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FINAL REPORT

RI 1170 ADVANCED STRAPDOWN GYRO

CONTRACT NAS 12‘-687

1.0 INTRCDUCTION

Thé RI 1170 Advanced Strapdown Gyro Program is a study and design program
whose purpose was to analytically determine the design concept requirements
for strapdown navigational gyro applications. A design for a single-channel
_gyro loop with integral pulse torquing electronics, heater controllers, and
suspension system electronics was generated and the hardware purchased,
fabricated, assembled, and tested,

As part of this program, an interim report was written by Hamilton Standard
titled, "The Design of An Advanced Strapdown Gyroscope", Report No, HSER
5579, The interim report detailed the complete analyses, tradeoffs, and designs
for both the gyroscope and the integral electronics. This final report details

the results of the fabrication and testing of the hardware and, further, discusses
any design or fabrication changes from the original design report.
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RI 1170 FINAL REPORT

Summary

Since the original design report was completed, the emphasis has been placed on
fahrication and test of hardware. The intent of the hardware phase of the pro-
gram was directed toward completing several full-up single channel sensor
systems as well as testing and evaluating certain assemblies of the system design.
As a result, three complete gyros were fabricated. During the course of testing,
one of the gyros, S/N 2, failed due to a gas bearing wheel seizure. A second
unit, 5/N 1, completed a long series of tests and was integrated with a set of
breadboard electronics mounted external to the gyro. The third unit, §/N 3, has
heen used to study the problems associated with integration and installation of the

hyhrid electronics consisting of a PTSA, temperature controller and Digital Control
Flectronics.

Report Abstract

The major components of the RI 1170 gyroscope are described. A detailed func-
tional description of the electronics including block diagrams and photographs of
output waveshapes within the loop electronics are presented. An electronic data
flow diagram is included.

Those gyro subassemblies that were originally planned for this development effort
and subsequently changed or modified for one reason or another are discussed in
detail. Variations to the original design included the capacitive pickoffs, torquer
flexleads, magnetic suspension, gas bearings, electronic design, and packaging..
The selection of components and changes from the original design and components
selected are discussed. '

Device failures experienced throughout the program are reported and design cor-
rections to eliminate the failure modes are noted. Major design deficiencies such
as those of the MSE electronics are described in detail. Modifications made to
the gas bearing parts and design improvements to the wheel are noted. Changes
to the gas bearing prints are included as well as a mathematical analysis of the
1170 gas bearing wheel by computer analysis. The mean free-path effects on gas
bearing performance is summarized.

The report discusses the packaging concept of the electronics including the selected
locations for the hybrid discs within the system. With regard to the system
packaging, the report discusses the importance to the placement of the electronic
assemblies and the existing interaction of the various electronic modules. The
advantages of using the hybrid circuits, and a brief description of the fabrication

of the wafer along with manufacturing techniques and processes are presented,
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Photographs of a wafer are shown. The problems of testing the wafers and the
advantages and disadvantages of the as-packaged design noted. Problems with
the wafer fabrication are noted as well as variations to the original design.

The 1170 wheels were tested independently and numerous parameters recorded
at various wheel speeds. The wheels were slew tested, start/stop tested, static
stiffness tested and the results reported. An analysis of critical gas bearing
surfaces on a wheel which failed to start is presented along with fEM photos.

A test summary on each of the wheels tested is included.

A chronological summary of each of the gyros tested is presented. A test sum-
mary including test procedures, test data and results of testing mostly with Gyro
S/N 1 are included. Performance tables and graphs are incorporated.

Single channel breadboard hardware which has been delivered is discussed.
An appendix to the report includes the operating procedure for the interface unit,

wheel failure report, and computer program for the mathematical analysis of the
gas bearing wheel.
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3.0 - EXPERIMENTAL DESIGN AND DEVELOPMENT
3.1 Description of BR]1 1170 Advanced Strapdown Gyro

. The HSES 1170 gyroscope is a single-degree-of-freedom, floated, rate
integrating gyro designed for use with an internal pulse rebalance loop .
and heater controller.. The following is a brief description of its major
components,

e  Spin Motor - The hysteresis synchronous motor used in this
gyro is operated at a synchronous speed of 48, 060 rpm. The
motor is three-phase, four-pole, wound in 24 slots for optimum
performance, and is excited at 1. 6 KHz.

e Gas Bearing - A self-acting gas bearing wheel, which operates
with hydrogen as a lubricant, is employed in this design, A
split rotor is used to give a high angular momentum to mass
ratio. The grooves in the journal are helical to suppress half-
speed whirl and to lower the attitude angle. Spiral grooved
thrust bearings are incorporated. Clearance in the bearings is
40 micro-inches, The bearing surfaces are beryllium oxide
and aluminum oxide ceramics,

e Float - The "H" type float is made from beryllium oxide, Thig
construction offers high stability, low expansion and high thermal
conductivity,

e  Pickoff - The capacitive pickoff is gold-plated Kapton cemented
onto the outside of the float sleeve and the inside of the inner
return path of the torguer. Buffer preamplifiers are built into
the gyro to reduce noige problems.

¢ Torquer - The torquer is a moving coil, permanent magnet
design utilizing platinum cobalt magnets, There are two wind-
ings - a main winding of output equivalent to 60 deg/sec input
rate and a command winding of 1 deg/sec output, Temperature
compensation is provided in the rebalance loop by means of a
sensing thermistor.

e Tlexleads - Seven axial helix flexleads are utilized. They are
made from gold-plated aluminum ribbon. The leads are speciaily
soldered to their mounting clips. The lead is made from 0.030 x
0. 001 inch ribbon.
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® Active Magnetic Suspension - The utilization of an active mag-
netic suspension wag originally planned for the ocutput axis. It
was designed to withstand a radial load of one pound without
physical contact. For suspension purposes, common windings
on a stator both sensed and drove the float. To separate the
signals,two discrete frequencies were used. An active servo
loop provided a current to balance the radial and axial forces
on the float. The suspension system used five loops, four
radially (X and Y at each end), and one axially (Z channel). The
loops are in microcircuit form, integrated with the gyro. This
design concept proved to be unwieldy; and, although the bread-
board electronics included the MSE, a ball bearing suspension
was subsequently incorporated in its place in the final S/N 3

gyro,

¢ Case and Mounting Interface - The gyro is mounted on a plane
normal to the input axis, and is designed to be field replaceable
without realignment. The case carries the gyro heater system.

® Rebalance Electronics - A dual scale factor pulse torque servo
amplifier is employed. It is scaled for 0 to 30 deg/sec and 30 to
60 deg/sec. The rebalance loop, including the digital control
electronics, was designed to be integral with the gyro, so that
each gyro is normalized, and field recalibration is not necessary
after interchanging gyros.

e Temperature Controller - A 20 watt heater is used for gyro fine
temperature control. Platinum resistance sensors are utilized.
The control electronics are in microcireuit form, integral with
the gyro; they operate from a 28 V DC line.

3.2 Electronics Design

3.2.1 Electronics Description

The RI 1170 gyro electronics were designed to provide the following functions:
e Tordque Rebalance
® Float Suspension
® Temperature Control

These circuits were designed for operation within the gyro in order to form
an integrated single channel sensor/electronics assembly.
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Torque rebalance is provided by a pulse torque servo amplifier (PTSA).

This circuitry maintains float position by bucking out rate induced float
torgues through a permanent magnetic torque generator, The PTSA operates
in a quantized forced limit cycle mode. The quantized forced limit cycle
approach has been used by HSES in strapdown guidance systems aboard

the Lunar Module, the Delta Vehicle and the Viking Lander.

Suspension of the float is attained through electro-magnetic attraction,
Four coils at each end of the gyro are arranged in opposing pairs, each
exerting a pulling effect on the float. The drive to the coils is varied by
either a closed loop active system or a passive system ih which inductance
changes of the coil tune a resonant LC circuit and change the coil current,

Thermal control of the gyro is maintained by width modulating the heater
voltage in proportion to the platinum sensor resistance. This technigue is
used to minimize power dissipation in the control element,

Since all electronics required for a single channel, exclusive of power
sources, are contained within the gyro, size constraints mandated the use
of hybrid circuits. The extremely high packing density required that the
hybrid circuits be stacked in an interconnected array. The penalty paid for
the stacked array was the loss of independent functional modules.

Pulse Torque Servo Amplifier {(PTSA)

The gyro is operated in a rebalance mode maintained by the PTSA, The
PTSA receives an error signal from the inertial sensor which is amplified
and converted to a width modulated digital torquing signal. This signal is
used to rebalance the inertial sensor, and must with the other torques act-
ing on the gyro's float sum to zero. With the exception of error torques,
the PTSA derived torque must equal the rate induced torque.

The PTSA output is a precisely controlled 1 KHz rectangular current
waveform. The mean value of the torquing current is varied by precisely
controlling, in discrete steps, the duty cycle of the current waveform,
During closed loop operation, the integral of the 1 KHz rectangular torquing
waveform corresponds to the sensor output,

The PTSA may be visualized in four sections; amplifier and demodulator,
quantizer, bridge and driver, and current regulator. The gyro error signal
is amplified and converted to a DC signal by the amplifier and demodulator
section. Frequency compensation is added to the DC signal to achieve a
desirable closed loop gyro/PTSA frequency response. A 1 KHz sawtooth
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signal is summed with the error signal in the quantizer, which is then level
detected to produce a 1 KHz width modulated error signal. The width modu-
lated signal is gated with a digital signal to provide a precisely controlled
retorquing signal. This signal is used to drive the 'H' bridge current
switches in the bridge and driver section, The current regulator is used

to provide a constant current to the "H' bridge. The level of the current
through the bridge directly affects the current integral and hence the scale
factor. In this design, the current regulator can operate at two discrete
levels to provide a high scale factor, high-rate capability and a low scale
factor, low rate capability,

Figure 3.2-1 is a block diagram of the PTSA.

Amplifier and Demodulator

The gyro utilizes a capacitive bridge pickoff operating at 50 KHz to deter-
mine float angular position. Since the capacitive bridge is a high impedance
device, the design of the bridge preamplifier required a combination of both
high input impedance and high common mode rejection, The available inte~
grated circuit amplifiers do not satisfy these requirements because the
common mode rejection becomes negligible at high frequency.

The RI 1170 preamplifier uses source follower FET inputs driving bipolar
emitter followers and then a stage that provides a differential output and a
sum output. To enhance the common mode rejection above that normally
provided by a differential amplifier, bootstrapping of both FET's gate bias
and the drain voltage for common mode signals, has been incorporated
through use of the sum signal, The high common mode rejection reduces
the sensitivity to interference that couples into the pickoff bridge.

Noise on the pickoff signal is further reduced by the use of filtering at the
carrier frequency. Since the electronics are of hybrid construction, the
use of LC filtering is precluded, requiring the use of active filtering,

Unity gain transistor circuits were used for the active elements in the fil-
ters because at the time of design, multiple amplifier IC's were not avail-
able. Figures 3,2-2 and 3. 2-3 are photographs of the pickoff signals before
and after filtering.

