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Disclaimers

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

When Government drawings, specifications, or other data are used for any
purpose other than in connection with a definitely related Government pro-
curement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way supplied the said
drawings, specifications, or other data is not to be regarded by impication
or otherwise as in any manner licensing the holder or any other person or
corporation, or conveying any rights or permission, to manufacture, use
or sell any patented invention that may in any way be related thereto.

Trade names cited in this report do not constitute an official endorsement
| or approval of the use of such commercial hardware or software.

, Disposition Instructions
I Destroy this report when no longer needed. Do not return it to originator.
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SUMMARY

The objective of this contract was to develop quantitative information
concerning the reliability and maintainability of hydraulic fluidic com-
ponents and systems. This was accomplished by testing a feasibility-
model hydraulic single-axis stability augmentation system (SAS) under
conditions simulating actual flights of a UH-1B helicopter and, along
with 15 of each type of component making up the SAS, life testing under
environmental conditions of 0. 5-g and 2. 0-g vibration, temperature
from -30°F to +200°F, and cycling of the component input signals., Also
tested were 15 bistable amplifiers. The components were divided into
environmental and nonenvironmental groups, with the environmental
group divided into groups subject to 50-micron oil and 10-micron oil.
This made up the 15 components, five in each of the three groups.

The feasibility SAS and the components making up the SAS completed
the testing with no failures., While the bistable amplifiers did not meet
the failure limits, they still had enough gain to switch another like
amplifier. The results of this program show that fluidic components
and systems are very reliabe,

Since fluidic components appear to fail only in a wearout mode, more

components should be tested for longer periods of time to determine
their life and how they fail.
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FOREWORD

This document concludes a reliability program authorized by the U, S,
Army Aviation Materiel Laboratories under Contract DAAJ02-67-C-0003.
The Technical Monitor for this program is Mr. G. W, Fosdick. The
objective is to demonstrate the reliability of hydraulic fluidic components
used in helicopter aircraft. The program is a part of the continuing
effort by the U. S. Army to obtain stabilization systems for helicopters
that are reliable, lightweight, inexpensive, easily maintained, and read-

ily stored. The work presented in this report was initiated 21 December
1966 and completed 15 January 1968.
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SECTION I
INTROD' _TION

This final report describes the effort to demonstrate the reliability
of hydraulic fluidic components that make up a single-axis stability
augmentation system (SAS) plus hydraulic bistable amplifiers,

Fifteen sets of components were subjected to various environments
and oil contaminations for approximate test times of 3000 hours per
component and a total of 45, 000 hours per component type. A SAS
which was fabricated under Contract DA 44-177-AMC-294(T) was
also subjected to a number of simulated helicopter flights and then
subjected to the life test for the remaining time, From the data ob-

tained, the reliability and maintainability of the components and sys-
tems were evaluated,




SECTION II
RESULTS

RELIABILITY RESULTS

The Fluidic Reliability Program was successful in generating data
which provided further insight into the reliability and maintainability
of fluidic components and systems. These data are summarized in
Table I.

As a result of this program, it was concluded that the reliability of
fluidic components (and therefore, systems) cannot be evaluated
using conventional reliability techniques, since fluidic component
degradation does not conform to the e.ponential distribution with its
associated random failures but, rather, to the normal distribution
characteristic of wearout failures. Therefore, no degradation fail-
ures are expected until the fluidic component life approaches the
mean life of that type of component and the device physically begins
to deteriorate. Thus, tke component failure rate will essentially
remain at zero until wearout occurs. This is not expected to occur
until well beyond the normal operational or technological life of a
typical system and/or aircraft. In addition, no catastrophic failure
modes were identified for fluidic components. Fluidic components
may experience parameter shifts which might degrade system per-
formance, but they will not experience a catastrophic failure which
would result in complete cessation of system performance. This is
a distinct advantage over electronic systems,

To facilitate the estimation of fluidic system reliability and compari-
sons with equivalent electronic systems, a list of projected failure
rates was derived and used to prepare a yaw damper system mean-
time-between-failure (MTBF) estimate. This estimate was then used
to compare the potential reliabilities of the fluidic and equivalent
electromechanical yaw damper systems. These MTBF's are 83, 000
hours for the fluidic system and 9000 hours for the electromechanical

system,
Not enough data was generated, due to the lack of failures, to deter- q
mine repair time of fluidic components or systems. The repair

time is estimated to be two to four hours. This is higher than the

! estimate for an equivalent electromechanical system, but, when com-
bined with the high mean-time-between-repair of the fluidic system,
the overall maintainability and resultant fluidic system availability
will be superior to that of the electromechanical system.

iy e e . e, T
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TECHNICAL RESULTS |

This section contains a discussion of the various components and of
the feasibility system fabricated under Contract DA 44-177-AMC-
294(T).

