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3. ABSTRACY

This report covers the analysis, design, fabrication and laboratory tests of
a three-axis hydrofluidic stability augmentation system for a UH-1-type
helicopter, The design goal was to improve the handling qualities of the
aircraft, without stabilizer bar, in the speed range of 60 to 120 knots,

The control problem was analyzed and a system defined through the use
of analog computer simulation techniques. The defined system was mech-
anized into three separate controller packages, one for each axis, These
were fabricated, calibrated, and open-loop tested. The system was sub-
jected to temperature and vibration flightworthiness tests. The final tests
conducted were closed-loop performance checks using an analog computer
to simulate the aircraft dynamics,

The system demonstrated improved handling performance of the aircraft
when compared with the unaugmentcd case,
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ABSTRACT

This report covers the analysis, design, fabrication and laboratory
tests of a three-axis hydrofluidic stability augmentation system for a
UH-1-type helicopter, The design goal was to improve the handling
qualities of the aircraft, without stabilizer bar, in the speed range of
60 to 120 knots,

The control problem was analyzed and a system defined through the use

of analog computer simulation techniques. The defined system was mech-
anized into three separate controller packages, one for each axis. These
were fabricated, calibrated, and open-loop tested., The system was sub-
jected to temperature and vibration flightworthiness tests, The final
tests conducted were closed-loop performance checks using an analog
computer to simulate the aircraft dynamics,

The system demonstrated improved handling performance of the aircraft
when compared with the unaugmented case,
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FOREWORD

This document is the final report on a program conducted for the Fustis
Directorate, U. S, Army Air Mobility Research and Development Labora-
tory under Contracts DAAJ02-68-C-0039 and DAAJ02-69-C-0036,

DA Task 1F162203A14186. This program is part of the Army's effort to
develop stability augmentation systems for helicopters. The objective was
to analyze design, build, and test a hydrofluidic damper system for
demonstration on the UH-1-type aircraft., The work presented here
started 15 November 1968 and was completed 28 October 1970.

The technical monitor of this program was G. W, Fosdick. Appendix I
was written by M, E, Ebsen and W. M, Posingies; Appendix II, by G.E.
Trull; and Appendix ilI, by G. E. Trull and R. R. Gascon.
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SECTION 1
SUMMARY

SYSTEM DESIGN

This phase of the program was conducted under Contract DAAJ02-68-C-
0039. It consisted of a closed-loop computer study using the equations
of motion of the UH-1B helicopter to determine the proper shaping net-
works and system gains for a three-axis hydrofluidic stability augmen-
tation system. The system was designed to improve aircraft handling
qualities over the 60- to 120-knot speed range. Gain, time constants,
and servoactuator performance were varied to determine the allowable
limits and still obtain adequate aircraft handling qualities. The report
covering this effort is included as Appendix I,

From this study, a detailed specification was written to which the three-
axis hydrofluidic stability augmentation system was designed.

HARDWARE DESIGN AND FABRICATION

The three-axis hydrofluidic stability augmentation system was designed
in accordance with the detailed specification written during the system
design phase. The final controller packages are shown in Figure 1,
Each controller was designed to be as small as practical, to have com-
monality of parts, to include null adjust in the vortex rate sensor, to
have built-in-test (BIT) capability, and to be able to connect the pitch-
axis and roll-axis controllers without tubings and fittings.

The pitch-axis controller contained a vortex rate sensor, four ampli-
fiers, and four bellows that made up the high-pass and lead-lag networks.

The roll-axis controller contained a vortex rate sensor that was inter-
changeable with the pitch sensor, two amplifiers, and two bellows that
made up the high-pass network.

The yaw-axis controller contained a vortex rate sensor, four ampli-
fiers, a pilot-input device, and three bellows that made up the high-
pass and lag networks,

Each controller had BIT capability and a null adjust with interchange-

able parts. All amplifiers had the same performance and were inter-
changeable., Internal parts of the vortex rate sensors were also inter-
changeable.




ROLL-AXIS
CONTROLLER

YAW-AXIS
CONTROLLER

PITCH-AXIS
CONTROLLER

Figure 1. Final Controller Packages.




DEVELOPMENT TESTS

Each controller was calibrated for proper gain, noise level, nulls,
and time constants. In doing this work, a number of problems were

encountered,

The final performance obtained from the three controller-servoactuators

The more significant events are summarized as fo'lows:

Some original amplifiers exhibited nonlinearities; there-
fore, new amplifiers that did not exhibit nonlinearities
were fabricated and tested. Development effort had been
accomplished under Contract DAAJ02-68-C-0039.

The original design of the vortex rate sensor would not
perform properly with the desired large flow split between
the primary and secondary sinks. The large flow through
the sensor was desired to maximize response. An annulus-
type outlet was incorporated in the vortex rate sensor sink
region to obtain the desired sensor flow and response,

The original bellows purchased were tound to be nonlinear,
This was found to be characteristic of the normal off-the-
shelf bellows. New bellows were purchased that were
specifically heat-treated to obtain linearity.

Two types of servoactuators were obtained, One was a
spool valve type, and the other was a fluidic vortex valve
type furnished as GFE. Because of the servoactuator
input configuration, both exhibited an underdamped condi-
tion when driven with a fluid amplifier. In addition, weak
input force capsules made it necessary to use extreme
care to prevent sudden surges of pressure from occurring
across the bellows, causing damage,

Back pressure on the controllers was found to affect out-
put noise level, By using a back pressure of at least 160
psi, the noise level was kept consistently low.

The controllers were temperature-compensated by con-
trolling the flow split in the vortex rate sensor with a
viscous restrictor in the secondary outlet.

The controllers were strengthened to make them com-
patible with the power system required by the use of the
vortex valve servoactuators.

incorporating the modifications listed above is given in Table I.

it it 4.8,




TABLE I. SUMMARY OF FSAS PERFORMANCE
Temperature Gain Noise*  Threshold Null

Axis (°F) (in, /deg/ sec) (in.) (deg/ sec) (in.)

Pitch 120 0. 0420 0.028 <0, 5 0. 005

60 0. 0096 0.010 <2, 5 0. 005

185 0. 0240 0. 140 <0.5 0. 020

Roll 120 0. 0064 0. 005 <0.5 0.020

60 0. 0016 0.020 1.7 0. 020

185 0. 0044 0.010 <0, 5 0.010

Yaw 120 0. 0216 0.028 <0, 5 0. 040

60 0.0100 0. 022 <. 0. 022

185 0.0120 0. 024 <. 0. 030
“Peak-to-Peak

ACCEPTANCE TESTS

Flightworthiness tests were conducted on the controllers, spool valve
servoactuators, and vortex valve servoactuators, The tests consisted
of performance checks at oil temperatures of 60°F, 120°F, and 180°F,
and 15-minute vibration scans in each orthogonal axis.

The controllers and spool valve servoactuators were connected with
an analog computer to simulate the helicopter characteristics, and
closed-loop performance data were taken and compared with the study
phase analysis predictions,

CONCLUSIONS AND RECOMMENDATIONS

This program demonstrated that a fluidic three-axis stability aug-
mentation system could: (1) be designed, fabricated, and tested to
meet a given set of requirements; (2) be made small and compact;
and (3) be competitive with conventional electromechanical systems,
A built-in-test capability was also demonstrated.

It is recommended that the system be flight tested in a UH-1-type heli-
copter, Also, further development effort should be applied to

improve temperature compensation, to eliminate servoactuator deficien-
cies, and to extend the electroform conductive wax process to fabricate

manifolds.




SECTION II
SYSTEM DESIGN

PREVIOUS STUDY EFFORT

The objective of the analysis program was to define mathematically the
system block diagrams for a simple hydrofluidic stability augmenta-
tion system to augment the roll, pitch, and yaw axes of the UH-1B
helicopter. No performance requirements were specified other than
that the fluidic stability augmentation systems (FSAS) must improve
vehicle damping and improve the handling qualities of the UH-1B heli-
copter during the high-speed gunfiring mission, With these general
requirements in mind, a set of detailed design goals was generated
that permitted FSAS performance evaluation in light of these self-im-
posed system requirements,

Nominal FSAS performance was evaluated in light of the design goals
and the time histories, and data showed that the requirements of the
design were satisfied, FSAS performance is summarized briefly as
follows:

e Yaw-axis damping ratio was increased from 0. 3 to
approximately 0.6, or greater,

e The pedal position input loop eliminated the hover and
low-speed problem of the yaw-axis damper fighting
pilot input commands.

e Pitch-axis damping ratio was increased from 0. 3 to
0.5, or greater,

e Roll-axis control effectivenss was adjusted to provide a
more controllable vehicle,

e Roll and pitch responses were designed for a rate response
proportional to control stick deflection,

The parameter variation study results showed that nominal FSAS per-
formance may be achieved for +20-percent tolerance variations. In
some cases, parameters such as high-pass time constants and pedal
position feedback gain are considered to be noncritical from the stability
standpoint, and larger tolerance variations from nominal may be allowed
so long as their effects on system transient response are considered.



The primary goai of the analysis was to show hydrofluidic three-axis
SAS feasibility using simplified control techniques. The use of flight
path sensors is considered tobe beyond the scope of this FSAS control

system program,

The use of collective pitch and roll crossfeeds was considered during
the ""Fluid State Hydraulic Damper" program, under Contract DA 44-
177-AMC-294(T), and was rejected for the following reasons:

e Airframe data to permit evaluation of a collective cross-
feed were not available,

e Complexity of the system would be increased far beyond
that necessary to demonstrate fluid system feasibility.

These control concepts were also considered during this analysis and
were not pursued for reasons similar to those mentioned above.