The AC pickoff signal is converted to a DC signal by a synchronous demodu-
lator circuit that uses an IC amplifier switched between the inverting and
non-inverting mode by MOS FET choppers at the pickoff excitation frequency.
The DC pickoff signal undergoes further processing to provide stable gyro/
PTSA loop characteristics, To minimize capacitor values, consistent
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Figure 3.2-3. RI 1170 Pickoff Signal After Filtering
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with hybrid design, compensation components were placed in the feedback
of the 1C amplifier,

gguantizer

The processed DC pickoff information is converted to a quantized width
modulated 1 KHz binary signal in the quantizer, The DC signal is converted
to a width modulated binary by summing the DC gignal with a 1 KHz sawtooth,
Figure 3.2-4, and level detecting the resultant signal in a logic chip. The
logic chip is used as a latch that is reset by the 0-16 blanking. The 0-16
blanking and 240-256 blanking signals were incorporated to restrain the duty
cycle of the width modulated torquing signal from reaching 0% or 100% at
which time, due to the loss of switching, scale factor linearity would be
degraded. The width modulated binary with the blanking restraint is quantized
by passing it through a flip flop which constrains switching of the binary to
occur in synchronism with the clock. A second flip flop provides buffering
to improve trimming stability. Figure 3.2-5 is a photograph showing the
240-256 blanking, 0-18 blanking, a 1 KHz synchronization pulse and the data
out; in this case, 16 pulses/limit cycle since the loop is hardover negative,

A feature of the quantizer is that the amplitude of the ramp is adjusted to
maintain gyro/PTSA loop gain constant when the scale factor is switched

between hi and low mode. Without this feature, the closed loop bandwidth
would be higher in the hi scale factor mode,

Current Regulator

Figure 3.2-6 is a simplified schematic of the current regulator showing

how the regulator sense resistors are selected. S1-B is a composite MOS
FET/BIPOLAR transistor arrangement with an effective infinite impedance
for the input signal. The offset of S1-B does not affect the voltage at the
sense resistor. S1-A is a MOS TFET switch that may be used in this applica-
tion because amplifier input current is negligible causing no voltage drop
across the PET to ocour .

VC , the current regulator supply voltage, is switched between 29 V and
37.% volts to maintain the current regulators compliance range when the
high scale factor current increases the torquer load voltage. The current
regulator's gain is maintained constant when the sensing resistor is changed
by changing the output transistor's emitter resistor, Re.

10
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Figure 3.2-4, 1 KHz Sawtooth Waveform

Figure 3.2-5. 240-256 Blanking Signals
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Figure 3.2-7 is a photograph of the switching transients generated by the
reversals of current through the 'H' bridge. The extremely fast switching
transient is beyond the ability of the regulator to follow. The slower switch- -
ing transient is within the response time of the regulator and is compensated
for after approximately 3 usec,

Bridge and Driver

The bridge and driver operate, in conjunction with the quantizer's output,
to alternate a constant current signal through the torguer to form the width
modulated torquing signal., The design of the PTSA prevents modules other
than bridge and driver from introducing negligible performance errors.
Errors that are significant are those which cause changes to the current-
time integral at the torquer. The dominant causes of these errors in 'H'
bridges are: switching signals (base drive to the switching transistors),
leakage currents and switching times. In the design of this PTSA, these
error sources have been minimized by the design configuration and the
selection of components. Switching signals have been almost eliminated as
an error source by the use of composite bipolar - MOS FET arrangement,
This arrangement has the advantage of the current capability of a bipolar
transistor and the almost infinite input impedance,

Switching time has been minimized by operating the bridge transistors in a
non-saturated mode. The driver circuit for the bridge was designed to be
non-saturating and also includes an FET to form an active load maintaining
a low output impedance for both states of the driver. - Figure 3, 2-8 shows
the switching of the torquer indicating a switching time of 300 nsec.

Circuit configuration limits performance affecting leakage to those of the
base emitter junctions of the bridge transistors. This leakage current is
normally small and is maintained stable by the temperature control of the
gyro, The configuration of the bridge ensures low voltage sensitivities
which is desirable for dual scale factor operation where both currents and
voltages within the bridge have two stable levels.

Figure 3.2-9 is a photograph of the voltage across the gyro torguer in the
low mode where torquer current is 72. 5 mA, Figure 3.2-10 is a photo~
graph of the voltage at each terminal of the torquer referenced to ground,
The torquer is basically an inductive load that is compensated by a resistor
capacitive network to appear resistive. The voltage waveform shows that
torquer compensation is sufficient to maintain torquer voltages within the
compliance range of the current regulator,

13
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Reversals of Current Through The
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() Figure 3.2-8. Torquer Switching

Figure 3.2-9. Torgquer Voltage - Low Mode
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Figures 3.2-11 and 3. 2-12 are photographs of positive and negative rate
inputs to the system,

Figure 3.2-13 is a photograph of the torquer voltage with the PTSA in the
high mode where torquer current is 145 mA. Figure 3,2-14 ghows the

torquer currents referenced to ground,

3.2,1,2 MSE/TCE Description

The original Magnetic Suspension Electronics (MSE} and the present
Temperature Control Electronics (TCE) are described in detail in the
Design Report, HSER 5579. The MSE design is described in Section 3.2.3
of this report. '

3.2.2 Summary of 1170 Electronic Development Activity

At the close of Phase I, the 1170 electronic design and analysis had been
completed on all 1170 circuits, Phase II covered the fabrication of the
hybrid circuits and integration of the electronics into the gyros. The high-
lights of the activities and problems of this phase are discussed below.

3.2.2,.1 Hybrid Implementation

The hybrid implementation selected utilized a mother substrate with small
functional substrates mounted on it. A detailed description of this system
is covered in Section 3. 3. 2,

3.2.2,2 FFabrication

MOS FETS -~ The initial design incorporated MOS FET's as switching ele~
ments. The devices selected, and actually tested in the Phase I breadboard
were Fairchild devices selected for both their high breakdown voltage and
superior life characteristics of the silicon nitride passivation, These units
did not have internal zener protection and could not be handled safely in the
chip form required in the hybrid fabrication, Several devices were suggested
by FMI as alternates, None were completely satisfactory but those provid-
ing the minimum compromise were tested. The devices finally selected
were the IT 1701 and the M116, a P-Channel and N-Channel, respectively.
These devices are zener protected, have suitable leakage and switching
characteristics but have lower voltage rating than the original devices. The
PTSA was modified to accept these lower breakdown voltages resulting in

a maximum rate capability of 60 deg/sec. :

17
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0 Figure 3.2-11. Positive Rate Input

Figure 3.2-12. Negative Rate Input
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i— Figure 3.2-14. Torquer Currents Referenced to Ground
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Device Failures - Approximately twelve (12) discs (out of a total 28) failed
after fabrication had been completed. Typically, the failure resulted from
a defective part rather than from handling or design problems. Replace-
ment of the defective part generally corrected the problem. Other unique
or recurring problems are noted helow. .

Pre-Amps - The PTSA pre-amps were packaged separately from the hybrid
discs, in 3/8'" x 3/8" flat packs, These were then placed within the gyro

in contact with the gyro fluid. Several units failed, and the problem was
traced to leaks in the package seal. While a better seal was possible, it
was decided to remove the pre-amps and relocate them within the end caps.
This modification was successful and represents the final configuration.

3.2.2.3 Design Problems

MSE Amplifier Oscillation - The first units tested showed high frequency
oscillations on the output amplifier/driver, Local feedback was added
~around the LM101 through the addition of R86 and R87 (10 megohms).

MSE Oscillation - General noise pickup coupled with type B operation
appeared as hysteresis or chatter in the MSE loop. This problem and its
solution are detailed in Paragraph 3. 2, 3,

Amplifier - The original lajouts had the 7 V demodulator reference routed
below the PTSA amp and demod board. Pickup at this point resulted in
noisy operation, The demod reference was rerouted around the board, and
the problem was corrected, '

PTSA IC 2 - SN 54H103 - This TI device has a separate ground pad which
must be used as the chip ground. Use of the substrate, as is common
practice, is not satisfactory for this chip. The original artwork did not
connect to this ground and resulted in the loss of PTSA B&D Q1 and Q2.

PTSA CR Q13 and Q14 - The loss of current regulator signals, E34 and
£35, while the hi-mode bridge drive, 37.5 V, is present will cause @13
and Q14 to fail, Such a condition occurs when +5 V is lost or when the 115
V 60 Hz is interrupted. To protect against these failures, protect and
monitor eircuits have been incorporated into the interface unit, In addition,
for normal operation, a manual power sequencing is required, The BB
rack uses customer provided power supplies and has no automatic protect

provision. A manual supplied with the BB rack describes the required
rack operating considerations.

20
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DC/DF IC 6, 7, & 8 - As designed, these IC's were improperly decoded,
Corrections were made with minor rework of the substrate,

3.2.3  MSE Electronics Redesign

The initial loop design of the MSE is shown in Figure 3.2-15, This cir~
cuit was breadboarded, tested, and committed to hybrid implementation.
The first marriage of the loop and the gyro MSE simulator oecurred after
the completion of the MSE hybrid fabrication. At this time, it was dis-
covered that the MSE exhibited a "dual null" due to noise, and a redesign
was effected which resolved the problem with minimum impact on the com-
pleted hybrid electronics.

Referring again to Figure 3.2-15, the initial design was such that the loop
operated in a Class B mode., Either amplifier/driver for coil 1 or coil 2
was on. The comparator circuit selected an amplifier /driver based on the
sign of the demodulated error signal output, This implementation repre-
sents a high efficiency in the power delivered to the MSE coils. Minimum
power dissipation was designed to maximize the rate capability of the sus~
pension within the component limitation of the electronies.

In operation, the hybrids exhibited "dual nulls" which in some cases were
separate and stable in the absence of external inputs, and in others were
close and resulted in a chattering or oscillation between these modes. The
problem was traced to the hoise pickup within the densely packaged hybrids.
The electrical null defined by the coil and the 1.5 KHz excitation varied due
to different levels of pickup in the drive amplifiers. If the noise joined with
the excitation to generate separate nulls, bi-stable operation was observed,
When the noise provided overlapping nulls, oscillations occurred.

To resolve the problem, the loop was redesigned as shown in Figure 3. 2-16.
While this reduced the maximum rate capability and increased the steady
state dissipation, it minimized the impact on the hybrids.

Figure 3.2-16 shows schematically the redesigned loop. The amplifier/
driver are fed a constant amplitude 200 Hz sine wave drive signal. The
individual amplifier/drivers are enabled on a variable duty eycle established
by the DC error signal and a 26, 3 KHz ramp at the comparator, The timing
is shown in Figure 3,2-17. The uppermost signal is the 200 Hz constant
amplitude drive to the amplifier/drivers., Below it in exaggerated time
scale, is the 26.3 KHz ramp. Superimposed on the ramp is a slewed error
signal; swinging from positive to negative extremes, The resulting output
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of the comparison of these tw? sighals is shown as a chopped error sighal
out of amplifier/drivers, A and B. Durving the positive excursion of the
error signal, line A is on longer than B, A negative error signal reverses
the weighing., Note that the rebalance torque is proportional to the square
of the current and direction of the rebalance forced is achieved by selecting
A or B,

The magnitude of the rebalance current is proportional to the magnitude of
applied 200 Hz drive.

Synchronization

The 1170 synchronizer circuitry was designed and fabricated to improve
the gyro stability and eliminate the use of several generators. This also
facilitates interfacing the necessary signals needed to operate the gyro and
MSE.

The synchronizer circuitry consists of two plug-in cards (C3 sync amplifier
and C4 synchronizer). C4 containg the countdown electronics used to pro-
duce the 200 Hz, 1.6 KHz and 26, 36 KHz signals used in the MSE electronics,
and the 51 KHz signals used for the gyro excitation and PTSA demodulator
reference.

The input frequency to the countdown in the synchronizer is 4, 096 MHz and
is the same frequency used in the DCE. Also located on C4 are the phase
shift networks for the demodulator reference (51 KHz) and the amplifier
for the 26, 36 KHz signal and 1, 6 KHz square wave signal.