Vortex Rate Sensor {

All 16 rate sensors had adjustable pickoffs, and, during the prelim-
inary tests, all 16 were adjusted so that the differential output signal
for zero input turning rate was zero. The null of the sensors varied
appreciably during the life test. The technique used in designing the
pickoffs was the same as that used in pneumatic units; however, )
because of the higher density fluid and, subsequently, the higher force ' 1
on the pickoff blade, this technigque should not be used in any future '
higher density fluid units. This was also substantiated by the sensor
work done on the feasibility system where a fixed blade was installed;
system null then remained constant. Even though null did not exceed
the failure limit during this testing, the null stability could be greatly
imprcved by installing a fixed pickoff blade. Noise from the rate
sensors, measured when mounted in the life test manifold, was quite
high in the £10 deg/sec range. The noise measured during the prelim-
inary checks when tested individually was approximately +2 deg/sec.
Again, using the information learned from testing the feasibility system
and from the life test, manifolding played a large part in the noise
measured at the sensor pickoff ports.

The initial performance tests were conducted holding the inlet pressure
constant and monitoring the total flow to each group of sensors. After
the first two weeks of running and after the performance tests were
made, the flow to each package increased. Since the sensor is a flow
device, the gain also increased. It was decided to change the input
criteria and to run each group of sensors at a constant flow, even though
the flow distribution to the five sensors would not be known., Testing

of the hydraulic oil showed that the viscosity decreased during the first
few hundred hours of the life test, which caused the increase in flow for
a constant pressure,

After completion of the life test, the units were disassembled and exam-
ined. The units running on 50-micron oil were quite dirty at the outer
diameter of the coupling element. (Only the 50-micron sensors were
like this. ) Examination of the contamination showed that it was Styro-
foani, the insulation used on the reservoirs and heat exchangers. The
pumping systems initially were run with no components installed. The
oil was then drained, the filters were replaced, and new oil was added,
which should have cleaned the pumping systems. At the beginning of the
life test, the filters did bypass; however, this occurred in both systems

4




and was not unique to the 50-micron system. Possibly, even with
the precaution of cleaning the pumping system, some contamination
initially lodged itself outside the main stream and, over a period of
time, due to the temperature cycling and vibration, dislodged the
contaminant and it got into the sensors. Most of the contamination
would go into the sensors, since they draw much more flow than the
other components.

The vortex rate sensors performed very well, regardless of the con-
tamination or environment, None of the units failed the life test,
either by a catastrophic failure or a performance failure. However,
the units could be improved by redesigning the pickoff to incorporate
a fixed blade, since it has been shown in the flight simulation tests
that the adjustable blade is not needed and does degrade the sensor
performance. An additional benefit of the flight simulation test is
that manifolding plays a major roll in the amount of noise the sensor
produces.

Proportional Amplifier

The nulls of the proportional amplifier varied a great deal. The
amplifiers were made approximately four inches square to facilitale
manifolding and testing, During the initial running of the amplifiers
in the manifolds, amplifier weeping occurred (oil slowly oozed from
between the amplifier plate and the top plate). The amplifiers were
removed, the plates were lapped again, and a thin film of vacuum
grease was applied to the top plate. (Gaskets cannot be used because
they extrude into the amplifier channels and affect the unit's perform-
ance.) The units still weeped, but at a lower rate. (The large sur-
face area of the amplifiers make it relatively impossible to seal the
units,) The leakage probably varied over the period of the life test,
causing the variations in null that were experienced. Much improve-
ment could be realized by reducing the contact area or by electro-
forming the amplifiers onto a mounting plate which eliminates all
leakage, internal or external (this method was successfully used for
the flight test model fabrication on Contract DAAJ02-67-C-0056.)

