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[57] ABSTRACT

A liquidic (liquid fluidic) control element which oper-
ates with laminar liquid jets. The element uses a liquid
control jet operating with a Reynolds number of less
than 550 which when directed at the emitter jet de-
flects it inward towards the control jet, opposite to
that found in conventional fluidic devices. Since this
mode of deflection requires low control jet flow rates,
high amplification and/or fan-out are mherently
achieved. Low power requirements make the inven-
tion particularly suitable for logic circuits which can
be constructed from the basic NOR element.

14 Claims, 4 Drawing Figures
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1
LIGUID FLUIDIC DEVICE

BACKGROUND OF THE INVENTION

This invention relates to a fluid operated control de-
vice, and more particularly to a fluid operated control
device wherein both the control fluid and the con-
trolled fluid are a liquid flowing in the laminar regime.

At present, hydraulic systems are controlled by one
or more of the following hybrid systems: mechanical-
hydraulic, electromechanical-hydraulic; or pneumatic-
hydraulic. The use of fluidic elements for hydraulic
control provides a number of potential advantages over
the other hybrid systems. Fluidic elements provide
greater reliability, shorter response times, reduced
cost, are more easily fabricated, and are less sensitive
to environmental conditions. A fluidic element using
the working fluid for control has the additional advan-
tage of eliminating interfacing.

Although many basic concepts of fluidics are equally
applicable to both gas and liquid, there are important
differences which do not allow a practical hydraulic
fluidic control system to be designed as readily as a
pneumatic fluidic system or a hybrid system. One im-
portant difference is that liquid as a fluid is a more
costly commodity than air. For this reason it is impor-
tant that the control element has high amplification
and/or fan-out and also low power requirements. Also
most pneumatic fluidic devices operate under sub-
merged turbulent flow conditions, and the resultant dif-
fusion of the jet produces poor pressure recovery,
which is not the case with a liquid operated device of
the present type.

The ability to deflect a laminar fluid jet away from
the control jet has been reported in the literature.
These investigations showed inherently higher signal-
to-noise ratios and lower response times using laminar
rather than turbulent jets, and faster signal transmission
using liquids rather than the conventional air medium.
The laminar jet has been avoided in current pneumatic
element design since it had been found difficult to pre-
serve laminar conditions in the jet when it was de-
flected by the impingement of a control jet and also be-
cause it was difficult to reattach a laminar jet to a wall.
Since these conditions are not applicable when using a
liquid control medium, advantage can be taken of the
fact that a laminar jet results in considerably higher
pressure recovery since the diffusion of the jet is much
less.

Prior to the present invention, the deflection of a jet
was effected either by velocity effects (momentum in-
terchange), or by pressure effects. In 2 momentum in-
terchange fluidic device the momentum of the main jet
is modified by the momentum of the control jet result-
ing in a deflected attitude. This type of device can oper-
ate either digitally or proportionally. If a single receiver
for the main jet is utilized and venting is accomplished,
then any deflection greater than one full diameter will
result in a loss of signal at the receiver, resulting in a
digital mode of operation.

It is commonly accepted that the results of the im-
pingement of two jets can be predicted by means of jet
momentum flux interchange. This theory has been re-
ported in the literature many times, and has been used
successfully with high-speed jets.

However, it has been found that momentum inter-
change does not adequately predict the behavior of in-
teracting liquid jets operating at low Reynolds num-

20

25

30

40

45

50

55

60

65

2

bers. It was discovered that when the emitter jet oper-
ates in the laminar region the jet could not only be de-
flected away from the control jet (using relatively high
control jet flow rates as compared to the emitter jet)
but it could also be deflected toward the control jet by
using low control jet flow rates as compared to the
emitter jet. The present invention exploits this phenom-
ena providing a fluidic device with inherently high gain
since a large difference in flow of the control jet rela-
tive to the emitier jet is required to achieve the desired
mode of operation.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a
fluidic control device in which the control fluid and the
emitter fluid are liquids operating under laminar condi-
tions.