Card C3 contains the filters and output amplifier for the 200 Hz sine wave,
the 1,6 KHz sine wave and the 51 KHz sine wave. Each input section is an
active filter for a particular freguency. The output section of the 51 KHz
amplifier has a center-tapped transformer to obtain 0° and 180° phasing.
This is necessary for gyro pickoff excitation,

Electronics Packaging

The RI 1170 is designed to be a completely replaceable unit, With the
removal of one unit and the replacement of another within the system appli-
cation, there should be no need for recalibration or trimming. With elec-
tronics having to be trimmed and/or calibrated for each gyro, one way to
ensure this rapid replaceability is to change both the gyro and its associated
electronics simultaneously. For convenience, it is desirable to have both
contained within the same fixture. :
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Under normal packaging techniques, the electronics ordinarily require as
much, if not more, room than the gyro itself. By going to hybrid circuitry,
we have eliminated the packaging of each individual component and the bulk
associated with wiring, The construction of the circuits using chips and
gold traces on ceramic discs reduced the electronics package size to such
an extent that including the circuitry within the gyro became a viable ap-
proach. See Figure 3. 3-1 for the final packaging configuration,

Perhaps a more important reason for proceeding in this manner were the
number of connections to the gyro that would be required. Every sensor
now currently used would have to be brought to the outside world for use
by the electronics. ‘See Figure 3. 3-2. Among these are:

a, Gyro Pickoff for PTSA

b. Torquer Output from PTSA

¢. Thermal Sensor for TCE

'd. Heater to TCE

e. Coil Connections for MSE
in addition, to ensure proper operation, it would have been necessary to
maintain the electronics at a predetermined temperature because of thermal
stability of some critical components such as the reference zener diode
and the current sensing resistor. This would have required the fabrication

of an additional temperature controller.

By including all the electronics as well as the gyro in one package, the
RI 1170 becomes an atftractive unit in an application oriented environment.

3.3.1 System Configuration

For the development phase of this program, each system was interfaced
with its own power supplies and excitation signals, This approach allowed
testing to determine the feasibility of the RI 1170 concept. As discussed
in the Design Report (HSER 5579, dated 15 February 1970), an active sus-
pension system was selected. Without the independence of each system,
the effect of the MSE on the Rebalance Loop Electronics (and vice versa)
could not be ascertained.
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Figure 3.3-1, RI 1170 Hybrid Disk Configuration
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3.3.1 {Continued)

The TCE required its own supply so that the gyro could be brought to
temperature and maintained there without having any of the control electronics
functioning, This allowed the gyre to initiate operation at proper tempera-
ture without having to worry about damage to the unit due to improper viscosity
of gyro fluids,

3.3.1,1 System Disc Locations

The RI 1170 electronics consist of three independent systems. They are:
Rebalance Loop Electronics |
Magnetic Suspension Electronics
Temperature Controller Electronics

Four hybrid discs are mounted at the flexlead end of the gyro., Two of these
discs constitute the Rebalance Loop Electronics. The PTSA is mounted in
the end cap assembly (Figure 3. 3-3) so that it is closest to the current
sensing resistors and the precision reference zener diode. The second
board is the other part of the Rebalance Loop Electronics and contains the
DCE with Dual Sczale Factor (DSF) select logic.

The second independent system is the Magnetic Suspension Electronics
(MSE), Because of the float suspension mechanism, there are two degrees
of freedom in the radial direction (normal to the gyro body axis) at each
end of the gyro assembly and an additional degree of freedom along the gyro
axis. Controls for motion in these directions are referred to as radial and
axial displacements, respectively. As an aid to proper suspension, a MSE
radial channel is supplied for each radial degree of freedom at each end of
the gyro assembly. There is one hybrid disc for each MSE radial channel.
Two hybrid discs for radial control were to be at the flexlead end, and the
other two radial channels of the MSE were to be located in the end cap at
the bellows end of the RI 1170 gyro.

The last disc at the bellows end of the gyro, confains the remainder of the
MSE, the axial channel, and the Temperature Control Electronics (TCE).
Both these systems are mounted on the same disc to improve packaging
density and packaging efficiency. Because of the power required in the out-
put drive transistors of the TCE, they are mounted directly into the end
cap on the bellows end of the gyro. :
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3.3.1.1 (Continued)

The gyro is designed to accept all MSE discs; however, only the MSE /TCE
dise is included in gyro S/N 3.

3.3.1.2 System Interaction

One of the influencing factors determining the placement of the hybrid disc
within the gyro end caps is the need for interaction with the gyro itself as
well as with other electronics modules.

The PTSA is placed at the flexlead end of the gyro assembly because it is

 at this end that the connection to the gyro torquer is made. Placement of
the other electronics assemblies then results from placement of the PTSA.
Since the PTSA is the only assembly that uses the DCE, the DCE is placed
in close proximity, on the same side of the gyro as the PTSA,

Suspension force coils exist on both ends, flexlead and bellows end, of the

RI 1170. The radial channels of the MSE must then be near their respective
force coils, thereby necessitating two radial channels at each end of the gyro.
This then results in four hybrid discs at the flexlead end of the gyro.

Due to their small size, the MSE axial channel and the TCE are mounted on
the same hybrid dise. Since the TCE is an independent system and the MSE
axial channel feeds all four MSE radial channels, the placement of this disc
was not crucial. The bellows end was selected to minimize the number of -
output pins on each end cap assembly and to balance the number of hybrid
discs on each end of the gyro.

Figure 3. 3-5 gives a pictorial representation of the interdependence of the
electronic system constituting the RI 1170 gyro electronics which guided
packaging design. The PTSA interacts directly with the gyro proper and

the DCE, The PTSA pickoffs are located on either side of the gyro and are
fed differentially into the PTSA. All necessary timing information is obtained
from the DCE. The DCE also controls the determination of operation in the
high scale factor (145 ma) or low scale factor (72, 5 ma) modes. FExcept for
test points and supply connections, all data are transmitted to the outside
world via the DCE, the only connection of the rebalance loop electronics

to the outside.

As stated previously, the TCE is a completely self-contained system. By
turning on power to the TCE, the RI 1170 is supplied with the proper power
to heat and maintain the temperature of the gyro assembly, The heater
coils are mounted around the gyro body for optimum heating efficiency,
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Temperature is sensed by a platinum sensor connected in a Wheatstone
bridge configuration at the TCE. The heater is connected to the cutput
transistors in such a manner so that if a failure should occur, the gyro
would not overheat, thus protecting the entire unit.

Hybrids

There are many advantages to using a hybrid circuit. The hybrid can be
more reliable due to-the reduced number of necessary connections, It also
offers a great reduction in size and weight over the standard packaging
techniques in use throughout industry today. The 1170 channel concept
could only be implemented through the use of a hybrid electronics concept.

The electronics are divided into seven hybrid wafers, Each wafer is approxi~
mately 2 1/4 inches in diameter. Figure 3, 3-6 gives an overall view of the
basic construction technique utilized in fabricating the wafers. This partic-
ular wafer is the Pulse Torque Servo Amplifier circuit. Figures 3, 3-7
through 3. 3-9 are magnified sections of Figure 3, 3-6. All the wafers con-
sist of one large substrate which contains the gold conductors necessary

for interconnection of wafers and for interconnection of the circuit substrates.
Also found on the large, or mother, substrate are the decoupling capacitors
which are located at the point of entry for the individual conductors involved,
The size of the conductor is determined by the amount of current it must
carry. The screen painting technique is used to apply the conductor patterns
to the substrate. Conductor patterns are generated on the screen by the use
of a development process which leaves clear areas on the screen through
which the film (ink) can be deposited on the substrate. The conductor ele-
ments are produced on the substrate when ink is forced through the clear
areas of the screen by use of a blade or squeegee. The substrate is then
fired at a very high temperature, The actual circuitry is located on smaller
rectangular shaped substrates which are attached to the mother substrate by
means of a non-conductive adhesive. The conductor lines and pads are
placed on the circuit substrates using the same technique employed on the
mother substrate. Once the conductors have been fired, the components

are placed on the substrates, using either conductive or non-conductive
adhesives as the individual part requires. :

All semiconductor devices and integrated circuits cover the temperature
range of —-55°C to +125°C and are passivated, with exceptions where the
manufacturer's design specifically calls for no passivation. Discrete
resistors and capacitors are used throughout to facilitate rework necessitated
by design changes, failures, etc. The components are connected to the
conductors by means of 0, 001" diameter aluminum wire and ultragonic
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bonding. The connection of wire leads is made using ultrasonic vibrations,

To perform electrical testing, special test fixtures are required. The main
considerations are:

1. Maintenance of the integrity of the interconnect pads of the mother
substrate. This is accomplished by using mechanical contact
fingers as opposed to soldering.

2. Protection against mechanical damage any time the wafer is used
outsdie of its protected environment.

3. Access to the circuit substrates while the circuit is in an operat-
ing condition, to permit probe testing of the circuits. The unit
would be placed under a microscope and the probes positioned at
those points of interest within the circuit. In so doing, one is
able to evaluate and confirm that the circuit is meeting the design
criteria as intended, This also provides a useful tool for fault
isolation of units which are not operating correctly.

The testing of the wafers is necessarily a tedious task due to the precautions
one has to take in handling the wafer and positioning the probes for testing.
Extreme care must be exercised whenever the wafer is being tested outside
of the main gyro housing, since the slightest touch would prove devastating
to the wafer,

The main advantage of this package design is the fact that the wafers are
reworkable. In the event there is a design change, the use of all discrete _
components permits one to change values, delete, or add components, By
reworking the wafer, the time and expense of building a new wafer is saved.
As might be expected in a development program such as this, failures are
occasionally encountered, such as, by accidentially applying the wrong
voltage, improper loading, etc. In some cases, the failed component will
overstress other components to a point where it necessitates their being
replaced. The design is such that it will permit replacement of failed or
stressed components. :
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3.4 Deliverable Hardware

3.4.1 General Variations From Original Design

During the course of the RI 1170 Development Program, several deviations
from the original conceptual design were considered. Those variations in
configuration that were eventually employed are discussed below,

3.4,1,1  Capacitive Pickoff

The fabrication of the capacitive pickoff has presented problems because of
the difficulty of plating and etching a suitable pattern of capacitor plates on
the inner surface of a eylinder. In the early stages, few vendors with a
photo-etching capability showed any interest in the project since they were
too preoccupied with large volume printed circuits to be motivated by a few

~ prototype pickoffs. A cooperative vendor was located and every effort was
made to produce a pickoff assembly. Many problems arose, however, includ-
ing attack of the plastic sleeve by the photo-echants, crazing and peeling of
the copper plating on the plastic sleeve and the inability to deposit copper on the
the beryllia float sleeve. In light of these difficulties, it was decided that
the pickoffs for the first three gyros would be fabricated in the same manner
as the original prototypes. That is, by etching the pickoff patterns onto very
thin copper clad flexible plastic film and epoxy bonding them to the appro-
priate surfaces of the pickoff assembly, There is every indication that by
further effort the original problems can be overcome by the use of plasma
or vapor deposition on a more suitable plastic substrate

3,4.1.2 Torguer

The torquer configuration discussed in the Design Report specified that the
torquer would be wound with aluminum ribbon. The advantage of aluminum
over copper was the weight consideration (to allow for flotation). Consider-
able difficulty was experienced during the attempt to wind the torquer with
this aluminum ribbon, Parallel calculations determined that copper wire
would float, thereby making the weight consideration less critical. It was
therefore decided to utilize copper wire for its ease of handling.

3.4.1, 3 Fl_exleads '

The aluminum flexleads were designed to be electron beam welded to the
clips. After considerable development work in conjunction with outside
vendors, it was found that although satisfactory welds could be produced,
they could not be produced on a regular basis, In most cases, the unreli-
ability stemmed from metallurgical weaknesses due to severe thermal
gradients within the clip-lead interface. Satisfactory assemblies were
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3.4,1,3  (Continued)

finally produced by a soldering technigque based on that used at MIT Draper
Labs for aluminum leads.