As with the rate sensors, it was necessary to test the amplifiers at
constant flow instead of constant pressure. However, with the amp-
lifiers, it was possible, with the original manifolding, to test the units
individually. This allowed the input parameters, flow and pressure,
to be monitored for each individual unit.

No proportional amplifiers failed any of the limits prescribed at the
beginning of the life test, Actual tactical units would perform even
better than the units tested under this contract, since it would not
be necessary to have any manifolding in the units, This would allow
the units to be made smaller with subsequent higher clamping pres-
sures, In fact, both this type and an electroformed amplifier were
subjected to pressures greater than 700 psig with no leakage.

5




Bellows

T}!e bellows performed perfectly throughout the life test. The 50-
micron units were accidentally overpressured early in the test and
were replaced. This overpressure could never occur in a system,
because the supply pressure in a system is only about 20 psig and

tests have shown that it takes 55 psig to damage the bellows. In

the life test, the 90-psig supply was throttled to approximately 2 psig.
There was also a valve on the return line to facilitate performance
testing. If the return line valve plugged momentarily, the bellows
would be subjected to 90 psig, more than enough to damage the bellows.

Trim Control Valves

The trim control valves on the 50-micron oil system ceased operating
immediately after they were energized with oil, since they had only
10-micron internal filters. The filters were replaced with 50-micron
filters, and the valves functioned properly for the remainder of the test.

The txjim control valves were purchased items and performed within
the failure limits throughout the life test.

Bistable Amplifiers

The program goal was to obtain bistable amplifiers compatible with
the other system components in terms of power consumption and
other operating parameters. It was not practical to design a hy-
draulic bistable amplifier using the wall attachment effect, since

it is necessary to have high Reynolds number flow through the
power nozzle. In this case it would have meant a very large amp-
lifier using a large amount of flow or, on the size finally selected,
using a very high pressure, It was possible, using the proper loads
and adding a cusp to the splitter of the amplifier, to obtain bistability.
The cusp provided internal positive feedback, causing the amplifier
to switch hardover after a certain input signal level was reached.
This allowed the unit to be no larger than a conventional hydraulic
proportional amplifier and to use no more power. .

The null and gain of the bistable amplifier varied widely during the
testing. A number of techniques were used to correct the problem,
but nothing changed the performance. An accumulator was added to
reduce noise; the units were tested under constant flow, under con-
stant pressure, in groups manifolded together, and individually.
Part of the problem was the same as for the proportional amplifiers:
leakage. Null and gain are interrelated for bistable amplifiers; if
the switch point changes, going from the right leg to the left, but
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does not change when switching back, the null which is the midpoint
between the two switch points will change. The gain, which is the
output divided by the difference between the switch points, will also
change.

It is believed that the gain variation, etc., was caused by chaiges in
the feedback from the cusp, by noise, or by other external flow and
pressure changes. It should also be noted that the gain never reduced
below the level necessary to switch another like amplifier.

Hydraulic Damper System

The hydraulic damper system, which was designed, fabricated, and
tested under Contract DA 44-177-AMC-294(T), was a feasibility

model to demonstrate that fluidic components could provide the proper
damping in the UH-1B helicopter. The system was reworked prior to
testing under this contract. During the initial checkout prior to the
flight profile simulation tests, the system exhibited a gain change of
approximately two when the rate sensor orientation was changed. This
particular sensor had never been tested in any other orientation and
was the first sensor to exhibit this phenomenon, After limited investi-
gation and to expedite the program, the sensor was replaced with one

of the life test units, To do this, it was necessary to change the system
manifolding; in the process, the system noise level became very

high. By reworking the manifolding and installing a fixed blade in the
sensor, the noise was reduced to a level below the specified limit. The
system was then subjected to thirty 2-hour cycles simulating the flight
environment of an actual helicopter. The cycle began with the oil and
ambient temperature at -25°F and concluded with the ambient tempera-
ture at +100°F and the oil temperature at +200°F, After the fifth cycle,
the mechanical trim valve moved, and it was necessary to renull the
system. During the performance test, after cycles 15 and 25, it was
necessary to clean the system because of contamination. The filter
was bypassing during the first part of the test and allowed contamina-
tion to enter the systein. Following the flight profile tests, the system
was mounted on the life test fixture along with the components. Another
1912 hours of time was accumulated on the system, at which time the
life test components reached the required 3000 hours and testing stoppeA
Summing operation times for the flight profile test, the initial testing
before the flight profile tests under this contract, and all testing done
under Contract DA 44-177-AMC-294(T) indicated an estimated total
exceeding 3000 hours accumulited on the feasibility system.

