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SUMMARY

This report presents th. results of a reliability evaluation
of a flightworthy, compact, lightweight three-axis
mechanical stability augmentation system (MSAS) for heli-
coptzrs., The MSAS cousists of the DYNAGYRO, a two-axis
coulomb damped gyroscope, and the Heading Assist Gyro, a
single-axis spring-dampad rate gyroscope. As part of this
program, a protctype flightworthy model of the MSAS was
designed, fabricated and extensively tested to evaluate the
reliability and maintainability of the system. The results
of these tests have demonstrated that the MSAS has excellent
stability sugmentation characteristics, is mechanically
reliable, and is easy to maintain,
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FOREWORD

The work reported herein is part of a continuing effort by
Dynasciences Corporation to provide V/STOL aircraft with a
stabilization system that is reliable, lightweight, compact,
inexpensive, and easy to maintain., This work was performed
for the U. S. Army Aviation Materiel Laboratories (USAAVLABS),
Fort Eustis, Virginia, under Contract DAAJ02-67-C-0029, Task
1F162204A13905, during the period from March 1967 to December
1968.

The brogram was under the congizance of Mr. George Fosdick,
U. §S. Army project engineer, whose many contributions toward
successful accomplishment of this work are gratefully acknowl-

edged.

The following Dynasciences Corporation personnel contributed
to this program:

Mr, M. George, Program Manager

Mr. E. Fraundorf, Test Engineer

Mr. R. R, Kenworthy, Senior Design Engineer

Mr. E. Kisielowski, Deputy Director, Aero Research
Mr. H. G. Somerson, Director of Engineering
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I. INTRODUCTION

Most of the present-day helicopters‘require some kind of
stability augmentation, which can be provided by either
mechanical or electronic stabilization systems.

The mechanical stabilization systems which are known to be
quite reliable are generclly externally mounted, bulky, and
very heavy. These systems provide stabilizing signals to the
helicopter control system by means of a gyroscope or a bar
system incorporating either aerodynamic or viscous dampers.
On the other hand, the electronic stabilization systems which

can be light in weight are highly complex, costly and require
highly skilled maintenance personnel.

It would be desirable to provide a stability augmentation
system that would possess the high reliability character-
istics of current mechanical systems and the lightweight
characteristics of current electronic devices. As part of a
continuing effort to develop such systems, the Dynasciences
Corporation has recently demonstrated the feasibility of a
lightweight, compact, internally mountable mechanical system
known as the Dynagyro. In the Dynagyro design, the inherent
problem of miniaturizing the damping of a mechanical system
has been bypassed through the use of a coulomb (friction)
damped gyro which has been satisfactorily miniaturized.

Under prior contract, a pilot model of the Dynagyro two-axis
miniaturized stabilization system has been constructed and
extensively bench-tested to evaluate the concept.

On the basis of the promising results obtained from the bench
test model of the Dynagyro, the U.S, Army Aviation Materiel
Laboratories entered a follow-on contract with Dynasciences
Corporation for the construction and reliability evaluation
of a flightworthy three-axis mechanical stability augmentation
system for helicopters. The system utilizes the two-axis
Dynagyro’ to provide for stability augmentation in pitch and
roll in conjunction with the single-axis damped rate gyro to
provide for stability augmentation in yaw.  Both the Dynagyro
and the single-axis Heading Assist Gyro have been sub jected
to extensive endurance tests (1000 hours for the Dynagyro and
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£25 hours for the Heading Assist Gyre) to establish the
reliability of the overall system. The system character-
istics and the results of the relighility evaluation are
described in the following section of this report.
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II. SYSTEM DESCRIPTION

The Mechanical Stability Augmentation System (MSAS), shown
installed on the test fixture and in exploded views in
Figures 1 and 2, respectively, consists of a coulomb-damped
two-degree-of -freedom gyroscope (Dynagyro) and a single-axis
spring-dsmped rate gyroscope (Heading Assist).

A detailed description of the Dynagyro concept is presented

in Reference 1. The Dynagyro is a hydraclically powesrd
gyrascope spinning at a high rotationsl speed. Within the
gYro wmass, and rotating with it, are friciion dazpers wvhich
ave hinged to a rotating dut nontiiting plane. The friction
force genersted between the dampers and the gyro mass provides
a restoring moment tending to return the gyro to its equilib-
rium positioca.