Another object is to provide a fluidic device having
a unique mode of operation wherein the emitter jet is
deflected by the control jet inward towards the control
nozzle.

Another object is to provide a fluidic device which
has relatively high amplification and/or fan-out, high
pressure recovery and low power requirements.

It is another object to provide a liquid fluidic device
capable of providing all digital logic functions.

It is another object to provide a liquid fluidic device
capable of proportional operation.

The present invention essentially comprises an emit-
ter nozzle for coupling to a liquid supply source and op-
erative to issue a coherent and laminar liquid emitter
jet, a control nozzle adapted to issue a liquid control jet
having a Reynolds number less than 550 operative to
deflect the emitter jet inward towards the control noz-
zle, and receiver means spaced downstream from the
emitter for receiving the emitter jet.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a generalized sectional view of a liquid flu-
idic device illustrating the mode of deflection of the
present invention under requisite conditions of flow.

FIG. 2 is a sectional side view of one embodiment of
the invention in the form of a NOR logic element.

FIG. 3 illustrates graphically typical relationships be-
tween emitter jet deflection, control jet Reynolds num-
ber and emitter jet Reynolds number.

FIG. 4 illustrates graphically typical relationships be-
tween pressure factor or gain, control jet Reynolds
number and emitter jet Reynolds number.

DESCRIPTION OF PREFERRED EMBODIMENTS

With reference to FIG. 1, the fluid element 1 com-
prises an emitter nozzle 2, a control nozzle 3 and a re-
ceiver 4. In operation, a liquid is supplied to the emitter
nozzle 2 such that the emitter nozzle issues a laminar
and coherent jet 5. In the absence of a control jet the
emitter jet is received by the receiver 4. When the con-
trol nozzle 3 issues a coherent laminar jet 6 with Rey-
nolds number less than 550, the emitter jet 5 is de-
flected inward towards the control nozzle. The receiver
4 is positioned such that the emitter jet 7 when de-
flected by control jet 6 is not received by the receiver.

To provide the desired mode of deflection the con-
trol jet Reynolds number must be less than approxi-
mately 550 since above approximately 550 momentum
effects will dominate and the device will operate in the
conventional mode, with deflection away from the con-
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trol jet. FIG. 3 shows typical control and emitter flows
required to develop given deflection angles. The
threshold of flow is the lower limit for effecting deflec-
tion and provides maximum deflection angles. Prefera-
bly however, the control jet Reynolds number will be
greater than 50, since below this value changes in envi-
ronmental conditions tend to cause erratic operation.
It was found that for reliable operation, low power re-
quirements, and maximum amplification and fan-out, a
suitable range for control jet Reynolds number is 50 to
150, particularly when operating with an emitter jet
Reynolds number from 100 to 1,800. It was further
found that control jet Reynolds numbers greater than
[50 also resulted in satisfactory operation and it ap-
pears evident that any value less than approximately
350 may be practical in certain applications.

As previously indicated, control jet Reynolds num-
bers greater than approximately 550 yield conventional
mode deflection which is not presently claimed as in-
ventive. FIG. 3 illustrates that a given fluidic element
may operate in the conventional mode (negative de-
flection angles in FIG. 3) as well as in accordance with
the present invention (positive deflection), depending
on the flow conditions.

As stated previously. this invention requires that the
emitter nozzle operates to issue a laminar and coherent
el The requirement for a laminar emitter jet can be
provided with a Reynolds number of less than 2,000. A
particulurly useful range of emitter jet Reynolds num-
bers was found to be 1,000 to 1,800. The relationship
of this range of Reynolds numbers with other parame-
ters s shown in FIGS. 3 and 4.