During the testing, the system had to be adjusted four times. The first
two adjustments concerned the needle valve trim control, which had to
be adjusted twice because it moved under vibration, This would not




happen in a production type system, because the trim would be fixed
orifices installed at the factory. The final two adjustments were
necessary because the filter had bypassed; therefore, the system
twice had to be cleaned of contamination. This was a maintenance
failure,which pointed out the need for suitable filtering,

From the preceding, the conclusion reached is that the hydraulic yaw
damper system performed very well and demonstrated that a high
level of reliability is possible.

CONCLUSIONS AND RECOMMENDATION

The results of this life test program support the reliability claims
made for fluidics in the past and provide guidelines for other con-
siderations in the field of fluidics.

@ There are no catastrophic failure modes inherent
in fluidic systems.

° Failures are not random as in electronics, but of
a wearout mode,

° Environments do not increase the number of failures
(other than those causing material damage).

e The vortex rate sensor can tolerate large amounts of
contamination in the fluid.

™ The vortex rate-sensor noise level is sensitive to
manifolding,

® The vortex rate sensor, when utilizing oil, should
incorporate a fixed blade to reduce null shifts and
noise level.

e Hydraulic bistable amplifiers must, for practical
applications, operate using other than the wall
attachment effect.

The components and feasibility system performed as expected, in

that they demonstrated a high reliability and tolerance for various
grades of contaminated oil. There was no detectable material wearout
trend.

et b ki dissshenadon o R " 3 o m " o N




b ST e

Since none of the components failed, and
failure would come only as a result of we
that a number of components,
be run for a number of years,
once every few months, a min
to conduct this type of test,

since it was concluded that
arout, it is recommended
approximately five of each type, should
If the components were checked only
imal manpower effort would be needed




SECTION III
RELIABILITY EVALUATION

This section provides insight into the operational reliability and main-
tainability of fluidic components and systems through an evaluation of
the test results, The evaluation will be in terms of the following
parameters:

Gross failure rates

Mean-time-between=~failure (MTBF)

Failure modes

Wearout performance degradation

Mean-time-between-repair

Repair time

GROSS FAILURE RATES (COMPONENTS)

e mma £ e o T

Achieved

The failure rates achieved by the fluidic components as a result of the
testing are considered to be "gross" failure rates, since statistically

within the time limits of the test, they can only approximate the order
of magnitude of the true failure rates of the fluidic components tested.
Failure rates are divided into two categories: catastrophic and degra-
dation,

Catastrophic Failure Rates

A catastrophic failure results in complete cessation of the in-
tended component function. Thus, the catastrophic failure rate
is applicable to catastrophic failures.

No catastrophic failures occurred during the component life
testing, the system life testing, or the system flight profile
simulation testing.

The three tests accumulated up to 3156 hours per compone_nt and
totals of up to 55, 859 hours per component type. Since failure
rates are expressed in terms of failures per hour and are calcu-

) A : - failures
lated using the equation, Failure rate = operating hours

achieved failure rate for zero failures is zero. The lack of
10

, the




catastrophic failures was not totally unexpected, Engineering
analysis of the components, coupled with past experience with
fluidics, led to the hypothesis that catastrophic failure modes are
not inherent in the fluidic components. The test results con-
firmed this hypothesis. The catastrophic failure rates of fluidic
components are, therefore, expected to approach zero, These
conclusions are entirely reasonable when the component designs,
the type of materials used, and the absence of moving parts are
considered.

Degradation Failure Rates

A degradation failure results in component performance outside of
established performance limits. Thus, the degradation failure
rate is applicable to degradation failures.

Degradation failures (failure rates) are of primary interest in the
determination of component and system: reliability for long-term
useful-life application. The degradation failure, however, is not
as readily identifiable as the catastrophic failure; therefore,
major emphasis is placed on the development of component fail-
ure criteria for the test, The goal of this effort is to establish
component failure criteria which could be meaningfully associated
with a useful system-design application, This system-design
association is necessary for the following two reasons:

e Arbitrarily chosen failure criteria may prove to
be wholly inadequate when an attempt is made to
apply them to a "'real life" design.

e Component failure limits may be more or less
stringent, depending upon in what type of system
the component is used, or even upon how it is
used in a particular system.