The coulcab-dsaped gyro senses the change in aircreft angular
displacement, an provides a corrective ioput to the aircraft
control system through a pover boost sctuatur snd mixing
1ickages

The Heading Assist Cyroscope is also powered hydraulically.
The major components of the drive system consist of a
planetary gear transaission and a universal joint. The step-
up transmission is capable of prcviding the gyro spin velocity
in excess of 3000 rpm, vhick i{s the desizn limit of the
universal joint. Other major of the Hesding Assist
Gyro include s torsional leaf spring, for centering, and a
viscous damper. Unlike the Dynagyr -, the Heading Assist Gyro
senses the chinge in aircraft sngular rate rather than the
charge in aircrzft anguiar attitude. The signal is integrated
into the aircraft control gsystem through a control boost
actustor gnd mixing linkeges in a msmer similar to the
Dyragyro.

The integration of the MSAS in a typical helicopter control
system is schematically presented in Figure 3. Although this
figure represents the NTAS control mixing for the longftudinal
cyclic control system, it is equally representative of the
lateral and directiona! contrcl systeme. The longitudinal and
latersal cosutrol inputs, i.e., stability augmentation in afr-
craft pitch and rcli, are provided by the Dynagyro, while the
Heading Assist Gyro provides stability augmentation in afrcraft
yaw.
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In order to introduce the gyro control input into the heli-
copter control system, as shown in Figure 3, it is necessary
to reduce the pilot's control to the swash plate such that
with the integrated system the sum of pilot and gyro imput
motion equals the maximm pilot imput prior to integration.
This is accomplished by modifying the pilot's input lever

(see Figure 3) to permit the ingertion of a cosmbiving lever
pivoted about a fixed point. In conjunction with the cosbining
lever, a parallelogram linkage is provided which mixes the
gyro input with the pilot input, With this configuration, sn
input by the gyro, with the pilot stick fixed, moves the
output lever through the parallelogram linkage. Conversely,
with the gyro fixed, an input by the pilot moves the output
lever by an amount proportional to the pilot's authority ratio.
The ratio of gyro to pilot control motion,as well as the
damping requirements on the MSAS, is determined by an analog
simulation of the coupled aircraft-controller aystem.

The specifications of the MSAS are summarized in Teb%e I.
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The computer achematic of the equaticn of motion is presented
in Figure 4. The numerical values of helicopter stability
derivatives used in the equations of motion were evaluated
using the theoretical methods of Reference 2. These values
which are herein presented in Table II, apply to the 269-A
helicopter equipped with the MSAS.

Since the 269-A helicopter has been shown to possess neutral
stability characteristics at high forward speeds, the analog
simulation was performed for a half-tail configuration. The
reduction in tail surface area of the helicopter provided for
a more effective evaluation of the stability augmentaticn
characteristics of the MSAS at high forward speeds.

Although the present analog simulation study specifically
applies to the 269-A helicopter (including a half-tail
configuration at high speeds), the basic design of the MSAS

is applicable to a wide range of helicopter configurations.
The application of the MSAS to a diffzrent helicopter requires
minor modifications in the damping rates of the system and

in the degree of mixing ratics of the gyro control inmputs.
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Figure 4. Analog Computer Schematic.
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TABLE II - Coatinued
(d) V=35 knots

Varisdle X Y z L vy N
a -15%.7 - 1823.8 - -148.62 -

! # - - - - -622.61 -

‘ a - - - - -3 -
- -1.79 - 47.11 - 19.003 -

r ® -47.67 - - - - -

| v 4 -1.78 - ~6.40% - 13.1%
v - -47.67 - - - -

‘ 4 - 1535 - - - -
® - -310.56 - -583.43 - 62.74
¢ . ; . -ne ] )

4 - -115.68 - - - -
& - -2804.2 - 21.79 - -22.8
v - - . - - -252
B8, P¥7 - -1823.8 - -8760.2 .
- - = -30.86 - 2.515 -
w - - -47.67 - - -
rlu.ngc B 1535 - 8915.8 - -640.1
Fm,a,,,_ - -627.0 - -$65.7 - 8966.9
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TABLE II - Cortinued
(c) VY™ 70 knots
arisble X Y y 4 L M N
a -1481 - 4168.7 - -180.62 -
a -569.96
d -373
v -2.20 - 0,293 - 11.68 -
;-, -47.67 - - - - -
v - 2,045 - -6.85 - 16.22
v - -47,.67 - - - -
$ - 1535 - . - -
45 -  -621.78 - -584.26 - 73.086|
é - - - -219 - -
¥ - 142,76 - - - -
¥ - -5608.2 - 27.65 - -273.9
v - - - - - -252
B . By 1481 - -4168.7 -~  -8565.8 -
If‘ls A - 1535 - 8915.8 - -640.1
W - - -35,33 - 1.53 -
W - - =47.67 - - -
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B, ANALOG COMPUTER RESULIS

Typical analog simulation results showing the response of the
MSAS-equipped 269-A helicopter are presented in Figures 5, 6
and 7 for hover, 35 and 70 knots, respectively. Figures 5(a)
and 5(b) present analog time histories of the longitudinal
and lateral responses of the unstabilized 269-A helicopter,
while Figures 5(c) and 5(d) present the longitudinal and
lateral responses of the 269-A equipped with the MSAS. These
responses were excited by l-second pulse inputs of l-inch
stick deflection of the longitudinal and lateral cyclic
controls By, and Ay, respectively.