The analysis results presented in Appendix I show that a fixed-gain
rate feedback system is suitable to demonstrate the feasibility of
using a hydrofluidic SAS to increase vehicle damping and produce a
short-term rate response proportional to control stick deflection.

A detailed specification for the three-axis stability augmentation sys-
tem was written., It called out the specific requirements such as
gains, frequency response, noise, nulls, temperature, and vibration
for each controller and servoactuator, Figures 2, 3, and 4 show the
analytical block diagram, gain and frequency response requirements,
and component gains for each controller. The complete detail speci-
fication is contained in Appendix I.

DEVELOPMENT EFFORT

The present contract involved the design, fabrication, and testing of
the three-axis stability augmentation system per the established re-
quiremenis. One deviation made from the study contract requirements
was the use of a different technique for producing a pedal input signal
for the yaw-axis controller. The original concept was to be a spring-
bellows~type device that was essentially a long-time-constant high-pass
network, Reevaluation indicated that, because of the size of the bellows
and the questionab!~ performance of a high-pass network combined with
a lag, this technique was not desirable. A simple flapper nozzle con-
cept was finally selected. This concept was successfully developed

and provides a constant output for a constant padal position rather

than a slowly decaying output for a constant pedal position .
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SECTION III
HARDWAREF. DESIGN AND FABRICATION

HARDWARE DESIGN GOALS

The three-axis hydrofluidic stability augmentation system is made up
of three individual pitch-, roll-, and yaw-axis controllers. These con-
trollers were designed to meet the following basic guidelines specified
at the beginning of the hardware design phase:

e Make each controller as small as practical,
e Use common parts.
e Provide null adjust and built-in-test (BIT) capability.
e Make providions to interconnect pitch and roll con-
trollers without additional tubing (this goal was later
rejected).
The pitch-axis controller is shown in Figure 5, the roll-axis controller
in Figure 6, and the yaw-axis controller in Figure 7. Hardware sche-

matics of the three controllers are shown in Figure 8. An exploded
view of the yaw-axis controller is shown in Figure 9.

CONTROLLER PACKAGES

Pitch Axis

The pitch-axis controller (Figure 5) consists of a vortex rate sensor
(built integrally into the manifold), four hydrofluidic amplifiers (one
located underneath the controller), a lead-lag, and a high-pass network.
Null adjust and BIT buttons are also located underneath the controller
and thus are not visible,

The signal and reference ports connect tc the servoactuator.

Roll Axis

The roll-axis controller (Figure €) is the least complex of the three
axes. It consists of a vortex rate sensor, two hydrofluidic amplifiers,
and a high-pass network. The large high-pass capacitor volume re-
quired to provide the proper high-pass time constant (10 seconds) pre-
vented the package from being much smaller than the pitch-axis con-
troller. The BIT button is shown.

10
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y_aw Axis

The yaw-axis controller (Figure 7) is very much like the roll axis,
containing a vortex rate sensor, three hydrofluidic amplifiers, a high-
pass and a lag network, and the pedal input transducer (shown in
Figure 1). The null adjust and BIT buttons can be seen between the
two amplifiers,

The exploded view of the yaw-axis controller (Figure 9) typifies the
fabrication and packaging techniques used.

The top and bottom cover plates are of a sandwich construction., These
cover plates have a center core with channels on each side. Thin
sheets of metal are bonded to the center core, resulting in permanently
sealed manifold plates. The fluidic amplifiers are bolted to these mani-
folds.

The two center plates contain the vortex rate sensor and shaping net-
works.

External sealing is accomplished with O-rings and/or by permanent
bonding. Packaging details are discussed later.

SYSTEM POWER SUPPLY

Two power supply circuits were considered during this program. Both
were mechanized using standard off-the-shelf components,

Parallel Circuit (Spool Valve Servoactuators)

Figure 10 shows the circuit proposed for flight testing the system
using the spool valve servoactuators. The 1500-psi aircraft supply
will power the three controller packages in series and the servo-
actuator in parallel with the three controllers,

A flow control valve was used to regulate 2. 3 gpm through the con-
trollers. A relief valve was set at 500 psi so that the controllers
could be designed to withstand a proof pressure of 750 psi instead of
2250 psi; this allowed the controllers to be built smaller and lighter.

A back-pressure regulator was used to isolate the controllers from
return line surges caused by other aircraft components and servo-
actuator motions. This circuit was used throughout the test program
when using the spool valve servoactuators.
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Figure 10, Parallel Power Supply Circuit,

Series Circuit (Vortex Valve Servoactuators)

Later in the program, a second power supply circuit was designed to
provide for future flight testing of the fluidic system using vortex valve
servoactuators. These s3ervoactuators* used fluidic vortex valves as the
servovalve second-stage amplifier instead of the conventionally-used
spool valve, The vortex valve servoactuator requires a larger steady-
state flow than the spool valve servoactuator. The total controller-
actuators' required flow (4 gpm) exceeded that available from the air-
craft supply when operated in parallel. Therefore, the series circuit
shown in Figure 11 was designed.

The controllers were placed "upstream' of the vortex valve servo-
actuators to eliminate the effects of their nonconstant discharge flow.
The 1200-psi relief valve will eliminate any effects due to the non-
constant servoactuator flow demand.

*Described in detail in USAAVILABS Technical Report 70-52,
"Fluidic Servoactuators for Three-Axis Fluidic Stability Augmen-
tation System, ' September 1970, Contract DAAJ02-70-C-0007.
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Figure 11, Series Power Supply Circuit.

This mechanization, as shown in Figure 11, now required the controller
packages to withstand the higher 2250-psi proof-pressure testing, so
manifold strengthening was required. This development effort is de~
scribed in Section IV.

PACKAGING DETAILS

Size

Two major hardware mechanization considerations that involve a large
volume in any hydrofluidic design are O-rings and the tube fittings for
supplying the oil from the power supply. Smaller O-ring use would
allow the overall size of the controllers to be reduced. Because the
channels should be kept large to eliminate unwanted temperature effects
due to viscosity losses, the only way the O-ring size could be reduced
was to use an O-ring with a smaller cross section. Two nonstandard
O-rings were selected on the basis of the amplifier port sizes used on
previous systems. The internal diameters were 0, 156 in, and 0, 187 in.
The cross sections were 0.038 in. and 0.040 in,, respectively. This
reduced the outside diameter from 0. 316 in. (standard) to 0. 230 in,

for the small one and from 0. 348 in. (standard) to 0. 260 in, for the
large one.

This size reduction allowed the power and control ports of an amplifier
to be in a different hardware block than the return output ports. As can
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be seen in Figure 12, the separation line (between individual blocks)
would have passed through a seal point using the standard O-ring
cross section.

o o o =]

@ BLOCK A o SEPARATION LINE
O © o o/

o

@ @ BLOCK B 0 - 0-RING GROOVE
o o

STANDARD O-RINGS SMALL O-RINGS

Figure 12. Use of Nonstandard O-Rings.

The size of the tube fittings which screw into a block for 2, 5-gpm flow
is comparatively large., This can be seen in Figures 5, 6, and 7. To
reduce the depth, diameter, and clearance for a wrench, most of the
tube fittings were welded onto the controllers. Because the lines to
the servoactuators are small, the savings by welding these to the con-
trollers were not considered sufficient to warrant the effort.

Manifolding

The manifolds to supply the power and signal ports to the amphflers
and capacitor were made by milling the necessary channels in the top
half and/or bottom half of an aluminum plate. This allowed the chan-
nels to be routed close together and, as needed, to cross one another.
The channels were sealed by bonding a 1/16-in. aluminum plate to the
channel plate with an epoxy tape. This technique made for a very com-
pact manifold as compared with drilling and plugging a solid block of
aluminum. It also was smaller than if a gasket were used to seal the
channels and screws were used to join the plates together. The epoxy
served both functions, sealing and joining.

Another deviation from past practice was to mount the amplifiers on
other than the top surface. All previous controllers had the amplifiers
on the top to bleed off any air that might enter the amplifiers. Expe-
rience had shown that this was not necessary. Allowing the amplifiers
to be mounted in any orientation gave much more latitude in arranging
the circuit into a compact unit. The only restraint on orientation was
that of the capacitors. They were mounted so that any air that

entered them would rise to the top and would exhaust out to the return
line. This makes the controllers self-purging, eliminating any need
for special filling techniques.

19
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Common Parts

To reduce the cost of this fabrication effort and future efforts, as many
common parts as possible were designed into the three-axis system.
The rate sensor for the pitch axis needed a 0. 020-sec emptying time
(rate sensor volume/flow rate), while the roll-axis and yaw-axis rate
sensors needed only a 0. 050-sec emptying time, It was decided to make
all three identical with a 0, 920-sec emptying time. This allowed the
same coupling element, pickoff, and coupling plate to be used in all
three sensors. All three controllers used the same amplifiers. The
amplifiers could be used on any controller and in any location on each
controller,

The yaw-axis controller configuration was unique as compared with the
pitch and roll controllers. The yaw-axis controller had to have the in-
put axis vertical as compared with the roll-axis and pitch-axis control-
lers, which had their input axes horizontal. The yaw-axis controller
also had a pilot input mechanism. Because of these items, the yaw-axis
controller did not have as many common parts as the roll-axis and
pitch-axis controllers. However, the complete rate sensors for the
roll and pitch axes were identical.

Connection of Roll-Axis and Pitch-Axis Controllers

For possible elimination of two tube fittings, one on the roll controller
and one on the pitch controller, the controllers were designed so that
they could be joined with an O-ring seal. This meant that the power
outlet of the roll axis would have to line up with the power inlet of the
pitch axis. By using an adapter plate with a fitting attached, the units
could be run separately.

