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FOREWORD

This report was prepared by the Bendix Research Laboratories, The
Bendix Corporation, Southfield, Michigan, ard i3 the final report for
Fluidics for Control of Military Fuel Kandling Operations. The work
was initiated under U.S. Army Contract Number DAAK02-69-C-~0123, Project
Nusber 5548584241030, sponsored by the U.S. Army Mobility Equipment
Rusearch and Development Center, Fort Belvolr, Virginia. The work was
performed under the direction of Mr. N. A. Caspero, Chief, Onshore Fuel
Systems Branch, Fuels Handling Equipment Division. Work at Bendix
Research Leboratories was under the direction of D. D. Barnard.

The inclusive dates of research were 31 October 1968 through
31 August 1970.

Major contributions ware made by Mr. T. A. Phillips of Bendix
Research Laboratories and Mr. W. E. Studebaker of the U.S. Army Mobility
Equipment Research and Development Center.
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SECTION 1
INTPODUCTION

The purpuse cf this ansiytical and experimental effort was to
evaliate the practicability of fluidics for control of military fuel
handling operations. There were two basic objectives. The first was
to demonctrate the feasihility of a fluidically controlled, automatic
shutoff closed-connect fueling device. The second was to analytically
implement fluidic solutions to variocus military fuel handling operations
to allow an appraisal of the practicability of fluidiecs for councrol.

The demonstration of the fueling divice was achieved by combining
a uniquz method of fluidic sensing and conticl with a coimercially avail-
able closed-crinect coupling. The effort consisted of the design and
fabrication of the component parts, a breadboard evaluation of the
eritical components and subsystems and, finally, a prototype fabrication,
evaluation and demomstratior.

The evaluation nf fluidics for control of fuel handling operations
consisted of: specifying the various operations; defininz the control
requiremeats; implementing fluidic solutions and evaluating the practi-
cability of the applicatiom.

The operations for which fluidic control were considered included
pipeline pump station control, stcrage tank quantity gaging, tank farm
manifold controi. fuel interface detection in pipeline flow, fuel
dispensing purp flow and speed-control, filter/separeior water dump
valve contrecl and aucomatic switching between tilter/separator vrnits.
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SECTION 2
SUMMARY

This 1s a report of an investigation into the practicability of
using fluidic technology for control in military fuel handling operations.

The purpose of this investigation was to determine if fluidics offered
unique solutions to the many potential areaz for automatic contrcl “n field
. operations iacluding automatic pineline control, tank farm manifc 1 centrol,
tank quantity gaging, interface detection in pipelines, fuel dispensing
pump flow and speed control, detection of clogging in filter/separators,
automatic switching between filter/separator units and autcmatic shutoff
closed-copnect fueling devices.

. The purpcse was achieved by conducting concurrent experimental and
analytical programs. First, to demonstrate the potential for fluidic
control, a prototyve of a fluidically controlled, closed-connect fueling
device was designed, tested, demonstrated and delivered to the Army.
Second, a comprehensive study was performed thet included equipment and
system definition, determination of control requirements, conception of
fluidic solutions and componer.t and system performance appraisals for
each of the fuel handling operations mentioned.

i

The prototype fueling device consists of a nozzle and a tank
receptacle. When nated, fuel is delivered to the tank without exposing
the fuel or tank to airborne contaminants. When separated, both fuel
flow paths are sealed from the ambient. The nozzle wes designed with a
fluidically controlled main fuel valve. It is positioned as a function
of fuel delivery pressure to assure reliable fluidic amplifier operation,
and it is automatically shut by the amplifier senmsing circuit. This
circuit uses a fleat-actuated valve located in the fuel tank and affixed
to the receptacle to algnal the amplifier when the tank fills. The
amplifier uses this information to stop fuel flow by closing the main
valve and by shutting off its own power supply which is derived from
the fusl delivered to the fualing nozzle. It also is provided with a
manual control valve that bypssges the fluidic control.

The fueling device successfully met the requirements of delivering
fual of specified specific gruvity at a flow rate of 100 gpm with no
2 more than a total pressure drop of 15 psi. The receptacle also met the
requirement of being simply field -~ altered for normal open-port fueling.
Other requirements were alao met. An exception was the nozzle weight
vhich vas sbout two pounds haavier than specified. Hovever, the recep-
tacle vas undar the specified weight by essantially the same amoun:.

To implement the study portion of the work, operational require-
ments for each of the various control cpplications were reviewed to
3 determine the control requirements. Automatic pipeline operation wes




of special interest and it was decided to study the control of a remotely
located pipeline pumping station. This operation was selected bacause
many types of control functions are performed during the automatic start-
up, on-line operation and shutdown. The startup and on-line operation
were studied in detail and fluidic sequencing and steady-state circuits
were devisad to meet the requlrements for unattended control. The resul-
tant startup and on~line controls included many logic functions and
several interface devices such as sensors, pilot stages, transducers,

and actuators. A brief tradeoff study of fluidic power supplies for

the pump station control included: use of the fluid in the pipelire;
pump prime mover driven auxiliary power units (APU); and separate APUs.
Pneumatic and hydraulic fluids were cons!dered and the final selection
was a separate iow pressure pneumatic source for the fluldic logic
circuits and another separate high pressure hydraulic source for power-
ing the operators that open and close the varicus valves in the station
fuel manifold.

For the other fuel handling operations, detailed requirements were
obtained through discussions with cognizant Army personnel. Following
this, effort was devoted to a review of available fluidic contrcl tech-
nology to obtain a control solution. In some cases, no solution was
apparent. For the operations where fluidics appeared to offer control
solutiong, a technique was implemented and the feasibility and practi-
cability were evaluated.

In general, it was concluded that fluidics offers practical and
feasible control technology for many militarvy fuel handling operations.
In several instances, the liquid fual itself mugt be used az the amplifier
power supply. Tn others, this appnroach is desirable but not eesgential.
However, it was concluded that present amplifiers are limited in oper-
ational range if the liquid fuel is used. This is because low temper-
atures (-%0°F) can result in Revnolds Numbers within cthe amplifier that
are below the ninimum generally considered safe for reliable operationm.
Pneumatic power can be substituted in many of these controls as an
interim approach unti) amplifier designs are available for operation
at lower Reynolds Numbers. Bendix Research Laboratories has been doing
corporate funded development of amplifier profiles that are optimized
for liquid operation. This effort is expected to result in fluidic
control capabilities for liquid operation similar to those already
available for pneumatics.

For the specific applications investigated, it was concludad that
fluidics are practical and feasible for: pipeline pump station control,
storage tank farm rmanifold control, fuel dJdispensing pump speed and flow
control, automatic switching between filter/separator un!ts, detection
of tuel interfaces in pipelines and control of automatic shuzoff closed-
connect fueling devices. Fluidics did not appear to offer solutions to
storage tank fuel quartitv gaging or to control of the water dump valve
in filter/separator units.

-2
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SECTION 3
CONCLUSIONS AND RECOMMENDATIONS

Based upon the demonstration of a fluidically controlled autoumatic
shutoff closed-connect fueling device and the general results of the study
portions of this contract, it is concluded that fluidic technclogy is
practical for use in several control applications for military fuel hand-
ling operationas. Further development work is required before fluidics
can be effectively used for all military fuel handling control applications,
This will be necessary primarily because wide variations in viscosity take
place for typical military fuels as temperatures range between -40°F and
+120°F. Many control applications preferably would use the fuel for the
fluidic amplifier power supply. However, low fuel temperatures and the
cresultant high viscosity can cause the Reyuolds number to decrease below
the minimum required for relisble operatimm. Therefore, it is & conclusion
of this work that, where fuel must be use’ as the power source, specially
designed fluidic amplifiers will be required. Bendix Research Laboratories
has been performing a Corporate fu~-ad investigation of liquid powered
fluidic amplifiers., The principal purpose of the investigatiom is to
determine the optimum ampiifier configurations for liquid operation. As
a result, it can be expected that the present minimum Reynolds number
will be reduced and provide for more widerpread application of fluidics
in liquid powered applications. In the irterim, many of the Army fuel
handling applications would still be feasisle to implement as long as
operation wags limited to a practical minimum low temperature that would
be specifically defined for each type of fuel.

For the control of a pipeline pump station and other similar controls,
conprised mostly of logical func*ions, pneumatically powered fluidic
circuits are concluded to be entirely feasible and practical,

For the other specific control applications investigated during this
atudy, the following conclusions were reached: Fluidic technology dces
not appear to be applicable to the determination of fuel quantity in
gtcrage tanka. Fluidics cen be practically applied to the lagical control
of an sutomated storage tank farm switching manifold provided that pnaumatic
power is used for the logic circuits, Control of fuel dispensing pumps tc
provide actomatic speed or pressure control is feasible within the pre-
viously mentioned Neynolds number limitations. Fluidic control of the
vatar duwp valve Iin s filter/separator ia not practical because of power
supply limitations related to zontaminatfon control and Reynolds Number.
Fluidic control to provide automatic switching of the main flow stream
from & clogged filter/separator to a standby unit is practical if a saparate
(preferably pneumatic) pewer sunply is used. Also, because of the proxi-
mity of the water dump control, .t would become feasibla ro use fluidic
control of this function if pneumaric power were available for the above

3~1
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switching function. Fluidic phenomena and fluidic control capability
are concluded to offer practical and proven sclutions to detection of
the fuel interfaces in pipelines and can provide the necessary control
functions for effecting fiying switches in downstream manifelds.

Based upon the results of the fueling device development and the
conclusions drawn from the study of the applicability of fluidies for
control of military fuel handling operations, several recommendations
can be made.

It is recommended that at least a portion of the control requirements
of an automated pipeline pump station be implemented with fluidies to
allow a realistic evaluation of the potential of this relatively new
technology for performing this function, For example, the start-up
sequencer discussed in this study could be reviewed to onptimize the design
and then be implemented. This would provide a broad evaluation of the
logic capabilities of fluidic technology using pneumatic power.

It 18 also recommended that fluidics be furtker investigated for its
practicability as a controller for fuel dispencing pumps. Two techniques
were presented and briefly evaluated in this study. A more comprehensive
program is recommended to experimentally evaluate the critical components
of each, make a tradeoff compariscn and, finally, falricate, evaluate
and demonstrate the selected control.

A simiiar program is recommended to evaluate the two concepts for
pipeline fuel interface detection that were presented ir this study. Both
of these concepts, the passive bridge interface detector and the fluidic
jet-on-jet interface detector have already receiveu some experimental
evaluation at the Bendix Research Laboratnries for other applications.
Therefore, an experimental program for evaluation of these devices as
interface detectors would lead to selection of one as the moat promising.
Following a selection, further analytical and experimental work is
recommended to refine the design and to demonstrate the detector in actual
service,

Finally, a continuation of the development of a fluidically controlled
closed-connect autcmatic shutoff fueling device is recommended, Although
the prototype demonstratad satisfactory operability, there is a need
toe improve several aspects of the design: namely, the main fuel valve
should be redesigned to reduce its size, improve the stability and decrease
the closing response time, Other aspects of the design should be further
studied to determine wavs to reduce the probable manufacturing costa.
iwproved piston seals and a simplified arplifier manifolding arrangement
are examples of this,
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SECTION 4
CLOSED-CONNECT FUELING DEVICE

4.1 INTRODUCTION AND DESIGN REQUIREMENTS

The primary program objective was the design, fabrication, test
and delivery of a prototype model of a closed-connect fueling device
equipped with and operated by a fluidic automatic shutoff control system.

The term, closed circuit, defines a technique for fieling a vehicle
without exposing the interior of the fuel tank or the fueling nozzlec
to contamination from the environment either before, uuring or aftcr a
fueling operation. The fueling device consists of the nozzle and a per-
manently mcinted receiver in the fuel tank.

This method of fueling is not unique. It has been used for fixad
wing aircraft underwing refueling for years. However, it is unique to
fueling operations related to ground vehicles and to helicopters. The
Army has been investigating this type of fueling technique for about
three years because of the special refueling requirements of gas turbine
powered helicopters under combat conditionms.

Closed-connect fueling reduces the vulnerability of military ve-
hicles and operators to enemy action during fueling operations; the maxi-
mum advantage of this fueling technique occurs for high flow rates by
virtue of simple valving, rapid connect/disconnect, and reliable auto-~
matic flow shutoff control.

In many cases, when uging this fueling technique, the operator

is not in a position to observe the fuel level as it rises in the tank.
Therefore, it is necessary to provide a senaing technique that auto-
matically shuts off fuel flow when tiae tank becomes full. An advantage
realized from automatic shutoff is that one operator can simultaneously
fuel several vehicles because, once connected and actuated, the device
can be left unattended. The methods by which tiie fuel tank fullness is
sensed and the fuel flow controlled can have many variastiona. Because

of the advantages offered by fluidics technology, the Army initiated this
program to demonstrate the feasibility of a closed-connect fusling device
equipped with and operated by a fluidic sutomatic shut-off control system.

As mentioned above, the device was to conuist of two directly con-
nectable components, & nczile and a receiving valve. When the two com-
ponents are Aiscounscted, the fluid flow from both must shut off automati-
cally and the connection design has to restrict fusl contamination to a
minimum,

Additfonal rsquiremente also had to be mat. Thesa were:

¢ The deaign of the receiver had to be capable of being used
it & retrofit of lsrge capacity fuai tanks.




o The receiver had to be capable of being quickly and simply
field-altered to permit use of a standard gravity refueling

nozzle.
2 The pressure drop across the connected nozzle and receiver was
not to exceed 15 psi when flowing liquid hydrocarbon fuel of
0.725 specific gravity at a flow rate of 100 gpm,
® The fluidic control system was required to sense the level of
fuel in the fuel tank and/or the internal pressure in the tank -
and provide automatic shut-off of flow on that basis.
® The control design had to draw its power from the hydraulic power '
in the fuel and it could not be sensitive to pressure surges in
the fueling line.
® The nozzle design had to include a provision for manual control
of the flow.
® It was desired that the nozzle not weigh more than € pounds and
the receiver not more than 5-1/4 pouads.
¢ The design was to reflect ease of maintenance in the field.
4,2 SUMMARY OF RESULTS
A prototype closed-connect fueling device was designed, fabricated,
tested, and delivered. The device consisted of a Fluidic Closed-Comnect
Fueling Nozzle (Bendix P/N D2172405) and a Closed-Connect Fueling Recep-
tacle (Bendix P/N D2173968). The valving and the fluidic control design
and circuitry were established by Bendix Reseavch Laboratories during
the program. The connection used a wodified Wiggins Company model which
provides for rapid connactions zad disconnections. The connection was
modified to allow for simultaneous passage of three separate flows; the
main fuel flow, the fluidic amplifier sensing circuit flow, and the
amplifier vent flow. Concentric flow paths were used to allow connec-
tion of the nozzle to the receptacle without any need for indexing.
The receiver is capable of retrofit to large capacity fuel tanks
and s designed for top-filled tanks. It uses the Wiggins concept for
zasy conversion of the closed-connect configuration to a gravity fuel- ‘ IR
ing mode, - 1.
All of the design goals were achieved with the exception of the i
nozzle weight which was 2 pounds and 4 ounces higher than the 6 pound
desired weight. The receptacle weight, howewr, was only 3 pounds and bt
1 ounce which is 7 pounds and 3 ounces less than the desired weight.
The fueling device is capable of flowing 10( gpm of fual with a

specif .c gravity of 0.725, with a total presaure drop of 15 psi through
the connected assemblies. Complete automatic shutoff of the 100 gpm
nozzle flow occurs in 3.5 seconds. The nozzle is insensitive to the
increasing or decreasing supply pressure surges which might occur in a
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multi-nozzle fueling system. Manual operation of the nozzle 1s accomplished
with a separate spool-type valve which bypasses the fluidic circuit and
allows direct control of the nuzzle with supply pressure. The nozzle may

be disconnected from the receptacle during fueling with a spillage of only
25 cc. This residual flow comes from the fluidic amplifier vent circuit
which is not deactivated until shortly after the nozzle is separated from
the receptacle. The results of the design and testing program are detailled
in the following subsections,

4,3 TECHNICAL DISCUSSION

4.3.1 Original (Proposed) Design

The objective was to demonstrate the practicability of a
fiuidic automatic control system. Therefore, it was decided to purchase
a commercially available fueling device and modify the dry bresk connec-
tion rather than expend enginecering effort to conceive of and design a
connector. The fueling device selected for modification was a Wiggins
Company Model ZZ1 nozzle and a modified Model ZNC1 receiver. This fueling
device was selected becavse it has a hydromechanical automatic shutoff
capability, the receiver can be simply altered for gravity type fueling,
the connection provides minimum potentisl for fuel contamination and
the pressure drop through the connector at 100 gpm was low enough to
allow for additional drop through the main valve and still ueet the
15 psi limit established in the design requirements.

A further requirement was defined to protect the vehicle
fuel tank. The control design had to prevent fueling in the automatic
mode if the fluidic amplifier supply pressure dropped below the level at
which reliable automatic shutoff operation could be assured. The ampli-
fier supply is obtained from the fuel delivered to the nozzle by the
dispensing pump. Since several nozzles are supplied from a single pump,
it is conceivable under some conditions that the pressure delivered to a
nozgzle could fall to values on the order of 2 to 3 psig. This was con-
sidered to be a marginal supply pressure for reliable sutomatic shutoff
operation. Therefore, the fluidic control was required to provide a form
of regulation of its own supply pressure io inhibit fueling in the auto-
matic mode at or below marginal pressures.

To allow for fueling under thess conditions, or in the event
of a malfunction of the automatic control, provision for manual operation
waz also required.

4.3.1.1 Pluidic Sensing Technique

The fluidic automatic control proposed is shown
schenatically in Figure 4-1. The techanique used to sense tank fullnass
is basad upon a unique operating phenomena peculiar to fluidic amplifiexs
that operats on liquide. The operation of this sensing circuit {s ex-
plained below, Befora descriding the fluidic liquid level circuit, s
brief discussion of fluidi: amplifiers is desirable to aid in understanding.
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Figure 4-1 - Fluldic Automatic Shutoff Control Schamatic

Fluidic amplifiers can ba broadly divided into
two groups. The first group cperates on the vortex phenomenon and the
second group depends upon deflection of a power supply iet inf.o one or
mcra output porte. The awplifiers of interest for this application are
in the second category and, ir additiom, belong to that class >f jet
defiection amplifiars which utilize the Coanda or wall-attachmeut she-
nomenon. Thie is the tvpe of fluidie device usually implied when referred
to as & histable or monostable amplifier, or flip-flop.

Bistable Auplifiers

The bistable amplifier 1s a fluidic reley which
can he operated in either of two stadla states or outpui coanditions.
A control signal switchas the device from ocna stable state to the other
(i.e., from one output port to the other). Biecause the output signal fe
greater thun the control signal, che device 1is an amplifier. The oper-
ation depends upon ”he intaractions cf a fluid jet and a s0lid stacionary
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wall. During the first instant of operation, the supply jet is centered

between the right and left boundary walls. Fiuid at rest near the walls

is entrained by the jet and carried downstream. This induces a secondary
flow along both sidea of the boundary walls.

A random flow disturbance or geometric asymmetry
causes the flow to favor one side over the other. The volume between the
jet and the wall of the favored side decreases. This movement of the jet
closer to the wall increases the amount of flow entrainment. The result-
ant pressure reduction in the area adjacent to the favored wall forces
the jet to the wall where it then becomes attached. Figure 4-2 shows the
jet attached to the right boundavy wall, Also shown are the vents which
are used to isolate the amplifier from the effects of load impedances into
which the outpits way ve directed.