Examining Figures 5(a) through 5(d), it can be seen that in
hover the unstabilized 269-A helicopter exhibits highly
divergent oscillations both in the longitudinal and lateral
degrees of freedom; whereas, the MSAS stabilized helicopter
exhibits completely stable characteristics. Similar trends
in overall stabilization effectiveness of the MSAS can be
seen in Figures 6(a) through 6(d) and Figures 7(a) through
7(d) for 35 and 70 knots, respectively.

C. PARAMETRIC EVALUATION

In order to determine the optimum MSAS configuration for the -
Hughes 269-A helicopter, a parametric evaluation was performed
by varying the geometric parameters of both the Dynagyro and
the Heuding Assist Gyro. The parameters varied were the
Dynagyro damping rate R, the Heading Assist Gyro damper/spring
constant ratio k;/Cp, and the pilot to gyro authority ratio.

Figures 8 through 18 show the effect of variation of the
stabilizer of the Dynagyro and the Heading Assist Gyro on the
dynamic stability characteristics of the 269-A helicopter.
Specifically, Figures 8, 9, and 10 show the effect of the
Dynagyro damping rate on the helicopter time to half amplitude
in pitch and the period of oscillation for different pilot to
gyro authority ratios at hover, 35 and 70 knots, respectively.

Figures 11, 12, and 13 show the effect of the Dynagyro damping
rate on the helicopter time to half amplitude in roll for
different pilot to gyro authority ratios at hover, 35 knots
and 70 knots, respectively.

18
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Item Punction Marufacturer

A Shtoff Valve Barksdale

B Check Valve Spartan

C Flow Regulator Marsh Iastrument
D Flow Senzor Servo Systems

M Hydrzulic Motor Whitehead

Figure 20. Bloc’ Diagram of the MSAS Hydraulic System.
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ant sinpsocidgl motions bhaving » meximm ssplitude of +20°
could be attained.

The tadle was driven by & bydraulic servo actuator vhose
sionscidal motions sere controlled with s function generator.
Step inputs were accomplished manually.

3. Actugtor Coctrol Force Simmlators

The sctustor force sisnlation was sckivved with spring losded,
caliper type, nyion friction pais acti=g =gainst the idler
bellcrank. The force exerted by these pads was a function of
the spring preload. Coatyol ferces for a given Test point
were set 9y changing the prelosd via a threaded plunger.
Table III presents the sagnitudes of the cuetrol forces used
during this evalustion. The couatrol force requirenects of the

MSAS were based on data cbtained from tests of boost actuators
(Refereace 1) during a previvs comtract.

4. Instrumeststiocn

The major components of the MSAS test instrumentstioa consisted
of a Eanction gemerator, gyro ocutput seasors, an automated
control penel sod an cscillograph recorder. A schematic of
the instrumentstion system Iis given in Figure 21.

a. FPuonction Cenerator
The function generator, Hewlett Packard Model 202A,
provided simuscidal motion and varying

frequency
ioputs through an asplifier circuit to the servo
controlled actustor driving the tilt table.

b. Output Sensors

The gyro output sensors and their related functions
are givm in Table IV.

The gyro position potentiometers were mechanically
coupled to the Gyro control output rods and driven
by the idler bellcranks through parallel linkages.
Electrical outputs from these senscrs were coupled
to the oscillograph through appropriate series and
damping resistors.
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TABLE IV
MSAS LASTRUMENTATION SUMMARY

Frequency Generator

[Heading Assist Gyro

lvaw position Bourns #3585-10K

Potentiometer

Yaw link force Strain Gage Flexure
350 -ohm Bridge

RPM Electro Products #3055
Magnetic Pickup

Table position Helipot J SP~-CT-RS
10K Potertiometer

49

Punct{oo Sensor Type tion

Dycagyro

Pttch position Bourns #3585-10K 8.2 deg/in.
Potentiometer

Pitch link force  Strain Gage Flexure 1000 gm/in.
350-ohm Bridge

201l position Bourns #3585-107 8.5 deg/in.
Potentiometer

Boll link force Strain Gage Flexure 1000 gm/in.
35G-olm Bridge '

RPM Elestrc Products #3055A 2190 rpm/in. .
Magnetic Pickup

Hydraulic flow Waugh #FL-65B 1.143 gm/iu.