Null Adjust and BIT Button

Previous testing had shown that it was practical to add a null adjust
vane in the vortex chamber of the rate sensor without increasing noise.
A shaft with a blade on the end equal to the height of the vortex chamber
was designed into the rate sensor. By turning the shaft,the null of the
rate sensor could be adjusted to zero output differential pressure,

The BIT button was made almost identical to the null adjust except that it
was made so that the blade could be inserted into or retracted from the
vortex chamber of the rate scnsor, By pushing the blade into the vor-
tex chamber (see Figure 9), a bias was created that appeared at the
pickoff like a turning rate, The force to retract the blade was produced
by the internal pressure in the vortex chamber. The BIT button simu-
lates a step input to the rate sensor, allowing a convenient means of
checking on the performance of the controller and servoactuator with-
out physically moving the controller.
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COMPONENT DETAILS

Vortex Rate Sensor

The vortex rate sensor was quite similar in design to sensors built in
the past. The pickoff was identical in configuration to past pickoffs
except the number of bends in the ports from the pickoff to the first-
gstage amplifier was reduced. From the 0.017-in, by 0, 035-in,
pickoff ports,the flow made only one bend into a 0. 156-in.~diameter
port right to the amplifier. Figure 13 shows a cross section of the
roll-axis controller and shows this straight run to the amplifier.

SUPPLY
PLEWM
AMPLIFIER (2)
SIGNAL
PORTS TO
AETaTor SN I AAANAANNN ANNAN
AL ‘}&Wff z'{ 3
A Dy A } VORTEX RATE
7 W SENSOR COVER
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EIM. r') E—— . ET o
] () ETRACTE
iy i Sm==== ’ O ——
A _ PRIMARY SiNK
5/ —_—
9 D N i
] _ . SECONDARY SINK
O SN s
(J
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: ! ? _EXHAUST PLEMUN
/ PRIMARY SINK
¥ 4 ‘
A
il LA TE &
CAPACITOR (2) VORTEX CHAMBER
COUPLING ELEMENT
VISCOUS RESTRICTOR B e
SECONDARY SINK

Figure 13. Roll Axis -- Cutaway View,

!

s shown, the coupling element on these sensors was essentially folded
around so that the flow was from the inside to the outside and then
around into the vortex chamber, Previous units had the flow passing
from a plenum around the outside of the coupling element through the
element from outside to inside and into the vortex chamber. The
design used here makes the rate sensor a little thicker, but it reduces
its diameter considerably. This configuration was also compatible,
volume-wise, with the capacitor bellows,
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To get the desired 0. 020-sec emptying time, it was necessary to use
2.2 gpm of oil. To stay below a Reynolds number of 2000 in the primary
sink, for noise reasons, and to keep the gain high (a small primary sink
diameter), the sensor was designed with two sinks. Because the flow
through each sink was different, the viscous losses through each were
different. This caused the flow split (ratio of flow through the secon-
dary to primary sinks) to vary with temperature, which, in turn, caused
the gain of the rate sensor to vary with temperature. By placing a vis-
cous restriction in the secondary sink flow path, the flow split could be
kept almost constant over the design temperature range. If necessary,
the rate sensor could be overcompensated to correct for gain changes
in other elements such as the amplifiers. This is discussed in Section
IvV.

Shaping Networks

All three controllers contained high-pass circuits with different time
constants, The pitch controiler also contained a lead-lag circuit, and
the yaw controller, in conjunction with the pilot input device, contained
a lag circuit. The capacitor sizes were calculated using the input and
output impedances of the amplifiers as the resistances in the various
equations for a lag, high-pass, and lead-lag. The actual physical sizes
of the capacitors were then determined on the basis of the bellows avail-
able from the vendor.

AmElif iers

The amplifiers were of the type previously developed and improved
under the study phase contract, The amplifiers, designated FG1001-
AA09, were made by the electroformed conductive wax (ECW) pro-
cess, An injection mold was machined for the FG100!AA09~type
amplifier, Using this mold and a baseplate, conductive wax was
injected into the mold. Nickel was then electrodeposited onto the
resulting wax mandrel and t aseplate. The wax was then removed,
leaving a cavity that is the amplifier. This process produces a very
repeatable unit, leaktight both internally and externally, and capable
of high internal pressure (3000 psi).

Pedal Input Device

The pedal input device, which was part of the yaw controller, was a
mechanical (rudder pedal motion)~-to-fluidic transducer, The motion of
the pedal was transferred to a push-pull cable that ran from the rudder
pedals back to the controller. At the controller, the cable operated a
motion-reducing arm. The other end of the arm operated against a
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spring, which, in turn, pushed on a flex pivot similar to that in a
servovalve, This linkage reduced rudder pedal motion from 13. 25 inches
to plus or minus a few thousandths of an inch. The end of the flex pivot
varied the opening to two nozzles which were connected to an amplifier.

A schematic of this device is shown in Figure 14,

TO RATE LOOP

|~ NOZZLE ()

| | RS

RUDDER PEDAL ;
)

~ e SUPPLY
. FLEX PWOT

“REDUCING ARM

CABLE

Figure 14. Pedal Input Device Schematic,
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SECTION IV
DEVELOPMENT TESTING

This section discusses the development testing conducted on the indi-
vidual components and circuits of the three-axis system. Fmphasis is
given to the various problems encountered and their resolution.

OBJECTIVES

Initial objectives of the development testing phase of this program were
to:

e Uncover any fabrication deficiencies.

e Operate rate sensors with a flow of 2.2 gpm in order to
obtain a 0, 020-sec time delay. This is a substantial
advancement over the 0.050-sec-delay sensor used in
the previous program,

e Solve noise problems which may be introduced by the
higher response, temperature compensation, new mani-
fold design, BIT and null adjust vanes, power supply,
and close proximity of other axes.

® Reduce system sensitivity to small changes in flow.
(Interaciion between axes or between a single axis and
its servoactuator is likely if controller output changes
drastically with supply flow. )

e Demonstrate operation of the complete three-axis system
using a single power supply. (System includes three con-
trollers, two regulators, three servoactuators, a filter,
a relief valve, four solenoid valves, and plumbing.)

e Dcmonstrate BIT and adjust its angle to provide the appro-
priate step rate signal in each axis.

e Adjust gains and time constants to provide required fre-
quency response,

e Incorporate temperature compensation to minimize gain
changes over the temperature range from 60°F to 185°F,
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COMPONENT DEVELOPMENT

Amplifiers

Previous Amplifiers

Figure 15 shows the performance of the amplifers used in a pre-
vious flight test program (Contract DAAJ02-67-C-0056). These
amplifiers were operated at a lower supply flow and nearly dead-
ended during the flight test program,which allowed suitable per-
formance "across center.' Even at lower flows, these amplifiers
experienced some nonlinearities, as shown in Figure 15A,when
flow-loaded (an amplifier of the same type used as a load).

P, 2285 g Al
) B, 23PSI
30 Py~ 23 PSI Le b y
3 P, 5851 3 P, - 104 PS|
a® P, 4.0PS) ;n LA
=l
b 1.8 MR 04 3 =04
1.0 0.5 0.5 10 -1.0 L5 a5 10
&P, PSH 4P, tPSI
L5 -1
30 &

A. AMPLIFIER LOAD B. DEAD-ENDED LOAD

Figure 15, Original Amplifier Performance,

Present Configurations

Amplifier improvement was accomplished through large-scale
model studies on Contract DAAJ02-68-C-0039. Two types of
molds (for future electroforming) were fabricated. The low-
profile design can be seen in Figure 16,where the two top ampli-
fiers are relatively flat. With this amplifier, the crossover is
milled into the thick baseplate., Also shown in IFigure 16 is the
second design with the crossover milled into the mold. This
second design with the protruding crossover is shown electro-
formed on a thin baseplate which does not contain a crossover,
The protruding crossover design was also clectroformed over

a thick baseplate to provide an amplifier with both an upper and a
lower crossover,
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Figure 16,

Controller Showing Amplifier Types.
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Initial development tests were conducted with the molds before
the ampilifiers were fabricated. Molds werebolted tobaseplates
and tested as awaplifiers, Although test results were reason-
able, they were not conclusive, since there was significant ex-
ternal '"'weepage' from the " pseudo' amplifier, with the possi-
bility cf internal leakage.

Performance characteristics of the low-profile amplifiers (top of
pitch axis in Figure 16) are shown in Figure 17. Nonlinearities are
extended well outside the normal operating range, and overall per-
formance, including noise, improves substantially at lower flows.

Curves of the thin-baseplate amplifier with the protruding cross-
over (front face of pitch axis in Figure 16) are shown in Figure 18,
Flow-loaded characteristics of this amplifier appear superior to
those of the other designs.

Later systems tested at lower flows showed that both the low-
profile design and the protruding crossover design have excellent
performance, with neither being distinctly better than the other.
The old design (Figure 15) is definitely unsatisfactory for the wide
range of loadings and temperatures encountered in this program,

Flow Straightener Use

Restrictors were placed under the power ports of amplifiers during
development tests to reduce flow and thereby reduce system noise,
Initial tests showed an increase in noise which appeared to be
generated by the restrictor, A flow straightener shown in I'ig-
ure 19 was designed to provide an orifice restriction and several
layers of filter screen to eliminate any vortices which might be
shed by the restrictor. This flow straightener was a major con-
tribution to the reduction of system noise,

Proof-Pressure Tests

Proof-pressure tests of the first electroformed amplifiers
showed serious bonding problen:s in the 1000~ to 1400-psi range.
Investigations uncovered inadcguacies in the electroforming pro-
cess, resulting in a poor bond between the amplifier and the base-
plate. The sensitizing process was revised, and one resultant
test amplifier was pressurized to 4000 psi. All other amplifiers
have been cycled 10 times up to a pressure of 2250 psi without
failure. Proof pressure was marked on the side of each amplifier
after proof test to prevent use of untested amplifiers,
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Configuration

A cutaway view of the vortex rate sensor is shown in Figure 13.
Flow from the supply passes through the coupling element and into
the vortex chamber (pancake region). Approximately 20 percent

of the flow passes through the primary sink into the exhaust plenum
primary sink and returns to the supply reservoir., The remain-

ing 80 percent of the flow passes through the secondary sink, the
viscous restrictor (for temperature compensation), and the exhaust
plenum secondary sink, and returns to the supply reservoir.