FIG. 2 illustrates an embodiment of the invention
suitable us a NOR logic element. The liquid fluidic de-
vive comprises an entitter nozzle 21 which is supplied
with a liguid through an inlet 22, control nozzles 23 and
25 with inlets 24 and 26, respectively, and a receiver 27
that communicates with outlet 28. Second receiver
meuns or sump 29, which is integral with the body
niember 20, is adapted to receive the emitter jet issuing
from the ematter nozzle 21 when it is deflected by a
coutrol et ssuing from either of the control nozzles 23
and 28,

For optimum operation in the digital mode, the dis-
tance from the emitter exit to the control-emitter inter-
action zone should be greater than 1.5 emitter nozzle
diaumeters. It was found that when this distance was less
than 1.5 diumeters, impingement of the control jet on
the main jet caused a smooth transition in the interac-
tion region where the main jet could tend to remain de-
tlected even when the control flow was stopped. No ad-
vantage is gained by increasing this distance more than
two diameters. The only disadvantage is that the overall
iength of the device will be increased. In view of the
above the preferred distance from the emitter nozzle
et to the interaction zone is two emitter nozzle diame-
ters with any additional control nozzles spaced down-
stream therefrom and oriented in such a manner that
thow from two control nozzles do not neutralize each
vther.

It 15 not necessary that the emitter nozzle provide
tully developed flow for satisfactory operation and
theretore emitter length should be as small as possible,
consitent with adequate aiming of the jet. in order to
minumze both the power requirement and the overall
siee of the device.
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The distance between the emitter and receiver is not
critical other than being sufficient to permit total de-
flection of the emitter jet from the receiver so that the
device may operate in the NOR mode. A distance of
five jet diameters was found to be sufficient for the
greatest angular deflection obtainable. Preferably the
distance is as short as possible to minimize switching
time.

The receiver length should be as short as possible,
and should expand quickly and smoothly to minimize
pressure losses, The actual geometry will be a matter of
choice based on the system requirements, avaiable fab-
rication techniques, etc.

Deflection was found on the basis of experimental
data to have a high correlation (90 percent) with Rey-
nolds numbers. FIG. 3 presents this data in a form con-
venient for design purposes.

Optimum results are attained when the control jet in-
tersects the emitter jet at an angle of approximately
90°. It was found that the device operated in the desired
manner (deflection toward the control jet side) when
the angle between the two jets varied from 45° to sub-
stantially 90°. At angles less than 45°, the jets tended to
interact and coalesce into a single jet directed away
from the control jet side, similar to a conventional.
beam-deflection device. As the angle approached 90°,
less and less control flow was required to develop an
equal deflection.

The control exit should be as close as possible to }he
main jet in order to minimize the control flow require-
ments (the further away, the greater the flow required
to obtain reliable interaction ), and yet far enough away
tc permit the rapid return to the undeflected mode. It
was found that a distance of 0.010 to 0.015 inches from
the jet was optimum and that this distance was essen-
tially constant and independent of the size of the jet.

The sump for the deflected jet should be as largf} as
possible to prevent the receiver from submergmg,
which would reduce pressure recovery and cause spurl-
ous operation.

It was found that a weak optimum effect is obtained
when the diameters of the emitter, control and receiver
were the same size. In view of this and the obvious fab-
rication advantages, it is preferable that the nozzle pas-
sage diameters be uniform throughout the device.

It was further found that nozzles having square
shaped passages operated in the same manner as cylin-
drical passages. i

The liquid fluidic element as shown in FIG. 2 is de-
signed to operate with the emitter jet issued substan-
tially vertically downward. With a device using water
and having nozzle passage diameters of 0.02 inches,
satisfactory sumping and control was obtained when
the alignment was within 15° from the vertical. Smaller
devices operating at higher velocities are more tolerant
of deviations from vertical orientation than larger de-
vices. _

Experiments showed that the device is relatively in-
sensitive to vibration {high frequency, low amplitude
excursion} but susceptible to shock (low frequen(;y,
high amplitude excursion) particularly in the larger size
devices where the mass of the fluid is large and the ve-
locities low.

Since liquids have essentially no capacitance, and ‘rel-
atively high resistance and inductance (fluid ingrtla),
the impedance is relatively high compared with air flu-
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idic devices, thereby minimizing the necessity of im-
pedance matching.

The primary criteria for the design of a digital fluidic
device operating with a liquid are: supply power re-
quirement, size, switching time, and pressure recovery.