8.3 deg/in.
1500 gm /in.
8760 rpm/in.

10.2 deg/in.




C.

The control force sensors were "CT sectior strain
Iinks connected in series with the gyro gimbsl and
idler bellcrank. The sensing element for each link
consisted of a 350-om four-gage bridge whose outputs
were coupled to the c.cillograph through the Bridge
Balance Control Unit.

The rotational specd of the gyros was mcasured using
self-energizing Electro Produrts magnetic pickups,
Model 3055A. Their output was monitored on the
control panel meters and recorded by the oscillograph
(Consolidated Electvonics Model 5-114P%-18).

Hydragulic fluid flow was messured with a Waugh Model
F1L-65B flow sensor which was coucpled into the
bydrgulic return line immedistely following the flow
control needle valve. The flow of either gwro was
selectively monitored by installing the sensor in the
appropris e return line,

The tilt table pocition sensor was directly coupled to
the pivot axis of the table. Electrical hoockup was
basically the same as that of the gyro position
potentiometers.

Coatrol Pgnel

The control panel contained the recording fnstrumenta-
tion and control system for continuous and remote
recording and operation of the test apparatus. The
nensor circuits contained in the control panel are
the single-axis gyro position and rpm, the two-axis
gyro rpa and the hydraulic flow sensor circuit. The
cemginder of the circuitry is related to the automatic
calibration and recording, a hydraulic cutoff circuit
and a ruming time meter.

The system calibratfion and test data were recorded
automatically at hourly intervals for the cycling
portions of the test. Step inputs were corducted
manually through the use of override circuits which
provided for manual operation of the oscillograph.
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An automatic hydraulic cutoff circuit was provided
keyed to gyro rpm, wvhich shut off the cosplete syctem
1t rpm deviated +10Z from the test value.

B. DATA ACQUISITION AND ARALYSIS

1. Test Procedures

The reliability evaluation test procedure consisted of con-
tinucuis operation of the MSAS while it was subjected to
varying excitation amplitudes and frequencies simulatirg
representative aircraft motions. The endurance time zccumu-
lated by the Dynagyro and Heading Assist Gyro while operating
under a variety of simulated helicopter flight conditions is
2ummarized in Table V.

Time history traces of the MSAS due to sinusoidal excitation
of the tilt tabie were automatically recorded at hourly inter-
vals, while the step input excitations were ap)ltied manually
on an average of three inputs per day.

Visual inspectiun of the system was conducted daily. In the
event that a failure was suspected or apparent, the test was
discontimied until the cause was determined and the corrective
action fncorporated. The chronological history of the test
program is summarized in the Appendix.

2. Data Reduction

Typical oscillograph recordings of the Dynagyro and Heading
Assist Gyro response due to step and sinusoidal finputs
obtained during the test program are presented in Figures 22
through 25.

The Dynagyro step responre data, such as presented in Figure
22, were utilized to deteraine the gyro damping rate R. This
parameter was obtzined as a time rate of change of the gyro
pitch attitude. The sinusoidal response data, such as shown
ir Figure 23, were used to monitor control link force, pre-
cessional coupling, and gyro and table amplitudes.

The Heading Assist Gyro step response data shown as an expo-

nentfal decay curve in Figure 24 were used to obtain the
damping characteristics of the gyro; 1.e., the spring rate -

51
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TABLE V

ISST HOUR SIMMARY OF MSAS

Table Awplitude 5+ #0° +15° +17.5°

TPP—— i

. Dynagyro
Frequency (cps) | Hours Hours Hours Fours Total Hour

0.5 225 200 50 25 500
1.0 225 200 50 25 500

Heading Assist Gyro

0.5 225 200 50 25 500
1.0 _ 225 100 325

b4 L e o s
.

M
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Time Hiztory Response of the Dynagyro

to a Step Input.

Figure 22,
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specific damping ratio, k;/Cp. The sinusoidal response date

(Figure 25) were used to monitor control link force, gyro and

table attitude as well as phase angle between the gyro and
the tilt table attitudes. :

C. TEST RESULTS

This section presents a summary of the measured operational
characteristics of the MSAS together with a discussion of
the system's religbility. The most important operational
characteristics of the MSAS are.the damping rate and
precessional coupling of the Dynagyro, and the damping rate
and phase angle of the Heading Assist Gyro.

L. Dymagyro

The time history data obtained during the reliability tests

were analyzed to obtain Dynagyro damping rates and precession
coupling due to simulated control force inputs.