The Honeywell approach was to select specific damper system
mechanizations as models for the establishment of system failure
criteria., The final step was to equate the system failure criteria
to component failure criteria by assessing the effects of compo-
nent parameter variations on the overall system performance.
Two systems were chosen for analysis, They were the feasibility
model hydraulic yaw damper developed under Contract DA 44-
177-AMC=-294(T) and a future typical hydraulic damper system
developed through in-house design studies following the comple-
tion of the feasibility program.,

Three component parameters were chosen as representative of
component performance with respect to degradation. These were:

11
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e Scale factor (gain)

e Null

e Linearity
For most of the components, two failure limits were established
for the above parameters to ensure the identification and study of
those failure modes not already known and predictable. The first
limit was based on the performance of the feasibility system and
was used to indicate component degradation., The second limit
was based on the predicted performance of the future typical sys-

tem and was considered to be the point of component failure.
The derivation of the failure limits is presented in Appendix II.

The first failure limit for nul! was exceeded early in the testing
by both the rate sensors and the proportional amplifiers, The
reason for the null shifts was not readily apparent and was tenta-
tively attributed to a combination of the following factors:

e The feasibility nature of the devices

e Facility limitations

e Instrumentation and data analysis accuracy
The second failure limit was not exceeded in any parameter on
the following devices:
Rate sensor
Proportional amplifier
Bellows

Trim control

These devices, therefore, completed the life testing with zero
failures. All bistable amplifiers had parameter shifts which
exceeded the second failure limits. However, the bistable ampli-
fiers continued to operate as bistable devices throughout the
testing, Because the bistable failure limits have no practical
application meaning, no attempt was made to calculate degrada-
tion failure rates for the bistable amplifiers.

The conclusion reached is that the reliability (failure rates) of
fluidic componenis cannot be evaluated using conventional relia-
bility techniques. Component degradation does not conform to
the exponential (Poisson) distribution with its associated random
failures but, rather, the normal distribution associated with
wearout effects. That is, no degradation failures are expected
until the fluidic component life approaches the mean life of that

12
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type of component and the device physically begins to deterio-
rate, Under these conditions, the component failure rate will
remain at essentially zero until wearout occurs. The results of
the component life testing conform to the theory that degradation
is a wearout phenomenon,

Two problems associated with the wearout theory of fluidic com-
ponent reliability are:

e Determining the mean life and the failure density
distribution about the mean life,

e Evaluating data, life test or field operational, to
determine an estimate of the failure rate when
few or no failures have occurred and the mean
life has not yet been determined.

The latter is the situation which confronts us in the case at hand.

The mean life of fluidic components is estimated to be high enough
that wearout will not occur until a point in time beyond the
expected useful life of the components (see Figure 1), giving a
useful life-degradation failure rate of zero. However, it is de-
sirable to have failure rates for fluidic components for use in
making system reliability estimates, for estimating maintenance
requirements, and for comparative analysis of fluidic and non-
fluidic systems. Therefore, to provide a current best estimate
of the fluidic component degradation failure rates achieved during
the test, it will be assumed that degradation failures are expo-
nentially distributed and that conventional reliability analysis
techniques may be applied. The failure rates so derived are
presented in Table II along with the achieved or demonstrated
failure rates of zero. The achieved rates are failures/hour.

The Poisson rates are failures/hour with 0. 7 failure assumed

(50 percent confidence level) for zero failures. It should be noted
that the failure rates are a function of the number of test hours
and the number of failures experienced, Confidence increases
with hours and failures.