The bistable amplifier output signal can be switched

from one side to the oppnsite by introducing a control flow into the port
on the same side of the amplifier from which the output flow is then issu-
ing. The control flew acts to first reduce and then reverse the sense of
the pressure differential which has caused the power jet to be attached
to the boundary wall. The pressure differential reversal is sufficient
to start the power jet to switch toward the opposite side., As the jet
moves toward the opposite wall, it bootstraps the action by entraining
fiuld near that wall. Thus the action described earlier is repeated for
the opposite wall, it bootstraps the action by entraining fluid near that
wall. Thus the action described earlier is repeated for the opposite
wall. Once the jet becomes attached, no further control is required.
It is for this reason that the arrlifier is termed bistable, since the
fet, once it has been switched into an output leg, remaina there with-
out the neced for a control force and will not switch to the other leg
until a control flow is applied in the opposite direction,

£ 1800
LEGEND
S - UPRLY PORT
€, - LEFT CONTROL PORY
Cp - RIGHT CONTROL PORT
v, - LEFY VENY
Ve - MGHYVeNY ATTACHMELY
suseLe
- LEFY T T
0L - LEFTOUYPUT POR oLt

Op - RIGHT QUTAT PORY

Figure 4-2 - Bistable Fluid Amplifier
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Monostable Amplifiers

The wall attachment characteristic can be altered
to the point where the power jet will no longer remain attached to the
vall when the control signal which switched it there 1s removed. This is
usually done by building in some geometric asymmetry, and the result is
an amplifier which Las only one "memory" or stable side - hence the name,
monostable. The jet always remains on the stable side until a control
s’gnal is spplied tc force or attract it to the other side. As soon as
the control signal is removed, the jet snaps back to the stable side.

The monostable amplifier is basically a bistable
amplifier that has been converted by reducing the length of the attach-
ment wall on the side opposite the memory side. This is done by increas-
ing the width of the former control port and that port is now referred
to as a bias port.

During operation, whether or not the amplifier
has been switched, a certain amount of fluid is entrained through the
control or bias rort on the side opposite the wall to which the jet is
then attached. As img as the entrained fiuld is replaced, by allowing
fluid to enter through the port, cperation is normal and uzaffected.
Rowever, as scon as flow into that port is restricted, th2 yressure dif-
ferential across the attached jet is reduced. If the restriccion is high
enough, the amplifier wiil awitch back to that siae.

Thus, it is important to remember that » wail-
attachment ampli{fier can be gwitched either by intrsoducing a control
flow on the "attached" side cr by restricting contrcl or bias flow on
the "unattached" side.

Figure 4-3 shows a fluidic circuit for senseing fuel leve’
in a tank. The hask marks along one of the output legs of each amplifier
indicate that the amplifier has "mewory" in that output. That {s, it is
monostable and will always produce an output from the manory leg in the
absence of any zontrol signal,

The first smplifier of the sensor can be physi-
caily located in the fuel tank so that the control port is positioned
at the desired fuel level. Alternately, the smplifisr can be remotely
located and a line can be connected to the control port with the other
end positioned at the desired fuel level.

If the twvo amplifiers are supplied with fual and
tha control port of the first amplifier is allowad to aspirate air, rhe
memory phenomenon of the first amplifiar is destroyed and its supply
flowv will split approximately betwedn the two output lags rather than
floving oaly from the memcry leg. By connecting both outpute of the
first amplifier I the coutrol and bias porte of the second amnlifier,
this amplifier behaves as theugh it verec immarsed in fuel; that {s, a2t
operates normally and all of its output is from ite memory laeg.
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Figﬁre 4~3 ~ Fluidic Level Sensor

When the control port of the first amplifier is
immersed in fuel, this amplifier behuves normally with its entire out~
put from its memory leg. This produces a strong control signal on the
second amplifier with a simultaneous loss of the partial bias signal,
The result is that the second amplifier switches.

Thus, a digital signal i& provided which indi-
cates that the fuel level is either shove the desired level or below it.

' . PReferring again to Figure 4-1, it will be noted
that the conirol aad biaa ports of the zensing amplifier are manifolded
together and then referenced to the desired fuel level in the tank.

When the level is low, air is sspirated into thia line and the actua-

tion output is active. ~ne mair flow valve opens and fueling ia initiated.
When the desired lzvel is resched, fuel is aspirated into the sensing

line and tha shutoff output becomes active. This results in two actions.
First, ths main flow valve 1s driven closed by the spring when the actu-
 ation output raduces. Second, the amplifier supply gating valve is driven
closed by the action of the shutoff output pressure acting on tha lowver
piston of the valve, This deactivates the fluidic circuit, stopping all
flow.

4,3.1,2  Amplifier Vanting

The fluidic amplifiers operate by diverting the
fluow issuing from the powar jut. The pover jet flow is continucus aa
loag as the amplifiers are supplied, and ac 2 result, any unused output
flow wust be vented to a lccal reference sump, In Figure 4-1, the outputs
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from the actuacion amplifier are directed into essentially infinite
impedance loads, i.e., the povwer piston tavity and the shutoff piston
cavity at the bottom of the amplifier supply gating valve. Thus, once
the tiransient phase is completed, all of the power jet flow from this
amplifier must pass through the vents to a lower reference pressure.
Similarly, the outputs from the sensing amplifier are directszd into
relatively high impedance loads (the bias and control ports of the actu-
ation amplifier), and a portion of the power jet flow from this amplifier
must also pass through its vents to a lower reference pressure. The vent
connections are not shown explicitly in Figure 4-1 because, at the time
the design was conceived, it was not known if the vent flow could be
referenced to the nozzle main flow channel or if it had to be directed
into the fuel tank.

4.3.1.3 Tank Pressure Sensing

In many vehicles, tank vents are large enough to
handle the highest fueling ratea without exceeding safe internal pres-
sures, However, it is conceivable that the tank pressure on some vehi~lzs
could rise to dangerous levels during the fueling operation before the
tank fills if high flow rates were used and/or the tank vent was restricted
or too small. With the fluidic control concept shown in Figure 4-1, if the
tank pressure should rise to a value which threatens to burst the tank,
the pressure will be transmitted via the amplifier shutoff output to the
piston on the bottom of the amplifier supply gating valve. This will shut
off the amplifier supply flow, and the main fuel vaive will close.

4.3.1.4 Supply Pressure Regulstion

Ae was mentionad eariier, from the consideration
of system operational characteristics, it is conceivable that the pressure
available at the nozzle/hose interface may vary outside of the normal
operating pressure range of the amplifiers. This would result ia an
inoperative shutoff control during some portions of the fueling operation.
To maintain the shutoff capability, control of the pressure at the nozzle
inlet is required because it is this pressure which supplies the ampli-
fiers. The control must regulate the main valve mectering area to main-
tain this pressure within the operating limits of the amplifiers and
stop the fualing operation completely if the pressure goes outside of
these operating limits. This is accompli:hed with :his design approach
as follows.

The actuation amplifier output pressure, applied
to the power piston on the main fuel valve, generates a force to open the
valve against the apring load. The cutput pressure of the amplifier is
directly proportional to the amplifier supply rressure &nd is theorstically
identical to the nozzls aupply presasure. Thus, the opening force is pro-
portional to the nozzle supply pressure. Motion »f the valve results in
a changs in the spring icading. Motion in the open direction increases
apring load. Therofore, as the nossle supply pressure rises, the valve
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will move furthor cpen until the increased spring load balances the in-
creased pressure force from the actuation smplifier. Similarly, if the
nozzle supply pressure decreases, the valve will move in the closed
direction until the lower spring force balances the lower ampiifier out~-
put pressure.

When a valve is required to operate at positions
peoportional to the positioning forces, any friction causes inaccuvacies
in the desired position, In this case, this would resuli in operating
pressures outside of desired limits. Thus, the seals selected for the
main valve were a type of rolling diaphraym. They were selected to
minimize friction and dirt sensitivity and because of their demonstrated
long life. The basic configuration of the design using rolling diaphragm
seals is shown in Figure 4-4.

4.3.1.5 Operating Switch

In the original design shown in Figure 4-1, the
operator starts fueling by depressing the cperating switch, 'Note that
this switch depresses the amplifier supply gating valve indirectly by
compressing a spring. If the fuel level is already at the desired maxi-
mum value, the actuation amplifier shutoff output will become active and
will prevent the gating valve downward motion, even though the operator
holds the switch down. Conversely, the operator may manually shut off
fuel flow at any time by pulling upward on the switch. This motion en-
gages the mechanical latch and moves the gating valve upward.

This switch concept was discarded during the
design phase of the program and replaced with a more reliable and simple
design. The basic operation remained sbout the same,

The revised switch design i1s shown in Figure 4-5.
It uses a "snap through" Belleville spring as a pressure sensitive dia-
phragm and to positively position the valve in either the open or closed
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Pigure 4-4 - Main Pusl Valve With Rolling-Diaphragm Seals
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Figure 4-5 - Cperating Switch

position. To be more compatible with usual switching techuiques, the
revised switch opens by pulling upward on the button and closes by
pressing downward. The operating switch is explained in more detail
in Paragraph 4.3.3.1.

4.3.2 Fluidic Sensing Circuit Evaluation

4.3.2.1 Design Considerations

In order to experimentally evaluate the fluidic
sensing circuit, it was necessary to consider what effects wculd be
exerted by the various fuel tank configurations and by the back pressure
developed in the closed-connect coupling.

First it was asoumed that the length of the
sensing line might be &8s much as six feet. This could occur for a
bottom-filled tank of large capacity. Second, it was assumed that the
pressure drop caused by the main flow through the closed-connect coupling
would be tco great to allow venting the amplifiers to the nozzle flow
cavity, This meant that the vent flow would have to be collacted and
carried into the tank through a separate line,

Anothar effect of fueling & tank through a
button-located port is that the amplifier vent presasure rises according
to the height of fuel iv the tank. Therafore, the fluidic sensing cir-
cuit was tested to evaluate its response to the fusl level and its
compatibilicy with the various back pressure effects.
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4.3.2.2 Selection cf Alternate Concept

Referring to the schematic in Figure 4-6(a),
which is the original circuit, the bias port of the sensing amplifier
is shown connected to the sensing line which, in turn, is connected to
the control port of the sensing amplifier. In the preliminary tests
of this circuit, it became upparent that the response of the circuit
was much too slow if switching was achieved by aspiration of fuel through
the sensing line when the level in the tank reached the open end of the
sensing line, After further testing, it was determined that good re-
sponse could be achieved if the rising fuel was allowed to cause a float
to shut off the open end of the sensing line. In order for this to work,

MAIN
VALVE
ACTUATION I

OPERATING SWETCH
SHUTOFF-FUEL LEVEL

VENT'S FLOW TO
NGZILE CAVITY

OPERATING SWITCH
SHUTOFF-TANK PRESSURE

(a) ORIGINAL CIRCUIT

i- T8 FLOAT

MAIN
VALVE VENT FLOW TO TANK
ACTUATION =
)
G
OPERATING SWITCH SHUTOFF
(b} REVISED CIRCUIT P-05-1981

Figure 4~6 - Pluidic Shutoff Circuit
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however, the bias port could not be referenced to the sensing line be-
cause the effect of closing the end of the line would be felt by both
the control and bias ports and the amplifier would go unstable.

Tests of the circuit were then run with the bias
port connected [as shown in Figure 4-6(b)] to the same manifold to which
both amplifier vents were connected. These tests indicated that the cir-
cuit did not function if the slightest back pressure existed on the vent/
bias manifold. In the fueling device, since it is necessary to route the
vent flow through the closed-connect coupling and into the fuel tank, the
amplifier circuit must be capable of operating into some back pressure.
As an example of the sensitivity of the bias port to back pressure, a
test was run with the bias port referenced to local ambient pressure and
submerged in fuei, while the vent flow was back-pressured to 1 psig at an
amplifier supply pressure of 35 psig., Operation was satisfactory down
to a supply pressure of 8 psig. However, when the bias port was connected
to the vent manifold with the same back pressure conditions, the circuit
was unstable at all supply pressures.

The original circuit was then replaced with an
alternate concept which is shown in Figure 4-7. In this concept, the
emplifier 1s operated as thoigh it were always submerged in fuel and it,
therefore, operates normally as a monostable amplifier., This is accom-
plished by connecting the bias port to the amplifier vent manifold and
bleeding fuel into the sensing line from the amplifier supply. By proper
selection of orifices A; and Ay, the output will always be from the
attached leg if orifice A, is unrestricted. Placing orifice A, in the
fuel tank at the desired fuel level, and allowing the fuel to cause a
float to close the orifice, increases the sensing line pressure and switches
the amplifier.

P-§5-195%1 A
§ Dl A,
L]
FLOAT
VENT FLOW
TO TANK ‘
MAIN VALVE . .
ACTUATION A
(r ) P4
VALVE
OPERATING SWITCH
SHUTOFF (’swlrcn)

Figure 4-7 - Alternate Fluidic Circuit
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Onc basic difference is that tre float must de-
velop enough force to close the o:ifice sufficiently to raise the sensing
line pressvre to that required tc switch the ampiifier. In the original
concept, closing the end of the sensing line ac*ually developed a partial
vacuum in the sensing line. Tharefore, orifice A; size was optimized for
use with a 0.020-inch by 0,040-inch amplifier (supply nozzle) to minimize
the closing force, while allowing orifice A] to remain large enough to
minimize dirt sensitivity. Tests demonstrated excellent operation of
this concept with the following orifice diameters.

Al orifice diameter = 0.026 inch

Az orifice diameter = 0.750 inch

The selection of a 0.020-inch by 0.040-inch power
nczzle for the fluidic amplifier was based on achieving minimal sensi-
tivity to fuel contamination, while keeping vent flow ratés low,

4.3.2.3 Final Circuit Evaluation

A series of tests was performed to determine the
operating characteristics and flow requirements of the alternate sensing
circuit, Figure 4~8 shows the fluidic circuit flow characteristics.
These data were obtaiued by using Bourdon tube pressure gages and timing
the flow into a graduate. As indicated on the figure, the amplifier is
a 20 MF-1D (Bendix Rerearch Laboratories designation) with an aspect
ratio of 2 (power nozzle: 0.020 inch x 0.040 inch.) The test fluid
temperature was 75°F.

The general performance characteristics of the
circuit are shown in Figures 4-9 and 4-10, The purpose for recording
the various pressure differentials i{s that these are the motive forces
used to position the main valve and the operating switch, These pres-
sures were evaluated to aid in sizing the various nozzle components.

Pyalve designates the amplifier output pressure
usad to open the main flow valve. Pgyuq.., designates the amplifier
output presaure used to close the operating awitch. During portions
of the program, Pyyieop a8d Pyg,, vere used alternately on the back side
of the main valve piston.

As implied by the data of Pigures 4-9 and 4-10,
the circuit functions reliably at supply pressures as low as 1 psig
vhen no back pressure exists., Again, the minimum operating pressurs in-
craases essentially on a ore-to-one basis in the presence of back pressure
on the amplifier. The maximum amplifier supply pressure svailable on the
{low bench was 3% psig. Satiafactory operaticn c-curred up to this pres-
sure and system tests later indicated that the opars:ing range extanded
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to at lezst 50 psig. All data were obtained with minimal line volumes
on the amp'.iier outputs and with blocked loads. Figure 4-11 is a photo
of the amplifier test.

Because of the small size of the fuel sump on
the test stand, the pumped test fluid often contained air ":bblas caused
by the impingement of the return flow on the residual fluvid in the sump.
This had no noticeable effect on operation of the circuit, and indicated
a good degree of insensitivity to frothing which could occur in a high
flow rate device. It should be noted that air entrainment vas not present
during the flow measurement test.

The data presented in Figures 4-8, ‘-9, and 4-10,
are explained in the legends of the figures. Some explanation is felt to
be needed regarding the length and size of the sensing line and the ori-~
fices A and A;. The use of a six foot long 1/8 inch I.D. sensing line
was based upon the probability that the fuel tanks for which the fueling
device is intended will be large, and that in many cases the filling port
will be at the tank bottom,

The sensing circuit has three fixed resistors,
Ay, Ay, and the control port area, A,. In addition, there is a dis-
tributed resistance, Ay, which is due to the line losses. A change in
any of these tesistances can affect the condition of the amplifier.
Also, a change in the back pressure downstream of orifice A2 can affect
the cordition of the amplifier. In fact, restricting the outlet of
orifice A7 is the means by which the amplifier detects the rising fuel

- level and is switched to stop the fueling operation.

Because of the sensitivity to back pressure on
orifice Aj, the amplifier vent pressure must be referenced to the same
pressure which exists at the exit of orifice Aj. For a top filled tank,
all that is necessary is to route the emplifier vent flow into the tank.
The end of the sensing line would be located near the tank top so that
both lines would be at the same elevation and exposed to the same pres-
sure, if any existed.

For bottom filled tanks, the vent discharge must
be located at the same elevation as the end of the sensing line. This
is necessary decause the sensing line is alvays filled with fuel and
the head developed by raising the end of the line above the amplifier
acts like a control pressure on the amplifier. This would cause switch-
ing at the lowar supply pressures unless the smplifier vents (and the
bias port) were also subjected to a similar pressurce. This can be done
aimply by locating the end of the vent linc, which is also slways filled
vith fuel, at the same height as the end of the sensing line.

In order that one fusliang nozzle (and amplifier)
vork squally weil for top and bottom fillec tanks of varying sizes, the
combined effective resistance of the sensing line should remain the same
for 21! tastallacions. Orifices A. and A) are, of nscessity, in the
ncssle ind remain fixed for a given design. The resistances, A; and A
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can be altered for each insctailation &s long as their effective combined
resistance remains the same. Also, consideration would have to be given
to the diameter of orifice A7 because this directly affects the float
force required to close it., One approach to maintaining a fixed com=-
bined resistance 18 to always install the same length line. The slack
portion of the line would be coiled and stored within the tank.

4,3.3 Operating Switch and Marual Valve

4.3.3.1 Operating Switch

Because of the obvious complexity of the original
operating switch design, a totally different and unique design was con-
ceived during the early portion of the program.

The design is shown in Figure 4-12, It uses a
specially designed Relleville spring which has two stable positions.
That is, it is designed to invert (turn "ineide-out') above a predeter-
mined load. By attaching it to the operating switch such that the
switch axis passes through the center of the Belleville spring, the
switch will be pcsitively positioned in either the closed or open posi-
tion, The Belleville spring is designed to act as a diaphragm, across
which a pressure drop can be established. By applying the pressure
differential, Pguirch = Pyents the spring will drive the operating switch
to the closed position when the fluidic amplifier switches from a high
cutput at P,.9,e to & high output at Py qs.. It was necessary to design
the spring to respond to the minimum differential pressure which could
be expected during automatic fueling. In addition, the total travel from
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FROM MAIN VALVE
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(PUMP DELIVERY
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OFF (SHOWN)
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Figure 4-12 - Operating Switch
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the normal free height of the cone-shaped spring tc the inverted free
height had to be sufficient to open the valve and also provide an operator
with the feeling that he had done somathing. Since the design procedure
for these springs in the "snap through” range is not well defired, a

sample design was rabricated and tested. The material used was a beryliium
copper alloy ASTM B194-55 (Berylco 25). The free helght waz 0.100 inch,
which provides about 0.200-inch total travel to open the valve. Three
thicknesses of 0.005, 0.0065, and G.0l0 inch with outside dimseters of

2.5 1:.ches were fabricated. The 0.0065-inch spring was found to huve a
suap-through dlffurantiai preseur~ lavel of 1.1 to 1.6 psi (depending oa
which way the pressure is applied). Since this was exactly within the
range required, no redasigna were necessary. The valve sealing force
available from this design is about 4 pounds, at a deflection of 0.0]10 inch.

4.3.3.2 Manual Valve

To allow an operator to fuel a vehicle with the
fluidic automatic control iaoperative, the nozzle control design includes
a manual operating valve.

The design selected is a threse-way, push-button
operated valve which shunts pressure directly from the supply annulus
arcund the main valve to the piston on the main valve. In the normally
off position, the Py,yye output of the fluidic amplifier passes unrestricted
through the marual valve. The valve design is shown in Figure 4-13.

During fueling with the manual valve, the op-ratnr
aust hold the button in the depressed position. This helps to reduce the
possibility of overflowing or bursting the tank.

OFF (SHOWN)

ON

FROM PVALVE ouTPUT

oF AMPLIFIER — > HL !

TO MAIN
VALVE PISTON ™

FROM ANNULUS
(PUM™ DTL IVERY e []
ERLSSURE

RETURN SPRING

P-85-1951

Figure 4~11 - Manual Valve
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4.3.4 Sizing Analysis

4.3.4.1 Design Criteria

The mair valve war designed to bz statically
balanced in either the open or closed position. The balancing was based
upon the assumption that no flow forces would exist. Actually, flow forces
were expected, but 1t was not beliecved practical to predict the magnitude
or direction. Therefore, it was decided to await rasults of flow tests
and make alterations to the valve to compensate these forces. Four cri-
teria predominated the initial valve sizing. These were: sufficicac
flow area to meet the pressurs drop requirements; sufficiant piston area
to allow operation down to the lowest possible annulus (pump deliveory)
pressure; adequate seating force to effect a leak tight shutoff; and mini-
mum practical overall size.