This sensor was designed for a large flow rate of 2.2 gpm in
order to obtain a time delay as low as 0.020 sec. The primary
3ink was small to obtain a large scale factor, and the secondary
sink was large to reduce emptying time (to obtain fast response).
Flow split was 8:1 for this sensor as compared with 4:1 for the
previous flight test sensor.

Testing
Development testing of the rate sensor concentrated on minimizing
noise while obtaining a high response. The large flow split be-

tween secondary and primary sinks resulted in a scalefactor
substantially lower than that predicted. Performance was also
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somewhat erratic and unpredictable. Two approaches were inves-
tigated to eliminate the high flow split: (1) operate at a higher
pressure to increase primary sink flow and then reduce the size
of the secondary sink;(2) add a third outlet which would be a bleed
annulus around the primary sink.

Dead-ended single-sink performance tests were ccnducted to
determine the limiting Reynolds number (N ) where noise becomes
excessive. Noise was converted to units of degrees per second,
since both noise and scale factor increase with flow, Initially,

the rate sensor output was dead-ended into a transducer and opera-
ted with primary sink Reynolds number in excess of 6000,

When dead-ended, the sensor output signal-to-noise ratic tended

to be the best at the higher Reynolds number.

Results were less satisfactory when the sensor pickoff was loaded
into an amplifier. Tests at 120°F showed that noise increased
sharply at a pressure of about 25 psi (Ng = 2700).

Figure 20 shows the bleed annulus incorporated into the pickoff.
This annulus has an area of 0, 008 in. ?, more than twice that of
the primary sink. Flow splits are approximately 0.6 gpm for
primary and secondary sinks and 1.0 gpm for the bleed annulus.
At 120°F and 2.2 gpm, the sensor pressure drop was 25 psi with
the annulus and 75 psi without the annulus, Testing substantiated
that use of the bleed annulus was a satisfactory solution.

PILKOFF 0.070-IN~DIA.

ELEMENT o — 0,65 —»| 1.A40-IN.-DIA.
SECONDARY SINK

Figure 20. Bleed Annulus.
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The final sensor configurati'on included a compromise: primary
sink flow was increased and the bleed annulus was added.

Amplifier - Sensor Monitoring

Concurrent with the investigation of return line noise and back-
pressure studies (discussed later) was a study to determine the
best method of matching the amplifier to the rate sensor; typi-
cally, scale factor would drop by more than half and noise would
increase by a factor of two, reducing signal-to-noise ratio by

a factor of about 5. Figure 21 shows three approaches to mini-
mizing this problem. All of these circuits were considered on
the premise that drawing flow from the pickoff (as in Figure 21A)
will create a disturbance in the primary sink which results in the
increased noise levels, The circuit in Figure 21B is the most
complex but appears to have the greatest advantage in reducing
noise. Bias flow through restrictors R; supplies flow to the ampli-
fier, eliminating or reducing flow from the pickoff. A high flow
through R; would also increase the input impedance of the ampli-
fier while reducing the output impedance of the pickoff. This bias
flow technique minimizes the flow disturbance in the primary

sink while improving the impedance match and increasing scale
factor.

RETURN

A. NORMAL

B. BIAS FLOW

> 10 SECOND STAGE

C. RESTRICTED
CONTROL FLOW

D. AMPLIFIER BACK
PRESSURED

~ J

Figure 21. Vortex Rate Sensor - Amplifier
Matching Techniques.
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Figure 21C shows a circuit which restricts the amplifier con-
trol ports to reduce the flow disturbance in the primary sink,
Reduction of scale factor is the major drawback. Providing the
amplifier with a back pressure by restricting its return as shown
in Figure 21D is another solution. This technique also has the
disadvantage of reducing the effective amplifier input impedance.

Test results showed that the use of bias flow (as in Figure 21B)
increased scale factor and in most cases reduced noise. Tests
on other circuits (Figures 21C and 21D) showed no advantage.
Results of these tests are not conclusive, since these tests were
performed before the return line noise problem (discussed later)
was isolated. Matching techniques, such as the use of bias flow,
were not required in the final hardware configuration, but were
presented here for future consideration.

Final performance data obtained on the vortex rate sensor using
the normal matching technique is shown in Table II.

TARLE I, VORTEX RATE SENSOR FINAIL. PERFORMANCE DATA

Noise
(psi)
Pickoff Pauk-to-
Flow™ Pressure  Static Level Gain Filtered
Load (gpm) (psi) (psi) (psi/deg/sec) Unfiltered: at 5 Hz
Ports Blocked 2,2 24,0 13.5 0.013 0. 0060 -
With Amplifier 2,2 24,0 8.0 0. 005 0. 0075 0. 00013

Load

*Temperature 120°F,

“Contains all noise frequencies up to
Sanborn Recorder limit of abnut 50 Hz,
_

Networks

Most shaping networks were designed with time constants larger than
required. Adjustment was made by first running frequency response
tests to determine the amount of change required.
required a 25-percent reduction, length of the bellows would be reduced
by 25 percent.
the repeated iterations associated with alternate methods.
by reducing the bellows length was used whenever the time constant was

If the time constant

This method accomplished the required change without
Adjustment
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excessive., Adjustment with restrictors (such as bias restrictors) was
used whenever it was necessary to increase time constants.

High-Pass Network Example

The mechanization of a high-pass circuit (see Figure 22) is dis-
cussed here as an example. The transfer function of this circuit

is
AP, _ T8
AP, TS+ 1
where
- ’ '
T = (R,S+R)C
R R
‘ . - : o 3 lb-sec
Ro = Effective amplifier output impedance "R —=
o 3 in.
R.R
' T i — . i 2 lb-sec
Ri = Effective amplifier input impedance Ri+R2 o 5
in .
C = Bellows capacitance‘ li)
/BLEED RESTRICTORS
(0000 "
4P,
RI-
_ Ry ) Ry
SUPPLY 5
CAPA%ITORS l.
BIAS RESTRICTORS
Figure 22, High-Pass Circuit Schematic,
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Bias restrictors, Rg, are usually small and have an impedance
of about 200 Ib-sec/in. 5. The amplifier input impedance (Ry) will
be about 20 Ib-sec/in. S under these conditions, resulting in an
effective amplifier input impedance R;} of about 18 1b-sec/in, S,
Increasing the size of R2 will increase the bias flow without sub-
stantially reducing its resistance,

This increase in bias flow will greatly increase amplifier input
impedance R; as well as Rij’. Effective amplifier input impedance,
Rj’, can therefore be increased by enlarging the size of bias re-
strictor Rg. This trend will continue until the area of bias restric
tor Ry approaches that of the amplifier control port. A typical
method for increasing the high-pass time constant would be to in-
crease effective amplifier input impedance, Rij 4 by increasing the
physical size of bias restrictor Rj.

Nonlinear Bellows Effect

Early tests on the pitch-axis controller showed the need for in-
creasing the high-pass time constant. Increasing the size of bias
restrictor R2 did not increase the high-pass time constant as ex-
pected. Further investigations showed that a nonlinear bellows
was responsible,

Characteristics of the pitch-axis controller high-pass bellows are
shown in Figure 23. When bias flow was small, the bellows

10.240

EXTENSION STRORE 4N.)

20 3.0 40 5.0
PRESSURE (P; - P,) PSI)

-3.0 -4.0 -3.0 -20 -10

COMPRESS:. STRONE Ol

=16

Figure 23, Performance Characteristics of Pitch-Axis Controller
High-Pass Bellows (Original Bellows),
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were operating in compression, where the external pressure
(Pe) was greater than the internal pressure (Pj). It can be seen
that the bellows were more flexible at this condition, and there-
fore their capacitance was high, When the physical size of Rg
was increased (R;’increased), the bellows were in tension and
relatively stiff, resulting in low capacitance. It can be seen that
changes in fluid temperature would also vary the capacitance;
temperature (viscosity) changes cause static pressure level
changes which shift the operation point,

Alternate off-the-shelf designs were selected, tested by the
vendor, and supplied as replacements for the nonlinear design,
A characterjstic curve of the replacement bellows for the pitch-
axis controller is shown in Figure 24,

Although nonlinear bellows create a problem whenasystem is
initially adjusted, this effecl could be an advantage in future
systems, since nonlinear bellows could provide a method for
automatically changing time constant as part of temperature
compensation, or to change system dynamics as a function of
preselected flight conditions.