The measured damping rate data are summarized in Figure 26
as a function of running hours accumulated. A distinction
is made in the data presentation between the types of tilt
table input conditions for which the datum points were
obtained. During the 1000 hours of tests, the damping rate
averages 0.0985 rad/sec,with maximum variation of +14%.
Based upon the analog computer results, this satisfies the
requirement- of the system.

Gyroscopic coupling data for simulated control inputs

applied to the gyro are presented in Figure 27 as a function
of running hours accumulated. The coupling observed was
approximately 4% at 0.5 cycle per second table excitation
frequency. At 1.0 cycle per second, the .precession is
reduced to approximately 2%. The reason for this can be seen
by examining the expression defining the maximum gyro
precession for a sinusoidal excitation:

(8) - (IEYA)M (10)

8 '8‘1‘27‘%nax
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From equation (10), the coupling ratio 8/? is seen to be
inversely proportional to the jnput frequency (wy). Although

the applied control force (Iya) is increasing with (wy)
(TablgpIII), its rate of 1ncréaggu&s less than the incregse

1in excitation frequency. Consequently, an overall decrease

in gyroscopic coupling occurs with increased excitation
frequency. The amount of coupling obtained during these tests
correlates with the average design value selected, 5%.

All other variables monitored during the Dynagyro Reliability
tests were reviewed for consistency and repeatability. These
variables, which include gyro rpm, hydraulic flow rate and
control force, remained unchanged during the tests.

y Head;ng Assist Gyro

The damping rate for the Heading Assist Gyro is defined as
the ratio of spring rate kg to specific damping coefficient

Cp. This ratio can be obtained analytically by solving the

| - rate gyro equation of motion, equation (9), for q =7P(0),
where P{0) 1is unit pulee function at t = 0. The resulting
equation is

5" 7 '(Ukﬁ)f (11)

)y where 1 1s the time varying gyro attitude and 7q is the
1 initial displacement of gyro attitude.

| Experimentally, time histories of step inputs obtained during

1 the reliability evaluation of the Heading Assist Gyro were
processed to obtain the slope of the exponential dacay of the
gyro attitude. When plotted on semilogarithmic coordinates,
this slope is the damping ratio kg/Cp. Test results obtained

are summarized in Figure 28 as a function of running hours
accumulated., From this figure, it can be seen that the
damping rate average is 0.33,with variations of +7% over the
total test hours accumulated.
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The Heading Assist Gyro phase angle between input rate and
output position can be obtained analytically by solving

the gyro equation of motion, equation (9), for a sinusoidal
forcing function (i.e., q = A Sinwt).

This results in the following function after describing the
gyro attitude response:

1 w2 -(kg/CD)t

"= A “J"D“;_ e . @Sin @t -
kllcl))'"v 1 U! . 4 &~ w

",/ il GUCB)

(12)

-1 _®

y=-rtae kg (13)

The phase angle ¥, 1s defined as the lag angle between the
input angular rate and the gyro attitude. For the actual
time history data obtained, the phase angle is the time lag
between gyro positicn and the intz2gral of the angular rate
input (table attitude). As such, the position phase angle 43
becomes

-1 @
¥p =tan "k Jo; - 90° (14)

The experimental values of position phase angle obtained are
summarized in F.zgure 29 as a function of running hours
accunulated. Superimposed upon this figure is the theoretical
curve for *b based on kg/Cp = 0.33. It can be seen from

these results that the phase angle measured varies within
+3° due to experimental errors believed to be due primarily
to higher harmonics generated by the tilt table.
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Position phase angle as shown in Figure 29 is regative, which
in this case indicates that the gyro attitude laads the tabl-
attitude.

D. MECHANICAL EVALUATION OF THE MSAS

The MSAS was subiected to a 1000-hour operational test using
simulated aircraft motion iaputs to evaiuate system maimtain-
ability, reliability and life expectarncy. A chromological
history of the system performance obtaimed is given in the
Appendix. Problem areas encountered and corrective action
taken during this evaluation -~re summarized below.

1. Operational Problems and Lolutions

a. Dynagyro

The only major operational problem encountered during
the mechanical evaluation of the Dynagyro was related
to the damper rod and track assembly.

During early operation of the Dynagyro, the damper
rods rotated in their mounting pivots. This was

attributed to two factors; namely, rotation due to
windage and rotation during static handling. The
problem was corrected by modifying the damper rod
design, which incorporated stops,limiting rotation to
approximately +10°. This corrective action,performed
after approximately 350 hours of tests, successfully
eliminated the problem.