4.3.4.2 Main Valve Flow Area

The flow area was sized prior to receipt of the
commercial coupling. However, flow tests of the coupling later verified
the assumption of a 10 psi pressure drop across the connector af. a flow
rate of 100 gpm. Thus, to stay within the 15 psi total pressure drop,
the main valve was sized to provide no more than 5 psi of pressure drop
at 100 gpm. The area was dstermined from

A w2 (.Y._

1/2
v ch AP)

Av = 1,26 incheaz

where
Q = flow rate - 100 gpm
. C, = crifice coefficient - 0.8
= fuel specific gravity - 0.725

P = pressure drop - 5 psi

K = dimensional constant « 33~ St~fiee o
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Figure 4-14 shows the basic novzle configuration with various dimensions
designated. The main flow actually passes through two restrictions in
saries. The first, Al' can be approxinitely defined as

Al = 7 dt

The second area is A2 and can be defined by

In the figure, the diameter used to define A; appears larger than d, but
in the initial design, the two were almost identical. Therefore, for this
calculation, the assumption that both aress are functions of d was valid.

To keep the overall nozzle size reasonable, it was
dacided to limit the valve travel such that the pressure drop through
area A; at maximum travel would be equivalent to that for area Aj. Therefore,
the two areas were designed to be equal. Thc diameter and travel were
then determined for an overall effective area of A,.

)
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Ftgure 4-14 - Main Puel Valva Dimensionol Designations
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which can be shown to b» crue for two squal orifices in series.

Al = {1.414) (1.26) inches”

2
Al = 1,78 inches” = Az

The trave..,, t, was tion determined by set.ing o equal to Ay

2
nd
ndt = %

Substituting the expression for t into the equation fer Al,

A

- wd (%) -1.78
d = 1.5 inches

From this, the value for the maximum valve travel was detarmined to be

¢ =42 = 0.375 tneh

4.3.4.3  Actuation System De:ign

The folluwring criteris and considsrations dictated

the sising of the valve return spring and the piston:

® The valve must be at aaximum travel (0,375 in.) when
the cverall AP is 13 pai.

® Thy spring preload, ¥ , was the only force availabls
for sealing the closed valve.

4-23
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® The available piston pressure differential (Pygive = Pgwitch’
at an annulus pressure {Pg) of 15 psig was 7 psi as determined
by amplifier tests.

® An overall nozzle diameter of 3.5 inches was considered to
be the maximum desirable.

The principal concern and limiting design factor
was the relatively low pressure available from the amplifier for positioning
the valve. Since the valve regulates at positions less than the maximum
travel position (Pg = 15 psig), the positioningaccuracy will be dependent
upon the friction encountered. Furthermore, it was desirable to maintain
automatically controlled flow down tO the lowest practizal annulus pressure,
Py. This meant that the piston would have to be sized for a pressure
differential as low as 1 or 2 psi 1if possible.

The rolling diaphragm seals were selected because
of their advertized negligible friction characteristics, but their use
results in larger overall package size. Therefore, before committing
the design, a brief testing program was conducted to evaluate two types
of eliding seals. The seals tested were a Teflon capped O-ring (Gld-Ring)
aud a U-cup seal. Tests were performad at reduced seal compression.
Satisfactory breakout friction was achicved but soaking for a period of
time in the test fluid caused the friction to increase to unacceptable
levals,

The sliiding seals were abandoned and the remainder
of the design ¢ffort was concentrated on using rolling diaphragm seals.

Thege seals cannot be exposed to pressure reversals
of more than . few psi because they will invert and jam in the convolution
space. In the control design, when the fuel rises iu the tank and the
amplifier switches, the pressure differential polarity reverses. The
reversal exists until the operating switch shuts cff the amplifier supply.

In Figure 4~14, the three locations for the dia-
phragm seals are numbered. Referring to the figure, there are three
possible pressures to which the back side of the valve piston could be
referenced. They ara: local atmospheric, amplifier vent pressure, or
the amplifier output pressure, Py,itch- If the back side of the piston
!s reierenced to the amplifier vent pressure, diaphragm number 3 will
experienc2 a pressure reversal whenevezr the amplifier 1s active and the
main valve 18 closed. If Pyyicch is used, disphragm number 3 will still
experience pressure raversals under the same conditions and diaphragm
Jumber 2 will see a pressure reversal vhenaver the smplifier switches to
request che valve to close. This was the preferred arrangement from the
standpozat of valve response because it was expected that the pressure
reversal would add a closing force for a brief period bafore the operating
sv.1tch shut off the amplifier supply pressurs.

1f local atmospheric pressurs vars used, no pzes-
sure reversals would occur at sil. However, this approach was not pursued
because of the potentisl for dirt entry and blockage of the veat opening
due to dirt and/or tce

=13




Based upon all the above considerations, it was
decided to use vack-tu-back rolling diaphragm seals at locations 3 and 2.

The tradeoff esvailable between piston effective
area, h,, spring preload, Fgy, and minimum piston pressure differential
at the closed porition is shown in Figure 4-15.

HBagad upon a preliminary layout and the tradeoffs
available, the selectid desig: point was &8 follows:

“,
. 4. = 1.5 inches’
P
Fs = 3 pounds

APmin = 2 psi

From the ampl fler dets for an annulus pressure
of 15 psig, tiie sutput pressure 4{fferential would be 7 psi.

5 ‘ Using these values, tue spring rate, R,, was
calculatad from

S R, = 20 1b/in

4 3.5 Main Valve Testipg

. A serarats series of tests was performed to evaluate the
design of tche intrgrats: main valve and piston assembly. The opera-
tional character'stics eva'uatad were: dynamic stability of the valve

e, and static hal: .ce, liakage when closed, and ragulating characteristics
including ayst :resis. '

4.3.5 1 Drag and Hysteresis

; During the initial valve tests, sevare drag and
; hysteresis were encountered. The design vas reviewed with the disphragn
nanufacturer #.¢ no dimcrepancies were found. The convolution spaces
were increased slightly to no avail. Finally, the valve vvas tested with

25
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only three diaphragms installed; i.e., the back-to~back configurations
were removed. This resulted in satisfactory performance although a
relatively wide hysteresis band was still exhibited over the entire mid-
range of travel, This is shown in Figure 4~16.

The hysteresis for the three-disphragm installa-
tion was on the order of 1 to 1.25 psi throughout the mid-range of travel.
The hysteresis reduced to zero at both extrcmes of travel. Thus, at
the closed position there was very little residual drag force.

It was thought that the extremely poor performance
of the five diaphragm installation may have been due to rubbing between
the back-to-back disphragms. Concurrentiy, after further syastem analysis,
it was concluded that three diaphragms would operate satisfactorily and
not experience detrimental pressure reversals. When the amplifier switches
and the pressure reversal begins, the valve moves toward the closed pcsi-
tion. This tends to keep the piston pressure differeriial low because
the cylinder volumes are changing. Also, when the valve uwotion reduces
as it reaches the seat, or as soon as it slows down, Pgyiech Will start
to rise. However, as soon as the value of Pgoi,., = Pyalye exceeds about
1.6 psi, the operating switch closes and all pressures decay.

It should be noted that during tue cntire tes:
program, no diaphragm inversions occurred. This can be stated with
assurance because inverted diaphragms can only be corrected by disassembly
of the unit - they do not return to the correct position by applyirz the
proper ;olarity pressure differential.

4.3.5.2 Stability aud Closed-Valve Leakage

Figure 4-17 shows the original valve and seat
design. The edge of the valve was made narrow to reduce Bernoulli forces
on the valve and to incrsase the sealing pressure resulting from the
spring preload.

This seat design was found to be inadequate for
two reasons. First, the valve flow gain near the seat was so high that
the valve chattered. Second, an effective seal could not be obtained.
This was thought to be partly due to the hard rubber of the O-ring and
partly the result of slight axial misalignment.

A new valve and seat concept was designed to
alleviate both problems. This is shown in Pigure 4~18. The elastomer
is a 60 durometer Buna-N coapound. The 45 degree contour was provided
to reduce the flow gain near the seat.

This design solved the leskage problem and rcon~
siderably reduced the tendency of the valve to chatter near the seat.
Chatter vas found to be a function of the annulus pressure, P.. and the
rate of travel of the valve in the vicinity of tha geat.

With the original sest design, the valve vas
experiencing dynmmic unbalance forces tending to close the valve. This
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was theorized to be primerily the result of the Bernoulli forces acting
on the metering edge of the valve. When the new seat design was tested,
it was noted that the valve was unbalanced to open,

Inspection of the design led to a conclusion that.
the unbalance force was the result of an aspiration phenomanon occurring
as the flow swept past the open end of the keeper (Figure 4-18). This
lowerad the pressure, P, on the back side of the valve, resulting in the

. opaning force, Iustrumented tests proved this theory to be correct. A
disc was then added to eliminate the aspiration. This is shown in Fig-
ure 4-19,

. The disc was also found to be an affective means

for altering the valve dynamic characteristics. By adjusting the axial
position of the disc, it was possible to eliminate the valve chatter. How-
aver, the valve still exhibited some dynamic unbalance. This was evidenced
by non-linear travel versus piston pressure differential in the mid-range
of its travel, However, at this point it was decided to mssemble the
breadboard version of the system for evaluation of overall performance.

/ INLET ANNULUS
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Figure 4-18 - Revised Valve and Seat
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Figure 4-19 - Valve Modification
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4.3.6 Breadboard Bvaluation

Having achieved satisfactory main valve performance, the
contro) circuit was assembled into a breadboard and avalusted. A photo
of the test setup is shown in Figure 4~20. The only cumponent not in-
ciuded in thess tests was the manual control valve which is usad to bypass
the fluidic level seusing czircuit. Since this valve is not complex sad
has no effect on the basic performance of the remainder of the system,
it was decided to perform functional tests of this compomant during the
prototype evaluation. This alsc saved fabrication of a separate test
manifold.

For these tests, the Wiggins coupling (nozzle and recepiacls)
was attached to ths main fiow valve housing to simulate ths back pressu: s
which the valve would experience in actual fusling servica. As can be
seen from Figure 4-20, the operating switch was suppiied directly from the
main flow annulus. PFlexible tubing wae utilized to complete the remainder
of the circuit. A monostable smplifier (20 MFID) with a 0.0%Z0-iuch wide
power nozzle and an aspect ratio of two (2) was used in the lavel sensing
circuit., For initial tests, the bias ovifice (A;) had a 0.026-inch diamster
and the sensing line orifice (Az) had a 0.050-inch diameter. 7The ovperating
svitch was initially assembled with e 0.0065-inch thick Belleville spring
vhich switched "over-center" at 1.5 psi differential pressure. A standard
Clippard flow switch (No. MTV-3) was used to block tha sensing line, simu-
lating float shutoff when fueling is completes.

Pigure 4-20 - Breadboard Control Circuit Test Satup
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Initial oparatior of the circuit indicated that the operating
switch button had to be held cut firmly while the main valve opered.
Valve opening was slow and incopsistent. Closing time after a "full tank"
signal was initiated was approximately three seconds. Evidently, as
valve motion began, Py ch lncreased as the fluld in the Pguiecpn cavity
was forced out by the valve motion. At the same time, by puliing on the
operating switch button, fluid in the Belleville cavity was being forced
out of che operating switch housing. All of this fluid cannot be vented
through the amplifier at a rate which will prevent Pgy .., from building
up to the Belleville switching pressure. First attempts to improve the
cperating switch as the main valve opened inclucded substitution of an
an lifaer with an «spect racio of three (3). The larger vent area of this
amplifier was not able to prevent the buildup of Pgyitche The smaller
amplifier was reinstalled and a 0.010-inch thich Belleville was {nstalled
in the operating switch. This increased the Belleville switching pressura
to 3.5 psi. This modification did not improve the opening operation of
the system since Pg,i¢ch reached approximately 4 psig for a sufficiently
long time interval to close the opsrating switch when the button was re-
leased. Closing time of the main valve with this setup was somewhat less
than three seconds, apparently due to the fact that the operating switch
remained open longer, thereby keeping Py qp.p O the main valve piston
during the complete closure cycle.

During the above tests of the operating switch, the main
valve was found to be sansitive to s decreasing supply pressure surge. A
rapld decrease in supply pressure disrupts the fueling operation by causing
the main valve to close. Since valve closure is a function of an increase
in the piston differential pressure, Pgyuiech - Pygiyer it followed that
the fluidic amplifier must switch during the surge. The sewsitivity was
believed to be dus tc a momentary flooding of the amplifier interaction
region by fluid pumped from the piston chamber. (The amplifier interaction
vegion is that region where the control flow impacts upcn the power jet.)
A downward surginc supply pressure causes an abnormal decrease cf the
piston pressure differential. The valve moves toward the closed position
and pumps fuel from the P, ;.. cavity. This [ucl muat flow back into the
anplifier output, out of tha Icg vent and into the vent manifold. However,
the vent manifold is slready packed and because of volume restrictions,
the flov path is restricted. Therefore, it was theorized that the back
prassurs in the veant manifold forced some of the fusl into the interaction
region, causing the amplifier to switch momentarily.

It should be noted that the amplifier was not sensitive
to increasing supply pressurs surges.

At this point, thea, three major probler areas wvare defined
for tha control circuit:

(1) Poor operating switch performance
(2) Slow closing response
(3) Surge sensitivity
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It was decided to attack all of these problems simultaneously
bv instrumenting key points in the circuit and noting the effect of circuit
modifications in all three areas. Pressure transducers were used for San~
born recording of Pya1ye+ Peyirchs P, (snnulus supply pressure), and P
(amplifier supply pressure). Main veive fuel flow was measured in ldd!fp
tion to the sheve paranetars

The various circuit arrangements used for these tests are
shewm 1n Figures 4-21 through 4-23  Typical Sanborn recordings are
shown in Figurss 4-24 and 4-25

In the circuit of Figure 421, Py,)1ye Waz applied co the
back side of tha operating switch Belleville. 3y pressurizing thé Belle-
villa in this manner, the increaze in P, .., was counteracted by Py,iye
and the operatirg switch did rot close agring the startun sequence. Ini-
tial tests of the circuit indicated a closing time of 1.50 seconds. During
later tests, however, valve hunting and instability were spparent. In
additior, manval shutuff was nol practical becauss the operator had to
overcome a pressure differeatiai acting aguinst the operating switch pis-
ton travel,

For the circust arrangement shown in Figure 4-22, the back
side of the Beileville was vented tc atmosphera. his did not improve
the opening operation of the ewitch and increased the surgs sengitivity
of the main valve By aisc venting the top of the main valve piston to
atmosphere, the opentag operation of the switch was improved since one
of the scurces of an increase of Pgyiech wes aliminated. However, if
the operating switc: wes opened rapidly, Pgy{ech would still increase
anough to close the switch. Valve clos.ag time was 2,33 saconda for this
mcde, The surgs sensitivity problem was not elimingted.

The circuit arrangement shown in Figure 4-23 utiliced an
orifice between ths Py 4pen 8nd P, cavities of the operating switch.
Several orif::s diarsters ware trXeg but the U.038-inch diameter size
proved te te cpticum  The orifice linmits the increase of P witch during
stariys and surgas. asplying Pguiech to the top of the maln valve
pistor, the velve 2i.. ..g lime was approximate’y 1.60 seconds ss shown
in Figu.s 4-7¢, DBuring thiz timo ‘nterval, 2.17 gallons of fuel flowed
inte the (ank sfver o simulutad fu!’ tank signal was given at 2 100 gpm
flow r-ta. The operacing swiich functioned with lictle holding effort
duriag avavtup snd there wam a2 aurgs sensitivicy, although the main
valve clossd numente:ily (Figure 6-23) during o surga and then reopened
to a new PuftioN LOVErned B Lnos new supply pressure.

Fhis completes the or-.adboard test evaluation.

4.3, Protatvpe Ovai.ation and Demonsrr.tion

The prototype avaluation included a functicnal checkout
of tha assembly, necsssary hardware modifications, &nd demonstraiion
testing orior to shipment to the Unltau Scates Army Mobilicy Zguipment
Research and Dev. ' pment Centwr (USA MERDC), Fort Belvol-, Vicgiaia.
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Figure 4-24 - Breadboard Control Circuit Performance (Chart Speed = 100 mm/sec)
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‘ Two views of the prototype closed-connect nozzle are shown
n Figures 4-26 and 4-27. Figures 4-28 and 4-29 are photographs of the
tank-mounted receptacle to which the nozzle mates during fueling. Test
installation of the assemblies is shown in Figure 4-30.

4.3.7.1 Preliminary Tests

The fluidic closed-connect fueling nozzle was
assembled and installed for testing in a 55-gallon fuel drum as shown
in Figure 4-30. The test fluid was AMSCO Odorless Mineral Spirits, with
a specific garvity of 0.760 at\60°F. First tests of the assembly at low
flow rates indicated that all of the components functioned as.anticipated
except that premature shutoffs occurred.

o _ This was deéermined to be caused by -impingement
of the main flow on the signal flapper valve located in the receptacle.
This problem was solved by installing a shield in front of the flapper

valve to direct flow away from the valve and float assembly.

. » .

At flow rates higher than 92 gpm, the main valve
vas unstable as the poppet approached the seat during the closing sequence.’
,Dimensional checks of the assembly were made to verify the main valve
spring preload. Amplifier function was also checked by measuring critical
pressures in the fluidic circuit, These {tems were within specifization.

' The prototype uses most of the valve parts from

. the breadboard assembly and the breadboard had been stabilized by revising
the seat designlind including the impingement disc on the valve keeper.
Therefore, the reoccurrence of instability was not anticipated.

The prototype main flow body had been redesigned
externally to accept the closed-connect coupling, but was unchanged inter-
nally from the breadboard configuration. - The most obvious difference
between the prototype and breadboard assemblies was the integrated
assembly of the fluidic circuit into the prototype whereas plastic tubing
was utilized in the breadboard setup. The compliance of the plastic lines .
could have helped reduce the valvé excitation.

" The instability problem is basically caused_By'
flow forces on the valve surfaces. Stabilization of the valve could
possibly be accomplished by recontouring the valve poppet and/or seat.
However, an extensive analytical .and experimental program would be required
to arrive at the proper combination. In order to avoid this expense, 1t
was .decided to.try damping the valve either with orifices 'in the amplifier
outputs (Pyalve and Pgyitch) or by restricting the flow passage between
the front and back sides of the main valve piston for valve positions of
O.lO‘igch«of/less.

o 14

-

4.3.7.2 Damping Orifice Teﬁts"

. , The first tests perfofqu to damp the m;in valve
utilized orifices in the Py ,1,e and Pewitch amplifier output ports. In-
stallation of an orifice in either of these ports has the effect of
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attenuating the valve veiocity in elither direction because the flow from
the amplifier to the piston cavities and the flow from the cavities to

the amplifier must pass through the orifice. Various orifice combinations
were used for these tests and the best stable performance was obtained
with an 0.025-inch diameter orifice in the Py41ye port and a 0,.099-inch
diameter orifice in the Pgyi¢on Port. Although stable operation was
achieved with these orifices, the closing response time was as long as

9 seconds (when shutting off a 100 gpm flow). A larger orifice in the
Pyalve line improved response but the valwe chattered. A smaller orifice
in the P,,1ye line significantly increased the closing response time.

The response time was not increased with a larger orifice in the Pgyypepy
line, and with orifices larger thaa 0.100-inch diameter, the valve chatter
re-occurred. Smaller orifices in the 2gyitech line resulted in a slower
valve opening time and a point was reached where the valve moved go slowly
near the seat that it became unstable. The best tradeoff then was an
0.025-1nch diameter orifice in the Py,1ye line and a 0.099-inch diameter
ortfice in the Pgyitch line.

4.3.7.3 Close~Clearance Guide Evaluation and
Resnonse Tests

In order to Improve the closing response of the
valve, another damping technique was experimentally evaluated. This
technique utilized an crifice in the flow passage which communicates
the pressure downstream from the main valve to the back side of the main
valve. This passage was originally designed to be wide open so that
the pressure force acting on the face of the main valve could be balanced
by a fcrce of equal magnitude on the back side of the valve.