MEAN-TIME-BETWEEN-FAILURE (MTBF) SYSTEM

Achieved

System Testing

The fluidic yaw damper system accumulated a total of 1912 opera-
ting hours without a chargeable failure during the flight profile
simulation and life tests. Using standard reliability equations,

13
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MTBF = F:Iicl)ﬁ;:s = 19012 , gives an undefinable value, or a MTBF
of at least 1912 hours. There were no signs of performance degra-
dation; therefore, the system life and MTBF are expected to be
much higher than is shown by the testing conducted to date, This
presents the problem of attempting to estimate the true system
MTBF. If it is assumed that system degradation failures are ran-
domly distributed (exponential distribution), the standard reliability
techniques can be applied. Thus, the 1912 hours of test experience
will give a best estimate of MTBF of 2730 hours. It should be
again noted that this MTBF figure is a function of, and limited by,
the number of test operating hours, and the only way of demon-
strating a higher MTBF is through accumulation of thousands of
hours of operating experience,

An important facet of fluidics, which was demonstrated during the
system (and component) testing, is its immunity to environmental
changes as discussed in the preceding section on components,

This is important from the viewpoint of reliability because it
indicates that laboratory test experience can be related to aircraft
or field operations without the use of application factors. Relia-
bility numbers (MTBF, failure rate, etc.) which are generated via
laboratory testing may be considered to be field achievable.

Synthesized System Testing

To further evaluate the system aspects of the test program, seven
systems were synthesized from the life test components, The sys-
tems consisted of one rate sensor and two proportional amplifiers,
the gain components of the future typical system. The systems
were selected by component number with the selection order deter-
mined with the aid of a random numbers table. The scale factor
(gain) was selected as the parameter which was most representa-
tive of system performance. The change in scale factor, from the
initial value, for each of the components was then plotted for each
system. The calculated system gain changes were superimposed
on the same graphs to show the combined effect of the three com-
ponent gain changes. These graphs are presented in Figures 2
through 8. All synthesized system scale factor changes were with-
in the system failure limits of +36,0 percent change from the
initial value., The average change for all data points for the seven
systems was 6.9 percent, The maximum change at an individual
data point was 27, 0 percent,

The synthesized systems accumulated a total of 24, 686 hours with-
out failure. If this time is then combined with the actual system
testing, a total of 26, 555 iours and zero failures were accumulated.
This experience gave a besi estimate of the achieved MTBF of
37,997 hours.

16
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Comparison of Electromechanical and Fluidic Damper Systems

System schematics of the electromechanical and fluidic yaw dampers
used for this comparison are shown in Figures 9 and 10 respectively.
The predicated MTBF'!'s for these systems are 9000 hours for the elec-
tromechanical system and 83, 000 hours for the fluidic system. These
MTBF''s are developed in Tables III and IV. The electronic component
failure rates are Honeywell rates which are applicable to aircraft sys-
tems. The fluidic component failure rates are Honeywell projected
rates from Table V.

The projected failure rates were derived mainly through the develop-
ment of analogies between fluidic and pneumatic components and
hydraulic and hydromechanical components, and applying available
failure rates from these components to the fluidic components. They
were developed because it is desirable to be able to estimate the poten-
tial reliability of fluidic components or systems without waiting for
reliability to be proved by test and/or operational experience. Demon-
strating reliability (failure rates) to the level expected of fluidic com-
ponents will require millions of test and/or operational experience
hours, whether considering wearout or random failures,

The confidence that Honeywell has in the soundness of the philosophy of
projected failure rates and in the reasonableness of the numbers selec-
ted is not based entirely on the subject test program. Previous fluidic
programs have supplied, and are now supplying, data on both the opera-
tional life and the failure rates of fluidic components. Fluidic logic ele-
ments have accumulated 1, 450, 000 field-operation hours with opera-
ting times up to 10, 600 hours in a high-vibrational environment without
failure. This gives a best-estimate failure rate of 0. 048 percent/1000
hours. A proportional and a bistable amplifier have each been opera-
ting for over two years (18, 700 hours) on unfiltered shop air without
failure. Admittedly, these devices are different than those tested in
this program, and the operating environments are different. However,
data such as this is the start of a data accumulation which will eventu-
ally prove that fluidic devices are indeed as reliable as they are now
predicted to be. More specifically, the data generated by this fluidic
reliability program and the other programs mentioned serve to demon-
strate that fluidic devices and systems have advanced to where they may
now be applied with confidence to aircraft systems.

u1 addition to the obvious MTBF advantage, the fluidic damper has other
less apparent advantages over the electromechanical damper. The

first concerns the potential MTBF in the helicopter environment, The
Honeywell failure rates are known to be applicable without application
factors in general aircraft environments, and the same assumption is
made for the helicopter environment, However, the helicopter environ-
ment may adversely affect the rate gyro, an effect expected to increase
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TABLE V. PROJECTED FLUIDIC COMPONENT
FAILURE RATES