The Oilite tracks, after 400 hours of operation, lost
their lubricating property, thereby leading to rapid
damper rod wear. This was attributed to the burnishing
of the Oilite contact surface and closing up the oil
bearing pores of the material. The condition was
corrected by changing damper track material from
bronze to iron, and by doubling the contact surface
area. After this modification, no further damper wear
problems were encountered and the system operated
successfully through the balance of the tests.
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Minor problem areas encountered during the tests were
with the Waterman flow regulator, Mogel 320-2-1.7, and
with fretting corrosion of the motor drive shaft
spline. The flow regulator did not cperate satis-
factoriiy above 3000 rpm. As a corrective measure,

a needle-type regulator valve was used for replace-
ment. Fretting corrosion was noted on the cérive
shaft spline during the 500-hour inspectina. This
was attributed to improper lubrication at initial
assembly. The zpplication of molybdemm disulfide
base lubricant eliminated any additional wear.

Heading Assist Gyro

The operationai prcoblems enceumtered with the Heading
Assist Gyrc were telated to the transmission assembly
seals and the pivot axis asseably.

The transwission asseably lip seals exhibited severe
leakage afier 264 hours of operation. These seals
were replaced 2nd the oil was repleaished. After an
adéitional 16 bours of operation, the seal leakage
reappeared along with an iacrease in transmission
temperature up to 25C°F. This oil leakage and trans-
nission overheating problem was attributed to the
imprcper selection of the oil seal “or this applica-
tion. As a corrective measure, the transmission iip
seals were replaced with the felt seals and the
transmissicn oil lubricart was changed to a mediuz
weight, high temperature silicone grease. The
combination of feit seals and grease lubricant
operated satisfactoriiy at a reduced transmission
temperature of about 110°F throughout the remaining
part of the test program.

Another ogerational problem which occurred after 757
hcurs of operstion was z significart increase in
neoise level of the Heading Assist Gyro. The assembiy
was shut down, disassembled and visuzlly inspected

( see the inspection report inciuded in the Appendix).

After careful examinaticn of the assembly, an excessive

play was ncted in the pivot sxis bearings in axial and
radial directions.
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3.

i

NSAS Service:

Lubricate transaigsion assesbly - 500 hours
Replace damper rod assembly - 1000 hours

Svitem Relighility and iife Expectsacy

i on opersiional test results »f the MSAS comporents,
with the corrective actions taken, the system relisbility

expected to be fv excess cf 1900 hours. it is believed

the MSAS, {f properly maintaired, will operate
wvell in excess of 1000 hours.
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3.

V. CONCLUSIONS AND RECCMMENDATIONS

Based on the results of this study, the following conclusions
and recommendations are made:

Analog computer analyses show that the use of a three-
axis mechanical stability augmentation system which is
compact, lightweight, and installable within the aircraft
will provide typical helicopters with stability character-
1stics which meet existing handling qualities criteria.

The 1000-hour reliability test program has demonstrated
structural integrity and functional feasibility of a
three-axis mechanical stability augmentation system
(MSAS) consisting of the Dynagyro and the Heading Assist

Gyro.

The test data obtained from the program indicate that the
damping characteristics of the Dynagyro and the Heading
Assist Gyro are well within the optimum design limits
determined from the analog computer study.

The MSAS developed under this program is very easy to
maintain. The system's maintenance requirements consist
of external inspections every 25 hours, system lubrica-
tion every 500 hours and damper assembly replacement
every 1000 hours.

In view of the promising resultz obtained from this study,
it is recommended that a flight test evaluation of the
MSAS be conducted to establish airworthiness of the
three-axis mechanical stability augmentation system for
helicopters.
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APPENDIX

CHRONOLOGICAL HISTORY, MSAS TEST PROGRAM

This Appendix contains the chronological events of the 1000-
hour relisbility evaluation of the MSAS. The cumuilative
hours razported were from 0 to 1000 for the Dynagyro and 1000
to 1825 for the Heading Assist Gyro. The duration of the
test program was 7.5 months, 3 months for the Dynagyro and
4.5 months for the Heading Assist Gyro.

A summgry of the test hours and events which occurred during
the test program, including operational problems, corrective
actions taken and system's inspection report, are presented

on the following pages.
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A, OPERATIONAL PROBLEMS AND CORRECTIVE ACTIONS

1. Dynagyro
Test ,
Date Hour Remarks
3/8/68 0 Beginning of the 1000-hour reliability
tests. Visual inspection conducted after

' 5 minutes of operation. No, 3 damper
! exhibiting scratches on side face -
considered noncriticel. System did not
attain design rpm due to hydraulic surging.
| : Problem identified with flow regulator.
. Needle valve substituted.