The orifice was implemented with a close~clearance
valve guide installed as shown in Figure 4-31. The guide was designed
to produce che orifice effect for valve pcsitions f up to 0.150 inch from
the seat. For the remainder of valve travel (up to 0.400 Lnch), the passage
was essentially wide oper. In this manner, the valve would move at its
maximum rate for the greater portion of trevel and would be slowed down
in the region near the seat where the unstable condition was encountered.
The orifices used in the amplifier outputs, as explained above, were
etfective for the entire valve travel and provided damping even when it
was not required. Thus, a faster regponse could be expected with the
close-clearance guide technique.

The full 0.150 inch of clecse-clearar.ce length
was utilized to obtain the best stable performance for both automatic -
and manual operation. Less close-clearance guide length resulted in
intermitzent unstable operacion. With the close clearance guide in-
stalled, the closing response of the nozzle for automatic shutoff of a
100 gpm fueling rate is shown in Figure 4-32. The initiation of the
nozzle shutoff sequence is the point at which Pgp.ipep begins to increase.
An instant /\0.0l sec) before this point, the tank float has blocked the
signal line, increasiny the amplifier control pressure and switching the
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amplifier from the P, 1, to the Pgyitch output port. From the data, the
closing response is approximately 3.5 seconds., Operating switch shutoff
occurs before complete valve clogsure as indicated by the shutoff of ampli-
fier supply pressure. For lower flow rates, the response of the valve is
nuch better because the flow forces are lower and the total valve travel
is less. Figure 4-33 presents response data for a 25 gpm fueling rate.

As indicated, the main valve closes in approximately one (1) second.
Operating switch shutoff occurs 0.5 seconds later. (During this latter
interval, only amplifier vent flow is entering the fuel tank.)

When the nozzle is shut off manually, the nozzle
closing time increases slightly since a Pgyitch pressure is not available
to aid valve closure. Filgure 4-34 indicates that approximately 3.9 seconds
are required for manual shutoff at a 100 gpm fueling rate. As a result
of these tests, the close~clearance guide was retained in the final pro-
totvpe design.

4.3,7.4 Tank Level Variation for Automatic Shutoff

Since there 18 a change in nozzle shutoff time
with flow rate, there will be a difference in the "full" tank level with
flow rate. For the 55 gallon drum used in these tests, the level varia-
tion from a 25 to a 100 gpa flow rate was 2.0 inches. For a common
fuel tank with a cross section of two (2) feet by two (2) feet, this level
variation amounts to 1.94 gallons.

4.3.7.5 Surge Sensitivity Tests

Typical surge sensitivity data are shown in Fig-
ure 4-35. The surge, as indicated by 2 drop in supply pressure, Pg»
results in a nozzle flow surge from about 100 gpm to nearly zero. During
this interval, the valve is almost closed. It then reopens to permit
fueling at the lower supply pressure and flow (in this instance approxi-
mately 25 gpm).

4.3.7.5 Residual Flow After Disconnecting Nozzie
During Fueling

A test was run to measure the amount of spillage
from the nozzle when the nozzle is disconnected from the tank receptacle
during the fueling operation. While fueling at a rate of 100 gpm, the
nozzle was separated from the tank and the residual flow was caught in a
shallow pan and measured in a graduate. The measured residual flow under
these conditions was 25 cc (6.6 x 10~3 gal). This flow comes entirely
from the amplifier vent circuit which is not deactivated until the operating
switch 1is automatically shut off — after separation of the nczzle and
receptacle.

When the nozzle and receptacle are separated
(vhile fueling is taking place), supply pressure is trapped between the
seated main valve poppet and the closed-connect coupling. The closed-
connect coupling is, therefore, "hydraulically locked," preventing the
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reconnection of the nozzle to the tank., No special provisior has been
made in the prototype nozzle to automatically relieve the trapped pres-
sure. At the present time, this pressure may be bled by disccnnecting
the inlet hose, reaching into the main valve annulus with a scft rod,
and moving the main valve poppet off the seat. The pressure may also be
relieved by unscrewing the closed-connect coupling from the nozzle body.
Corrective techniques are discussed later.

4.3.7.7 Hydrostatic Tests

The nozzle was hydrostatically pressure-checked
utilizing a hand pump. There was no evidence of leakage when the nozzle
was pressurized to 100 psig for one (1) minute.

4.3.7.8 Nozzle Flow Tests

Figure 4-36 presents flow data for the closed-
connect no.zle. Since the main valve can be actuated either manually or
by means of .l'e fluidic circuit, it was necessary tc obtz2in flcw charac-
teristics for both situations.

For manual operation, annulus pressure is applied
directly to the main valve piston. Above annulus pressures of about 7 psig,
the flow data for manual operation closely follow a theoretical flow
curve for an crifice whose area is equivalent to rhe wide-open main valve
1rea (assuming a discharge coefficient of 0.610). The main valve (for
manual operation) is wide open above 7 psig and flow varies with the
square root of annulus pressure. As the annulus pressure drops below
7 psig. the main valve moves toward the seat, and the nozzle flow becomes
a furiction of valve stroke as well as annuius pressure. For anaulus
pressures less *han about 4 psig, there is not enough piston force to
move tne main vaive. Manual fueling, therefore, is limited to annulus
pressu. es greater than 4 psig.

For automatic fueling utilizing the fluidiec
circuit, the flow characteristi:s are also shown on the curve of Figure 4-36.
in this case, nozzle flow is  function of annilus pressure, as before,
but the valve stroke 1s deteru;ned by the differential output of the flui-
dic amplifier. This differeniial output is applied across the mzin valve
piston as discussed earlier. The maximum value of this output {s >0 per-
cent of amplifier supply pressure. Due to losses in the manifolds and
operating switch, the smplifier supply pressure can be as much as 2 psi
below the annulus pre’sure. In the case of sutomatic fueling, therefore,
the main valve piston pressure is not readily apparvent from Figure 4-36.

t.lthough there ars two values of flow shown for
some annulus pressures, this does not represent an unstable condition
since the lower 7liwe result from a smaller main valve arna. Howvever,
since the annulug pressure can te related to "alve etroke. i* might be
asked how two differsnt valve strokus (areas) can be ohtsinud for the
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same value of annulus pressure.

ANNULUS SUPPLY PRESSURE, P, psig

100 4 T I r e 8
FLUID. AMSCO ODORLESS el
MINERAL SPIRITS by
%0 -+ | 86 0.76 @ 60°F —
n | |
g0 . THEORETICAL ORIFICE 1.
CURVE FGR WIDE OPEN
VALVE (C4 = 0.61)
70
]
i [N
9 s
: /
[*'Y
40 -
ANUAL ACTUATION
OF MAIN VALVE
] I %
21 / }
AUTOMATIC ACTUATION _-+]
OF MAIN VALVE
10
0 2 s 6 8 10 12 14 16 18 20

Figure 4-3b ~ Flow-Pressure Characteristics for Closed-Connevt

Refueling Nozzle

Two valve strokes result from ideatical

annulus pressures be.guse of the varying nature of the flow forces on the

main valve.

Apparently, at high flow rates (large valve strokes), the

flow forces act to open the valve, while at low flow rates the flow

forces tend to close the valve.

Therefore, to maintain cquilibrium at

anv valve position, the requivred piston pressure differential must vary
accordingly.

valve unbalance force way calculated.

In order to verify the above conclusion, the

This unbalance force was assumed

to de due entirely to flow phenomena and was determined by equ-ting the

opening «1d closing forces ac . ing on the main valve piston.

The following

aquation ~an be written :0or the summation of force: on the matn valve:

A('P) -F = F ¢ kX
P s ¢ P

M T Y T T T

e o




where

AP = (P ) or fluidic circuit output, psi

valve ~ Tswitch

A = piston area, 1.12

F = flow firce, 1b.

F_ = gspring preload, 1b.
k. = spring rate, 1lb/in
X = piston stroke, in.

In the above equation, the unbalunce force is assumed to be positive

when acting to open the main valve. The spring prelcad was set at

5.1 .pounds and the spring rate was 15.4 lb/in. The values of AP and
were determined from test data. The results of the calculations are

shown in Figure 4-37, which indicates that the flow force does change

direction as stroke is increased.

Evidently, at small strokes, Bernoulli forces
predominate. These forces always tend to close the main valve poppet.
At larger strokes, there apparently is a reacti force tending to open
the main valve. This force results from a change in flow direction at
the disc aztached to the valve seat keeper. The czlculation then verifies
tl.e flow data of Figure 4-36.

, This completed the evaluation cf the prototype
closad-connect fueling device. The nozzle and the receptacle were then
disassembled tc rhotograph the major piece parts. These photos are shown
in Figure 4-38 and 4-39 for the nozzle and the recoptacle, respectiveiy,

After rcassembly, the device was retcsted to assuie
satisfactory operation. The total weight of the nozzle equipped with a
2-inch quick disconnect hose coupling is 9 pounds, 6 ounces. The nozzle
weighs 8 pounds, 4 ounces without the coupling, uni the receptacle weighs
3 pounds, 1 ounce.

6.3.8 Rec mmended Design Changes

4.3.8.1 Eliminatica of "Kydraulic Lock"

As discussed in subsection 4.3.7.6, when the nozzle
is disconnected from the receptacle during fueling, fluid is trapped in
the nozzle housing, preventing reconnection. To +lleviste this, owo
possible solutions .ave bemn formulated, as indicuted schematically in
Figure 4-40.

Option "A" {3 simply & bleed orifice drilled through
the sliding sleeve of the coupling. ‘lore ttan onc crifice may be used
and its size should be determined by the bleed time vequired. Fucl trapped
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Figure 3-37 - Calculated Flow Force for Main Valve of
Closed-Connect Fueling Nezzle
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CONNECTOR
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.\Q\
“0” RING FOR SEALING
OF RECEPTACLE NIPPLE F-85-1308

Figure 4-40 - Methods to Relieve Hydraulic Lock

behind the sleeve is, therefore, bled to atmogphere after removal of the
nozzle from the receptacle. (All other flow paths have been blocked.)
When the nozzle and receptacle are connected, the bleed orifice is sealed
from atmosphere by the existing "0" rings in the sleeve and in the con-
nector body. The latter "0" ring engages the receptacle nipple when
connection is made.

The obvious disadvantage to the bleed orifice
approach is the additional spillage, which is wasted fuel and could be a
fire hazard. '

Option B incorporates a small ball check valve in
the sleeve, The ball protrudes from the front face of the sleeve and is
held in place by the fuel pressure. When there is no fuel pressure behind
the sleeve, the ball is retained in the hole by the sleeve return spring.
When the nozzle and receptacle are mated, the ball is pushed back allowing
the fuel to bleed into the main flow passage. Since the trapped fuel is
compressed by the sleeve motion, connection time is determined by how fast
the increased pressure can be bled. To minimize this time, more than
one check valve may be required.

4.3.8.2 Rolling Diaphragm Seal Revision

During breadboard testing of the main valve, piston
drag and hysteresis were reduced by elimination of two rolling diaphragm
seals. Pressure reversals experienced during system operation were not
large enough to cause reversals (and ultimate failure) of the diaphragms.
The back-to-back arrangement shown on the assembly drawing (D 2172405),
therefore, was not required. Although not incorporated in the delivered

4-57




N ——

prototype, it is poussible to reduce the complexity and the number of piston
housing parts. This should somewhat reduce the cost of the hardware.

No decrease in overall length is achieved with this change since the
required convolution space remains the same.

4.3.8.3 Increased Piston Force

The prototype nozzle required approximately two
(2) pounds more seating force to effect leak tight valve closure than
anticipated during the original design. The incresse was primarily due
to the seat redesign which was required to stabilize the valve. In order
to open the valve, then, a higher piston differential pressure (amplifier
output) was required. This, in turn, limited valve operation to higher
annulus pressures than originally anticipated. In order to lower the
minimum operating pressure in future designs, it might be well to consider
ways of increasing the applied piston force. Additionally, the increased
piston force may have a stabilizing effect during main valve closure.

With the available fluidic circuit output, the
obvious way to increase piston force is to increase the piston area.
Since it would be desirable to accomplish the area change without an
increase in overall package size, the rolling diaphragm seal on the piston
could not be used. Therefore, other dynamic sealing methcds should be
investigated. By properly applying an "0" ring piston seal to *he dry-
break main valve, for instance, quite a large piston could be utilized
in the same package. Such a seal was investigated early in the present
program, but when zero leakage was accomplished, breakout friction was
intolerable. Some tests were run with Teflon-coated seals and with
various "0" ring squeezes, but time limitations prevented a comprehensive
survey of all the <vects of the problem. The fixture used for these
tests provided oraer of magnitude data for the seals, but did not com-
pletely simulate the final application. It is, therefore, recommended
that before future closed-connect design activity is initiated, a develop-
ment program be formulated tc determine the optimum sealing method, seal
type, and materials, When the sealing method has been finalized, the main
vaive piston can be redesigned.
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SECTION 5

APPLICABIIITY OF FLUIDICS TO CONTROL OF MILITARY
FUEL HANDLING OPERATIONS

5.1 PIPELINE OPERATION INCLUDING PUMP STATION CONTROL AND
PRESSURE REGULATION

5.1.1 Introduction and Requirements

Military operations today require enormous quantities of
liquid hydrocarbon fuels to meet the demands of increased mobility.
Vehicles are more sophisticated and use a variety of power plant types
and fuels. The gas turbine is in extensive use and its relatively higher
fuel consumption has added to the cverall increase in military fuel
requirements.

The present military fuel distribution system is hard-
pressed to meet the demands cf today's mobile Army and ways are sought
to increase the effectiveness of the system.

The lifeline of tactical fuel distribution is the over-
land pipeline system stretching from the shoreline where POL is off-
loaded from tankers to the furthermost reaches of the combat area.

The military fuel pipeline system is outwardly similar to
commercial pipelines in this country in the sense that it perhaps is the
only solution to large quantity transportation of POL over long distances.
Bowever, the similarity almost ends at that point. Commercial pipelines,
of course, operace solely on the basis of long range lowest cost techniques
and, as a result can afford to invest heavily in permanent capital equip-
ment. Their pipelines are normally quite large, being up to 42 irches
in diameter and are without known exception, buried for purposes o>f
safety and asthetics. The military pipelines are seldom buried for
obvious reasons and the pipe is much smaller. The standard sizes are 4,
6, 8 and 12 inches in diameter with the six-inch being the most commonly
used.

The products transported are injected into the pipeline at
the marine terminal and moved through the pipeline by pressure. As the
fuel moves across country within the pipeline, the original pressure de-
cays due to viscous losses and varies due to changes in terrain. Therefore,
it is necessary to install pipeline pressure boosting and reducing stations
at intervals determined by the terrain, the pump capacities and charac-
teristics and the flow rate. There are two basic pressure considerations
which help to determine where to place a booster pumping station. The
pumps at the station must not be allowed to operate under suction conditions
that induce cavitation. Therefore, the station must be located on the
basis that the gtation inlet pressure will not normally drop below the
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minimum allowable pump suction pressure. The other consideration is that
the station discharge pressure must not be allowed to exceed a safe
maximum in order to prev s any possibility of bursting the line. These
considerations are essentiully identical for commerical and military
pipelines.

Commercial pipelines sometimes are only a few miles long
but normally stretch over hundreds of miles. The Colonial pipeline is
1056 miles long and uses 27 pumping stations. This is an average spacing
between stations of about 40 miles and is a typical distance. Military
pipelines can also stretch over hundreds of miles and require similar
numbers of pumping staticns. The operation of a pipeline requires precise .
control and continuous monitoring of conditions within the line, the
pump stations and the intermediate and pipehead storage facilities. Over
the years it has proved economically feasible for commercial pipelines
to introduce more and more automated facilities and continuously upgrade
the sophistication of their operation. Today every commercial pipeline
is automated more or less and many have reached a degree of sophistication
in which, basically, one dispatcher can operate an extensive complex pipe-
line. This ultimate degree of automation has been made possible by the
use of computers which can perform almost every monitoring and dispatching
function. It should be noted, however, that there is not a universal
agreement among these companies that computer controlled automated pipe-
lines are proving to be economically sound. There is no disagreement as
to the need for automation — it is only the inclusion of computerized
operation that has not yet been accepted across the board.

Another very important difference between a commercial and
a military pipeline operation is in the motive power used for pumping
the petroleum products. The vast majority of commercial pump stations
use electrical motor driven pumps which mostly operate the pump at con-
stant speed. The reason for this is the easy accessibility to line elec-
trical power and the simplified operational procedures associated with
starts, stops and maintenance. On an automated pipeline, electrical
pumping stations are seldom attended.

The military pipeline operaticn faces an entirely different
situation. Line electrical power is seldom available, and even 1if it
were, on a power/weigi:. basis, electric motor drives are heavier than com-
bustion engine drives for the power levels required in a pumping scation.
Today, air mobility is a key factor in the tactical posture of a field
army and equipment weight has assumed considerable significance.

The military are also faced with the economical and practical
aspects of dependence upon trained personnel for performance of critical
and relatively complex functions. Operation of the pipeline pumping sta-
tions 1s one of the more demanding functions which now require trained
personnel. If these stations could be automated to the dexree that
personnel requirements were reduced to one man per station or even to
the point where only periodic maintenance visiis were required, it is
believed that the overall reliebility and effactiveness of the pipeline
could be substantially increased.




Automation would also reduce the level of training required
of operating personnel. Partially offsetting this would be the need for
specialists capable of maintaining the control systems. However, a
propaerly designed control system will minimize the need for maintenance.
Overall it can be expected that pipeline automation will result in
reduced manpower requirements,

Today, the military dues nol operate any automated pipelines.
However, in the next five to ten years it .s probable that some of the
pipeline functions will be automated to tak2 advantage of the available
technology and to meet the increasing demands upon POL distribution systems.

The degree to which the military pipeline operation even-
tually is automated will depend upon the results of studies to determine
the overall advantages and probable costs. It is one objective of this
study to determine the practicability of applying fluidic technology to
control of pipeline operation.

Exclusive of the storage function which is discussed in a.
following section of this report, pipe’ine operation consists of three
basic functions. These are: dispatching, pressure regulation and pump
station control. The pressure regulation function includes techniques
for maintaining safe pressure levels in the pipeline to prevent any
possibility of operating the pumps under conditions that cause cavitation
or of bursting the line due to excessive pressure. To this end it is
gometimes necessary to include pressure reducing stations where the line
proceeds on steep downhill grades.

In order to remain within the scope of the overall study,
it was necessary to select one of the three basic pipeline functions to
determine the practicability of applying fluidic control,

The dispatching function consists mostly of scheduling and
monitoring. These can best be done using special or general purpose
computers, and fluidic technology is normally not considered for computers
unless environmental conditions rule out electronics. Since the disg-
patcher can be located in relatively secure areas and does not need to
be in intimate contact with the POL products, electronic computers are
the most logical selection. However, at this time the Army i3 not prepared
to consider computerization of any type for the fuel handling operation,
Thus, the dispatching function was not selected for study.

Pump station control includes some considaration of pressure
regulation in the pipeline and necessarily includes many types of control,
sensing and logic functions. For thess reasons, automatic control of
pumping stations was selectad as representative of the requirements of
automated pipaline operation.

The requirements for pump statlon contrel include the
contrel of the station iniet and outlet pressures, provision for automatic
startup and shutdown, overload protection and readout of critical parameters.
It vas also desired that the fluid being pumped within the pipeline be




considered for the power supply to the control system and as a means for
starting the pump prime movers.

Because of the remoteness of the dispatcher to the pump-
ing staticas, his initiating signals and the station parameter intelli-
gence must be transmitted via radio, telegraph or microwave. This is
even true troday where manual pump station control is used. As regards
an automatic station control system, the actual transmission technique
is unimportant. The fact that it is necessary simply indicates that an

interfucing requirement exists between the station and the dispatcher. .

53.1.2 Operational Considerations

5.1.2.1 Fluidic Control Power Supply

Any control s stem, whether electrical, electronic,
hydromechanical, or fluidic requires an Auxiliary Power Supply (APU).
The power supply can consist of an energy storage unit, a generator, a
regulator, conditioning equipment and, in some inatances, a sink or reservoir.

Power 1s required at two basic levels: 1low level
for the logic functions and sensing, and a higher ievel for actuation of
valves, etc.

