 10-6
[

one concludes that for proper operation

==
P1 = 30.6 cm H20

hence by relation (3)

P, =257.4 em KO
- 2 91
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ABSTRACT

This paper assesses the simultaneous use of both proportional
and bistable fluid state devices in synthesizing closed loop
control systems. In particular, the desirable features of
systems using proportional devices in the power amplifier and
actuator sections of the system and digital devices in the
feedback and compensating sections are presented. The advantages
of typical systems are evaluated with respect to accuracy,

speed of response, compensation, stability, impedance matching,
and efficiency. Preliminary experimental results are reported.
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FLUID STATE HYBRID CONTROL SYSTEMS

by

P.A. Orner - Giannini Controls Corporation
Malvern, Pennsylvania

J.N. Wilson - University of Saskatchewan
Saskatoon, Saskatchewan

INTRODUCT ION

Past and present research and development in fluid state devices
has resulted in several types of proportional and bistable f luid
amplifiers with widely varying performance characteristics.
While initial efforts were directed towards development of
individual elements, more recent investigations have been
concerned with synthesis of practical systems. The inherent
advantages of fluid state devices immediately suggest appli-
cations to closed loop control systems.

However, when one encounters the design of control systems
employing exclusively fluid state devices, a number of decisions
must be made,viz.:

1. How can the controlled variable be monitored with
sufficient accuracy over the maximum expected excursion?

2. How can the command or reference information and
perhaps adaptation information be reliably and
accurately read into the system?

3. How can the system best be compensated to meet stebility
and dynamic design requirements?

4. How can the power amplification and mechanical
actuation functions in the forward loop be executed most
reliably and efficiently?

Considerations such as those noted above lead the authors to
believe that hybrid fluid state systems employing bistable and
proportional devices in appropriate portions of a control system



offer severa. advantages.

At the present level of development in fluid state technology, it
is worthwhile to examine the most advantageous applications of
fluid state devices (both propustional and bistable) in the
various parts of the control loop.

TRANSDUCTION AND COMPUTAT ION

First, let us examine the problem of measuring the controlled
variable. The main advantage of using digital transduction is
the capability to measure large excursions of the controlled
variable and yet preserve resolution. Coupled with this is the
fact that digital logic elements are relatively insensitive to
noise. Consequently, noise generated in the transduction

process is not transmitted through the system. Another advantage
of digital transduction is the insensitivity to reference
variations and parameter changes.

A good example of the case in point is the pneumatic gauge
(essentially a flapper valve used for analog position measure-
ment). Such a device is capable of measuring position accurately,
providing the controlled variable executes only small excursions
from the null point. In addition the devicc's performance
characteristics change with variations in operating pressure,
geometrical design, and fluid properties. Admittedly, not all
analog transduction devices operate on the pneumatic gauge
principle but it is felt that sensitivity to reference

variations and parameter changes are two characteristics of nearly
all analog transduction means which tend to degrade comtrol system
performance. No doubt,applications exist in which analog
transduction may be the only means possible due to economic or
practical considerations.

Turning now to the feedback and computational portions of the
system, one desirable feature of using digital devices is their
inherent insensitivity to noise. Large noise-to-signal ratios,
which proportional devices at the present state-of -the-art are

prone to exhibitl’z, tend to result in saturation and reductions

in sensitivity especially if several stages of amplification are
used. One further drawback to the use of proportional devices in
the feedback and computational portions of the system is their
rather high sensitivity to geometry (introduced during fabrication),
often resulting in asymmetrical or nonlinear operation?,

There are, however, certain features of the use of proportional
amplifiers which are superior to digital devices so far as
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feedback and computation are concerned. The first is their
frequency response. Proportional devices have a response time

an order of magnitude faster than digital devices. Furthermore,
in many control systems, the number of proportional elements

used will be considerably less than the number of 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>