3.4.1.4 Maghetic Suspension

“Initial testing of the prototype magnetic suspension system resulted in un-
stable operation of all five external control loops. Subseguent investigation
and analysis found that this was mainly attributable to cross-over distortion
and noise in the loop output stages. The circuit elements were redesigned
and further testing of the prototype system demonstrated proper functioning;
however, “its performance relative to gyro closed loop operation has not been
proven to be totally satisfactory. :

3,4.1.5  Electronics Packaging

The electronies packaging was originally predicated on the use of hermetically
sealed microcircuits to be located in the gyro end caps. This concept had
to be abandoned when it became evident that the volume required was unaccept-
ably large. Changes in packaging technique to use unsealed boards and then

" sealing within the gyro required redesign of the case and end caps.

3.4.2 . Spin Motor Data

3.4,2.1  Design

3.4,2, 1,1 Original Design Report

See HSER 5579,

3.4.2.1.2 Modifications to Design -

3.4.2.1,2.1 Print Changes

As the RI 1170 wheels were being constructed by Speedring Corp., and later
as the RI 1170 wheels were heing tested, it became necessary to incorporate
design changes which Inertial Instruments believed to be necessary for more
successful operation and easier manufacturing of the RI 1170 gas bearing
wheels. The following changes have been made on the prints as noted. The
changes below are those pertaining to the gas bearing assembly only,
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Source: '"RI 1170 Mod Book"

. Drawings - Addition or Change and Date Conceived

31157, 31158, 31159 Gas bearing groove depths to be measured
- T with a stylus, . 0005 in, maximum radius.
5 Sept 1969

31150 * ~ Change torque specification on Ti 6A14V bolts
from 20-25 oz-in, to 40-50 oz~in. 3 Nov 1970

31155 After assembly of wheel half and hysteresis

ring, temperature cycle per HSSC 2304 before
completing final wheel assembly. 26 Oct 1970

31153 : Chaﬁﬁre flatness specification from [ -[. 0001

to .00001.] 16 Oct 1970

31261 : Show position of shaft holes relative to stator
' connection points. 21 Oect 1970

Ambient Pressure Modiﬁcation

The environment of the wheels in Gyros No, 2 and No. 3 was 1.5 atm
abs of helium gas; however, for the purpose of attempting to increase
slew capacity, the ambient pressure of helium was changed to 2. 0 atm
abs in Gyro No. 1, Below is a comparison between the results of com-
puter analysis using actual wheel dimensions and an atmosphere of 2. 0
atm abs helium and the results of computer analysis using actual wheel -
dimensions and an atmosphere of 1, 5 atm abs helium:

-Actual Actual
_ ' Dimensions Dimensions
" Parameter © 2,0 Atm Abs 1.5 Atm Abs = Units
Slew Capacity . 4,5 ' 4.1 rad/sec
Cross Aniso © o £.0020 +, 0014 . deg/hr/g?
Norm Aniso : -. 0002 -, 0017 deg/hr/g2

Total Mechanical Power 4,6 4.3 . watts
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Actual Actual
Dimensions Dimensions
Parameter 2.0 Atm Abs 1.5 Atm Abs Units
Journal
lL.oad Capacity‘ 83 76 g's
Mechanical Power ' 1.3 ' 1.3 watts

Thrust Plate
Load Capacity 72 72 g's

Mechanical Power ' 1.1 1.1 watts

It can be seen from the preceeding table that increasing the wheel environ-
mental pressure does theoretically enhance the slew capacity and the
radial load capacity of the wheel. Theoretically, all parameters are

still within specification limits with the exception of the slew capacity
which was improved by the additional 0, 5 atm abs helium, but still was
less than the minimum specification of 5, 0 rad/sec.

3.4.2.1.2.3 RI 1170 Wheel Computer Analysis

The mathematical analysis of the RI 1170 gas bearing wheel under any
running conditions was done by a computer program - AWLS5, Due to
observed slew capacities less than nominal in most cases, a review of
the calculation method employed in AWL5 was conducted, and a more
accurate method for calculating wheel movement during slew was
employed, This resulted in a lower theoretical slew capacity than before.
This lower slew capacity more accurately predicts the observed slew
capacity; therefore, the new calculation method was permanently incor-
porated into AWL5. Also, the effects of wheel misalignment and thrust
plate misalignment on predicted slew capacity were also incorporated.
The latest version of AWLS5 is listed in Appendix C. It has been found
that this program now adequately predicts actual running conditions of
gas bearing wheels.

3.4.2,1.2.4 Mean Free Path Effects

After the preliminary design of the RI 1170 gas bearing wheel had been
completed, an experimental program was established to test the effect
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of molecular mean free path on gas bearing performance, in general,
and on RI 1170 gas bearing performance in particular,

The mean free path of a gas is the average distance traversed by a gas
molecule before it strikes another gas molecule. When this distance is

" on the order of magnitude of the clearances in the gas bearing, the gas

viscosity is apparently reduced, This apparent reduction in viscosity
will adversely affect the performance of the wheel. The effect will only
be significant if any of the following conditions is present to & significant
extent: .

1. Ambient pressure is low.

2. The mean free path of the gas is large.

3. The clearance is small,

- Using the design parameters of the RI 1170 wheel, an analysis was per-

formed to determine if this effect would significantly affect the perform-
ance of the gas bearing. The analysis revealed that the mean free path
effect will not significantly affect the performance of the RI 1170 gas
bearing operating at or near the operating point outlined by preliminary

design.

Reference: GO2BA0000A, URA-18, 20 Nov 1970,
Actual Parts

Compliance of Parts to Drawings

All the wheels shipped to HSES by Speedring Corp. were accompanied
by the actual dimensions as measured by Speedring. However, all the
dimensions directly bearing on the performance of the gas bearing were

. checked in the Metrology Lab at HSES by Quality Control. A comparison

of the dimensions as measured by HSES and Speedring is presented below
along with the specifications to which the gas bearing parts were manu-

factured. The data on all the gas bearing wheels are presented; although,
only Wheels S/N 020, S/N 021, S/N 022 were eventually built into RI 1170

gyros.



COMPARISON OF DIMENSIONS
(HSES AND SPEEDRING)

WHEEL S/N 020

HSER 6197

Spec Value Speedring Value HSES Value
Dimension {in.) (in. ) (in.)
PART: METALLIZED ROTOR HALF P/N 31150-1 Dwg 31150-C
Bore Size (Dia) .375 Ref A . 374996 . 374994 NOtg 10}
Bore Roundness 5 2 2 "Note 10
Bore Straightness 54 3u 4p Note 10
Flatness (ThrustEnd)| L 5 p Note 1 1 ap Note 1 2 Note 11
Flatness (Interface) 100 p 0K 0p Note 11
PART: PLAIN ROTOR HALF P/N 31150-1 Dwg 31150-C
Bore Size (Dia) .375 Ref A . 374996 874993 Note 10
Bore Roundness 5u 2 5 u Note 10
Bore Straightness 5 u 3p 4# Nf)tﬁ 10
Flatness (ThrustEnd)| L 5p ‘Note 1 1oy Note 1 0u Note 11
Flatness (Interface) 100 p OK 2 Note 11
PART: SHAFT P/N 31157-1 Dwg 31157-A
Shaft Diameter —g—g—% . 374914 37491 Note T
Shaft Length %% 830779 g300s  Note 7
Groove Depth Range 43 p 40 534 Note 9
(Hole End) 63 1 60 u 66
Groove Depth Range 43 u 354 49y Note 9
(Opp Hole End) 63 u 65 81 u
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WHEEL S/N 020 (Continued)

HSER 6197

Spec Value Speedring Value HSES Value
Dimension {in.) {in. ) (in.)
PART: SHAFT (Cont'd) P/N 31157-1 Dwg 31157-A
Av Groove Depth | Note 2 © Note §
1 5
(Hole End) (53 £10) 2p 60 »
Av Groove Depth : Note 2 Note 9
: 1
(Opp Hole End) (53 £10) p 45 p 6lu
PART: NEGATIVE THRUST PLATE P/N 31159-1 - Dwg 31159
. 11
Groove Side Flatness | 5p OK 2 Note
Note 3
Note 4
_80u _0p _80p
Groove Depth Range 120 & 80 p 110 u
Note 4
Av Groove Depth (100 = 20) 6y ot 97,  Doted
PART: POSITIVE THRUST PLATE P/N 31158-1 Dwg 31158
) 11
Groove Side Flatness| b pu OK 2u Note
Note 3
Note 5
80 u 70 90 i
Groove Depth Range 120 1 120 4 130 1
Note 5
Av Groove Depth (100 = 20} Approx l&gte 2 113 Note 3
BORE - SHAFT CLEARANCE Dwg 31150
' Note 10
49 Note 11
40 = 41 == ¢
(40 + 5) p p 1.5 4
| THRUST PLATE - ROTOR CLEARANCE Dwg 31150
(40 + 5) p 35 u 35,  ote’

(1) Flatness Not Explicitly Specified (7) Measurements Made On Supermike
(2) Averaged From Speedring Data (9) Averaged From HSD Tallyrond Data
(3) Measured With Indiac On Surface Plate (10) Measured on Federal

{4) 5 Grooves Checked (11) Measured Optically

(5) 8 Grooves Checked

NOTES:
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COMPARISON OF DIME NSIONS
(HSES AND SPEEDRING)

WHEEL 8/N 021 -

HSER 6197

Spec Value Speedring Value HSES Value

Dimension {in.) (in. ) {in.) :
PAR'i‘: METALLIZED ROTOR HALFA ' P/N 31150-1 Dwg 31150-C
Bore Size (Dia) .375 Ref A . 374990 374984 Yo 6
Bore Roundness 5p 2 2 u Note 10 :
Bore Straightness 5 3 2 u Note 10
Flatness (ThrustEnd)| L 5 u L 3u Note 1 <5y, Note 11
I"latness (Interface) 100 u OK <5y Note 11
PART: PLAIN ROTOR HALF P/N 31150-1 Dwg 31150-C
Borc Size (Dia) . 375 Ref A . 874990 974988 Note 10
Bore Roundness 5 u 2 u 3 Note 10
Bore Straightness 5u 3 u 3 Note 10
Flatness (TﬁrustEnd) 1 5;;4 Note 1 12, Note 1 <5u Note 11
Flatness (Interface) | 100 OK <bu Note 11
PART: SHAFT P/N 31157-1 Dwg 31157-A
Shaft Diameter —2%3 . 374908 . 374895 Note 7
Shaft Length :2—23 . 830966 .831030 Mo 7
Groove Depth Range 43p 40 a2u Note 9
- (liole ¥.nd) 63 90 p 96 1
Groove DepthRange | 43 354 s, Moo
+ (Opp Hole End) 63 u 70 p 72 1

44




WHEEL S/N 021 (Continued)

HSER 6197

Spec Value Speedring Value HSES Value
Dimension (in.) (in.) (in.)
PART: SHAFT (Cont'd) P/N 31157-1 Dwg 31157-A
?\;H(izzogidl))epth (53 =10) 55 Note 2 - 62 1 Note 9
om0 -10
PART: NEGATIVE THRUST PLATE P/N 31159-1 S/N 002 Dwg 31159
Groove Side Flatﬁess 5u OK <bpu Note 11
. Note 3
Groove Depth Range %ﬁ “i%g'i_ -iﬁo—gﬁ-
Av Groove Depth (100 +20) 1 110, ot 2 136 Note 3
PART: POSITIVE THRUST PLATE P/N 31158-1 §/N 006 Dwg 31158
Groove Side Flatness | 5u - OK <5y Notell
Groove Depth Range i—;%ﬁ- %gﬁ ﬁ‘g—ﬁ— o ?
Av Groove Depth (100 +20) u 70 u Note 2 88 n Note 3
BORE-SHAFT CLEARANCE Dwg 31150
' Note 10
(40 5) u 41y 45 Note 7
THRUST PLATE - ROTOR CLEARANCE Dwg 31150 .
(40 +5) p 45 45 Note 7

NOTES: (1) Flatness Not Explicity Specified
(2) Averaged From Speedring Dafa

(3) Measured With Indiac On Surface Plate
(7) Measurements Made On Supermike '
(9) Averaged From HSD Tallyrond Data

(10)
(11

Measured On Federal
Measured Optically
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COMPARISON OF DIMENSIONS
(HSES AND SPEEDRING)

WHEEL S/N 022

HSER 6197

Spec Value Speedring Value HSES Value
Dimension {in.) (n, } (in.)