It does nct sgeem practical to assume that the power
supply would be continuously in a state to deliver the higher power levels
necessary to begin putting a station on line. Therefore, some form of
standby power is required which can furnish a low power gignal to the APU
control in cvder to start it so that the total power requirements can then
be supplied.

Since an initiating signal from a remote dispatching
point will have the form of a teletype, or radio szignal, the standby
power must be electrical or electronic in form. Similarly, data from the
pump station must be convertad into electrical forn for transmission to
the dispatcher.

A requirement for electrical power for standby
purposes may raise the quwstion — why use other than electrical power
for the remainder of the control? Theve are at least two good reasons why
other technclogies should be considered. First, electrical power poses
a fire hazard at the voitage levels required to operate valves, and the )
valve operator size and weight can be a disadvantage. Second, minimizing
the amount of electronics reduces the vulnerability of the control to
electromagnetic radiation damage and to extreme ¢ ivironmental conditions. *

Where fluidic control is being considered, there
are three potential sources for the power supply: (1) the hydraulic
power in the pipeline itself, (2) a separate hydraulic power supply, or
(3) a separate prieumatic power supply. Three considerations must be made
regarding usiag the hydraulic power in the line.

Gt
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First, there may not be any power available
when it is needed. The reciprocating engines presently used require a
fifteen minute warmup period, and the station control system cannot begin
to function until the line preassure begins to rise; thus, there would be
an intolerable delay before the station could go on line.

It should be mentioned here that eventually gas
turbines will probably replace the reciprocating engine as pump prime movers.
One helpful characteristic of the gas turbine is its ability to operate
at full ‘power without warm-up. Thus, this cbjection to use of the hy-
draulic power in the pipeline would no longer apply.

The second consideration 1s the need for an elab-
orate control to provide a sink or reference pressure for the vert flow
from the fluidic control amplifiers. Prior to the time when the station
begins to add head to the line flow, there would be a pressure drop
across the station with the high pressure on the inlet side. Once on
the line, the AP would reverse. Therefore, the pclarity for the inlet
and outlet pressures for the control would have to reverse.

The third consideration is related to operation
of fluidic amplifiers at low Reynolds Numbers. There are nc firm data
available at this time which can be used to state with assurance what is
the lower limit of Reynolds Number. A control system such as will be
discussed here uses wall-attachment amplifiers almost exclusively. This
type of amplifier depends upon turbulent flow conditions for the Coanda
effect which causes the power jet attachment to the channel wall. (pro-
portional amplifiers appear to becume gain sensitive at the lower Reynolds
Number).

The fuels usually transported in military pipe-
1ines include avaition gasoline (av gas), motor gasoline (mo gas), jet
fuel (JP-4), kerosene, and diesel fuel. Temperature can get as low as
-40°F where the kinematic viscosity of diesel fuel reaches 50 centistrokes
and the specific gravity is about 0.93. Table 5-1 lists the extreme
temperature characteristics of these fuels.

The Reynolds Numbher is expressed as:

where
p = fluld density
V = characteristic velocity

De = equivalent dismeter

5=-5




Table 5-1 - Extreme Temperature Ptopertieo* of Military Fuels

e — —
TEMPERATURE -40°F +120°F
FUEL SP. CR. | ABS. vis. | sP. GR. | AL.. vIs.
AVIATION GASOLINE 0.75 1.4 cs 0.67 205 es
MOTOR CASOLINE | 0.77 ’ 0.70 1.05
JP-4 0.82 1.8 0.76 0.8
KEROSENE 0.86 15 0.81 1.3
3p-5 0.87 20 0.82 1.5
DIESEL FYEL 0.93 50 o8 | 2 i §
:

*
THE LEE COMPANY

u = dynamic viscosity
v = Lkinematic viscosity

Exumination of this expression reveals that the Reynolds Mmber varies
inversely with kinematic viscosity. Also, Np can be Sncreased by reising
the supply preasure to increase the characteristic velocity and by in-
creassing the equivalent diameter. Normally, fluidic smplifievs are con~
structed in two dimensional form. The equivalant diameter refers to the
pover supply nozzle which means that Np can be maintained high by using
larger amplifiers.

If a fluidic amplifier with a 0,02 inch x 0.05 inch
poweyr nozzle were operated at a AP of 10 pai on 50 ¢s diesel fuel, the
Reynolds Number would be 165. This is balow the usual definitien of the
laminar/turbulent transition Reynolds liumbar of 1000 and could ba axpected
to result in erratic amplifier opu.atiom. In order te zalse Ny for this
amplifier to 1G0, the «P would have to be sbout 375 pei.

Bendix Ressarch Laboratories has been performing
s corporate funded taveatigation of hydrauiically powerad fluidic amplifier
configurations. This program {s expected to yield optimum saplifier
designs for hydraulic opsration, and ona of the objectives in to lower
the minimun operating Reynolds Number, Navertheless, until wuch tiwa
as reliablc operation of wall attachment amplifiers at lew Np can be shom,
the conclustion is that tha fluid in the pipeline could not be used to
power the fluidic pump astation conteal.

L
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Eliaipation of the ctoice of using the fluid in
the pipeline as the power source for fluidic control leaves us with the
choice of efther an auxiliacsy pneumatic or hydrsulic power supply. By
this, it is meant that the power, aither hydraulic or pneumatic, would
be developed by some fcrm of APU whizh would 1robably be a gasoline engine
powdred cOuDL:SSOr or pump. An asccurate selec imn of whlch of these two
anproaches is the bert would have to be determined through a comprehensive
tradesff study which would cousider all ¢f the ramifi{ca.icns of both
spproaches. For the purposes ~»f this wtudy, which is fimited in scope,
we will show in the following paragraplis some conslderations which lead
us to a selection of a preumatic supply for the logic circuit and a
hydraulic “upply for the high powered or valve operated circuits. As
regards the prims mover for the compresacc and pump, it was considered
possible that ‘lie station prime movers, the cnes that drive the main
pumps, could be utilized to furnish this auxiliary power. Howe..r, there
are normally four pumps available at each station, but only three are
operated at ony cims. Therefore, it would be necessary to have a power
supply drive on each puwp prime mover because the pumps are alternated to
equalize their usage. This means that aome form of load sharing network
would be required to select one of the three available power supply sources
and this would probably be selected on the basis of squal usage also.

The ovvious problem with this approach iu that . certain amount of we-
quencing snd preparation has to be accomplished before the pump prime
movers can be started which leaves no means by which power for the flui-
dic logic circuit could ba generated until that time.

: In con.idaration of the above items and the

probable ccmplexity of a circuit that would be abla to select cne of

the threea sva’ilable power supply drives, it is concluded that a separate
suxiliary engine for the fluidic control power supply protably offars the
simplasgt approach. This would also eliminate any need for storage of
pressurized working fluid because the dispatcher initiatiag signsl which
cozes into ithe pump station as an indication of the desire to put the
station ou tha line could energize a relay which would start the APU. The
re.ay, being electrical, could easily draw its power froz any one or all
of tho ba~teries vhich are available to start the mair pump prime movers.

Pnsumatic powver is selected for the logic eircuit
for savaral rearons. The first reason is basically because the majority
of experfence with fluidic circuits to date has been with pneumatic power.
The second raasun ia that thare are certain logic functions which are more
sasily performed using poeumstic pover than hydraulic power. In Jfact,
eoma logic functiuns cannot b: jerformed using hydraulic fiuid as the
power source. Luw pressure air can be supplied for a logic circuit using
a relativaly simple vane type air comprassor or wven a centrifugal c-wpresscr.
In aither case, the problems essociated with liigher prassuce cospresecrs,
such as after-coclars and lubrication of iha compressor are eliminsted.
With the vans compressor thers may be some concarn with the carden pacticle
vaar of the vanes contaminating the amplifiers. With the centrifugel
coaprassor there ¢nould be no prodlem at all wvith any coutmmiuants {ror
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the coapressor. In either case, there certainly would be a need to filter
the inlet air to the compressur.

Hydraulic power wes selected for the high power
portion of the pump station control; t:at is, for powering the valve opera-
tors that control the valves in the mair line. The obvious xeason for
selection of hydrauiic pcwer is the fact that the operator size can be
greatly reduced by using high pressure fluid. Even though the valve
sizes snd line sizes used by the army are normally only six or eight
inches in diameter, it may still xequire as much as 4,000 pounds of
seating thrust to seal an eight inch valve against a 1,000 psi pressure.
This is based upon information obtained from the Crane Company in Chicago,
Illinois. A piston/cylinder actuator for sn eight-inch valve would require
a nine inch stroke and if it were powered using a 100 psi pressure source,
it would have an eight inch bore, a 3 inch diameter piston, displace
338 in3 and weigh about 125 pounds. By going to a hydraulic pressure
of 1,000 psi, the total displacement volume can be ieduced to 37 cubic
inches, the bore diameter can lte reduced to 2.5 inches and the weight
can be reduced to 15 pounds.

5.1.2.2 Pipeline Control Mode

Several methods are available for control of the
pipeline flow including: throttlirg of the flow by regulating valves in
the main line, fluid irives between the prime mover and the pueap where
the prime mover speez is constant (such as an electric motor), or variable
prime mover speed. Tue lulter two methous are moxe economical in that
little = no power dissipation takes place. Even so, throttling is used
extensively in commercial pipelines, primarily because constant speed
electric motors are used almost exclusively.

Siuce Army pump stations use internal combustion
angine priase movers, it is logical to consider varying their speed to
~oniol pipeline pressure or ‘low rate. This probably resvlts in more
complex control circuitry, but should aisc result in more efficient pipe-
line operation. After considering the above modes of operation, it was
concluded that the most practical approach was to control the pipeline
flow rate by varying the pump speeds since it is necessary anyway to do
a2 certain amount of pump speed control in order to provide protection
against engine overspeed and allow for ergine warm-up at idle.

The technique by which cortrol of the pump prime
movers is accomplished is explained in more detail in paragraph 5.1.4.

5.1.2.3 Station Fuel Supply Contrcl

A~ this point, it may be well to present an
overall block diagram of the pump station control. This is shown in
Figure 5-1. It should be noted that one of the blocks refers to the station
fuel supply. This is the source of fuel for the engines that drive tke
pumps. If the pipeline pump station is to be unattended, then it 1is

5-10

.




necassary that an automatic technique be provided for keeping an adequate
supply of fvel ir the reservoir for each pump prime mover and the station
fu~l reservoir. This, then, itself requires sowe form of control. The
fuel for the pipeline pump station prime movers is normally drawn from

the pipeline when the required type of fuel is passing through the station.
It is a fairly simple matter to include provision for taking fuel from the
pipeiine upon the command of the dispatcher or possibly by manual actuation.
The fuel taken from the pipeline is directed to a station fuel tank from
wvhich the individual tanks for each pump prime mover are replenished.

In the simplest form of control, the station fuel tank could be located

so that the pump prime mover tanks are kept at equal level with the
station fuel tank simply by gravity. It only remains then to control the
level of the fuel in the station fuel tank.

If the gtation fuel tank camnot be so located that
the prime mover tanks are revlenished by gravity flow from the statiom
fuel tank, then it is possible to use a fluidic level control which
would maintain esch prime mover tank in a full condition. An alternate
fluidic approach could be used to hold the le21 in the prime mover
tanks between predetermined 1imits. The overall schematic arrangement
for a complete controi of the fuel tanks is shown in Figure 5-2.

A fluidic level sensor and control has been devised
vwhich can be used to either maintain the fuel in a tank at essentially a
constant level or, by comdining two sensors in a circuit can be used to
maintain the tank level between limits.

The circuit uses a monostable version of the.
basic bistable jet—on-jet amplifier shown in Figure 5-3. Operation of
thege fluidic devices was discussed earlier in Section 4.3.1.1.

Figure 5-4 shows the fluidic circuit for sensing
fuel: level in a tank. The hash marks along one of the output legs of
each amplifier indicate that the amplifier has "memory" in that output.

P-te00
LECEND
S - SUPPLY PORT
€, - LEFT Comres: 7337
Cy - RIGHT CONTROL PORT
Vv, - LEFT VEAT
v. - RCHTVENT ATTACHMENT
&, - LEFT OUTPUT PORT susaLE
VCLUME

Op - RIGHT QUTPUT PORT

Figure 5-3 - Bistable Fluid Amplifier
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Figure 5-4 - Fluidic Level Sensor

That is, it is monostable and will always produce an output from the
memory leg in the sbsence of any control signal.

The first amplifier of the sensor can be
physically located in the fuel tank so that the comtrol port is posi-
tioned st the desired fuel level. Alternately, the amplifier cam be
remotely located and a line can be compnected to the control port with
the other end positioned at the desired fuel level.

If the two amplifiers are supplied with fuel
and the control port of the first ampliifier is allowed to aspirate air,
the memory phenomenon of the first amplifier is destroyed and its supply
flow will split approxima-ely between the two output legs rather than
flowing only from the memory leg. By commecting both ocutputs of the first
amplifier to the control and bias ports of the second amplifier, this
amplifier behaves as thcugh it were immersed in fuel; that is, it operates
normally and all of its output is from its memory leg.

When the control port of the first amplifier is .
immersed in fuel, this amplifier behaves normally with its entire out-
put from its memory leg. This prcduces a strong control signal on the
second amplifier with a simultaneous loss of the partial bias sigral. .
The result is that the second ampliifier switches.

Thus, a digital signal is provided which indicates
that the fuel level is either above the desired level or below it. All
of the vent flows and the bias port of the first amplifi.r can be connected
togecher and referenced according to how the sensor is to be used. This
will be explained below for the two variations of how this level sensor
circuit can be applied.

5-12
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For the situation where the prime mover fuel
tanks can be replenished with gravity flow from the station fuel tank,
two of the fluidic level sensors described above can be combined into a
control circuit that will provide a logic signal to the pump station con-
trol and/or to the dispatcher indicating that the station tank needs to
be filled and also indicating when the tank is full. This circuit is shown
schematically in Figure 5-5.

The amplifiers are supplied by a small motor-
driven or prime mover driven pump, drawing the supply fluid directlv from
the station fuel tank. The vent flow and any unusad output flows are
allowed to return directly to the tank. This circuit only provides in-
telligence to the station control about the level of fuel in the tank.
Referring back to the schematic of the pump station fuel supply control :
(Figure 5-2), it will be noted that the action co take fuel irom the ;
pipeline is predicated upon informati-n from the station tank level coc-
trol that the fuel level is low plus information that the proper type
of fuel is passing through the pipeline.

The two fluidic level sensor circuits that
combine to form the station fuel tank level control are labeled A and B
in Figure 5-5.

It will be noted by the connections of the two
individual level sensor circuits that when circuit A and circuit B are !
both aspirating air, that is, when the tank level is below even the i
lowest of the two control ports, the output of the bistable amplifier is .
from the Fill leg. This signal can be used both to inform the dispatcher
of the need to fill the station fuel tank and as the firgt of a series of
signals to begin to automatically fill the tank. The other signal or :
signals required would be those indicating that the proper fuel is 3
passing through the pipeline at that time. When filling action is ini-
tisted and the tank begins to be filled, the control port on level geinsor A
will shortly be immersed in fuel. However, even though this circuit
switches, there is no net effect on the bistable. The tank continues to
£f111 until the level of fuel reaches the cont:ol port of the sensing
smplifier of sengsor B. When this occurs, that circuit switches and
switches the bistable to provide a full signal, which then stops the
filling action. The size of the amplifiers and the supply pressure for
this sensor circuit only has to be based on considerations of contami-
pation and fuel pumping power.

The basic fluidic level sensor shown previously
in Figure 5-4 can alsc be used to maintair a nearly constant level in
each prime mover fuel tank.

In this case, each liquid level sensor circuit
would not only sense the level of the fuel in the prime mover tamk, but
the switching action would also be arranged so that the low-level output
would be used to keep the cank full. The amplifier vent flows and the
unugsed output flow would be collected and returned to the station fuel

5-13
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tank. The power supply for each prime mover level control would be fur-
nished from the fuel pump described earlier. The fluidic level control
circuits would be in operation continuously. They would perform in a
manner such that the prime mover tanks would always remain at the same
level. This would result from the fact that the amplifiers would be
continuously switching back and forth as they go from aspiration of
liquid to aspiration of air. In any technology except fluidics, this
would not be a desirable situation because of the obvious eventual wear
of any part that would be required to operate in such an oscillatory
manner. However, with fluidics there is absolutely no reason why such

a circuit cannot be used, If, for some reason this type of operation is
not felt to be desirable, then each prime mover fuel tank could be equipped
with a tank level sensor circuit similar to that used in the statiou fuel
supply tank.

5.1.2.4 Start-up and Shut-down Procedures

In the present military pipeline system, operation
of the pump stations is entirely manual. Before a pump station can be
put on line or taken off the line, there are certain procedures necessary
to be followed. In order to stay within the scope of the present atudy,
the automatic sequencing system was modeled primarily after the procedures
used in the present manual system. Part of the manual procedure for
preparing the station to go on line includes performing niaintenance on
the engines and pumps. It is recognised that mzintenance can be performed
automatically as well as manually; however, no attempt was made in this
study to include automatic procedures for performing these maintenance
operations. In the event that further consideration is given to automation
of military pump stations, a much more comprehensive implementaticrn of
automatic control would be performed and this would include those necessary
maintenance items which are now performed manuaily. It is the purpose of
this study to show how fluidics can be used ir automatic control of mili~
tary fuel handling operations. It is not the purpose to fully develop an
automatic pump station control svstem at this time. Therefors, the
following discussions of the automatic contrel aystam include only thoss
more obvious requirements for automatic control of the station and in
several cases have ommitted paripheral or secondary functione. In most
cases these functions probably can be implemented using fluidics.

In any pipelina system, it is desirable to keep
the line packed when the system ‘sshut doiwn for any reagon. In combat
zgones, such as Viet Num, the line is frequently shut down at night because
security cannot be maintained. When the line is ghut down, esach station
discharge and suction valve is closed. Figure 5-6 shows a typical military
pipeline pumping station schematically. The station discharge and suction
valves refarred to ara thosa at the station inlet on the upstraam side and
the discharge on the downstream side. In addition, each pump has ite
own suction and discharge valve which are normally kept closed when the
pump itself is shut down or when the entire ctation is shut down. It
will te noted from tha2 schematic of the pump station, that thare are other
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manifolding arrangements. One example is a manifold provided to recieve
and launch pipeline scrubbers or "pigs" as they are called. No attempt
has been made in this study to automate the operation of receiving and
launching the pijeline pigs. Therefore, the only valves which will be
congidered in the sequencing control are the various suction and dis-
charge valves mentioned previously. The pumps are ail centrifugal types
and each pump case is equipped with what 1s called a vent on the top side
of the pump case. The purpose of the vent valve is to allow flooding of
the pump case before the pump prime movers are started.

Referring again to Figure 5-6, it {8 noted that
there are four pumps available and it will be recalled that normally only
three pumps are used at any time. Therefore, when a pump station is about
to be put on the line it is necessary to determine which three pumps will
be used. This selection 1s normally made on the basis of providing equal
usage of all the pump/engine combinations. For the surposes of this study,
it 18 assumed that the pipeline dispatcher will keep track of the operating
time accumulation on the engine pump combinations. Again, it is recognized
that an automatic control system could perform this function.

The procedure for start-up of an automated pump‘
station is assumed, for purposes of this study, to begin with the recep-
tion of an initiating signal from the dispatcher. - This signal would be
used to start the control system APU. Once the APY is started, the start-
up automatically proceeds sequentially through logical steps. These
steps include monitoring of certain engine functions, positioning of valves
and finally, starting of the prime movers. Once they are started, the
steady stata2 pump control is in command and the pump speeds will be in~
creased from idle as soon as the control senses a rise in station suction
prussure, Normally the engines will be allcwed tc idle for about fifteen
minutes before being required to increase speed.

Steady state operztion simply consists of controlled
variations in the pump speeds to maintain the station suction and dis-
charge pressures within predetermined limits. The pump speed control is
discussad in more detail in following paragraphs.

Normally, the pump station will be shut down by
digpatcher request. If possible, the prime movers would be idled for
about five minutes to avoid "dieseling" after ignition cutoff.

The pumps may also be brought to idle speed by
the pipeline conditions. For example, if the discharge pressure continued
to rise while the control reduced the pump speed, eventually the pumps
would reacr idle speed. The same action would occur for an abnormal de-
crease in suction pressure.