Servoactuators

Two types of fluidic servoactuators were used during this develop-
ment program: the spool valve type, which uses force capsules with
a nozzle flapper for the first stage and a spool valve for the second
stage, and a vortex valve type using a nozzle flapper for the first
stage and vortex valves for the second stage. A photograph and sche-
matic of the spool valve-type servoactuator are shown in Figures 25
and 26, A photograph and schematic of the vortex valve-type servo-
actuator are shown in Figures 27 and 28,

The performance of the two types of servoactuators is summarized in
Table III, and a graph of frequency response is shown in Figure 29,

Force Capsules

The most significant problem with the spool valve servoactuators
was loss of the pin and/or destruction of the force capsules (see
Figure 30) during pressure transients. When the solenoid valve is
turned on, the pressures in all three signal lines increase by about
200 psi. If the pressure in one line builds up faster than it does in
another, a substantial differential pressure may occur across the
force capsule, causing either pin dropout or force capsule destruc-
tion, In early testing, the amplifier output impedance was equiva-
lent to a 0. 22-in. ~-diameter orifice; however, the reference

35




+ 0300
0.250

|
/}/:"
r’f
- P
A - BELLOWS 2
— Ii//,An.. L

+ 0.050

BELLOWS 1 /ﬁ

.|. 0150

EMTEMSION STROKE (M.

Figure 24.

-2 -1 Y Pl B 4
PRESSURE (P, - P,) (PS)

t -0.030
,ﬂ/ - =0.100
1 -0.150

- -0.200

COMPRE 55408 STROKE (1N

0,250

t <0300

Performance Characteristics of Pitch-Axis
Controller Replacement Bellows,

36



Figure 25. Spool Valve Servoactuator.
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Figure 27,

Vortex Valve Servoactuator,
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AMPLITUDE RATIO (DB)

TABLE IIl. SULMARY OF SERVOACTUATOR

PERFORMANCE
Gain Threshold Null
Type (in. / psi) (psi) (in.)
Spool Valve 0.090 0.018 0. 016
Vortex Valve 0.112 0. 055 0. 001
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pressure line did not have a significant restriction, If the signal
lines expand or if air is trapped in the force capsules, the ref-
erence pressure will reach 200 psi almost immediately, while the
R-C network in the signal lines (about 0. 01 sec) prevents the force
capsules from charging, thus resulting in trouble, To prevent this,
a 0.022-in, ~diameter restrictor was placed in the reference pres-
sure line to obtain an equivalent time constant in all three regions.
However, if thcre is air in the reference chamber of the servo-
actuators, this solution will tend to create the problem in the
opposite direction instead of solving the transient pressure prob-
lem. In the final configuration, the spool valve servoactuators
contained the retainer shown at the bottom of Figure 30. This
retainer prevented the loss of pins but did not prevent destruction
of the force capsules if very large transients were encountered.

A long-term solution to this problem may not be necessary, since
the pressure transients described here are created by solenoid
valve cycling. The valves involved are not required in most proto-
type applications. The normal slow buildup of pressure with an
engine-mounted pump is not likely to cause problems, However,

if transients are expected, the use of stronger force capsules,
along with flapper changes, may be the best low-cost approach to
the problem.

Force capsule problems were not experienced with the vortex
valve servoactuators, The major reason for this is that tran-
sients were avoided during testing of these servoactuators. Their
single-capsule design (Figure 28) also appears less susceptible to
transients if air is not allowed to collect in this area. However,
the lack of a self-bleeding feature could result in air accumulation.

Feedback Piston

The feedback piston (for spool valve servoactuators) as shown in
Figure 26 is driven in one direction by the feedback pin and in the
other direction by a spring, The reference chamber is sealed by
O-rings on this piston. During initial testing of the controllers,

it was focund necessary at one time to increase the reference pres-
sure to over 100 psi. This increased reference pressure increased
the load on the feedback piston O-rings. The force was high enough
to cause the piston to hang up when only the spring was trying to
move the piston. This caused the servoactuator to perform errati-
cally. Backup rings and a stiffer spring were used to alleviate

this problem. The vortex valve cervoactuator used the supply
pressure in place of the spring (see Figure 28); therefore, it did
not experience this problem,
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Peaking

During testing to determine the capacitance of the input force
capsule mechanism on servoactuators developed for a previous
USAAVLARSS program (Contract DAAJ02-67-C-0056), it was
discovered that the capacitance decreased by 20 percent when the
servoactuator was operating. Figure 31 is a schematic of this
mechanism; it should be noted that the feedback spring is located
below the flapper. The reduction in capacitance when operating
closed-loop can be visualized in the following manner, If the left
force capsule were pressurized to 1 psi, the flex pivot would move
to the right. In this process it would require about 0.0005 in. 3
of oil to expand the force capsule the required amount. If the
servoactuator is operating, the feedback will move in order to
null the signal at the flapper, which in turn will tend to restore
the flex pivot and force capsule to their original position, Capa-
citance tests showed that this restoring motion is only 20 percent
of the original motion; i.e., only 0.0001 in. 3 of the 0.0005 in.
would be returned from the force capsule as the servoactuator
moves to its commanded position.

FOR;E CAPSULES

AMPUIFIER | E§ §2
AMPLIFIER
INPUT — mf T InputT
FLEX
PR - FLAPPER
177 777
-NO2ZLES
gl
™~
FEEDBACK SPRING

ACTUATOR RAM

Figure 31. Spool Valve Servoactuator Feedback
Techniques -- Feedback Spring Located
Below Flapper.

Present servoactuators have a different feedback design, which is
shown in Figure 32, Since the feedback spring is above the force
capsules, closed-loop capacitance will be nearly zero. However,
closed-loop operation is different and can be visualized as follows.
Increasing pressure in the left-hand force capsule by 1 psi will re-
quire 0. 0005 in. 3 of oil as the flex pivot is displaced as before.
Error signals from the flapper will move the servoactuator ram
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and feedback piston until the force capsules are restored to their
original position. Now, the force capsules will have to expel the
the full 0, 0005 in. 3, This causes a phenomenon called "peaking."

Operation of the servoactuator with an amplifier is shown in Fig-
ure 30. Assume that the amplifier has unity gain and that actions
occur in sequence rather than simultaneously. An input signal of

1 psi results in an output pressure which builds up to 1 psi as the
force capsule expands, The flexibility of the force capsule mech-
anism (capacitance) and the amplifier output impedance determine
the time constant for this buildup in pressure. Commands from
the nozzle flapper move the servoactuator to restore the flapper
(and the force capsule). Compression of the force capsule expels
flow through R,, increasing pressure (Pgy). This increase in Pg i8
in effect a command for the servoactuator to move beyond its orig-
inal commanded position. This reaction between the servoactu-
ator and amplifier could be described as positive velocity feedback,
which is destabilizing.

Peaking of the frequency response curve will occur near the servo-
actuator crossover frequency when it is driven by an amplifier,
This resonant peaking can be detected at the output of the amplifier
as well as at the output of the servoactuator. This problem did

not occur with previous servoactuators because the mechanization
of the feedback/capsule arrangement resulted in a true capacitance
(accepts flow while being charged but does not expel flow as secon-
dary action occurs).

One servoactuator was modified to include compensation shown in
Figure 33. The flow expelled by the force capsule was received by
the expanding feedback cavity, eliminating an increase in P,y. This
compensation is effectively negative velocity feedback, since it
reduces the command when the servoactuator velocity is high,
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Performance showed this to be an adequate solution, but it in-
creased envelope and cost., Also, high transient pressures could
be induced into the force capsules if a hardover servoactuator
were quickly deenergized,

The solution selected was to operate the servoactuator at a lower
supply pressure where its loop gain would be lower, Peaking was

3 db or less at a supply pressure of 700 psi, Later in the program
when the vendor fabricated additional servoactuators, he made them
with a substantially stiffer flex pivot to reduce loop gain as well as
its input capacitance. These fixes were also incorporated into the
two remaining servoactuators, This modification enables the servo-
actuator supply pressure to be increased from 700 psi to 1000 psi
with a resultant performance improvement (response).

The vortex valve servoactuators also experienced peaking when
driven by an amplifier.

In addition, some unusual behavior of the vortex valve servoactuators
was experienced at 120°F and about 3 Hz when operating with low-
amplitude input signals of 0,06 in, peak-to-peak and an inertial load.
Peaking of 7 db would occur as frequency was increased to 3 Hz, and
then the output amplitude decreased to nearly zero at 10 Hz. When
the input frequency was then decreased from 10 Hz to 3 Hz, the
peaking did not reoccur; applying forces to the servoactuator ram
would result in high peaking for tension force or nearly zero output
for a compression force. This behavior cannot be adequately ex-
plained at this time.

Results of flightworthiness tests on the servoaciuators are described
in Appendixes III and IV,
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SYSTEM DEVELOPMENT

Plumbing and Its Effect on Noise

System return-line plumbing was changed several times during develop-
ment to add a tee for pressure instrumentation, to add heat exchangers,
etc. Noise performance seemed to change with each setup. Data were
not repeatable, and it became obvious that the return-line plumbing

was a major contributor to system noise, with elbow fittings the great-
est offender,

A venturi-shaped restrictor was placed downstream of the rate sensor,
resulting in a dramatic noise reduction at the higher system Reynolds
numbers, Internal return-flow passages in the rate sensor also con-
tained "elbows, " resulting in flow velocities of about 15 ft/sec. The
sensor was modified to reduce these velocities to less than 7 ft/sec,
resulting in additional noise improvement.

During tests to esiaLlish the relationship between noise and primary
sink flow, it was noticed that an abrupt change in signal noise was
accompanied by a change in the audible noise emitted from the sensor.
Audible noise is indicative of cavitation, and tests were conducted to
determine the effect of back pressure on noise. Results showed that
noise decreased with increasing back pressure. Increasing back pres-
sure above 120 psig did not result in further improvement.

Later tests were conducted with back pressures of at least 160 psi to
supply a margin of safety between the set back pressure and the mini-
mum back pressure to eliminate this noise source. With higher back
pressures, performance remained conaistent even when the system
was moved from one test setup to another.