The power needed to operate the device is essentially
a function of the working fluid, and inversely propor-
tional to size. The power requirement is based on the
supply pressure required to maintain the appropriate
Reynolds number flow, the volumetric flow rate, and
the internal losses due to the geometry of the device,
including entrance losses, constriction losses, flow
losses, etc. The power required is a function of the
emitter jet Reynolds number, cubed; and inversely pro-
portional to the diameter of the jet.

The size of the device will be a function of the dis-
tance from the emitter to the control nozzle, the length
of the jet from the interaction region to the receiver,
the nozzle lengths, and the geometry of the inlets or
outlets to or from the nozzles.

Switching time is a function of the velocity of the
emitter jet and distance from the interaction region to
the receiver. More specifically, shorter switching times
are obtained with higher emitter jet velocities and
shorter distances to the receiver. Decreasing the emit-
ter jet diameter increases jet velocity and therefore de-
creases switching time.

The pressure in the receiver is proportional to the
square of the ratio of the main jet Reynolds number to
the jet diameter. The ratio of the pressure in the re-
ceiver to that required to assure control 1s an equally
important consideration since it is an indication of the
number of elements that may be driven by the output
of one element, or the fan-out of the device.

FIG. 4 shows the pressure factor or gain (receiver
pressure/Acontrol pressure ) related to emitter and con-
trol jet Reynolds number. The values given are based
on emitter and control nozzle passage length of 10 noz-
zle passage diameters.

Lower power requirements for an equivalent Rey-
nolds number, and lower susceptibility of failure due to
contamination can be obtained by increasing the size of
flow passages, but as a result switching speed. overall
size and pressure recovery are adversely affected. Since
there is no single combination that permits maximiza-
tion of all parameters, it becomes necessary to rank op-
erating characteristics by priority and optimize the de-
sign for the particular application desired.

For logic circuit operation, total power requirements,
switching times, and fan-out become the major items of
consideration due to the potentially large number of
devices required for a single system. The choice of fluid
is essentially between water and hydraulic oil. If water
is selected, small devices can be designed with power
requirements of approximately two orders of magni-
tude less than conventional air fluidic devices. How-
ever, the maximum switching speed that can be ob-
tained is approximately 7 milliseconds. If higher speed
is essential, then oil should be used, which requires an
order of magnitude more power than necessary when
using air devices, duc to the necessity of providing an
order of magnitude more supply pressure.

Following are examples of liquid fluidic devices of
the type shown in FIG. 2, giving details of design.

For a logic control system in which the working fluid
is water and for which a switching time of 8 millisec-
onds is acceptable, suitable design parameters are:
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Nozzle passage diameters, {emitter, control and re-
ceiver) 0.02 inches; emitter and control passage length,
0.20 inches; emitter jet deflection angle 6°% (note FIG.
3) emitter jet Reynolds number, 1,670; control jet Rey-
nolds number, 95; distance from emitter to control noz-
zle centerline, 0.04 inches; distance from control noz-
zle to emitter jet axis, 0.020 to 0.025 inches; free jet
length from control nozzle to receiver, 0.20 inches
{0.02 cot 6°=0.191 inches). Fan-out of the device is
approximately 18. The pressure factor is approximately
150 and the power requirement approximately 9 x 107*
watts.

As another example, consider high speed the prime
criterion with power requirements secondary. For
these requirements the working fluid selected in a hy-
draulic oil (MIL-H-5606). Suitable design parameters
are: Nozzle passage diameter, 0.020 inches; emitter
Reynolds number, 1.200; control Reynolds number
200; deflection angle, 10° emitter nozzle passage
length, 0.20 inches; distance from control nozzle to re-
ceiver, 0.10 inches. The switching speed obtainable i3
0.53 milliseconds and the pressure in the receiver is
1.97 psi. The power requirement is approximately 0.7
watts.

An experiment was conducted to determine the num-
ber of elements that could be controlled by the output
of one element. Using two modules consisting of 8 cle
ments each, it was found that one clement could con-
trol the remaining 15, indicating a fun-out capability
for the device of at least 15.