I 3/14/68 51.0 Visual inspection. Damper rod No. 1 found
to be reversed on track, i.e., curvature
toward spin axis. No. 3 damper asseably
removed and weighed for future reference.
Weights: Track, 8.152 gms; damper,

10,688 gms, Cause: Incorrectly installed.
Corrective Action: Reinstalled correctly.

3/20/68 125.0 Visual inspection. The following items
were checked and were considered satis-
factory: motor bearings drag, noise,
universal backlash, gimbal bearings, spin
bearings, damper assemblies. Damper rod
slde wear had not increased appreciably.
Track surfaces not burnished. No. 3 track
weight, 8,138 gms; No. 2 track weight,
7.838 gms. A cycling noise was noted
during test operation. Visual inspection
did not reveal any malfunction in the
components, Gyro was operated without the
damper assemblies; however, noise was still
noted. Cause: Investigation of gyro rpm
with a strobe light showed the gyro rpm to
pulsate with table oscillations. Noise due
to flow change through table actuator.
Corrective Action: Not considered
necessary. Test reinstated.
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Date
3/25/68

3/30/68

4/5/68
4/5/¢8

4/5/68

Test

226.0

320

343.2
346.5

349.1

R e e e e e e e

Remarks

Frequency 0.5 cps, saplitude +10°. Damper
assesbly weights recorded:

No. Rod, xms Track, gms
1 10.6130 8.2766
2 10.6411 7.8373
3 10.6930 8.1305

_.z
Visual inspection ccaducted. No. 2 daspe~
rod wss found to be destxoyed. Damper rods
1 and 3 were found to be ir satisfactory
coadition.

Cause: Detsiled investigation showed
daspers rotating due to alr drag, hence
having line contact with track. Also,
daspers became loose ir pivot bearings due
to 'Penacclite' pot adirering to bearings.

Corrective Action: Additiomal veights were
added to damper arms to pull their cg out-

boaxd of rubbing surface. A droplet of
"Penacolite! wvas added to bottom end of
damper rod to srevent its pullirg through
bearing.

Oscillograph lamp €ailed.

Damper No. i found to be rotated 90°. Test
vas terminated.

Czuse: Considered same as previous.

Corrective Action: Added additional
weight to damper tips.

Damper tuzmed again.
Cause: Same as above.
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4/8/68 349.1
4/10/68 396.3
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&4/18/68 1396.3

wmﬂ P, S R = i

Remarks

Corrective Action: Stops were designad
and insctalled to prevent dsmper rotation.

Damper No. Rod Assesbl

1 11.010
2 11.041
3 11.068

Tests resumed.

Visual inspection was conducted. Dampicg
rates were too high, Damper rods No. 1
and No. 2 showed excessive wear. Rod No,
3 had no notfceadle wear. Rod and track
weights were determined.

Damper Eo. Rod, gms  Track, gms
1 10.973 8.225
2 11.920 7.7€7
3 11.065 8.058

Cause: Evaluation of problem showad that
Oilite pores were closed, thereby restrict-
ing flow of lubricant and thus causing the
high damping £ d wear rates. Also, edge
wear marks on damper tracks indicated
vertical misaligmment of the sliding
surfaces due to fabrication tolerarces.

Corrective Action: Bearing surface area
of damper track was doubled to prevent edge
wear. Damper track material was changed
from standard to super Oilite, which had
the same porosity content but was made of
sintered iron rather than bronze.

Resume tests with new dumper rcds and
tracks.
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Test
Date Bour
&4/19/68 &02.8
&f22/63 420
&/25/68 475
&/25/68 498
&/26/68 307

Remarks
Rod No. Rod Weight,gms Track Weight,gms
1 11.037 14.595
2 11.004 13.784
3 10.977 14.297

Tilt table did not function properly.
Punction generator problem was corrected,
and test resumed.

Visuval inspection ccanducted. Dampers
functioning properly. Frequency 0.5 cps,
amplitode +15°.

Frequency 0.5 cps, smplitude #17.5°.
Frequency 1.0 cps, asplitude #5°.

frequency 1.0 cps, ssplitude #5°.

High damping rate cbserved visuslly. Test

shut down. Damper red No. 3 showed
excessive wvear. Weight, 10.828 g=s.

Cause: High wear rate attributed to too
coarse finish of OLlite tracks.