A comprehensive control system would include safety
devices which would bring the engines to idle and perhaps evea shut the
engines down if damage were imminent. Low oil pressure or high oil tem-
perature would be examples of this type of monitoring.

5-17
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Thus, there are several ways in vhich e station
inay be taken off the line. Regardless of the reasons for 1dling the
engines or shutting down the station, a logical procedure must be followed.
For an automated pump station, a programmed shutdown sequencer is required
similar to the start-up control. Because of this similarity, a shut-dowm
sequencer control was not developed nor studied during this effort.

5.1.3 Pump Station Stactup Sequence Control

In the rollowing paragraphs, the pump station control will
be described. It should be noted that at the time of this study no design
existed for a military automatic pumping station startup control. Thus,
in order to determine the applicability of fluidics to this type of con-
trol, it was firat necessary to design the control to a degree amenable
to the objectives of the study. The first step in the design procedure
was to write a series of logic statements that adequately described the
functions to be performed, these are presented in the next paragraph.

The logic statements and the resultant design are based
upon the Pump Station Control Block Diagram shown previcusly in Flgure 5-1.

Although the resultant control design ~ould be implemented
with either electronic or fluidic technology, it was developed with flui-
dic implementation in mind.

3.1.3.1 Logic Statements

The following statenents describe the functions
to be performed in starting the pump station, and indicate the sequence
in which they are performed and the conditions that must be met.

Go "On-Line"
(a) APU Start - Sequence 1
® Start APU - initiated by dispatcher signal
® Detect required pneumatic regulated pressure
® Detect required hydraulic regulated pressure

® Uninhibit valve operator servo flow when
regulated pressures are correct

® Furnish a signal to the next sequence indicating
that the APU Start Sequence is complete

(b) Preparation - Sequence 2

® Start the sequence when the logic section is
supplied with pressure and Sequence 1 is ready.

¥ Open the station suction valve when threc of
the four pumps have been selected and thuir
respective oil levels are within limits.
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(c) Pre-Start - Sequzuce 3{a)

(d) Starc - Sequence 3(b)

5.1.3.2 Sequence 1 - AY] Start

and tha logic used to oriug it on liua. The dispatczhar inttiating signal
is converzed to sn slectrical curcent and applied ro electiwmagnetic
relays used to energize the APU ignition &nd starier circuity. Pover

Close the sta: ‘on discharge valvs

Purnish a signal to Secuence 3(a) indicatiuf
that the Preperation fequence is complete.

Start ihe sequeunce when the logic section is
supplied and Sequence 2 is ready.

Open the suction valves for tl.e selected pumps.

Open the vent valves on the selected puxps ~shen
the suction valves have resched full open.

Cloge the vent valves wh:n a flcoded pump case
is detected.

i Rttt i 5 s N

Open the discharge valves for the selectad
pumps when the pump vent valves are closed.

Furnish sigusls to the individual start aub-
circuits of Sequence 3(b) when and only when
all rhree selected pump disclhierge valves are
spen.

Energize the ignitions and starters for the thresz
selected pumpe to attempt a start. .

Time the scart attempta and de-energize the
starters and ignitions if a start is not detected
within a pre-~determined time.

Provide a pre~determined timed delay period
followed by a second attempt ic start any engines
that failed vo start the first time.

Allow for orly three consecutive start attempts
with delays betwaen each attempt.

Signal the dispatcher when any sengine iaills to
start on the third attempt.

Open the station discharge valve vhen and only
vhan three engines are running.

Provide an uninhibit signal to the On-Line conm-
trol to allow engine/pump speed incregse fio=
idle to maintain line prassures as renu.ired,

Flgura -7 shows the biack diagran for che APU
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Figure 5-7 - Sequence No. 1 - APU Start

for the required transceiver, the relays and starter is assumed to ori-
ginate from the batteries used to start the pump primer movers.

The APU design arrived at for this study consists
primarily of a 12 horscpover {at rated speed) gasoline engine driving
a 1.5 horsepower vane type oilless compressor which can continuously
deliver 25 scfm of air at a pressure of 10 psig, and a 2 horsepower gear
type hydraulic pump with a delivery capacity of 1.5 gpm at 10UO psig.
These capacities have been calculated to be more than adequate to furnish
the requirements of the overall coutrol.

There are approximately 175 fiuidic amplifiers
uced throughout the sequencers and the On~Line control. The flow require-
ments can be calculated for air from

Ro, e, |3

where
A = physical area of supply nozzle, in2

C, = constant depending on the thermodynamic properties of
gas, (degree)l/2/sec = 0.532 for air

C, = orifice discharge coefficient, dimensionless, depends
on orifice geometry = 0.9

P, = downstream stagnation pressure, psia. This pressure
measured wnere the gas velocity is very slow.




P = upstream stagnation pressure, psia. The pressure
measured where the gas velocity is very slow.

T = upstream stagnation absolute temperature, degrees
Rankine. The temperature where the gas velocity is
very slow. Degrees Rankine = degrees Fahrenheit + 460.

R, = universal gas constant = 640 1b,"in/1b,_ °R air air
Q = volume flow rate = scfm = standard volume flow, ft3/min

f. = a tabulated value which is a function of the specific
neat ratio of the gas, Pu and Pd.

Using a power nozzle with dimensions of €.010
inch by 0.030 inch and an upstream pressure of 10 psig (about25 psia),
the flow requirement was calculated to be about 20 scfm. For purposes
of comparison, an upstream pressure of25 psig for power nozzles with
dimensions of 0.020 inch by 0.02¢ inch would require about the same flow
rate. The larger power nozzle dimensions would provide less dirt sensi-
tivity and 5 psig supply pressure is a satisfactory supply pressure for
logic operations. Actually, much lower pressures may also be considered
whep using air. However, where several interfaces are required, the
higher pressure allows for smaller transducers, etc.

Based upon calculations of the cylinder sizes
required for operating the pipeline valves, it was decided to base the
desizn on the use of a hydraulic pressure of 1000 psig. The opening and
closing timer for the various station and pump valves are not required
tc be fast for a control mode where pipeline pisssure is adjusted with
pump speéd rather than discharge valve position. Discussions with commer-
cial pipeline operators disclosed that 30 to 60 seconds is an acceptable
time for a valve to travel from one position to another.

Therefore, using piston/cylinder valve operators
sized as described eariier in Section 5.1.2.1, and a travel time of 30
seconds, the total flow requirement for any given logic function would
be a maximum of 1.0 gpm. This is based on having to open or close three
eight-inch valves simultaneously.

The other APU principal components include a
reservolr for the pressurized air, a sump for the hydraulic oil and
pressure regulators for each fluid. In both cases, the pressure regu-
lation requirements are not believed to be critical. For example, in the
logic circuit, minor pressure variations are of no consequence because
all of the operation is digital in nature. Even where an interface
exists between the pneumatic logic and the valve operator saervos (pilot
stages), the action is simply a request for one or the other of two valve
positions and variations in the signal pressure (above some minimum) will
huve no net effect. The hydraulic vzive operator circuit probably requires
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only a preasure relief vslve to maintair a maximim safe pressure. In
the steady-state on—line control, which will be explained later in detail,
there are some proportional cperations. However, push-pull circuitry ia
3 used throughout that portion of the control and the cnly probable effect
: of preassure level variations wouid be glight syatem gain changes. The
entire fluidic portion of the control system uses jet-on-jet fluidic
/ amplifiers which exhibit constant flow characteristics. This also greatly
reduces the need for pressure regulation. The principal perturbation
to system pressure will be. ambient temperature variations if It is assumed
3 that the APU engine is maintainad at a constant govorned speed.

The inhibit function in the APU Start seyuencer
serves the purpose of preventing transmission cf uncontrolled valve
operator signals from the servos while the ccntrol system pressure is below
1 the mininum normal values.

Operation of the functional blocks will be
explained in Section 5.1.5.

5.1.3.3 Preparation - Sequence 2

Four priuncipal operations are performed during
this sequence as can be noted from Figure 5-8 which shows the sequencer
design in block diagram form. The operations include: reception of the
dispatcher's signals selecting the three pumps to be used; performance
of critical engine pre-start conditional checks; opening of the station
suction valve and closing of the stution discharge valve.

This sequence begins when the amplifiers are

i supplied and the Ready 1 signal is recelved from Sequence 1 indicating
that sequence to be complete. A logical AND element is used to perform
this first function. It is shown under the column labeled 1 which is
provided in the figure to aid the discussion. Operation of this element
and others is described in Appendix B. Basically, an output will come
from an AND element when and only when all inputs are present. Similarly,
the AND elements under column 2 will continue the sequence by providing
outputs when the three inputs shown are present. In this case, as in
most other operations throughout the sequence, one of the inputs is the
output from the previous logic element.

One of the inputs to the column 2 AND's is an in-
dication of engine oil level. A sensor for developing this signal will
be described later. It should be mentioned that there may be several
other important checks which should be performed. For this study, only
one was shown for illustrative purposes.

The next operation performed by the sequencer is
to open the station suction valve. This is to be done only when the
three selected engines have been found to be in condition to run. Because
there are four engine/pump units and only three are used, a logic circuit
was inserted to provide a signal to open the station suction valve when
any combination of three pumps have been selected and found to be in
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condition to run. This logic function is performed with the AND elements
under column 3 and the OR element of column 4. Each AND will have an

output vhen and only when all three of the pump numbers shown in its respec-
tive block are ready to run.

In the figure and for tais discussion, Humps 1,
2, and 3 were selected as indicated by the solid lines comnecting the
sequence blocks. Thus, after being found in condition to operate, an
output occurs from the uppermost AND element in column 3, indicating that
puaps mmber 1 AND 2 AND 5 are ready to operate. The OR element has in-
puts from each of the four AND's and will provide an output if any of the
four AND's are satisfied. Its cutput is a signal to open th= stetion
avction valve. This signal is furnished to that valve hydraulic servo,
vsing a suitable pnemmatic/hydraulic ianterfacing device. The servo is
thus directed to provide high pressure 5il to the valve operator and
position the valve in the open positiom.

When the valve travels to the desired positiom,
a signal is provided by a position detector. This signal is used to com-
tinue the seyuence by coxbining it with the valve position request signal
in an AND element.

The sequence is ccmpleted after performing a
similar operaticn to close the station discharge valve. Upon completion,
a signal is provided to Sequence 3(a). It should be menticned that in
many instances, the station discharge valive will already be clesed when
the request to close it is received. This is of no matter to the logic
vhich proceeds only on the basis of ascertaining that the required condi-
tions are met.

As mentioned eariier, the operation of the wvarious
elements shown ir the block diagrar will be explained in later sections.

5.1.3.4 Pre-Start — Saquence 3(a)

This sequence is similar to Sequence 2 in operatioms
performed and function. Its operations include opening of eack selected
pump suction and discharge valves and venting of the pump cases to flood
them prior to running. Sequence 3(a) 1s shown in Figure 5-9.

The dispatcher pump selection signals are provided
to this sequence from the outputs of the electrical/pneumatic switchkes
shown in Seruence 2. The valves used to vent the pump cases can be simple
diaphragm positioned valves operated directly from the output of the
fluidic amplifiers. This is practical because the valve sizes do not have
to be large due to the low flow rates during venting. Thus, in the block
diagram design, these valves are labeled as fluidic valves. This is not
intended to imply that fluidic elemen*s are used as the valves since this
is not possible.

A fluidic level sensor, in combination with a emall
sump can be used to detect when each case is flcoled. This will be explained
in more detail later.
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The flooded case signal is AND'ed with the signal
vhich initially requested the vent valve to open and this AND output is
stored using the bistable amplifiers shown in colummn 6. The bistable out-
put requests the vent valve to close. If the previous signal were not
stored or "zemembered", closure of the vent valve would result in a loss
of continuity in the sequencer because one input to the AND elements of
column 4 would disappear. The Reset input shown in the bistable blocks
probably would be applied during the station shutdown sequence. Another
approach would be to use preferential bistable amplifiers which always re-
vert to a given output when pressurized. Thus, after the system is shut
down, the next start would place these amplifiers in the reset position.

In column 9 of the Sequence 3(a), a logic circuit
is provided to assure that the startup sequence does not proceed until
any comb’nation of three pump discharge valves are open. Furthermore,
because of the input requirements of the Start Sequence, 3(b), once this
condition is satisfied, the information has to be furnished to each
selected engine/pump subcircuit. This is accomplished uairg the OR
elements of column 10. Note that only one of the column 9 AND elements
has an output as indicated by the solid line. This output states that
pumps 1, 2, and 3 discharge valves are open. Had another combination
of pumps been selected, one of the other AND's would have provided the
output. Note also that three of the four OR's in column 10 have outputs
and that these OR's represent the selected pumps. Had another combination
of pumps been selected, then another combination of three OR's would
have had outputs.

5.1.3.5 Start - Sequence 3(b)

This is the most complex portion of the overall
sequence control. The reason for the complexity is because of the need
to: limit the time during which an engine start is attempted; provide a
period of time between start attempts to allow the starter motor teo
cool and the batteries to recover; and provide for a limited number of
start attempts. Sequence 3(b) design is shown in block disgram form
in Figure 5-10. To aid in understanding a discussion of this circuit,
each element is numbered. Fluidic amplifiers and devices are avallable
for fulfilling the operational requirements of each of the elements types
shown and will be described in later sectionms.

The primary initiating signals to this sequence
are the three OR outputs of Sequence 3(a). These enter as inputs to the
respective ONE-SHOT elements labeled numbers 1, 3, and 5. These elements
provide a pulse signal whenever they receive an input and are used to
avold redundancy later in the event that a start attempt fails.

To aid the discussion of this circuit operation,
the sequence will be followed through for just one of the engines. It
will be assumed that the other two engines start normally on the first

attempt.
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The output of the ONE-SHOT number (1), thru OR(49),
sets the ignition and starter to their cnergized conditions by setting the
bigtables nunber (9) and (13) respectively. It also, through the OR
elements (17) and (18) clears the continuosuly operating counter (19).
This initiates a predetermined timed interval during which a start can
be attempted. This time interval is temmed t;. When time t; is reached,
the counter has an appropriate output to AND (22). The other required
input to AND (22) is from OR (43) and indicates that the ignitions for
the three selected engine/pump units are on. AND's (56), (57), and (18)
outputs are ''0" because ignition bistables (9), (10), and (11) are on
and therefore these bistable "0" outputs are off; that is, they are in-
active. AND (59) is also "0" because pump No. 4 was not selected.

Thus, neither input to OR (43) is active or ia a "1" condition so its

"0" output is on. This results in an input to AND(22)which, combined
with the t; input from the counter, satisfies that elemeat and it provides
an output.

The output from AND (22) sets bistable (23) to
hold this information. Setting bistable (23) provides a "1" or ON signal
which is furnished to ccunter (24) as indicative of ore start attempt. The
Set output from (23) also is combined with the absence of a start detection
signal from element (25) in AND (33) to stop the start attempt by passing
through OR (26) to reset the starter bistable (13). The output from AND
(33) also turns off the ignition by resetting bistable (9). In asddition,
AND (33) output is combined with the dispatcher pump selection signal in
AND (60) to furnish a sigral to OR (20). This sets bistable (21) and pro-
vides a pulse through ONE-SHOT (64) to OR (18) which clears the counter
(19). Counter (12" begins counting up to intervel ty for "resetting" the
starter. As the count reaches t;, (which is shorter than t3) an imput
is provided to AND (22). However, when the ignition bistable (9) was
reset, an output was provided from OR (43) because AND (56) was on. Thus,
AND (22) will not be satisfied at this time and the tj signal has no con-
sequence. The output from OR (43) 1is directed to bistable (23) as a Reset
input which places (23) in a "O0" condition prepared for the next start
attempt.

When the counter (19) reaches ty, the ONE-SHOT
(67) output coubined at AND (37) with the "1" output from bistable (21)
sets bistable (38) to its "1" output., Bistable (21) has a "1" output
because CR (20) has an output due to an input from AND (60).

The output from bistable (38) is directed to AND
(2) which is then satisfied and it provides a pulse through OR (49) via
the ONE-SHOT (48) to set the ignition and starter bistables (9) and (13)
respectively. Thus, another start attempt is initiated. This sequence
repeats three times (an arbitrary number). After the third attempt the
evert counter (24) has an output by virtue of its design. This output
is combined with the absence of an output from AND (39) to annunciate to
the dispatcher that this engine would not start. AND (39) has no output
because there was no start detection from element (25) and there is no
ignition (9).
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A fourth start attempt is blocked becat<e AND (565)
can only have an output when event counter (24) has no output. Thus,
AND (2) is not satisfied and caunot actuate the ONE-SHOT (48).

If a successful start is achieved, it is detected
by detector element (25). This provides an output to OR (26) which resets
starter bistahle (13), de-energizing the starter. The start detector
element (25) output also is directed to AND (39). This element will
not have an output becsuse the starter bistable (13) is reset (it has

a "o" output) and the ignition bistable is set (it has a "1" output).

: The outpute from AND (39), (40), and (41) or any
other combination of three engine/pump units are combined in the logic
circuit formed by AD's (66)-(69) and OR (70) to request the station dis-
charge valve to open. .

When the valve 18 detected to be in the open
position, a ready signal is provided to the ON-Line Control which essen-
tially sllows the engines to accelerate from idle speed whenever the
pressure sensors for that portion of the control detect a rise in the
station suction pressure.

The On-Line Control is described in the next
paragraph.

5.1.4 Fluidic On-Line Control

5.1.4.1 Control Considerations

The On-Line Control refers to the steady state
operatisn of the pipeline pumping station. To accomplish this it was
determined thuat the most logical control mode was speed variation of
the pumps to maintain station suction and discharge pressures within
predescribed limits. This was discussed earlier in Section 5.1.2.2

The control design approach was based upon two
primary considerations. The first is the desireability, in a mulciple-
pump situation, to operate the engines and pumps in a load-sharing mode
to equalize wear and to operate as close as possible to the optimum
efficiency point. The other consideration is related to the interface
between the fluidic station control and the controls furnished with the
pump prime movers.

This interface is especially critical because
engine manufacturers normally do not want the controls for their engines
disturbed. The approach selected is for the fluidic control output to
the engines to be a throttle angle setting based upon a required pump
speed. Thus, it is only necessary to provide am actuator which accepts
an error signal from the control and converts it into throttle position.
The engine/control dynamics are not disturbed by the pump station control,
Figure 5-11 shows in block diagram form how the fluidic control can inter-
face with either a reciprocating engine or a gas turbine by using this
approach.
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Figure 5-12 1s a block diagram of the control
mode: devised to achieve load sharing while maintaining desired p?peline
fluw corditions. Three parumeters are sensed — station discharge pressure,
Pp; station suction pressure, Pg; and individual pump spaeds, N. The
station discharge pressure control loop is used only a&s an oveiride to
protect the pipeline. Both pressure control loops are used to develop a
reference speed signal, Np. A selection circuit selects the lowest of
the two generated speed reference signals and furnishes this to summers
for each engine/pump throttle control. Measured speed is compared to
the reference speed and any error signals, N., dilve the engine throttle
actuators uncil the speed error reduces to zero.

Note that this control mode does not require the
dispatcher to preseiect a given pump speed, flow rate, or station suction
o discharge pressure to establish a pipeline flow rata. The amplifier
vhich generates Ny as u function of measured suction pressure will always
tend to drive the pumps to their maximum normal operating speed. If
guction pressure tends toward the minimum sllowablae, the reference speed
will be reduced proportionally. If station suction pressure continues
to rise vhen all operating oumps are at their maximum normal speed, dis-
patcher action wilil be necessary because the ae:t vmatraam pump station
discharge pressure will approach or tend to exceed the normal maximum
limit. The first action would probably be to put the fourth pump on line.
Otherwise, or in addition, a dispatcher request for higher (emergency)
allowable maximum referencea speed would be required.

If the station discharg: pressurs should exceed
the normal allowable safe limit, a reduced speed request will be generated
by the dischargs presgsure speed refersnce ciccuit, the select-lo circuit
will pass the lower speed reference signsl and the pump speeds will be
reduced until the discharge pressure comes into limitse.