Fluidic Component 411005‘ Hours

Amplifier, Bistable 0.05
Amplifier, Proportional 0.05
Capacitor, Fluidic (Bellows Type) 0.1u
Interconnection 0.002
Sensor, Rate 0.10
Valve, Adjust (Variable Orifice) 0.25

the failure rate. That is, there is a high probability that the actual
electromechanical damper MTBF will be lower, rather than higher,
than the predicted MTBF, The fluidic damper MTBF, however,
will not change if the helicopter environment is worse than expected.
The second factor concerns maintainability. The electromechanical
damper has components which have a limited life and require sched-
uled maintenance.

The preceding discussions show, from both a reliability and a main-

tainability viewpoint, that the fluidic yaw damper is superior to the
electromechanical yaw damper as used in the helicopter environment.

FAILURE MODES

Catastrogphic

The catastrophic type of failure, which can cause almost instantaneous
loss of system performance, did not appear as a failure mode during
the fluidic system and component testing.
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The only two types of failures which could conceivably be considered as
catastrophic, and both would result from an external cause, are:

e Blocking of a passage, port, or nozzle by a large
piece of contaminant

e Rupturing of a supply or signal line

However, neither of these hypothetical failures has a very high proba-
bility of occurrence. The first failure is prevented by fluid supply
filtering, while the second is prevented by using proper design and
packaging techniques,

The conclusion reached is that the probability of a catastrophic failure
occurrence in a fluidic system is so low that the catastrophic failure
may be considered to be a nonexistent failure mode for all normal
fluidic system operating conditiens,

Parameter Shifts

Parameter shifts, as expected, were experienced on all devices., How-
ever, they were generally less than the established failure limits and
did not display a trend. The observed parameter shifts included the
instrumentation reading and data analysis errors; therefore, the actual
parameter shifts were probably less than those indicated. Table VI
lists the average and maximum observed component parameter shifts,
Table VII lists the maximum observed sysiem parameter shifts during
the flight profile and life testing phases. For comparison purposes,
the allocated failure limits for the perfcrmance parameters are also
listed. The derivation of the systcma faiiure limits and an explanation
of their relationship to the components is presented in Appendix II.

WEAROUT-PERFORMANCE DEGRADATION WITH TIME

Wearout or performance degradation with time was not observed

during the component testing, Analysis of the life test component per-

formance parameter data confirmed this conclusion. That is, no param-

eter shifts were introduced as a resnlt of the exposure to the test envi-

ronments, These environments included device ambient temperature
ycling, fluid temperature cycling, vibration, continuous input cycling,

and two levels of hydraulic fluid contamination.

The average change from the initially measured value was plotted for
all component parameters for which failure limits were assigned. The
maximum positive and maximum negative changes from the initial value
were also plotted for each data point (performance test). These plots
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TABLE VII, OBSERVED SYSTEM PARAMETER SHIFTS

Maximum Failure
System Performance Parameter Shift Limit
Flight Profile Amplitude Ratio 31, 44 136. 04
heigk Scale Factor 24, 5% 136, 04
Linearity 4,54 +15. 04

Null 0.025 in, + 0,075 in,

Phase Angle 36 deg Max 50 deg Max
Life Test Amplitude Ratio 34. 0% 136, 04
Scale Factor - - 136. 0%
Linearity * S 115, 0%

Null * - - + 0,075 in,

Phase Angle 40 deg Max 50 deg Max

*
System not checked in shorted hi-pass condition

are Figures 11 through 20. No trends were apparent in any of the
parameters, either average or maximum curves, for any of the compo-
nents. It was this absence of trends which allowed the conclusion that

there was no performance degradation during the testing.

N CSAN-TIME-BETWEEN-REPAIR

The mean-time-between-repair (MTBR), or more appropriately, mean-
time-between-maintenance-actions, is an important factor in evaluating
a system, because it (and repair time) determines the maintenance
effort associated with a particular system. A system which derives its
reliability at the expense of high maintenance may provide less system,
and thus aircraft,availability than one with a lower reliability but
less total maintenance.
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