PART: ME TALLIZED ROTOR HALF P/N 31150-1 Dwg 31150-C
Bore Size (Dia) . 375 Ref A .'374991 . 374983 Note 10
Bore Roundness 54 % i OVM Note 10
Bore Straightness 5u _ 3 3 Note 10
Fiatness {Thrust End) 1s ") thé 1 14 H Note 1 <5u - Note 11
Flatness (Interface) 100 OK <5p Note 11
PART: PLAIN ROTOR HALF P/N 31150-1 Dwg 31150-C
Bore Size (Dia) .3%5 Ref A .374991 374991 Note 10
Bore Roundness 5u 2 1u Note 10
Bore Straightness 5u 3p 4y Note 10
Flatﬁess {ThrustEnd-) 1s p,. Note 1 14p Note 1 <5p Note 11
Flatness (Interface 100 p OK <5y Note 11
PART: SHAFT P/N 31157-1 Dweg 31157-A
Shaft Diameter -‘:—33',;—2 . 374909 .374900 "°%® 7
Shaft Length 5—% . 830932 .831050 Note 7
Groove Depth Range 43 u- 40 u 49 Note 9
- {Hole End) 60 1 60 1 72 1

Groove Depth Range 43 p 40 p 364 Note 9
+ (Opp Hole End) 60 60 u 84 p
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HSER 6197

WHEEL S/N 022 (Continued)

Spec Value Speedring Value HSES Value
Dimension {in.) (in. ) (in.)
PART: SHAFT (Cont'd) P/N 31157-1 Dwg 31157-A
Note 9
Av Groove Depth 53 +10) ' 50 Note 2 56 No
- (Hole End) (53 =10y u H s
Av Greove Depth (53 +10) 50 Note 2 55 Note 9
+ (Opp Hole End) K H M
PART: NEGATIVE THRUST PLATE P/N 31159-1 §/N 001 Dwg 31159
Groove Side Flatness | H u 0K < 5pu Note 11
Note 3
: Note 4
80 80 120
h L ) 2K 2l p
Groove Depth Range 120 190 & 190 &
Note 3
Av Groove Depth (100 +20) p 98 151, Note4
PART: POSTIVE THRUST PLATE P/N 31158-1 §/N 007 Dwg 31158
Note 11
Groove Side Flatness 5 OK 5u
Note 3
Note 5
80 _ 80 u 90
Groove Depth Range 120 1 : 150 1 160 1
Note 3
Av Groove Depth (100 £20) u 100y ote?Z 120y Note s
BORE - SHAFT CLEARANCE Dwg 31150
Note 10
(40 +5) 1 41p 44,  NoteT
THRUST PLATE - ROTOR CLEARANCE Dwg 31150
(40 +5) A5 4 5 Note?
NOTES: (1) Flatness Not Explicitly (7) Measurements Made On Supermike
(2) Averaged From Fpeedring Data (9) Averaged From HSD Tallyrond Data
{3) Measured With Indiac On furface Plate (10) Measured On Federal
(4y & Grooves Checked (11} Measured Optically
» _

5) 8 Grooves Checked
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3.4.2,.2.2 RI 1170 Bearing Materials

Aluminum oxide and beryllium oxide were chosen as the materials to be
used for the RI 1170 gas bearing. As stated in the design report, these

two ceramics should provide good start-stop reliability and have the

desirable thermal characteristics.

tional details.

Refer to

the design section for addi-

The following table summarizes which specific ceramics were used for
the RI 1170 wheel parts.

High Purity Alumina

High Purity Beryllia

Wheel 8/N Thrust Plate  Rotor Halves Shaft
010 Coors AD 995 Coors AD 995 ‘Brush Cold Pressed
011 Coors AD 995 Coors AD 995 Brugh Hot Pressed
012 Coors AD 995 Coors AD 995 Brush Cold Pressed
020 Coors AD 995 Coors AD 995 Brush Thermolox 998
021 Coors AD 995 Coofs AD 995 Brush Thermolox 998
022 Coors AD 995 Coors AD 995 Brush Thermolox 998

According to manufacturer's information:

~ Paramefer

Thermal
Conductivity
(100°C)

Specific

. Gravity

(Typ.)

Coefficient

of Thermal
Expansion
(25°C ~ 200°C)

Coors AD 995 B

. 064 cal/cmz/cm/secﬁ‘c

3.84

6.8 x 1078

rush Thermolox 998

in,

in, -°C

.5 cal/cmz/’cm/sec/"c

2.86

in,
in, -°C

6.3x10°°.
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3.4,2,2,2 (Continued)

The above values are typical values obtained from testing many samples.
The value of the above parameters will, however, be different (slightly)
for each sample, The following important facts can be readily deduced
from the above data:

1. Beryllia (RI 1170 shaft) will conduct bearing heat away almost
10 times as fast as the alumina (RI 1170 rotor and thrust
plate material).
2. Both materials are relatively light.
3. Thermal expansion coefficients match very closely,
3.4,2.3 Wheel Tests
Before the RI 1170 gas bearing wheels could be placed in a float frame
for use in a gyro, sufficient testing had to be performed to ensure that
the wheel would run reliably in the gyro.
The following were considered the most important tests to be performed,
and gave sufficient data to determine the wheel reliability. Table 3. 4-1

- shows which tests were performed on which wheels.

3.4,2.3.1 Running Parameters

This is an important test to see if the wheel will run efficiently as
designed. If the wheel is not running efficiently after it is built in the
clean room, there is little purpose in further testing the wheel until the
problem has been diagnosed and corrected; therefore, this test was the
first test conducted on the RI 1170 gas bearing wheels.

During the test, wheel speed was varied and the following parameters
were recorded at each speed:

Time to reach synchronous speed*

Time to coast to a stop*

Minimum synchronization voltage (and running voltage)
Current drawn during operation |

Mechanical power developed by the wheel*

Electrical power drawn by the wheel

N O

Mechanical torque developed by the wheel*

8. Wheel efficiency
- *These parameters were not measured for all wheels.
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ISR LI U ED AIRGEAL 1 CORPOMEA TION

Standard A

TABLE 3.4-1
RI 1170 WHEEL TEST

WHEEL RUNNING SLEW START |  STATIC
S/N PARAMETERS CAPACITY | STOP STIFFNESS
010 X X X X
011 X X vl &

012 Y* z Z z
1

020 X X Y 7
1

021 X X Y Z

022 X X Z 7

X = Test Perforr_ned
Y = Test Performed On a Limited Basis

7 = Test Not Performed

1 - Start Stops Accumulated During Testing (See Graph of Running Time and Start-
. Stops). .

2 — Erratic Data (Too Much Experimental Error),

* — Wheel Failure Forced Cancellation of Further Testing (See Failure Report).

50



Hamiiton
IVISION OF UNITED alRCRAFT CORPOR ATION : HSER 6197
Standard As

3.4.2.3.1 (Continued)

A comparison of the above parameters with parameters determined
previously for similar gas bearings and with design predictions told .
if the wheel being tested was operating at or near its designed operating
point,

3.4,2,3.2 Slew Test

Due to the fact that the RI 1170 gyro is to be used in a strapdown configu-
ration, the slew capacity of the gyro wheel must be higher than that of

a gas bearing wheel in a gimballed configuration. Slew capacity, there-
fore, must be determined for each wheel and compared with specifications,

Slew capacity was defined as the slew rate at which electrical power

which the wheel draws has increased 40% above the zero slew rate elec-
trical power. This method of determining slew capacity was chosen
instead of the capacitance probe method because of the relative ease with
which the test could be performed. The wheel was mounted (SA horizontal)
on the rate table, and slew capacities were obtained for different wheel
speeds as the table rate was increased in each direction of rate table
rotation,

3.4.2.3.3 Start-Stop Test

A necessary piece of information concerning the performance of a gyro
wheel is how long the wheel will last in service. In the case of a gas
bearing, this will depend upon how well the bearing can sustain starts
and stops. '

The start-stop test involved running the wheel up to its operating speed
from a complete stop and then letting the wheel coast down until it comes
to rest. Starting and stopping is performed on the journal and thrust
plates until the rotor fails to lift off and reach synchronous speed. The
number of starts and stops before failure to start is monitored auto-
matically by a rig which continuously starts and stops the wheel., Having
obtained the number of starts and stops before "failure', wheel service
life can be estimated. See Figure 3, 4-1 for the number of start/stops
and the running hours logged by each RI 1170 gas bearing.

3.4.2.3. 4 Static Stiffness

In order to find how much the wheel will yield when subjected to a given
load, static stiffness tests were performed onh a limited basis. This
test essentially determines the ""spring constant" of the pressure field
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Hamilton

Standard

"3.4.2.3. 4

3.4.2.4

3.4.2.4.1

[T |INIYQI}H PRE T LIRBORA THIN HSER 6197

Har
ﬂ@

(Continued)
developed as the wheel is running.

Radial and axial static stiffness tests were performed. An essential,
and difficult, part of this test is accurately measuring displacements,
The measurement of the microinch displacements is accomplished by
employing , 001" capacitance probes coupled with a Wayne-Kerr meter.
Wheel speed and gas pressure was varied to vary the compressibility
number (A). ' '

From a knowledge of the static stiffness, the radial and axial load carrying
of the wheel can be estimated.

Results

Wheel Test Results

Table 3. 4-2 summarizes the results of the testing completed before the
decision to build the wheel into the gyro was made. Not all parameters
for all wheels are available because the measuring of several parameters
was not believed necessary at the time the wheel was being tested. The
values listed under the heading, "DESIGN GOALS" are nominal values
obtained from the "RI 1170 Design Report". All actual values were
obtained directly or indirectly from experimental data.

Running voltage, V¢, is a somewhat arbitrary voltage because there is
more than one voltage at which the wheel will run successfully. In most
cases, the running voltage is set to a value which will allow the wheel

to reach synchronous speed in a reasonable time and which does not cause
the wheel's electrical power to exceed a reasonable value,

Varying applied wheel voltage, will also vary the current drawn by the
wheel, The current drawn by the wheel, 1¢, is also affected by the
magnetic state of the stator and hysteresis rings and therefore is some-
what unpredictable., A value of current over the design goal is not
particularly significant as long as it does not result in the wheel's elec-
trical power value being excessive.