Since the minimum allowable station suction
pressure can vary with the product being pumped and with tempaerature and
altitude variations, it may be necessary to include sdditional inputs to
the suction pressure control loop. Altitude variations probably would
be handled by changing the presst valuss of miniaum allowable suction
pressure for the control according to the locaticm of the pump station.
Assuning that the typical 20 peig limit st normsl temperaturs is for the
fusl with the higheat vapor preasure, a temperature »las which raised the
ninimum syction prescure with iacreased remperature would te sufficiant.

The ovarall control desiga is shown in schematic
forn in Pigure 5-13. The various subcircuits wvhich comorise the comtrol
are discussed below.

3.1.4.2  Suction Pressurs Sensor s.d Speed
Referscce Genarator

Refarring again to Figure 3-13, the suction
prassure speed reference genarater is noted to be basically & hydromechanical
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control element. This was necessary primarily because of the interface
required between the pipeline fluid and the pneumatic fluidic control.

The purpose of this circuit is simply to provide
a linear pneumatic output pressure differential as a function of the
station suction pressure. This is accomplished by aliowing variations
in suction pressure, applied thirough a bellows, to deflect the lcver
through a small arc which varies the pressire in the two control lines
to the adjacent proportional fluidic amplifier. Limits are provided on
lever travel to prevenc operation of the ampliifier into saturation.
The upper travel limit has two positions to allow the circuit to generate
a higher than normal reference speed for emergency operation. This allows
the discharge pressure speed reference generator to request higher speeds
without being overridden by the top speed limit of the suction pressure
eireuit,

The characteristic curve shown for the suction
preasure circuit represents the output of the adiscent proportional
amplfiier which is a differential pressure analogous to desired pump
speed that varies as a function of station suction pressure.

This contrcl element can achieve reliable long-
life operation through the use of design techniques which minimize friction
and relative motion between parts. An exasmple of this would be the use
of a Bendix Flex-Pivot® for the lever support. This device has demon-
strated long life and provides a pivot with negligible friction and
acceptable spring rates.

The temperature bias shuwn would be provided by
temperature responsive bi-metallic disc springs located to change the
pre-set spring load with changes in ambient temperature. The spring
itself is provided to balance the lever at a desired null condition.

5.1.4.3 Discharge Pressure Sensor and Speed Reference

Operation of this circuit is very similar to
that of the suction pressure sensor. One difference is that no ambient
temperature bias is required. Another difference is the means by which
the allowable maximur pump speed can be increased for emergency operation.
Two inputs are requi:2<?. One emergency input adds to the reference spring
load to allow top speed operation out to highexr discharge pressures
before the pressurized bellows begins to reduce the speed reference
signal. The other input simply changes the lever travel limit to allow
a higher thar ncrmal reference speed during the emergency operation.
Both inputs occur simultaneously.

The output differential from the adjacent fluidic
amplifier 1s designed to have a polarity which is reversed from that for
the suction pressure seasor. This accomplishes the desired trend in the

generated spead referance signal as suown in the block diagrams of Figure 5-12.

*
Tzademark of The Bendix Corporation
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It would be important to match the outputs of
the two amplifiers and adjust the relative gains of each sensor to
provide the proper sevsitivity and the desired variation of engine speed
with pressure in the respective regulation regimes. This is done through
proper system considerations during the design.

5.1.4.4 Selezt-Lo Circuit

The differential pressure outputs of the two
pressure sensor fluidic amplifiers, each representing a reference pump
speed based upon sensed pressures within the pipeline, are directed into
& circuit which reflects the lowest of the two reference speeds. This
is termed the Select-Lo circuit.

This circuit was designed by General Electric
for experimental control of their J-79 engine.

The circuit accepts both sengsing amplifier out-
puts, selects the one representing the lowest reference speed and passes
this through to the throttle control loop. The throttle control loop
is explained in the next paragraph.

5.1.4.5 Throttle Control Loop

The speed reference signal, represented as a
differential pressure, is furnished to a throttle control loop for each
engine. These controls each compare the reference speed differential
pressure to the output pressure from their respective engine speed sensors.
The comparison occurs in the first stage of a three gtage amplifier design
developed by the Bendix Energy Controls Division. Any difference between
the reference and the sensed speeds is an error signal which is amplified
and used to power an actuator. The sense of the error will determine
whether the correction will be a throttle angle increase or decrease.

The corrective action continues until the detected speed error is reduced
to zero.

This amplifier circuit has provision for gain ad-
justment. Faedback around either of the last two stages can also be
included and insertion of suitable volumes in the feedback lines can

During the pre-start and start sequences, a signal
is supplied from the output of the Sequence 3(b) circuit wanich holds the
engine throttles at idle until Sequence 3(b) is complete and the engines
are running at idle. It will be recalled that the final output of
Sequence 3(b) is to remova this signal and allow the engines to respond
to pipeline pressure. The inhibiting signal is lateled E in the schematic
of Figure 5-10. '

The speed 2ensor shown in the schematic uses a
vortex principle developed by the Bendix Energy Controls Diviaion for
control of small gas turbine engines. Operation of the sensor will be
described in the following section.
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5.1.5 Fl Adic Amplifiers, Devices and Sensors

In the previous discussions of the pump station start
sequence and on-line control, the various control elements were only
functionally identified in order to keep the descriptions in general terms
and to emphasize that the controls could be impiemanted with any applicable
technology.

In this section, each specific type of element will be
discussed in terms of its fluidic counterpart, if any exists. 1In rCome
cases, the most practical approach is to use hybrid techniques as will
he seen.

5.1.5.1 Dispatcher/Pump Station Transceivers

As discussed earlier, this is a requirement which
cannot be avoided practically. It is beyond the scope of this study to
present detaila of transceivers or similar equipment, especially since
they would be required regardless of the use of fluidic or other control
technologies. The transcelver output is assumed to be a low pcwer
electrical signal which can be utilized, through electronic amplification,
to energize electromagnetic or other relays or switches. These elements
can then be combined with suitable pneumatic elements to form transducers.
The station input and output intelligence which has been discussed is all
digital in nature and therefore relatively easy to transmit and convert
at the interfaces.

If analog intelligence is to be transmitted to the
dispatcher such as pipeline pressures, a more elaborate transmission process
would be required.

5.1.5.2 Electrical/Fluidic Interfaces

In the Sequence 2 control (paragraph 5.1.3.3) there
is a requirement to convert the dispatcher signals into their pneumatic
counterpart. Since these are simply on-off types of signals, the trans—
duction process is basically a switch and can be achieved with the use of
proven standard electrical and fluidic elements.

Figure 5-14 shows what is probably the most
straightfcrward technique. After the dispatcher signal i{s received and
anplified, it is applied as a current to a solenoid valve. When the
valve is energized, it opens and applies a control signal to a fluidic
monostable amplifier.,

In Figure 5-8, the block diagram for Sequence 2,
the fluidic switch output is directed to one of the inputs of the AND
elements in column 2. The signal has the properties of flow at a pressure
dependent upon the impedance into which it is directed. Usiug similar
sized fluidic amplifiers, the input impedances are normally higli enough
to allow a given amplifier output to be fanned out to three and sometimes
four downstream amplifiers.
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If a bistable amplifier is used in place of the
monostable, the solenold would only have to open momeatarily to switch
the bistable. This may be more attractive than requiring the solenoid
to remair energized while the station is operating. Actually, further
overall refinement to the control design could easily result in a need for
only a pulse input. The design of the gtation shutdown control would
enter into the technique for resetting (switching the bistable back to
its off position). The bistable amplifiers can be designed to have pre-
ferential output positions to insure that they always go to the desired
output leg when initially supplied with air.

In Sequence 3(b) (paragraph 5.1.3.5) there is
a requirement for an element to furnish intelligence back to the dis-
patcher regarding the failure of an engine to start. Assuming that this
can be coded to identify the problem engine by electronic techniques in
the transcelver circuits, a pneumatic to electrical or perhaps electronic
transducer is required to furnish the input to the transceiver circuits.

Bendix has developed the miniature diaphragm
switch shown pictorially in Figure 5-15. This switch is particularly
adaptable for inputs to computers or radio transceivers.

These miniature switches are of interest for
geveral reasons. One is that the diaphragm usually brings two leaf con-
tacts together to complete a circuit. Because of the small mass involved,
and the fact that the pair of contacts can move as a pair, a relatively
high tolerance to shock and vibration can be achieved. These switches
can be made very sensitive to fluidic signals; response is good, and the
relatively low cost makes them acceptable for general purpose instrumen-
tation transducers. Nc attempt is made to obtain mechanical snap-action
since the digital fluidic element is expected to produce a definite "on"
or "off" signal.

Other manufacturers also market suitable fluidic
pressure switches with electrical outputs. Wabco markets a switch with
electrical capacities of 150 volts AC and 50 volts DC and which carry
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Figure 5-15 - Bendix Miniature Pneumatic to Electrical Transducer

currents of 2.5 amps. This is much more than would be necessary for
purposes of this control. Another manufacturer is Gagne Associates,
Inc., who market a switch with the trade name of "Sensiflex.”" These
switches operate on only inches of water pneumatic pressure and have
more than adequate electrical capacity.

Further refinement of the station control will
surely result in a larger amount of intelligence transmitted to the dis-
patcher. This should be relatively easy to accomplish in view of the
straightforward techniques available.

Typical costs of these elements are in the range
of $12 each list price with standard discounts up to nominal quantities.
Large quaniity procurement, of course, can be expected to substantially
reduce the cost.

5.1.35.3 rressure Regulation

As discussed earlier, the pressure regulation
requiremer.ts are not precise., The preumatic fluidic control is almost
at constart flow because of the use of jet-on-jst amplifiers. Circuit
flow variations only occur when electrical to fluidic interface devices
are actuated and these could be minimized by using 3-way solenoid valves
or torque-motor actuated pust-pull flapper valves.

As long &8s the APU prime mover governor holds &
reasonably constant speed, no pressure regulator would seem to be nacessary
for the pneumatic circuit.

The hydrsulic pump would be a constant displacement
design and, running at a constant speed, would require a pressure control
valve to limit the pressura vhen no cylinder flow wvas requ.red.
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Other p.aessure control techniques are possible.
For example, to conserve pump life and to reduce power requirements,
the pump could be declutched when no hydraulic power was required. Also,
a variable stroke pump could be used and a control prcvided to ~vary stroke
when cylinder flow was required.

The accurate determination of the best approach
would require a more comprehensive tradeoff than the scope of this study
can provide.

Since the approach taken for this study was to
select a simple g2ar type pump, a relief valve seems to be the logical
mathod for pressure control.

There is no adequate fluidic technique for
pressure regulation at this time; therefores, the approach would be to
select a standard hydromechanical valve for this function.

5.1.5.4 Pressure Level Detectocs

Fluidic pressure level detectors are available
but their operation is based upon the amplifier supply being independent
of the sensed pressure; that is, the sensing amplifier is assumed to
be at a reliable pressure level for proper operaton.

In Sequence 1 (paragraph 5.1.3.2) the requirement
is for a detector to sense when the hydraulic and pneumatic pressures
are at their rcspective desired levels. Use of a pneumatically powered
fluidic amplifier would not work for either case. In sensing the pneu-
matic pressure level, the amplifier supply comes from the same source as
that being sensed.

Therefore, some simple form of pressure sensitive
device using a diaphragm and spring would be a practical way to implement
pressure-level detection for the hydraulic and pneumatic power supplies.

Figure 5-16 shows schematically how a reliable
and simple pressure level detector could be implemented for the pump sta-
tion control. The reference apring force is taken up by the fixed stop
until the sensed pressure acting on the diaphragm develops a force equi~
valent to the preset reference spring force. At that time, the flapper
valve moves downward. If a monostable fluidic amplifier is positioned
such that the flapper valve raestricts the normally open bius port (see
description in Appendix B) when it moves downward, the amplifier output
will switch. '

This action alone indicates that a given pressure
level has been reaached. However, if the pressure level were to hover
around the set point, the asquence logic could cycla on and »ff in
response to minor fluctuations in the pressure level. To aveid this
condition, some hysateresis is desirable. Hysteresia can provide a non
cyclic band of safe operating pressure and there are several ways to
achieve this. Rather than show mechanical approaches, s fluidic logic
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network is shown in Figure 5-17 that will provide hysteresis using two
pressure level detectors. One detector is set to respond to the absolute
sufe minimum operating pressure level, The other is set to respond to a
higher pressure, but one that is still below the normal expected pressure
level variation, The table inciuded in the figure explains how the

circuit operates. This, of course, i1s just one way to achieve the require-
ments for pressure level detection in the APU start-up sequence but it
serves to illustrate that fluidics can be interfaced with this requirement.

5.1.5.5. 0il Level Sensor

In paragraph 5.1.3.3, detection of proper engine
oil level was indicated as a potentially important check to be made prior
to starting a pump prime mover.

With air as the pover supply for the sequencer
logic, one practical method for detectior. of safe engine oil level 1is to
use the bubbler tube technique. This has found wide application in other
technologies as well as fluidics and is shown schematically in Figure 5-18.

The monostable amplifier shown will have a "1"
output as long as the oil head above the discharge end of the bubbler
tube restricts air flow to a predetermined amount. The restriction at
the bubbler tube discharge causes a high control pressure to act on the
amplifier, maintaining it at the "1" output.
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Pigure 5-18 - "Bubbler Tube" 0il Level Sensing Technique
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A disadvantage of this eensor is the relatively
low head available from the oil in a typical engine sump. Therefore, it
may be necessary to add two or three fluidic stages of pressure amplifi-
cation to this sensor in order to make its outpui pressure level compatible
with the rest of the logic circuit,

The output from this sensor can be atored for
purposes of continuing the sequencer oparation or it can he considered
to remein active during operation to provide shutdown intelligence if
the operating lavei of the oil dropped below safe minimums.

The bubbler-tube level detector is alao appli-
cable to sensing when the pump casing becomes flooded. The basic variation
from the oil level detection function would be the method of "resetting"
the sump.

A method of implementation would be to route a
small dismeter line from the bleed valve, located at the top of the
pump casing, to a small auxiliary sump at some level below the bleed
valve. The flooded case would push fuel into the sump. The bubbler sensor
would detect a rise in fuel level in the sump and initiate actiom to
close the pump case bleed valve.

After the valve is closed, a small drain port in
the aux{lifary sump would empty the sump into a centrel pump station sump.
This wouid prepare the sensor for the next start-up.

5.1.5.6 Engine Start Detection and Speed Sensor

There ire several parameters available for engine
start detection. Some depend upcen the engine type. For example, spark
ignition engines undergo a noticeable change in manifold vacuum upon
starting. This information can be obtained by simply referencing the
bias port of a pneumatically powered monostable amplifier to the manifold.
The increased vacuum at idle over that for cranking or shutdowm would
switch the amplifier and provide the necessary signal to the sequencer.
In the start sequencer circuit shown in Figure 5-10, it is only necessary
to have this signal availdble momer =rily because the information is
stored in a bistable amplifier. Thuc, the eventusal loss of the manifold
vacuum at high emgine load would not provide errconious information,

Engine speed is & logical indicator of a
successful start. Since a spead sensor 1s required Ly the steady-state
controller shown in Figure 513, it is practical to use the same signal
38 a start detector. Therefors, a speed sensor concept will be described
next that satisfies the requirements for start detection during the astart
sequence and for steady state operation of the pump station. Figure 5-19
shows the speed sensor schematically. It coosista of a hollow rotating
button with fluid flow radially inward through holes in the button.
Rotation of this button ganarates a vortax swirl which is amplified as

. the tlow proceeds toward the outlet in the ceanter. Most fluidics en-

gineers will rezognize the device as o miniaturs rate senaor. Tha advantages
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Figure 5-19 - Speed Sensor Schematic

of the sensor include a linear speed-pressure drop relationship, no un-
balanced forces, and simplicity of construction. A one inch diameter
unit with a 10 psig air supply will provide an output which varies over
a range of 10 psi with an input speed between 0 and 3,000 rpm. The
operating speed range is controlled by the diameter of the button.

This sensor, with a two stage throttle controlled
biased vortex push pull amplifier, has been run on a Boeing 502 free tur-
bine angine. Two systens were used — one on the compiessor turbine
spool, and one on the power or free turbine shaft. Stable governing and
load sharing between the two governors was demonstrated over the full
rangs of engine operation.

5.1.5.7 Engine Throttle A~tuats:

As explained previously in paragraph 5.1.4, the
pump prime mover speed is adjusted by setting the necessary throttle
angle to reducs any speed vrror signal to zaro. Thus, this circuit can
be considered for either gas turbina or reciprocsting engine prise movers
and the dasic engine control characteristics are unaffecte..

The throttle actuator is the interface device
betwean thy On-Line Control and the prime movers. The achematic of Fig-
ure 5-13 depicis a piston-cylinder actustor. However, a rotary actuator
could also bs considered. It may be necessary to insert a pilot stage
batvean the amplifier output and the actuator to increase the system stiff-
ness if & sircple pleton-cylinder actuator {s sslected.
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Bendix Research Laboratories has developed a
unique rotary actuator that has inherent high servo stiffness and yet
har low refiected inertia. This device is the Dynavector®, and it has
bean sucressfully soplied in a wide variety of environments and operating
conditlons. Figure 5-20 shows a schemati: of the Dynavector®. Application
cf the Dynavector® as a throttle actuator is relatively straightforward
and would rot require sophisticated materials, large gear ratios or large
overall size. Tha size would be determined by the required throttle
torque, the desired respcuee #:d the available pneunatic or hydraulic
powar zupply. If pneumatic power were selected, it might be desirable
to add » pilot stage for incressed flow cepacitr to the actuator for
response considerations. If hydraulic power were selected (using the
same power supply that is used to operzie the ztatiov pipeline valves),
a pneumatic/hydraulic tracsducer would bz anceded betwcen the amplifier
circuit and the throttle sctuator.

Oparation of the Dynavector is described below.
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The Dynavectoé”actuator combines a unique high-
speed rotary motor with a simple, reliable transmission to provide high-
torque, low-speed rotary powar. It can be a hydraulic, pneumatic or
electric device.

The fluid power Dynavector®motor is an integral
high-speed motor and high-ratio transmission without high-velocity mech-
anical elements. The major components of the Dynavector®motor assembly
consist of a series of displacement chambers, a unique integral epicyclic
transmission, and commutation porting. The transmission and motor use
elements common to both, resulting in a much simpler and more reliable
design. '

Two features make this actuator small and light:
(1) its transmission reduces the high-speed input to a low-speed output
in one step, using only two moving gears; and (2) it has no physical
motor - only a rotating force vector; hence, the name "DYNAVECTOR®, "
As the force vector rotates at high speed, it causes the input member
of the transmission to orbit. This orbiting member is geared directly
to the rotating output shaft. Because it orbits instead of rotates,
gear-tooth contact velocities are small and a large speed reduction is
accomplished without couplex gearing. ‘

The power element is a positive displacement,
very low inertia, non-rotating vane motor. ts output is a radial force
vector which rotates at high speed and in either direction of rotation.
The displacement chambers formed by the vanes and the housing expand and
collapse at the same speed as the force vector, but do not rotate. The
notor is self-commutating but rices not contain a rotating portion plate
or spindle. The absence of high-velocity members in the motor signi-
ficantly reduces the inertia, resulting in high acceleration capability.

The integration of the power element and epicyclic
transmission inuto an integral actuator design results in an ideal servo-
actuator with a high torque~to-inertia ratio and hieh efficiencies at
rated loads.

Specific advantages of this new actuator concept
include:

Improved Performance

The motor's new operating principle reduces the
actuator inertia (as seen at the output shaft) more than 100 timea. As
a result, dynamic frequency response improvements of more than one decade
zan be obtained.

Decreased Weight and Siza

The complete actuator, including transcaiission and
motor, weighs only as much as the assembly of a conventional transmission
that is equally rated. Design flexibility allows almost any envelope
requirement to be met.
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Lower Cost

Basic simplicity results in significant manu-
facturing cost reductions, compared with conventional units. The operating
principle demands less critical tolerances, resulting in further cost
reduction.

Higher Reliability

Extremely low relative velocities between all
moving members reduces wear to a minimum. Reduction in number of parts
enhances reljability ovor more complex conventional systems. All members
are rigid, to eliminate fatigue limitations.