Corrective Action: Ofilite bearing faces
machined to 16 ™ms finish. New weights:

Rod Ho. Damper Rod. gms Track, gms
1 11.023 14,208
2 11.998 13.385
3 11.065 13.880

The shaft driven by the hydraulic motor
exhibited spline wear due to fretting
corrosion; i.e., it appeared to have been
heavily coated with oxide powder. The
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Date

5/1/68

5/3/68

5/6/68
5/15/68

5/17/68
5/29/68

6/2/68
6/3/68

Test
Hour

507

558.3

607

731.1

78C.6
928.8

974.8
1900

TR p—

Remarks

splines were cleaned and the angular play
measured. This was found to be 0.0392
radian, The maximum play when new was
0.016 radiar. This represents a wear
rate cf 23.2 x 10" ° radians per hour based
on a linear assumption. This type 6f wear
is attributed to the high frequency pulsa-
tions of the hydraulic motor and the lack
of replenishment of lubrication,

Corrective Action: Used a spline lubrica-
ting grease containing molybdenum di-
sulphide, MyS,.

Tests resumed. Pitch force link failed.
Cause: Broken conncction,

Corrective Action: Resoldered.

Table servo actuator malfunctioned.
Refused to respond to input. Servo valve
rerlaced. Tests resumed.

Oscillograph lamp failed.

Frequency 1.0 cps, amplitude #10°. Damper
assemblies weighed.

Rod No. RoG, gms Track, gms
1 11.0244 14.1792
2 10.9978 13.3356
3 11.0643 13.8340

Pitch force link failure not repaired.
Frequency 1.0 cps, amplitude +15°.

Frequency 1.0 cps, amplitude +15°,

Test concluded.
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2. Heading Assist Gyro

Test
Date Hour Remarks

6/8/68 1000 Amplitude +5°, frequency 0.5 cps.
Initiated testing. Seal leakage occurred
after 5 hours of operation, Test dis-
continued. Running temperature 225°F.
Munufacturer contactced.

Cause: Seal compound not suitable for high
temperature operation.,

Correctivz Action: New seal compound
'Viton'! was recommended for continuous
operation at high temperature. New seals
ordered,

8/6/6C 1005 Amplitude +5°, frequency 0.5 cps. Resumed
testing with new 'Viton' compound seals.

1
8/12/68 1113 Amplitude +10°, frequency 0.5 cps.
Conducted visual inspection. Detected
relative motion between damper arm and
shaft. g
Cause: Improper torque on nut. i

Corrective Action: Retorqued.
8/23/68 1181 Front seal oil seepage.

Cause: Initial failure of sealing lip.

Corrective Action: Replenished oil and
continued operating, since no increase in
temperature occurred.

8/26/68 1213 Amplitude +15°, frequency 0.5 cps. Visual

inspection conducted. System functioned
satisfactorily.
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Date

8/27/68

8/28/68

8/29/68

9/10/68

9/15/68

9/15/68

9/20/68

H

1238

1264

1281

1281

1376

1480

1500

Remarks

Amplitude +17°, frequency 0.5 cps. Visual
inspection conducted. System functioned
satisfactorily.

Amplitude #5°, frequency 0.5 cps. Front
and rear transxissioe seals leaking.
Temperature increased to 200°F.

Cause: Breakdown of seal lips.

Corrective Action: Seals replaced. 2l
replenished.

Both transmission seals leaking. Tempera-
ture increased to 250°F.

Cause: Seal fallure.

Corrective Action: Changed seal design and
gear lubricsnt. Installed fel' Iust seals
and lubricated gears with silic.ce grease,
mediux grale, Dow Corming No. 33.

Resumed t.sting. Tesmperature stabilized
at 100-110°F.

Amplitude +10°, frequency 0.5 cps.
Conducted visual inspection. Syste=
functioned satisfactorily.

Amplitude +15°, frequency 0.5 cps. Tatle
wave form altered frcm sinusoidal to nearly
square. Corrective action not taken due

to time limitation.

Amplitude +5°, frequency 1.0 cps. Visual

inspection conducted. System operated
satisfactorily.
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2. Beading Assist Gyro
Bearings: Pivot bearings - no wear noted. Axial and radial
motion of approximately 0.002 Inch was measured on the out-

put shaft adjacent to the upper bearing. Intermediate
bearings exhibited no wear,

Universal Joint: There was no indf{cation of increased
angular clearance in the unit.

Transnission G. ar Assembly: The transmission planetary gear
train did not exhibit measurable wear. The gear train was
lobricated with Dow Corning 33 medium grade grease.

Drive Shaft: The splined shaft driven by the hydraulic motor
showed no signs of wear or corrosion.

Flvot Bearing Housing: Bore diameter increased 0.003 inch.
Pivot Bushing: Diameter was reduced by 0.0025 inch.
Fivot Shaft: Dismeter vas reduced by 0.001 inch.
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