It can be seen that all RI 1170 wheels other than Wheel 010, have a slew
capacity below the design or specification goals, This occurred in spite
of theory telling us that the slew capacity will be above the specification
value of 5,0 rad/sec. This is difficult to explain because of the definition
which must be used to define slew capacity (see description of slew test).
For example, Wheel 011 has an average slew capacity of 3.5 rad/sec
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TABLE 3, 4-2 g,) g
b
RI 1170 TEST SUMMARY 2 3
_ Design S/N 010 | S/NOI1[S/N012¥  S/N 020 8/N 021 S/N 022 D 3
Parameier** Goal Actual Actual | Actual Actual Actual _Actual Comments|Q 3
V¢ (Running) (volts) 100 80 80 NA 83 89 89 See Note 1 ”;"
] & (Running) (amps) | . 090 . 100 . 083 NA , 090 137 .115 SeeNotel| 3
RUT (sec) NA NA NA NA NA 32 30 D:iC
) §
RDT (sec) NA NA NA NA NA 192 141 :
PELECT (watts) 11. 3 7.6 5. 46 NA 7,46 6. 08 5.40 :
PMECH (watts) 5.5 NA NA NA- NA 4,08 4,26
TME CH (gm-cm) 9 NA NA NA NA 8.3 8.7
n 48. 5% min NA NA NA NA 67% 79%
CW Slew 5.0 min 6.2 3.6 NA <3.2 2.6 2,5 See Notes
Capacity (rad/sec) @2atmabs | @2atmabs| 2 and 3
CCW Slew 5,0 min 6.0 3.4 NA NA, Due to 2.6 2.3 See Notes
Capacity (rad/sec) Wheel Seizure| @2atmabs | @2atmabs| 2 and 3
Statie Stiffness See Graphs |See Graphs NA NA NA NA NA
1and 2 land 2
o)
4]
=
=
[=2]
* Wheel suffered catastrophic failure after little running - no data available. _'{.-;

** See Table 3, 4-3 notation list for definitions of symbols,



Ham ilton [N L N TN TR g N 6] EHJ:'F”U T AR A TN HSER 6197
Standard e

TABLE 3.4-3

NOTATION LIST

SYMBOL DE FINITION
Ve Wheel Phase Voltage
I¢;- Wheel Phase Current
RUT Run Up Time (Time To Reach Synchronous Speed)
RDT Run Down Time (Time To Coast To A Stop From Synchronous Speed)
PE LECT Electrical Power Drawn By Wheel
PME CH Mechanical Power Developed By Wheel
TME CH Mechanical Torque Developed By Wheel
£ Wheel Efficiency PMECH/PE LECT
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TABLE 3, 4-2 (Continued)

NOTE 1

The wheel running voltage, V¢, was set at or below the design goal value as
long as run up time and wheel electrical power were satisfactory. The RI
1170 wheels operated well when the running voltage was set between 80 and
90 V; therefore, the testing was performed at wheel voltages set in this
range.

NOTE 2

The slew capacity design goal was 5. 0 rad/sec. This represents the slew
rate at which either the journal or thrust clearance decreased by 75%.
Conventional methods of measuring this change in clearance were impractical.
Therefore, the power increase method was employed. When the wheel is
heing slewed, the electrical running power of the wheel was noted. When

this power increased to a value 40% above the nominal running power of the
wheel, the test was stopped and the last slew rate was taken as the slew
capacity. This figure was derived from MIT Instrumentation Lab Report,
R-264 Final Report, '"Apollo Gas Bearing Material Program', Oct. 1968,
Henry H, Rowe, Jr.

NOTE 3

Wheels S/N 021 and S/N 022 were slew tested while these wheels were in
an environment of 2 atm abs of Ho.

It had been confirmed (See Figure 3.4-2 ) that an increase in ambient
pressure raises the wheel slew capacity. Therefore, wheels S/N 021 and
S$/N 022 were tested in 2 atm abs of Ho; however, this still failed to raise
the slew capacity of these gas bearings to the design goal level.
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3.4.2,4,1 {Continued)

based on a limiting power increase of 40%; however, the wheel has not
seized, Therefore, the slew capacity of this wheel must be greater than
3. 5 rad/sec, but there is no way of telling how much greater without
actually slewing the wheel until it seizes, Therefore, even though the
average slew capacity of S/N 011 appears fo be 3.5 rad /sec, it should
be understood that the actual slew capacity is at least 3, 5 rad/sec and
may meet the specification requirement.

The above comments are not applicable to the slew capacity of Wheel
S /N 020 because it actually seized at 3.2 rad/sec CW; therefore, 3.2
rad/sec is the true slew capacity of the wheel in the clockwise direction.

Wheels S/N 021 and S/N 022 were slew tested while the wheel was in an
environment of 2 atm abs of H,.

It has been confirmed (See Graph, Figure 3.4~ 2) that increase in
ambient pressure raises the wheel slew capacity. Therefore, we tested
Wheels S/N 021 and S/N 022 in 2 atm abs of Hg; however, this still failed
to raise the slew capacity of these gas bearings to an acceptable level.
The slew capacity of these same bearings is even lower in an environ-
ment of 1.5 atm abs, the design specification,

3.4.2,4.2  Comparison With Other Gas Bearings

In Appendix D is presented a comparison of typical gas bearings from the
three Hamilton Standard gyros which incorporate gas bearing wheels.
Examination of this tabulation allows comparison of the specification
value of the gyro parameter with the value actually obtained for the three
different gyro gas bearings, '

3.4.2.5 RI 1170 Start-Stop Failure Report

3.4,2.5.1 . Intreduction

The purpose of performing analysis on RI 1170 Wheel §/N 010 was to
determine the cause of the failure of the wheel to start during the start-
stop test. By performing the analysis, we also hoped to gain knowledge
concerning the behavior of ceramic gas bearing materials when subjected
to repeated starting and stopping.
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3.4.2.5,2

3.4.2.5.3

3.4.2.5.4

Q "

History of Wheel §/N 010

_ Since its assembly, Wheel S/N 010 has been run for a total of 934 hours

and has sustained 12, 000 start-stops before failing to start. Before the
start-stop testing, slew tests and static stiffness tests had been per-
formed. Therefore, the run time and start-stops during these tests

are also included in the above figures. It should be noted that the shaft
had been broken during initial dimensional checks and was repaired with
epoxy prior to assembling and testing the gas bearing. Cracks in the
bore of the rotor have been found; however, it is not known what caused
the cracks. It has been determined that the cracking occurred some-
time between wheel assembly and the beginning of the start-stop tests.

Analysis Methods and Equipment

Analysis of Wheel S/N 010 was performed at United Aircraft Research
Labs (UARL) by the Materials Analysis Department. Three pieces of
equipment were used for the analysis: scanning electron microscope
(SEM), optical microscope, electron probe spectrometer (probe).

The optical microscope (50X - 500X) was used first to determine areas
of wear and general surface conditions before examining areas in detail
on the SEM under higher magnification.

The research instrument used primarily for investigating the surface
conditions of the parts was the SEM. The SEM is capable of magnifica-
tions from 20X to 50, 000X quite easily and provides a depth of field 500
times that of the optical light mieroscope. The parts under examinatign
must be conducting or must be made conducting; therefore, a 300-500A
thick coating of gold-palladium was vapor deposited on the ceramic parts.

For determining what substances were present on the critical surfaces,
the probe was employed.  Using the X-ray spectra obtained during
electron bombardment of the specimen, the elements present and their
relative concentrations were determined,

Results of Analysis

The analysis at UARL resulted in SEM photographs of all eritical gas
bearing surfaces and probe analysis of all pieces which could be analyzed.
Following is a general description of the results which can be derived
from this information.
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Positive Thrust Plate, P/N 31158-1

The optical photographs of the thrust plate's surfaces reveal much
severe pitting and many scratches, See Figures 3. 4-3 and 3.4-4 .

On these optical shots (100X), no debris was noted other than that which
can be assumed to have originated from the atmosphere while the thrust
plate was being prepared for examination. The SEM was then employed
to look more closely at the surface in the groove and ridge areas.

The SEM photos show more clearly the nature of the pitting and the '
severity of the scratches. While the scratches appear very shallow, the
pitting appears extensive, See Figures 3.4-5 thru 3.4- 6. It canbe
noted in these photos that there are pieces of ceramic in the pits which
could be dislodged at least in part,

Negative Thrust Plate, P/N 31159-1

The optical photos of this thrust plate show the presence of the pitting
and scratches as on the other plate. See Figures 3,4-7 and 3.4-8.
On Figure 3.4-8 , an area of severe wear can be seen. '

The SEM photos reveal the fact that the scratches are shallow and the
pitting is severe, See Figure 3.4-8. Ason the other thrust plate,
there are pieces of ceramic in the pits which could be dislodged, In
particular, see Figures 3.4-9 and 3.4-10. Examination of Figure

3. 4-10 (the close up of the wear mark) leads us to believe that a particle
had been dislodged during testing and subsequently caused failure on
this thrust plate. '

Probe Analysis Resgults For Thrust Plates

The probe reports on the thrust plate (See electron microprebe reports,
EMP No. 1442 and EMP No. 1515) reveal nothing startling, The presence
of the gold and palladium is due to the coating deposited for SEM analysis.
The detection of iron and chromium is due to therebeing impurities in the
Al50, mixture, and, of course, the aluminum and oxygen are the main
constituents of the thrust plate material. The presence of the silicon can
be explained by the fact that the grooving of these thrust plates involved
blasting with silicon carbide,

Shaft, P/N 31157-1

The SEM photos of the shaft revealed scratches, much pitting and debris
in the pits. See Figures 3.4-11 thru 3,4-12. However, the shape of the
pits was different from that of the thrust plates. This is because the
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UNITED AIRCRAFT CORPORATION EAST HARTFORD, COMNECTICUT

ELECTRON MICROPROBE REPORT

Donald Geiling

REPORT TO: _ EMP NO. 1hh2

SAMPLE

NHO. DATE SUBMITTED

HISTORY OF SAMPLE:

An alumina wafer with two distinct general areas was submitted for elemental
analysis (Fig. 1).

COMMENTS:

Spectral patterns were cobtained from eight areas on the surface of the specimen.
The results of the analysis showed conclusively the presence of Au, Pd, Fe, Cr,

5i and Cl, in addition to Al and Q. The Au.and Pd were intentionally introduced
onto the surface as a thin film GfSOOﬁ) as an aid in SEM analysis. ' The Cl was
detected in only tweo isolated areas, with a further overall distribution analysis
indicating only one other area to contain that element. It is therefore felt that
C1 was possibly introduced as a handling impurity. BSpecific analyses were performed
for the remainder of the halogen family but no detectable amounts of these elements
were observed., The Fe and Cr were found to be fairly uniformly distributed over
the entire surface in both the highly polished areas as well as the rough regions.
The Fe concentration is approximately 5 times that of Cr. The 5i was found to be
positively correlated with rough area and a distribution scan (Fig. 2) documents
this finding.

Semi-quantitative analyses were next performed for Fe and Si. The 5i was found
to be approximately 0.1-0.2 w/o in the rough areas vs. < 0.01 w/o in the smooth
areas. The maximum Fe detected at any point (~20pm3) was ~2 w/o. An overall
concentration would be ~ 0.1 w/o,

DATE:

March 31, 1971

ANALYZED BY:

APPROVED BY: uu MM([?I\W/\(
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RESEARCH LABORATORIES HSER 6197

UMITED AIRCRAFT CORPORATION EAST H'ARTFORD, CONNECTICUT
ELECTRON MICROPROBE REPORT

REPORT TO: Donald Geiling EMP NO. 1515

SAMPLE NO. _ I/N 31159-1, P/N 31157-1 DATE SUBMITTED _ July 6, 1971

HISTORY OF SAMPLE:

A thrust plate (Fig. 1) and shaft sssembly were submitted for elemental analysis.

Because of size limitations no analysis could be performed upon the shaft assembly.

COMMENTS:

Spectral patterns were obtained from eight {8) randomly chosen areas on the thrust
P

plate : four (L) in the rough areas and four (Y4) in the smooth regions. These
analyses revealed the presence of the following elements: '
Smooth Rough
Major: ' Al1,0 A1,0
Minor: Au,Pd 81 ,Au,Pd
Trace: Cr Cr

(Note: The Au and Pd were intentionally introduced as an aid in SEM analysis)

A distribution scan across the thrust plate documents the high silicon content
in the rough areas contrasted to smooth regions (Fig. 2).