A force vector is generated by pressurizing three
adjacent displacement chambers while venting the remaining three. The
vector i{s made to rotate by pressurizing a vented chamber adjacent to
the original three pressurized chambers while simultaneously venting the
dismetrically opposite pressurized chamber. At that instant, the force
vector advances through an angle equal to the arc width of one displacement
chamber. If the force vector on the ring gear is located at approximately
90 degrees to the ring and output gear contact point, the ring gear will
move, causing the output gear to turn and the contact point to move. Move-
ment of the ring gear switches the porting, causing the force vector to
rotate so that it remains 90 degrees to the contact peint; thus, the motion
will be continuous and the output shaft will turn continuously but at a
much lower speed than the force vector. The ratio will be determined by
the difference in number of teeth between the ring gear and the output

gear. The gears in Figure 5-20 have 30 and 32 teeth; thus, the reduction
ratio is 15:1.

The available differential pressure in the form
of two motor port pressures, P; and Pp, must be commutated to the proper
displacsrent chambers to produce a rotating force vector in phase with
the ring gear motion. To insure that this phase relationship always
holds true, the motion or position of the ring gear is usud to provide
this commutation through a series of ports. Each displacement chamber has
a pair or supply ports designated P and P,. The P; ports are all inter-
connected in the housing and brought out to a single inlet port, as are
all the P, ports. These ports are in the housing and, therefore, are
stationary with respect to the displacement chambers. They are also located
under the ring gear face, as shown in Figure 5-20, and a port connecting the
displacement chamber to the ring gear face 1s located opposite them.

By locating these P, and P, ports as shown in
Figure 5-20, the ring gear ports will open il ports to half the displacement
chambers, and P, ports to the remaining half. The resulting preasure

force on the ring gear from the displacement ..arbers connected te P; is

180 degrees opposite P, and 90 degrees from the output gear contact point.
Therefore, pressurizing P; and venting Py procuces rotation in one directionm,
while interchanging pressure and return reverses the motor. This also
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satisifes the desired relationship between force vector and ring gear
position. Because this commutation is created by the displaceuent member
or ring gear itself, it will always rotate in phase with the motor, pro-
ducing maximum efficiency.

There 1s a very low-speed torque ripple, which
depends only on the number of vanes or displacement chambers, The number
of chambers need not be odd or even, since the starting torque is only a
function of the force vector angle, which varies through an angle equal
to the angle included by one displacement chamber.

The basic components of the Dynavector drive are the
ring gear, the ground gear and housing, the center output gear, zand the
unique vanes. The displacement chambers are formed between the ground
gear and the ring gear mesh by the vanes, This ;2ar mesh provides dis-
placement motion without rotation because both gaars have exactly the
same number of teeth. It may be considered as a .oose spline but it is
a true involute gear mesh. The internal portion of the ring gear forms
the transmission between the motor and he output shaft and represents
the epicyclic transmission. The ring gear does not rotate but orbits
about a small radius and drives the output gear.

Several limiting factors present in conventional
rotary motors plus transmission systems are significantly improved by the
Dynavector actuator design and operation., The relative velocities between
dynamic and static members are very small because of the small amplitude
orbital motion. ¥n a Dynavector actuator, the relative velocity between
the gears and housing 1s only a function of the eccentricity, which is
less than one-tenth ovf an inch, times the angular velocity, whereas in a
conventional motor thzre are usually components with a radius of more
than an iach rotating at the same angular velocity. Thus, for a force
vector speed of 3,000 rpm, rubbing velocity would not exceed 30 in/sec,
whereas in a conventional moior rotating at 3,000 rpm, rubbing veloc.ties
would be greater than 300 in/s«<c. The relative tooth velocities corre-
spond to those found only in the last stage of a conventional transmis-
sion. The absence of high relative velocities produces high mechanical
efficiency by reducing friction losses at high motor speed.

Another factor that is significantly reduced is
actuator inertia. In conventional high-gpeed motors, the motor inertia
resulting from a rotor mass rotating at high angular velocities has always
limited the motor response capstilities. The small volumes under com-
pression have helped to compenz::e for the pocr response due to inertia
an’ have placed rotary servos in contention, provided high pneumatic
pressures are used.

The Dynavector actuator, having no mass rotating
at Input speed snd only a small reflectec inertia due to the small eccen-
tric rotatior. of the ring gear and the low speed output shaft, is equivalent
to the reflected jnertia of a similar capacity-piston cylinder actuator.
On the other hand, the volume under compression is equivalent to a rotary
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servo and is much less than that of a piston-cylinder actuator. This
smeller -olume allows the use of a lower pressure or bulk modulus than
used in state-of-the-art pneumatic systems, and hydraulic Dynavector 8ys-
tems will have correspondingly higher natural frequencies.

Again, comparison of a conventional rotary motor's
response characteristic to an identically-sized Dynavector motor operating
with the same servovalve and supply pressure is shown in Figure 5-21., The
extremely high pneumatic response characteristic of the Dynavector motor,
especially at only Y0 psig, verifies a substantial reduction of both motor
inertia and volume under compression.

The integral epicyclic transmission consists of
the ring gear, the ground gear, and the output gear and shaft. The only
input to the transmission is the rotating force vector of the Dynavector
motor, which can be considered as a virtual planet member producing the
required epicyclic motion of the ring gear.

In high-ratio versions of the Dynavector actuator,
the ring gear rotates as it orbits. The ring gear has two different pitch
diameters, with N2 and N3 teeth as shown in Figure 5-22. The first pitch
diameter engages with the ground or fixed gear and the second, with the
output gear on the output shaft, If the two meshes had equal pitch diam-
eters, there would be no rotation of the output shaft with respect to
ground; yet the ring gear could rotate freely. The ratio would then be
infinite. By making the pitch diameters nearly equal instead of equal,
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a very high ratio can be obtained with ease. The overall ratio is given
by the formula

vhere

N2 and N3 = number of teeth in the two diameters of the ring gear

N1 = number of teeth in the ground gear

N4 = number of teeth in the output gear
N} meshes with Ny and N, meshes with N3, The ratio between ground and
the ring gear (between the ring gear's orbiting the rotating speeds) is
given by

Note that the ratio between the ring gear and
ground may easily be varied through a wide range, with little change in the
basic ratio. Therefore, in designing the transmission, the eccentricity
may be chosen first, setting Rp and Nj and N3. Then N3 and N; may be
chosen to provide the desired ratio. The procedure permits the use of a
standard motor, having a given eccentricity, with any ratio transmission.

The transmission arrangement shown in Figure 5-22
is only one of four arrangements possible. The gears may be inverted from
external meshes to internal, and vice versa, such that the output may be
either a center output shaft or an outer housing hinge design, and either
low-ratio or high-ratio configuration. The four transmission arrangements
are shown in Figure 5-23,

These are differential transmissions, which have
formerly been considered inefficient devices. However, the inefficiencies
in conventional differentlal gearing result from the high pitch-line
velocicies of the input member and planet gears, which also are heavily
loaded. These factors are not present in the Dynavector actuator. A
rotating force vector 18 used in place of an input gear, and the pitch
diameters of the ring gear are nearly equal to the pitch diameters of
the reaction gears; therefore, no high velocities exist in the transmlesion.




An advantage of having the ring gear pitch
diameter nearly equal to the mating gear pitch diameter is the high load
capacity. Under load, many teeth come into contact as separation distances
are very small and normal deflections quickly allow many teeth to share
the load. This same feature provides high resistance to shock overloads
and minimizes dynamic loading forces. The transmission has excellent
torque transmitting capability because the dynamic loads are negligible
and the static strength equals the dynamic strength.

This loazd-sharing capability of the ring gear
teeth has been demonstrated by tests conducted under an Air Force contract
with Wright-Patterson Air Force Base. A pneumatic Dynavector actuator,
Model PL-015-Ul, was instrumented and run undecr varying torque loads.

The number of teeth in contact varied from 10 percent at zero load to 25
percent at full torque load.

The tooth shape used is a standard 20-degree in-
volute tooth., Use of standard involute gearing simplifies the calculations
and analysis of the design. The gear design does not rely on empirical
data; iherefore, it can easily be verified.

5.1.6 Cperation of Automatic Line Valves

The automated pipeline pump station has various suction and
discharge valves that must be remotely operated. Consideration of power
supply requirements in paragraph 5.1.2.1 led to selection of hydraulic power
for this function. Therefore, two basic components are required to complete
the automatic sequercer system. These are the hydraulic actuator or
operator for powering the valves open or closed and a pilot stage for
transducing the pneumatic signal from the sequencer into a high pressure
hydraulic flow signal to the actuator,

5.1.6.1 Hydraulic Actuators

Two basic types of hydraulic operatoxs can be
considered. They are the piston/cylinder for simple linear actuation or
one of several types of rotary actuators.

Some basic information was already presented for
the piston/cylinder actuator., A typical 8-inch gate valve requires about
4000 1b. to properly seat against a line pressure of 1000 psig. Using a
hydraulic pressure of 1000 psig, this force can be obtained with a 2.5 inch
bore cylinder and the actuator weight will only be about 15 pounds.

Normally, no more than three of these actuators
would be required to operate simultaneously and most pipelines allow about
60 seconds for opening or closing. Thus, a 1 gpm hydraulic power supply
provides adequate flow rate.

Several rotary actuators can be considered as there
are a number of rotary hydraulic motors available. Application to typical
gate valves would be straightforward as these valves are manually operated
in a rotary mode.
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Bendix Research Laboratorias has developed the
Dynavector® actuator for a variety of applications. The Dynavector® was
described in paragraph 5.1.5.7 for use as an engine throttle actuator.
Throttle actuation requires a vary low output torque but the Dynavecto
has been designed for output torques from less than 0.2 to more than
8000 1b-ft.

A preliminary design study indicated that a hy-
draulic Dynavector® with the necessary output torque of 300 1b-ft at a
pressure drop of 1000 psi would weigh 10 pounds and have an outside diimeter
of about 5 inches and a length of about 3.5 inches. The output shaft
speed at full load would be 60 1pm, |

A typical 8-inch valve stem has a diameter of
1.375 inches, a lead of 0.25 inclhes and a stroke of about 9 inches.
The required torque to seat the valve at 1000 psig line pressure is
220 1b-ft 1if ball besrings are used to absorb the seating thrust.

Therefore, this Dynavector® design would have
more than enough output torque and, at 60 rpm could close or open the
valve in about 36 seconds. This is more than adequate for control
purposes.,

The valve specificatione quoted are for a Crane
Compeny, Slow-Operating, Model Number 33 valve. It is a type of valve
that 1s positioned by operating the stem nut.

5.1.6.2 Pilot Stage

The pilot stage performs two functions., It ]
transduces the signal from the pneumatically powered sequence circuit K
into a suitable input form and it gates hydraulic flow to the proper
port on the actuator.

The station suction and discharge valves are
usually fully opened or closed. Therefore, the pilot stage only need
be a four-way hydraulic spool valve positioned by a pneumatic signal.
Valve stroke rate between the open and closed positions can be limited
simply by restricting the hydraulic fluild flow rate.

The pneumatic input signal from the sequencer
can be iscvlated from the hydraulic circuit withh diaphragms or bellows. .
A schematic of this type of pilot stage is shown In Figure 5-24,

5.1.7 Practicability of Fluidic Control for Pipeline -
Pump Stations i

Fluidic technology appears to offer a feasible solution
to the particular requirements of Army pipeline pump statlon control,
Logic circuitryv applications have been among the most successful appli-
cations of fluidics to date, Basically, the startup sequencer is a logic
circuit., The exceptions are the required interface devices. Also, the
On-Line control is a proportional controller. However, in both instances,
the examples presented and discussed are felt to be practical also,
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Figure 5-24 - Pipeline Valve Operator Pilot Stage

Electronics certainly can also be used to implement the
logic requirements of the pump station control. At this stage in the
gstate of the art of both technologies, electronics probably offers more
compact and even lower cost controls.

However, fluidic technology h«s potential for much higher
rellability as long as adequate precautions are uvbserved regarding clean-
liness of the power supply and the circuit interconnections. It is also
important to properly size the many signal passages, supply lines and
vent lines just as it is important in electronics to properly size con-
ductors and insure adequate grounding and cooling.

Electronics are susceptible to electromagnetic inter-
ference, lonizing radiation, moisture, acceleration and shock, temperature
extremes and chamical reactions. Fluidic devices and circuits are
aessentially only susceptible to power supply contaminanta. Where severe
mechanical or thermal shock can bea expected, fluidic circuits can
be fabricated from stainless steel or other suitable metals. In many
cases, the injact on molded plastic units can provide sufficient thermal
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and mechanical shock resistance at a lower cost than the metallic con-~
structed units.

A final selection of fluidic or electronic control would
require more detailed analysis than was possible in this study. Before
a realistic comparison could be made, it would be essential to implement
at least a portion of the startup sequencer using fluidics. This is
suggested because fiuidics have scen only very limited use in pipeline
control to date. The particular requirements of the Army pump station
seem to justify the implementation of such a fluidic control prior to or
in connection with a detailed tr-deoff study.

Based upon the »as:.ts of this preliminaxy 2esign study,
it is concluded that fluidic control of Army pipeiine pumy stations is
feasible, and it is recommended that a fluidic pipeline pump astation con-
trol be implemcnted to allow a more accurate estimate of its practicability.

-

5.2 FUEL STORAGE FACILITIES

5.2.1 Introduction and Requirements

Army fuel storage facilities can be separated into four
categories. These are: base terminals, district terminals, pipchead
terminals, and intermediate terminals. Each category may provide fuel
storage for the four Trimary fuels. The most obvious difference between
them is the storage capacity. The base terminal serves the function of
recelving fuels from tankers and delivering these fuels into the trunk
pipelines for diatribution throughout the theatre of operation. The
pipehead terminal is the final delivery point for the distribution uyztem
and usually is close to the tactical operations. The storage facilities
can be either rigid tanks or portable collapsible tanks depending upon
the activity of the situation. In btetween the base and pipehead terminals
are located the district and intermediate teyminals. District terminals
serve large operational creas and, therefore, usuaily have large capacity.
intermediate terminals srtore fuels for isolated tactical groups including
airfields. An important seccndary fienction performed by the district
and intermediate terminals 1eg to provide regulating tankage. This means
that the stored fuel can be pumped into the trunk line to maintain delivery
schedules in the event that the trunk line upstream from the terminal is
shut down for any reason. Regulating tankage also can maintain pipeline
capacity by inisuting fnel into the line to make up for that which is
being drawn of{ into storage at that terminal or others. In soma cases,
regulating tankage is provided along the pipsline route to increase the
pipeline operationai raliabdllity and efficiency. Figure 3-25 shows an
overall schemati. of a typical Army fuel distribution svstem,

Typical requirements for a stovage terminal include a
capabtility to provide storage for four types of fuel, rransfer fuel “etwaen
tanks within the terminal, and simultanecnsly receive fual from and
deliver fuel to tha plpeline and to the distribution system.
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Figure 5-25 - Army Fuel Distribution Systea

To accomplish t'a above, it is necessary to use a manually
operated complex system cf valves and piping referred to as the control
switching manifold. Por mors flexibility, two tanks are sometimes provided
for each type cf fual to allow one r¢ receive fuel while the other is
delivering fu=l.

Another requirement for smooth operatiosn of a storage ter-
mninal is to monitor the quantity of fue) in the various tanks. Presently,
thie is done by a combination of stick gaging and flow metering. "he
actual quantity in the tank is affected by evaporation lossea, temperature,
accumulation of sediment and wvater and inaccuzacies in flow measurement
(if used) into and out of the tank.

The purposs of this portion of the study wvas to determine
if the funl storage facility operation could be iaproved by applving
fluidic technology to tha control switching manifold and to the gaging
of product quantity within tha tank.




5.2.2 Tank Quantity Gaging

Army accountability and inventory for fuels is based upon
the volume quantities (corrected to 60°F) received and delivered through-
out the distribution systems. Therefore, a2 storage tank gaging system
must be sens{tive to the corrected volume of product stored.

~There are several factors which must be considered in any
storage tank gaging approach. They include, temperature stratification
within the product, sediment located non-uniformly on the tank bottom,
a variable depth of water between the sediment and the product and
variation in product specific gravity. Another serious obstacle is the
uncertainty in the tank shape and size. This, of course, is especially
true for the collapsible storage tanks. The present method is to use a
stick-gage, manually inserted into the tank. It 18 necessary to take
several rcadings of the sediment depth, a measurement of the wvater depth,
at least three temperature readings of the product and ascertain the actual
depth/volume relationship for the particular tank being gaged in order
to arrive at a corrected volumetric measure of the stored product. There
can be a certain amcunt of fire hazard associated with this procedure if

_ the stored product is measured when it still carries a static charge as

a result of being pumped into the tank. Unfortumately, no solution to
this requirement was apparent, using fluidic technolog).

5.2.3 Automatic Control Switching Manifold

The general requirements for a control switching manifold
were mentioned earlier. For purposes of discussion a schematic of a
control switching manifold was generated to meet the following specifications:

(a) Transfer fuel between any two tanks w’thin the
faciliey

(b) Receive fuel from the pipeline 1into any tank
(c) Transfer fuel from any tank to the pipeline

(d) Transfer fuel trom any tank to the dispensing
stacion

(e) Simultaneously pertorm (a), (b), and (d)
(f) Simultaneously peiform (b), (c), and (d)

Note that these specifications, while comprehensive, do
not provide total flexibility. However, the resultant manifold schematic
serves the purpose of illustrating the complexity and provides an 1nsihht
into rhe need for automatic operation.

. There are two desirable goals for fluidic technology appli-
cations tc the control switching manifold. One 18 to use fluidic devices
as diverter valves in the tlovw streams. The other is to use fluidic
logic circuits to provide automatic valve selection for performance of
the various tuel transter operations. These circuits can be programmed
anc combined with suitable flow meters to automatically sequence at pre-
gsclected valuves of totalized flow to meet a given delivery schedule.




There are thirty-four valves shown in the schematic of Fig-
ure 5-26. Presently, these are manually operated gate or plug valves
which normally are either fully open or completely closed. An exception
to this is valves 1 and 2 which may be regulating types to adjust the
line pressures to meet the system requirements. Operating a manifold
automaticaliy at optimum efficiency in some cases requires that valves
simultaneously open while octhers are closing. This is sometimes termed
a "flying switch”" and is done to reduce the possibility of fuel cross-
contamination as well as to increase the system efficiency.

In commercial pipeline systems the valves are operated with
electrical or hydraulic drives and the prcgrammers are, almost without
exception, electronic or electxical. It is one purpose of this study to
examine the possibility of using fluidic jet-on-jet type amplifiers as
valves within the manifold. These devices are flow diverters and, as such,
thev offer very fast switching, no inducement of water hammer and require
low power to operate. Unfortunately, they also possess some limitations.
An irrecoverable pressure’drop occurs through each device which poses a
practical limit to the number that can be used in series. Their use
would require them to be located so that they discharge above the highest
downstream elevation to prevent back flow through the inactive leg. How-
ever, it is conceivable that check valves could also be used to prevent
backflow. Either approach limits the devices to one-way flow requiring
that separate lines and valves be used for opposite flow.

Referring again to the manifold schema2tic of Figure 5-26€,
it is not obvious how fluidic diverter valves could be used to replace the
entire valve system. There are portions of the manifold which might be
converted to fluidic diverter valves. An example of this is the circuit
for transfer pump discharge flow to any tank or to the pipeline. Fip-
ure 5-27 shows schematically how this might be accomplished. Suck a
circuit design would require careful i1mpedance matching so that each N
successive diverter could accept the full flow with no back flooding
of the interaction regions of the devices. The pressure recovery/flow
characteristics of the diverter are such that each successive diverter
would require a larger power nozzle. Designing for a 25 percent pressure
recovery for each amplifier would require that the discharge pressure ct
the transfer pump be higher than the final circuit pressure by a factor
of (4)4 or 256. The maximum height of fuel in a 10,000 barrel! taok is
about 24 feer. This cen represent up to 10 psi of back pressure on the
final diverter valve. Ailowing for an excess of 5 psi fo- pumping into
3 nearly full tank, 'the transfer pump dischirge pressure would have to
be 15 x 256 or more (han 3800 psig. This 18 obviously much too high a
pressure tc be practical, and further consideration of fluidic diverter
valves does not scem warranted at this time.

The other potential application for fluidics for control
of fuel storage facilities 1s 1n the logic package fer an auiomated
control switching manifold. To use the words of the Aruy, "from an operat ing
standpoint, tae control switching manifcld for a tank tarm complex is
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