Null Adjustment

All sensors have some offset when fabricated, and various techniques
have been used to compensate for or eliminate this offset. In this pro-
gram the sensor was fabricated with a vane in the vortex chamber
which could be rotated to generate a ""compensating swirl,"

The null adjust could also minimize system sensitivity to small changes
in supply flow. Insensitivity to supply flow is a prerequisite to elimi-
nating interactions between controllers and servoactuators. A test setup
similar to that shown in Figure 34 was used to investigate roll-axis
sensitivity to changes in supply flow. Since the system contains a high-
pass circuit, very little change would be expected from slow steady-
state changes, and therefore it was necessary to make these changes at
a higher frequency: about 0. 2 Hz for roll, 0.4 Hz for yaw, and 1.5 Hz
for pitch, At these frequencies, system gains are the greatest, Tests on
the roll-axis controller, where flow was varied by about +5 percent,
demonstrated a sensitivity of only 0. 035 deg/sec/percent flow at 0. 2 Hz.
Minimum sensitivity was experienced when the sensor was nearly nulled.
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Figure 34. Flow Sensitivity Test Setup.

Built-in-Test Button

BIT (built-in-test) is another vane (similar to the null adjust) which
creates a vortex in the rate sensor chamber when depressed. This
vane is "locked" to an angular position where its effect, when depres-
sed, will be equivalent of a specified angular rate. BIT in the roll-
axis controller was adjusted to an equivalent of 25 deg/sec (about 0. 2-
in. servoactuator travel). The output characteristic resulting from BIT
is shown in Figure 35. Observing the output provides a check on sys-
tem performance, If system gain is low, the magnitude of the output
will be less, Shaping characteristics, for a high-pass circuit in this
case, can also be checked by observing the time that it takes for the
system output to decay by 63 percent. BIT has been helpful in showing
changes in gain and changes in time constant, and in defining polarities.

g PRESS BIT (ROLL AXIS)
"i;, 0.3+
aB
:H- 0.24
u?_" b
3
&R
% 04
0L . - . . .
] 10 20 30 a - i
‘0,14 TIME ISEC)
0.2+

0,34 .
RELEASE BIT

Figure 35. Controller Output for BIT Input.
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In the yaw-axis controller, BIT was adjusted to a smaller angle to
provide an equivalent of 13. 5 deg/sec. Since the yaw system gain is
higher, it is necessary to use a smaller rate step to prevent complete
saturation of the servoactuator.

The pitch-axis controller has the highest gain; therefore, the size of

the BIT vane was decreased to make it less sensitive. This vane was
then adjusted to provide an equivalent of 6. 2 deg/sec,

Temperature Compensation

A viscosity-sensitive restrictor in the rate sensor secondary sink (see
Figure 13) is the major provision for temperature compensation of the
gystem. Rate sensor scale factor increases with an increasing pri-
mary sink flow (contains pickoff)., Efficiency of the rate sencor (and

its scale factor) is lowest when fluid viscositv is high. The restrictor
provides for increased primary sink flow when fluid viscosity is high

in order to compensate for a decreased sensor inefficiency. The amount
of compensation is varied by changing the characteristic of the viscous
compensation elemenrt. For example, an element with a single pas-
sage 0.010 in, high would provide less compensation than an element
with four passages each 0.005 in, high. The compensation element
with four passages will have a higher viscous pressure drop because

of the close spacing (even when actual velocity is lower). Therefore,

it will allow greater primary sink flow at cold temperatures. At high
temperatures, where the viscous drop is small, the larger open area

of the four-passage element will all \w it to bypass more flow (less pri-
mary sink flow) than the single-passage element, resulting in a constant
sensor gain for various oil temperatures,

In each controller, the amplifiers share a common supply with their
associated rate sensor. Sensor compensation, therefore, also results
in an increased amplifier supply pressure at cold temperatures and
decreased pressure at hot temperatures. This pressure relationship
tends to make amplifier gain more constant with temperature.

The roll-axis controller had been compensated early in the develop-
ment testing phase, Other controllers were then fabricated with the
same compensation. Tests conducted later in the program (when the
systems were being checked prior to flightworthiness testing) showed
that pitch-axis and roll-axis controller gain varied with temperature
as shown in Figure 36. The pitch-axis controlier was by far the more
sensitive, which was probably due to its having more stages of amplifi-
cation. The pitch-axis controller compensating restrictor was modi-
fied to make it more sensitive to viscosity. Performance of the modi-
fied pitch-axis controller is also shown in Figure 36,

The yaw-axis controller compensation was also modified. The before
and after performances are shown in Figure 37,
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As presently compensated, the three-axis system meets the design
goals over the temperature range from 90°F to 160°F. Below 90°F,
gains were low by 30 percent; above 160°F, noise of the pitch-axis
controller exceeded the specification requirements. Operation out-
side this range, however, would not result in an unsafe flight condi-
tion. Time constraints prevented further effort; however, it is felt
that future systems could be compensated to meet specification re-
quirements over a lesser temperature range, if required.

System Performance

Table IV presents data regarding scale factor null offsets and noise
and how they build up throughout the individual controller packages
(refer to Figures 2, 3, and 4). Typical system (including servoactu-
ators) response data are shown in Figure 38, Comparing these curves
with the nominal response curve demonstrates the effect of servo-
actuator peaking as well as the absence of other system lags projected
in the Phase I analysis. The system in this configuration was given
temperature and vibration flightworthiness testing (see Section V)
prior to final gain adjustment, Final system nulls are given in
Section V, Table V. Closed-loop testing indicated that no additional
effort on shaping at the higher frequencies was required.

GENERAL SYSTEM PROBLEM AREAS

Manifolds and Bonding

The manifolding technique used was satisfactory, However, much dif-
ficuity was encountered with the epoxy bonding technique used. One
manifold difficulty occurred because of a marginal design. In one area
a tapped hole was located near a channel in the manifold. The mani-
fold channel in the area of the tapped hole was closely inspected before
the cover was bonded. A break between the tapped hole and the channel
after bonding occurred when a screw was inserted in the hole. Forces
from the screw expanded the Helicoil insert,and it broke through the
thin wall into the channel,

Bonding problems were first encountered when the 0,01-in, ~thick
epoxy bonding tape extruded into one of the manifold channels, closing
it off. This was caused by the high holding force used in the bonding
process and alsc by the fact that the bonded surface was large with
only a few channels, Thinner tape (0. 005 in, ) was later used and

the problem was eliminated.

The most significant bonding problems occurred later in the program
when the scope was changed to require proof-pressure testing to 2250
psia (previously 750 psia). A small manifold on the roll axis controller
(see Figure 39) was the first to fail.
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AREA OF FAILURE

Figure 39. Roll-Axis Controller Manifold.

Two solutions to this problem were investigated simultaneously. Dif-
fusion bonding of the aluminum manifold showed that the process was
unsatisfactory without additional engineerirg development effort. The
manifold was also redesigned to minimize the length of channels and
to locate them farther from the outer edges. This redesigned mani-
fold was bonded with epoxy tape, installed in the roll-axis controller,
and proof-pressure tested to 2250 nsi without failure,

Proof testing of the yaw-axis controller resulted in several manifold
failures. These failures were attributed to an inadequate "peel" strength
of the bond. Thickness of the outer cover was increased to reduce the
flexing which resulted in the peeling tendency. The yaw axis-controller
was then able to withstand the 2250-psi proof pressure,

The pitch-axis controller was modified similar to the yaw-axis con-
troller, It then withstood :he 2250-psi precof pressure,

Amplifier bonding problems were discussed under amplifiers in this
section,

External Leakage

Considerable effort was spent in reducing external leakage. Most of
the external leakage problems, which involved O-ring seals, became
apparent and were examined after the program scope change increased
system proof pressure from 750 psia to 2250 psia,
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A special seal was used under the amplifiers to provide additional
design flexibility. These O-rings have a cross-section diameter of
only 0. 040 in, as compared with 0. 070 in. for the conventional de-
gsign. Figure 12 shows the two O-ring groove patterns and how the
smaller rings would allow the amplifier to "bridge' across parting
lines in a system. Final design for the three-axis system did not
include any of these parting lines, and the small O-ring design was
not required. The design was not changed, since the O-ring grooves
are milled into the baseplate of the amplifier before electroforming
and considerable effort would have been required to increase the size
of the grooves. Centers of the holes are at the same location on both
designs. Future amplifiers will probably not contain O-ring grooves,
but special plates will be used between the manifold and the amplifier
that will contain the O-ring. These O-ring plates would make it possi-
ble to change O-ring sizes without modifying the amplifier.

Difficulty was experienced in sealing areas where the small-cross-
section (0. 040-in. ) O-rings were used, The problem was greatest
where restrictors were used in conjunction with the O-rings such as
shown in Figure 19, Even with large O-rings, problems were experi-
enced with orifice disks as shown in Figure 40A, Reverse pressure
transients would permanently deform the O-ring, resulting in leakage.
Retainers shown in Figure 40B were used to correct this problem,

NORMAL DRECTION OF FLOW
|
p7 TI7ITI 777
ZK W s E/fz/"{:unn uSED
i [ 7~ ASFM
o :
Mo

ORIFICE PLATE t
FLOW TRANSIENT

B. WITHRETAINER

A. WITHOUT RETAINER

Figure 40. Flow Transient Problem on O-Ring --
Orifice Combination.

Manifolds such as those used on the yaw-axis controller have large
flat surfaces with more than 10 O-ring seals. Maintaining flatness,
closely controlling the cepth of O-ring grooves, and proper prestress-
ing of bolts are necessary to obtain good seals.
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Pressure forces are a significant factor, creating material deflections
which induce leakuge. Figure 41 shows the roll-axis manifold with
perpencizular sealing surfaces. Bolts held the manifold and the rate
sens' r to the capacitor block. Pressure forces on the manifold from
the rate sensor side would cause it to slide across the capacitor block.
Locating pins were placed in the location shown to prevent this shifting.