DATE July 28, 1971

ANALYZED BY: %T’ HAM, _

APPROVED BY:
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Figure 3.4-3 Positive Thrust Plate Surface Showing
"Pitting and Scratches, Mag 100X

Fipure 3.4-4 Positive Thrust Plate Surface Showing

Pitting and Scratches, Mag LOOX
63



HSER 6197

.5 SEM Photo ol Positive Thrust Plate surface
Maw 1000X

Figure 3.4-6 SFA Photo of Positive Thrust Plate Surface

Mao 1000X




Figure

Figure

o,

(5]
)

4-7

i_w

Negative Thrust Plate Surface
Mag 30X

Negative Thrust Plate Surface
Showing Wear, Mag 30X
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Figure 3.4-9 SEM Photo of Negative Thrust Plate
Showing Pitting and Scratches. Mag 1000X

Figure 3.4-10 SEM Photo of Wear on Negative Thrust
Plate, Mag 500X
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Figure 3.4-11 SEM Photo of Shaft Showing Debris and Pitting
Mag 200X

Figure 3.4-12 SEM Photo of Shaft, Mag 1000X
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(Continued)

thrust plates are AlpOg3 and the shaft is BeO. The size of the debris noted
in the pits was roughly the same as that found on the thrust plates, thus
indicating again the possibility of failure due to debris,

Due to the size of the shaft assembly, it could not be analyzed on the
probe,

Rotor Halves, P/N 31153-1

The SEM photos of the rotor halves revealed nothing essentially different
than the SEM photos of the thrust plates revealed, Pitting and scratches
can be seen and the presence of ceramic debris can be noticed. One
point worth noting (Figures 3.4-13, 8.4-14), is that the pits in the bore
run circumferentially indicating that they were formed or shaped at least
in part by the motion of the rotor halves relative to the shaft,

Due to the size of the rotor halves, they could not be analyzed by the
probe.

Conclusions

The following observations can be made concerning the surface conditions
of RI 1170, Wheel S/N 010:

1, Extensive pitting was noted on all bearing running surfaces.
2, Debris was noted in the pits. This debris appeared sufficiently
loose that it could have been freed from the pits, at least

partially.

3. Probe analysis yielded no information which could reasonably
explain the failure,

It has been concluded that particles present in the pitted areas were freed
during operation of the gas bearing wheel during the repetitive start-stop

testing and thereby caused the wheel to fail to start.

RI 1170 Gyro No. 2 Failure (Wheel /N 021)

Gyro No. 2 failed, exhibiting an open circuit to all motor windings.
Failure occurred while the unit was being slewed about the output axis
as part of the evaluation of a low loop gain magnetic suspension problem.
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Figure 3.4-13 SEM Photo ol Rotor Halt Showing Pitting,
Scratehes, and Debris; Mag 300X

Figure 3. 4-14 SEM Photo of Rotor Half, Mag 1600X
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It was found, after having torn down the gyro, that the slew capacity of
the wheel (S/N 021) in this gyro had been exceeded causing touchdown
and seizure. This seizure caused the shaft to rotate relative to the
float frame breaking the motor leads.

It was found that the rotor halves were cracked by the seizure; however,
the shaft remained intact except for two score marks in the grooved

areas of the shaft, See Speedring rework section of this report.

Speedring Rework of Wheel S/N 021 Shaft and Wheel §/N 011 Rotor

Wheel S/N 021 was seized in Gyro No. 2 causing the wheel halves to sus-
tain cracks; however, its shaft remained intact except for two score
marks on the grooved area of the shaft where each end of the wheel made
contact with the shaft. It was not believed that these score marks would
seriously impair the performance of the shaft.

The shaft of Wheel 8/N 011 was broken when it was being built into the
first float; however, its wheel halves remained intact.

To combine the shaft of wheel S/N 021 and the rotor halves of Wheel

S /N 011, remachining had to be done so that the clearances in the "new"
wheel would be within specification limits, The rotor halves and shaft
were sent to Speedring Corp. for rework during November, 1971, After
remachining by Speedring Corp., the bore radial clearance was found

to be 38 ' and the thrust plate rotor clearance was found to be 42 u'.
See Figure 3. 4-15,

Integrated RI 1170, Gyro S/N 3

The final configuration of 1170 gyro S/N 3 includes the Fine Temperature
Controller and pickoff pre-amplifiers. The chronological history of
significant results on this unit is reported in Section 4, 3 of this report.

"Breadboard System

The delivered RI 1170 Gyro Single Channel Breadboard System consists

of a portable set of breadboard electronics which operates from a number
of DC supply voltages and delivers the outputs for inertial testing of an

RI 1170 gyro using a pulse torque servo amplifier. The RI 1170 gyro /N1
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Figure 3.4-15 Bore Radial and Thrust Plate Rotor Clearances
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has a magnetic suspension, gas bearing spin motor, and capacitive
pickoff, The breadboard electronics feature fourteen (14) individual
plug-in type breadboard circuit cards in a standard 19 inch wide rack.
Nine circuit boards make up the Magnetic Suspension Electronics (MSE)
and one board each make up the Pulse Torque Servo Amplifier (PTSA),
Digital Control Electronics (DCE), Fine Temperature Controller (FTC),
Synchronizer, and Synchronizer Amplifier. \

Excitation and Synchronization Unit

The purpose of the 1170 interface unit is to provide a convenient method

for supplying the gyro with the proper DC voltage levels and excitation
signals for an internally installed PTSA. This unit was designed to con-
solidate the non-critical power supplies and the Demodulator Reference and
Excitation Generator. The stable power supplies (29.5 V DC and +37.2

Vv DC) and the 3-phase wheel power supply are not an integral part of the
interface unit and must be connected externally.

The Demodulator Reference and Excitation Generator supply the 51 KHz
for the gyro excitation, the 51 KHz reference for the PTSA demodulator
and the 1.6 KHz for the wheel power supply synchronization. This cir-
cuitry also provides a buffered output for the data and sync signal,
Appendix A contains the operating instruections for this unit.

The Demodulator Reference and Excitation Generator consist of two
vector cards mounted on top of the interface unit. Schematic diagrams
of these two cards (C1 and C2) are presented in Appendix A.

The 4. 096 MHz crystal oscillator is mounted on board C2., This signal
is used for the Demodulator Reference and Excitation Generator and is
also carried to the countdown inside the gyro. Also mounted on this
board are the countdown chips used to produce the 51 KHz and 1. 6 KHz.
They include one each of SN54H73, SN7490, and two each of SN541.93,
The §N5407 is the buffer chip used to increase the level of the data and
sync pulses.

Board C2 contains the discrete component, 51 KHz filter and amplifie‘r
for the excitation signal. The amplifier has a split phase transformer
to produce 0° and 180° output.

There are also two LM101's located on board C1. The first amplifier is
used to shift the phase of the demodulator reference signal with respect
to the excitation to trim quadrature as necessary. The second LM101
is a fixed gain amplifier whose output is fed through the PTSA,
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There are two gain controls located on board C1. A 20 K pot controls
the output signal of the excitation amplifier, and the 25 K pot controls
the input signal to the demodulator reference signal. Once these signals
are trimmed, they should not have to be retrimmed.

The interface unit contains three modular power supplies: +5 V DC,
+15 V DC, and +28 V DC. The +5 V DC (MM-5J-0V) and the +15 V DC
(MD-15V) are used to power the PTSA and DCE/DSE in the gyro and the

‘Demodulator Reference and Excitation Generator, The +28 V DC (FPS~

28-2) is used for the gyro heater only. .

- Electronic Design Critique

The design approach of the 1170 electronics was based upon the established
HSES Pulse Torqued Servo Amplifier design, with minor modifications to
optimize performance with the 1170 gyro. The principal differences. be-
tween this PTSA and the other PTSA models are that the 1170 design has
a higher input impedance front end, an active bandpass filter instead of .
a LC filter, FET's in the demodulator instead of BJT's, FET's as drive
elements in the torquer bridge, cascade output stage in the current regu-
lator instead of a single transistor (same 2N2905 as final element in each),
and that the 1170 was designed for dual scale factor. Critical areas of
this design such as the dual scale factor current regulator and the bridge
and driver were breadboard tested. Circuit level testing verified the -
general design concepts without pointing to any potential problems. The
fabricated board, however, shows an increased capacitive loading at the
high input 1mpedance gates of the FET's while the FET's themselves
appear to have marginal heat sinking, As a result, many of the FET's
that were cross-coupled failed during switching transients. This problem
was not evident on the breadboard units indicating that the cause was a
packaging problem. A simple redesign to eliminate these "pullup" FET's,
replacing them with resistors would remove this potential failure mode
with only a slight increase in board power and this change was made on
one PTSA,

Aside from this shortcoming, the design is nominal, The ma.nufacturmg
shortcomings are that important test points are difficult to get to or do
not exist. Thus, parts may be destroyed by a slip of the test probe while
troubleshooting unless extreme care is taken. Another manufacturing
flaw appears as the lack of a hermetic seal, While no one failure can

be traced to this as a problem, it can only be assumed that resistance
values are varying due to moisture absorption and transistor parameters
change due to oxidation. This problem would not exist once the boards
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were installed in the gyro. A related problem is in interconnections,
feveral circuit problems were traced to open grounds or poor grounds,
Hermetic sealing of the boards and. flying lead inte rconnects should help
this. Lastly, the heat sinking capability is questionable, Although com- -
plete dissipation data of the electronics was provided, no thermal model
of the electronics package is available. This could easily be a factor in
the failure of many of the FET's. ‘

With the change from dual scale factor to single and by abandoning the

use of magnetic suspension, the circuitry can be condensed. The digital
timing section can be fabricated on the same board as the fine temperature
controller, the wafers for this hoard and for the PTSA could both be

metal clad to improve heat sinking and act as a RFI shield when these
boards are back to back. No specific examples of pickup can be cited,
however, the use of short traces for interconnects and the present layout
appears adequate and no further improvement has heen shown necessary.
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GYROQ EVALUATION - SINGLE AXIS TEST

HSES has produced three RI 1170 gyros (S/N's 1, 2, and 3). ‘This section
will present a chronological summary of significant events for each of these
units.

Gyro 5/N 1

| Preliminary tests were initiated during May, 1971 to ensure that the gYyro
and test console interfaces were correct and that the gyro was operational,

A resistance and continuity test was performed with the gyro at room temp-
erature and the test harness connected to the gyro header pins, The resist-
ance was measured between each internal circuit of the gyro with a resist-
ance bridge. The results of the resistance measurements are presented

in Figure 4, 1-1. Upon verification of normal readings, the gyro was ready
for power on testing, '

A signal generator and wheel phasing test was then performed to determine
the polarity of the signal generator and proper phasing of the gyro spin
motor.

With the gyro fully excited, except for the spin motor and suspension, and
oriented on the test table as shown below, the output of one preamp was
connected to the vertical plates of an X-Y oscilloscope and the reference
excitation signal to the horizontal plates. The table was then rotated in a
clockwise direction and the direction of rotation of the lissajous oscilloscope
pattern was recorded. This direction indicates positive output from the
preamp signal since a clockwise rotation of the table top is equivalent to a
rotation of the float about the positive output axis. This procedure was

CA GRAVITY

A
TABLE AXIS
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Date _5/12/71_

Resistance Measurements of the 1170 Gyro Serial No. 1

unetion

Suspension Coil

Suspension Coil
Spin Motor ¢1
¢2

Spin Motor ¢3

Approximate
Value

No. & 77 ohms
No. 6 ~ 77 ohms
No, 7 | - KK ohms
No. 8 _ 77 ohms
No., 1 777 ohms
No, 2 77 ohms
No. 3 77 ohms
No, 4 77 ohms
72 ohms

72 ohms

72 ohms

146 ohms

Torquer Primary

Torquer Secondary

Thermistor
Thermistor
Platinum Sensor
Platinum Sensor

Heater

Do Not 'Measure

117, 7 K chms
117.7 K oh.ms
1; 1 K ohms
1.1 K ohms

40 ohms

Figure 4, 1-1

78

Measured Value

80
80
80
80
80
80
80
80
72
72
72

150

85 K
85 K
1,150 K
1,150 K
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repeated for the second preamp signal, With the spin motor supply con-
nected in the same sequence as shown on the gyro wiring diagram, the
wheel was momentarily excited. As it coasted down, the table trunion axis
was rotated about the gyro positive input axis. This rotation is a positive
input and, therefore, the SA should precess about the positive output axis.
The lissajous pattern should rotate in the same direction as for the CW
snap performed for the signal generator phasing test.