Logic circuits were constructed using liguid fluidi
NOR elements of the type shown in FIG. 2 including o
NOT module. an AND, OR and histable element, and
a single stage binary counter. Using liquid as the oper
ating fluid, time delays can be conveniently obtamed
with a suitable length of conduit. Tu obtain a deluy i
pneumatic fluidics, either a capuacitunce or a resistance
would be required, which in turn would change the im-
pedance. Since the liquid fluidic device is essentially
impedance insensitive, a resistance in the form of o
long conduit can be used with no deleterious eftects,

The fluidic device was also designed to oscillate by
feeding back the output of the receiver to the control
port. It was found that the period of oscillation was a
direct function of the emitter jet flow, but the “time
onftime off” ratio was proportional to the amount of
fluid fed back from the receiver to the control nozzle
By metering this amount, flow mto the receiver could
be controlled from approximately 20 to 80 percent of
the emitter flow. This effect can be applied to provide
controlled variable sampling of liquid.

The transport time between the receiver and the con
trol port is also a function of the compressibility of the
working fluid in that this parameter affects the speed of
propagation of the pressure wave. This allows the de-
vice to be used for the measurement of compressibility
and bulk modulus of a liquid. 1o determine. for exam
ple. the dissolved gas content.

The device was also used for flow measurement. Do
vices with nozzle passage diameters of .125 were as
sembled with an interconnecting condoit 48 inches
long. Flow is measured by counting the [requency ot
osciilation.

The invention also provides a device that wiil operate
in the proportional mode since the angle of deflection
is a function of control jet flow. as illustrated m FIG. 3,
With reference to FIG. 1 it can be seen that pressurc
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in the receiver 4 will vary from a low value when a rela-
tively low control jet flow is supplied, that is with a
large emitter jet deflection, to a greater value as the
control jet flow is increased and momentum effects de-
crease the angle of emitter jet deflection. It will be un-
derstood that the receiver need not necessarily be posi-
tioned coaxially downstream from the emitter as shown
in FIG. 1, but may be positioned so that maximum pres-
sure at the receiver is obtained when the emitter jet is
partially deflected.

Other embodiments and applications of the present

invention will occur to those skilled in the art.
What is claimed is:
L. A liquid fluid operated control device comprising:
a. an emitter nozzle for coupling to a liquid supply
source and operative to issue a coherent and lumi-
nar liquid emitter jet;
b. a control nozzle adapted to issue a liquid control
Jethavinga Reynolds number less than 550 opera-
tive to deflect the emitter jet inward towards the
control nozzle: and
¢. recetver means spaced downstream from the emit-
ter for receiving the emitter jet.
2. The apparatus of claim 1 wherein the control jet
has a Reyvnolds number of from 50 to §50.

3. The apparatus of claim 2 wherein the control jet
has a Reynolds number of from 50 to 150.

4. The apparatus of claim 1 wherein the emitter jet
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has a Reynolds number of less than 2,000,

5. The apparatus of claim 4 wherein the emitter jet
has a Reynolds number between 1,000 and 1.800.

6. The apparatus of claim | wherein the receiver
means is positioned coaxially downstream of the emit-
ter nozzle for receiving the non-deflected emitter jet.

7. The apparatus of claim 6 comprising two control
nozzles defining a NOR logic element.

8. The apparatus of claim 1 wherein the control jet
intersects the emitter jet at a distance greater than %
emitter nozzle diameters downstream from the emitter
nozzle.

9. The apparatus of claim 1 wherein the control jet
intersects the emitter jet at an angle between 45° and
substantially 90°,

10. The apparatus of claim 9 wherrein the angle of
intersection is substantially perpendicular.

11. The apparatus of claim 1 wherein the distance of
the outlet of the control nozzle to the emitter jet is from
0.01 to U.01S inches.

12. The apparatus of claim I comprising additional
receiving means for receiving the deflected emitter jet.

13. The apparatus of claim 1 wherein the diameter of
the emitter nozzle. control nozzle and receiver inlet are
substantially equal.

14. The appuratus of claim 1 wherein the emitter jet
is directed substantially vertically downward.

® * * * *