Contamination

Intermitient and unusual phenomena are usually diagnosed to be the
result of contamination. A number of cases of suspected contamina-
tion have occurred where the ''problem particle' was apparently dis-
lodged during attempts to isolate the problem. In most cases the
particle and/or the source of contamination was found,

BOLYS 0-RINGS ON TWO
|7 PERPENDICULAR
SURFACES

- MANIFOLD

R LOCATING Pi

. REQUIRED TO
PREVENT

\\ SHIFTING

RATE SENSOR CAPACITOR
\E SENS aLocx

Figure 41. Perpendicular O-Ring Seals.

The smallest restriction in the fluidic controllers is larger than 200
microns (0, 009 in, )., Amplifiers are even larger, with the smallest
dimension being over 400 microns (0. 016 in.). Most of the system
flow passes through the rate sensor sink, which is nearly 2000 microns
in diameter. Overall, the system appears to be relatively tolerant of con-
tamination. Problems experienced were associated with large quanti-
ties of internally- and externally-generated contaminants which were
larger than 0, 01 in,

During assembly of the rate sensor BIT and null adjust vanes, sharp
edges would shave pieces of the O-rings into the vortex chamber,
Since this is a blind assembly, the problem was not noticed until the
large particles blocked critical orifices. Figurc 42 shows how these
vanes were modified to eliminate this problem when reasonable care
was exercised in assembly,
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Figure 42. BIT Configuration Change.

Contamination has also entered the system from the assembly and dis-
assembly that occurs during development testing. The test area was
not a ""clean room, " allowing the entry of contamination from the room.
Shavings from screw threads or the threads on hydraulic fittings must
be carefully controlled.

During system flight testing, filter screens (about 100 microns) will be
placed ahead of each controller to minimize contamination problems.
There is concern that some particles may still be lodged in the corners
of low-velocity manifold channels and will become unlodged at a later
date.

Contamination is not expected to be a serious problem in the future if
systems are designed to prevent the generation of contaminants (in
assembly or use).




SECTION V
ACCEPTANCE TESTING

The final acceptance testing consisted of conducting closed-loop testing
of the three-axis system and comparing the results with those acquired
in the previous analytical study (see Appendix I). Prior to acceptance
testing, flightworthiness testing was conducted, consisting of vibration
and temperature environmental operation of the controller packages and
servoactuators.

FLIGHTWORTHINESS TESTING

The system, using the spool valve servoactuators, was installed on a
vibration fixture (Figure 43), with the power supply circuit and connec-
tions simulating the actual aircraft installation as nearly as practicable.

The system was tested per the detailed specification (see Appendix I)
at oil temperatures of 60°F, 120°F, and 180°F. The system was then
subjected to 15-minute vibration scans per Figure 514-2, curve A, of
MIL-STD-810A, in each of the three mutually perpendicular axes.
Nulls were monitored during vibration. The system was then retested
at the above temperatures. Appendix II presents the flightworthiness
test report.

Both the spool valve and vortex valve servoactuators underwent indi-

vidual flightworthiness testing. Appendixes III and IV present the test
reports.

CLOSED -LOOP ACCEPTANCE TESTING

Prior to conducting closed-loop acceptance testing, system parameters
were adjusted to the values shown in Table V. Final performance of the
three -axis hydrofluidic SAS was then verified by evaluating system tran-
sient response behavior.

Test Setup

The closed-loop test setup checked the pitch and lateral -directional axes
separately. Analog computer simulations represented the uncoupled
pitch and lateral -directional equations of motion of the UH-1B heli-
copter at representative forward speeds ranging from hover to 130
kn, A rate table provided appropriate motion inputs to the rate sen-
sors. The three-axis hydrofluidic SAS was mounted on the rate table
and used to drive the hydrofluidic servoactuators. Thus, the closed-
loop tests are functionally equivalent to those anticipated from flight
testing except for any nonlinear characteristic present in the primary
control system of the UH-1C helicopter. A typical test setup is shown
schematically in Figure 44.
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TABLE V, SUMMARY OF FSAS PERFORMANCE
= — — — ———
Temperature Gain Noise " Threshold Null
Axis (°F) (in. / deg/ sec) (in.) (deg/ sec) (in.)
Pitch 120 0.0420 0.028 <0.5 0. 005
60 0. 0096 0.010 <0.5 0. 005
185 0. 0240 0. 140 0.5 0, 020
Roll 120 0. 0064 0. 005 <0.5 0, 020
60 0. 0016 0. 020 1.7 0. 020
185 0. 0044 0,010 <0.5 0,010
Yaw 120 0. 0216 0. 028 <0.5 0. 040
60 0.0100 0,022 <0.5 0. 022
185 0.0120 0. 024 <0.5 0. 030
Peak-to-Peak
RATE TABLE
A
SECONDARY PRIMARY
LOW-PRESSURE RECORDER RECORDER
HYDRAULIC POWER
val v v ]t
SERVOACTUATOR
POSITION
CoMPUTER
COMPENSATED
TABLE
DRIVE YAW RATE (AIRCRAFT)
vq b,
GUsT STEP
COMMANDS

Figure 44.

HIGH-PRE SSURE

HYDRAULIC POWER

60

Closed-Loop Test Setup Schematic,



Test Procedures

The various airspeed and temperature test conditions used during the
tests are summarized in Table VI,

Test inputs set up in the analog computer simulation were vertical gusts
(10 ft/sec) and pitch cyclic inputs (1 in, ) to check vehicle short-period
damping and control power in the pitch axis. Corresponding yaw -axis
inputs were side gusts (10 or 30 ft/sec) and pedal inputs (1 in,) to
check dutch roll damping and yaw control power. Roll cyclic inputs
(0.1 in. and 0.5 in.) were used to check roll control power. Closed-
loop performance of the FSAS was obtained by evaluating transient re-
sponses to test inputs at the various test conditions. Recordings were
made of six significant parameters in each axis.

Test Results

Transient responses showing closed-loop system performance of the
three -axis hydrofluidic SAS are presented in Figures 45 through 62,
The effects of oil temperature variations on nominal pitch and lateral -
directional damping, noise levels, and control power are summarized
below, ~

Pitch Axis

Pitch-axis SAS damping of gust inputs is compared with that for
the free aircraft in Table VII.

The nominal pitch SAS response data at the 120°F temperature
are nearly identical to those obtained in the analog developmental
studies (Appendix I) shown in the right-hand column, The effect
of oil temperatures on the short-period response is not appar~
ent for the high-speed (130-kn) case., This is due to the fact that
the short-period response is well-damped and slow and is similar
for either the free or the augmented vehicle at the lower speeds,
whereas damping augmentation is needed at higher speeds. At
the 130-kn speed, the low temperature (60°F) reduced pitch damp-
ing to gusts and cyclic inputs to nearly that of the free aircraft, .
as noted in Table VII and shown in Figure 50. The high tempera-
ture (185°F) does not affect damping but does result in a greatly
increased system noise level, as shown by the boost trace in Fig-
ure 52,

The high noise level would be undesirahle, since it would induce
excessive wear in the mechanical linkages. However, in actual
operation, the oil temperature is not expected to reach 180°F, The
resulting vertical acceleration shown in the trace of Figure 52 is
about 0. 1 g at frequencies of 5 to 10 Hz. If this level of vibra-
tion were felt by the pilot in flight, it would be rated disagreeable.
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TABLE VI. TEST CONDITIONS
I
Speed Temperature
Axis (kn) {°F)
Pitch Hover, 130 60
Hover, 45, 85, 130 120
Hover, 130 185
Yaw Hover, 120 60
Hover, 60, 120 120
Hover, 60, 120 185
Roll Hover, 60, 120 120
Hover, 60, 120 185

TARLE VIL
=l

SUMMARY OF PITCH-ANIS GUST RESPONSES

Pitch 838

Vihaly s

Flight Free 'l‘t-mperat‘ure r
Condition Adrcraft 60} 120°F 185 Kesults
Hover
O /SH (%) 0.0 0,0 - ) 0.0
tagmisec) 4.2 4,2 - 40 4
45 kn
O/SH (™) 0,0 - 0.(() ’:3
t“O"'.(soc' &0 ) z6
85 kn N .
OfSH (7)) 10,0 - 5.0 - .0
(o 1.0 - 1.6 - 14
nom, (sec)
130 kn
O/SH () 35.0 12,0 17,0 20,0 10,0
Yagriidec) 0.5 O 05 0.5 07
b @

@
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Note, however, that the high noise level at hover does not couple
into the acceleration trace in Figure 47. This is explained by the
fact that acceleration is a function of airspeed:

y U . w
W:==06-=>
g 8
and
U = 0 at hover

Pitch-axis control power is evaluated by measuring the amount of
pitch deflection, 6, obtainable at 1 sec after a cyclic step input
of 1 in. Results obtained from closed-loop responses are simi-
lar to those obtained in the analog study and were found to be in-
sensitive to temperature variations.

Yaw Axis

Yaw-axis SAS damping of gust inputs is compared with that of the
free aircraft in Table VIII.

Yaw gust responses are similar to those of the analysis study but
have slightly more overshoot. The effect of oil temperatures on
yaw-axis damping is similar, Dutch roll damping approaches that
of the free aircraft at the low (60°F) te.nperature for the high-speed
case (120 kn), as shown in Figure 57. The effect of temperature
on yaw system noise is much less than that for pitch. A compari-
son of responses with 120°F (Figure 58) and 185°F (Figure 359)
shows equivalent noise levels in the yaw boost trace.

Yaw control power was evaluated by measuring the amount of
heading deflection (yaw angle), y, obtainable at 1 sec after
applying a 1-inch pedal input., Results of the closed-loop tests are
summarized in Table IX. The values are averages for right and
left pedal inputs and do not precisely match the results of analog
studies. Right and left pedal responses are sometimes quite
different in both amplitude and damping, as shown in Figures 53
through 59. The difference may be due to the pedal input device, which
could cause the summing amplifier to saturate in one direction if
the device is not precisely nulled. However, the results in Table
IX indicate that the use of a pedal position input consistently
increases yaw control power by a significant amount.

Roll Axis

Roll -axis damping (dutch roll mode) is primarily a function of the
yaw -axis SAS, as previously described. Roll-axis control power
is evaluated by measuring roll angle, ¢, at 1 sec after applying

a roll cyclic input. The roll rate and roll angle values summa-
rized in Table X have been normalized to represent a l-inch input.
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‘ TABLE VIll. SUMMARY OF YAW-AXIS GUST RESPONSES l

Yaw SAS
Flight Free Temperature Analysis
Condition Aircraft 6U°F 120°F 185°F Results
60 kn
0O/SH (%) 26.C - 23,0 23.0 14,0
t90%, (sec) 2.6 - 5.2 4.6 5.2
120 kn
O/SH (%) 35.0 25.0 10,0 10.0 7.0
Y907, (sec) 1.7 1.5 0.7 0.4 1.0

TABLE IX. YAW-AXIS CONTROL. POWER FOR 1-IN. PEDAL INPUT

Yaw SAS
Temperature Analysis
Flight Free ggfq 1,07 185°F Results
Condition Atrcraft ) NoPl Pl NoPTr Pr Yo BT IT
Hover
Y (deglat 1 sec 9.0 . - 7.0 13,0 8.0 12,0 17,0 10.0
60 kn
V (deg) at | sec 1.0 - - 5.0 13,0 6,0 11.0 6.0 8.0
120 kn
Y (deg) at 1 sec 6.5 7.0 9,0 80 9.0 6.5 11,0 5.0 7.3
*Pl = Pedal Input

TABLE X. SUMMARY OF ROLL-AXIS RESULTS
FOR 1-IN., CYCLIC INPUT
Roll SAS
Flight Free Temperature Analysis
Condition Aijrcraft T26°F 185°F Results
Hcver
6 ss'(deg/sec) - - - 24
¢ (deg) at | sec 40 20 24 24
60 kn
¢ 8s (deg/sec) 25 20 22 17
¢ (deg) at ) sec 18 14 15 12
120 'a
¢ 83 (deg/sec) 68 24 30 20
? (deg) at ] sec 30 16 20 14
~gg = Steady State
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The actual input values were 0.1 or 0.5 inch as marked on the
traces in Figures 60 through 62, The roll rate and roll angle
values are slightly higher than those obtained in the Phase I
studies. The response shapes and trends are similar and are
not overly sensitive to temperature changes.

Roll-axis ncise levels are only slightly increased at the 185°F
temperature.

SUMMARY

Closed-loop simulation results obtained on the three-axis hydrofluidic
SAS indicate that nominal transient response performance is nearly
equivalent to that indicated in the Phase I studies (see Appendix I).

The following items should be considered during flight tests of the
FSAS:

1. Recordings of helicopter responses with stabilizer bar
are desired for comparing operation of the FSAS with
that of the stabilizer bar,

2, The phugoid mode of the helicopter without stabilizer bar is
not stability-augmented by the FSAS. Analysis results indi-
cate that the phugoid mode in hover has divergent damping
for the free aircraft and aircraft plus FSAS with a period of
20 seconds or longer. Thus, hover control in flight may be
somewhat marginal depending on the validity of the analytical
model of the helicopter without stabilizer bar.
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SECTION VI
CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

This program represents a significant milestone in the development of
a major fluidic system. It is significant because the development was
carried through system hardware without going through a breadboard
phase. In addition, in designing to an "operational''-type specification,
many beneficial as well as adverse hardware conditions were uncovered
that could aid the designer in future hardware programs. This section
presents conclusions in three categories: (1) general program conclu-
sions; (2) items to be incorporated in future designs; and (3) items that
should be avoided in future designs.

General Conclusions

The following general conclusions are presented:

e Analysis to Hardware - Although the specification was not
completely met in terms of compensation over the entire
temperature range, and some deficiencies were uncovered
in the area of servoactuator peaking, it was shown to be
possible to develop final hardware from analytical study
specifications without gomg through a system bread-
board phase.

e Size Reductions - A hydrofluidic system can be packaged in
a compact envelope competitive with conventional systems
on a volume and weight basis,

¢ Temperature Compensation - Future hydrofluidic systems
can be compensated for temperature variations over a
desired temperature range without adding significantly to
hardware complexity. For simple systems it is possible,
with proper design of the vortex rate sensor alone, to
compensate the system for temperature variations from
90°F to 160°F,

e Built-in Test - It was demonstrated that hydrofluidic sys-
tems can incorporate BIT capability without complex cir-
cuitry.

e Power Supply - Testing demonstrated that the three-axis
hydrofluidic system can be mechanized into an aircraft-
type power system without interaction vetween the various
systems. The use of standard available pressure regula-
tion hardware will result in satisfactory system performance.
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For Future Design Use

The following items should be incorporated in the design of future sys-

tems:

System Back Pressure - Hydrofluidic systems should be

back-pressured to at least 100 psi when the pressure drop
acress the system is approximately 20 psi. This eliminates
effects of downstream plumbing and reduces the noise
generated by cavitation within the system. Whether the
back pressure can be changed for different system pressure
drops was not determined,

Orifice in Series With Amplifier Power Port - An orifice
directly under the power nozzle of an amplifier increases
amplifier noisc considerably. It was found that by placing a
number of layers of screen between the orifice and ampli-
fier, the noise was greatly reduced. This technique offers
a convenient means of reducing individual amplifier pres-
sures without increasing amplifier output noise.

Flow Split in Vortex Rate Sensor - It was found that the flow
split and secondary-to-primary sink diameter ratio in the
vortex rate sensor could not be larger than approximately
3-to-1. Larger ratios degraded sensor performance.
solution to this problem was to add an annulus -type outlet
just before the flow reached the primary sink inlet radius.
This technique can be used wherever it is necessary to
obtain a high-response rate sensor.

Nonlinearity of Bellows - It had been assumed originally that
standard bellows have a linear characteristic between dis-
placement and applied force. This was found to be erroneous.
With special forming and heat treating, it is possible to
obtain bellows with linear characteristics. All future pur-
chases of bellows should have a specification as to the
linearity required.

Servoactuator Deficiencies - Deficiencies were noted in both

the spool valve and vortex valve servoactuators used in the
program. Both types have problems in the area of the force
capsules that are presently used; they can be damaged quite
easily by pressure surges that can be encountered during
system startup. In addition, the vortex valve servoactuator
force capsules were susceptible to air entrapment, as no
"bleeds'' were incorporated,

Both types exhibited underdamped operation when run with
a hydrofluidic amplifier (peaking). In addition, the vortex
valve servoactuator exhibited peaking and nonrepeatable

performance at low-amplitude input signals. The method
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of applying the feedback to the flapper could be changed, or
possibly a stiffer flapper-force capsule combination would
solve both the force capsule and peaking problems. It is
felt that a higher pressure gain would solve the vortex valve
servoactuator low -amplitude input problem.

Avoid in Future Design

The following items should be avoided in future designs:

e Nonstandard O-Rings - O-rings with a small cross section
were used in this program to reduce the size of the system.
The end result was a negligible effect on overall size, but
a marked increase in difficulty of assembly, tolerance to
variations such as orifice disks placed under the O-ring,
availability, and sealing capability when used on large
plates.

e Epoxy Tape for Sealing and Joining - For pressures over
1000 psi, it was found that using epoxy tape to seal and join
a manifold is presently questionnuble. With more study it
may become a usable technique. Study is needed to deter=-
mine thickness of tape to use, the amount of load it can take,
and how large a surface should be between channels and between
the channels and edge of tne manifold. Future systems will
probably use the electroformed conductive wax (ECW) pro-
cess, used to fabricate amplifiers for the present system,
for the construction of most future manifolds.

e Orifice Disks Located Under O-Rings - The practice up to
this time has been to install orifices in the system by placing
0.005-in, -thick disks under the appropriate O-ring. This
creates two problems. One is a slight leak when the system
is subject to a high back pressure (1000 psi), and the other
is that the O-ring can be sucked out of shape when a large
flow passes through the orifice at startup. A different
technique of adding orifices should be used for the construc-
tion of most future manifolds.

o Large Plates With Many O-Rings - Large, flat plates with
many O-rings located across the plates make assembly diffi-
cult. Also, when the plates are subjected to high internal
forces, it is difficult to keep sufficient pressure on the O-
rings to prevent leakage. This problem is aggravated by
nonstandard cross-section O-rings.
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RECOMMENDATIONS

Two major recommendations are submitted as a result of experience
gained from this program:

1. On the basis of the performance demonstrated during
the closed-loop tests, it is recommended that the three-
axis fluidic stability augmentation system be flight-
test evaluated in a UH-1-type helicopter. The flight test
evaluation should include a comparison between aircraft
performance with the stabilizer bar and that with the
FSAS,

2. Further development effort should be applied in the areas
of temperature compensation, resolving servoactuator
deficiencies, and the use of the electroformed conductive
wax (ECW) process for fabricating most manifolding.
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