The results of rotating the table CW and CCW on the preamp outputs are
summarized as follows: ' ‘

Flex End Preamp

e Rotating the table in a CW direction caused the preamp output to
rotate to the in-phase direction.

s Rotating the table in a CCW direction caused the preamp output
to rotate to the out-of-phase direction,

Bellows End Preamp

e Rotating the table in a CW direction caused the preamp output to
rotate to the out-of-phase direction.

e Rotating the table in a CCW direction caused the preamp output
to rotate to the in-phase direction,

The positive input rotation of the table trunion as the wheel coasted down
was observed at the flex end preamp. The lissajous showed an in-phase
displacement thereby indicating that the wheel direction was correct,

A suspension coil inductance test was then initiated to obtain a measure
for the range of inductance values for each of the suspension coils in order
to analytically establish the capacitance value to passively suspend the
float.

The range of inductances for each of the suspension coils was determined
both with the gyro filled with fluid and with it void of fluid (dry).

The gyro, while dry, was supported by an inclined holding fixture as shown
in Figure 4, 1-2, The spin axis was directed upward. Using an inductance
bridge, the inductance of each of the eight coils was measured and recorded.
Following these measurements, the gyro was rotated 45 deg about the OA
and again all eight coils were measured. The procedure of rotating 45 deg
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about the OA and measuring the inductance was repeated over 360 deg.
The same series of measurements were recorded with the OA reversed as
shown in Figure 4, 1-3.

For the fluid filled condition, the gyro was heated to slightly below its
flotation temperature (about 150°F), At this temperature, the positive OA
(bellows end of gyro) was positioned vertically down. The low ternperature
aided in lifting the float, thereby reducing the suspension coil gap at the top
or flex end and increasing the coil gaps at the bottom or bellows end. The
four coils at the flex end were then series connected, and 50 ma DC was
allowed to flow. This procedure assured that the float was fully lifted. At
the bellows end, 20 ma DC was applied to a single coil, The coil opposing
the energized coil was then measured with an inductance bridge. With
minimum delay after interrupting the energized coil's current, the coil's
inductance was measured. In a similar manner, all bellows end coils were
measured, The flex end coils were measured for maximum and minimum
inductance after interrupting the 50 ma current and using the same measur-
ing technique as heretofore described. The entire procedure was repeated
with the gyro inverted; that is, with the positive OA (flex end of gyTo) posi-
tioned up. The data from these tests produced the maximum and minimum
coil inductances for all extremes of the float position.

The maximum and minimum coil inductance value with the float at each end
of the gyro for the dry and fluid filled condition are summarized in ‘Figure
4.1-4. The inductance values recorded at the 45 deg positions with the gyTo
dry are presented in Figures 4. 1-5 and 4. 1-6.

On 3/12/71, inductance measurements were made for the first time. These
measurements were performed with a fluid filled gyro. Figure 4. 1-4 shows
the results. Again on 11/4/71, inductance measurements were made but
with the unit dry. These readings are also shown in Figure 4, 1-4, The
dry condition readings were recorded after a replacement was made at the
suspension coil assembly. This replacement was necessary because one of
the coils opened (Coil No. 4) during test. On 5/30/72, after having expended
considerable effort to actively suspend the float with the breadboard MSE
(unsuccessfully), the coil inductances were measured. It was found that the
inductances at the flex end had changed. The maximum values increased
and the minimum values decreased from the previous measurements with
the unit dry. To date, the cause of this change remains uncertain,
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SA iA

FLEXLEAD END

BELLOWS END

OA

GRAVITY

Figure 4,1-2

0OA

. BELLOWS END

FLEXLEAD END

SA
IA
Figure 4.1-3

Gyro Attitudes For Dry Inductance Measurements

79



08

Gyro Dry (Tested 11-4-71) Gyro Filled (Tested 3-12-71) Gyro Filled (Tested 5-30-72)

Float At Float At Float At Float At Float At ~ Float At
Coil| Bellows End Flexlead End Bellows End Flexlead End Bellows End Flexlead End
No, | Max Min Max Min i Max Min Max Min | Max Min Max Min
1 278 156 168 122 | 208 139 150 116 [| 295 160 214 144
2 | 360 168 182 128 § 204 136 142 112 || 390 170 219 161
3 230 140 148 110 || 180 . 126 130 108 | 217 127 162 137
4 238 o 142 150 112 §| 204 132 148 112 | 390 137 190 131
5 | 134 104 194 130 | 140 106 192 126 || 400 84 455 92
6 -] 148 110 240 141 |} 152 114 228 140 || 455 92 464 93
7 164 122 284 152 || 168 118 - 270 150 || 464 93 375 87
3 150 114 232 140 i 150 114 224 137 || 335 82 317 191

NOTE:

CoiIs 1, 2, 3, 4 at Bellows End

Coils 5, 6, 7, 8 at Flexlead End

Figure 4. 1-4, Coil Inductance Measurements (Millihenries)
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Standard DIvISHIN OF UNITED hm_u@:n CORPDAL TN HSER 6197
SAt) 1At SA} 1A
Coil No. S No. 0| 45 | 90| 135 180 | 225 [ 270 315
5 9, 10 | 118 108 | 104) 108 | 117 131 | 135 | 131
g 6 11, 12 | 149 | 142 | 126 114 [ 111 | 117 | 127 | 143
£ 7 13, 14 136 | 155 | 164 | 154 | 136 | 121 | 118 | 122
8 | 15, 16 111 | 115 | 130| 145 | 150 | 139 | 127 | 115
1 1, 2 251 | 278 | 239 | 202 | 165 | 157 | 162 | 200
% 2 3, 4 337 | 218 | 179 | 169 | 182 | 207 | 276 | 360
E 3 5, 6 150 | 140 | 152 | 171 | 215 | 230 | 216 | 173
4 7, 8 147 | 185 | 221 238 | 215 { 188 | 155 | 141
END
BELLoWS GRAVITY
END

GYRO ATTITUDE OA DOWN

All measurements in millihenries @ room temperature =~ 75°F,

Figure 4,1-5, Dry Inductance Measurements of Magnetic
Suspension Coils in 1170 Gyro, Serial No, 1
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gf‘a Tg;?_g g@ + cormmcnnason HSER 6187
SAt 1At SAl 1A}
Coil No. | S No. 0 { 45| 90 | 135 | 180 | 225 | 270 | 315
| 5 | 9 10 160 | 137 | 130 | 128 | 163 | 180 | 195 | 181
g 6 | 11, 12 240 | 217 | 200 | 162 | 141 | 148 | 184 | 215
2l 7 | 13, 14 187 | 235 | 270 | 284 | 183 | 162 | 152 | 162
s | 15, 16 139 | 147 | 160 | 194 | 232 | 210 | 164 | 146
1 1, 2 158 | 167 | 161 | 141 | 123 | 121 | 126 | 141
% 2 3, 4 | 174 | 152 | 136 | 127 | 134 | 151 | 170 | 182
§ 3 5, 6 | 116 | 111 | 113 | 126 | 145 | 148 | 141 | 126
4 7, 8 116 | 129 | 140 | 151 | 141 | 127 | 117 | 113

BELLOWS END

FLEX END i GRAVITY

GYRO ATTITUDE OA UP

All measurements in millihenries @ T2°F,

Figure 4, 1-6, Dry Inductance Measurements of Magnetic
Suspension Coils in 1170 Gyro Serial No, 1
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Relative to trimming the magnetic suspension, it was first necessary to
determine the series capacitance for each coil which would passively sus-
pend the float. The equation which supposedly provided the capacitance
value for suspension at the upper half power point was given as:

11
C=sr (g1

where

wlL
=R
This equation, however, left two uncertainties; namely, the value of L. and
the value of R, The approach to determine the value for L was to average
all of the inductance values measured on the coils, When this was done,
it yielded an average value of 163 millihenries. The value of R was then
computed from a measure of the voltage, current and phase angle relation-
ship of one coil while excited at 1 KHz, Using the measured values, R
computed as 334 ohms, Applying these now known values into the previous
equation, a value for capacitance (C) of 0. 23 uf was obtained.

Next, each inductor was series connected with a capacitor having a value

as close to 0.23 uf as was practical. The power was then turned on,
Observing the current flow through the coils across a 1 ohm resistor inserted
in series, seemingly showed no changes in current which indicated that the
float was not moving, The float was moved off by applying a DC current
through a coil but upon returning to the normal configuration, little or no
motion could be detected. It was concluded that the float was not centering.

Literature was researched on magnetic supports. It was found that if the
Q factor of a coil were less than 2, the support would be unstable and the
float would not center. The range of inductance values was reviewed and
measured and their Q factors determined. It was found that several of the
coils were operating with a @ around the 2 value, At this point, it was
decided to increase the operating frequency of the passive excitation fre-
quency from 1 KHz to 2 KHz. This, in effect, doubled the Q of the coils
and more nearly satisfied what had been determined from the literature,

With the new operating frequency of 2 KHz for this passive excitation, the

Q factors of the coils increased and accordingly reduced the capacitance
value for suspension at the second half power point to a value of 0. 046 pf.
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Once again, 0,046 pf caps were incorporated in series with the suspension
coils and power was applied. This time, the suspension appeared to work
except for one occasion after the unit had been cooled. Again, research
showed that some inductors could be 130 millihenries or less when unsus-
pended which would cause the LC circuit to resonate and pass to the unstable
slope on the resonance curve, In order to remain on the stable portion of
the slope, it was postulated that w L. must be greater than 1/wC. If wl, were
equal to 1/wC, resonance would occur, and if wL were less than 1/C, an
unstable condition would result. With this in mind, those capacitors that
were operating with low value inductors were increased. The values were
selected from the curve of Figure 4, 1-7, For example, if a coil had its
lowest inductance as 150 millihenries, a capacitor value of at least 0, 043 uf
was selected. This technique of selecting the capacitors for each coil was
demonstrated to suspend the float.

To verify that the float was suspended, manual CW and CCW rates were
applied about the OA of the gyro. Since a rate about the OA causes preces-
sion about the IA in a systematic direction, a predictable means of displacing
the float was achieved. As an OA rate was applied, a polaroid picture of

the oscilloscope trace showing the coil current through a 1 ohm resistor

was taken, Each coil in turn was recorded. The results showed that the
coil current increased or decreased in a manmner predictable by the direc-
tion of the OA rate and recovered to its original level after removing the
rate. A copy of one of the coil current traces showing a current decrease
during the applied rate and recovery is shown in Figure 4.1-8.

A gyro nominal torquer scale factor test was performed to determine the
value of the gyro scale factor to be used during future tests, With the float
passively suspended and the wheel operating at 48 K rpm, the gyro was oriented
as shown below. With the loop closed, the table top was rofated until the
input axis pointed North, The torquer current was then sampled for 100
seconds uging an integrating digital voltmeter across a 1 K ohm resistor

in series with the torquer. Several samples were recorded with the input
axis North. The table was then rotated 180 degrees to place the input axis
South, Again, several samples were recorded., The average torquer cur-
rent value for each position was used for the scale factor determination.

(.7 -
o
/A - GRAYITY
TABLE AXIS
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Hamilton
Standard

4.1

OISO OF UNITED Eq);:nm T CORHOAL TN HSER 6197
@

(Continued)

The average current for the IA-North position was +4. 7502 pa, and the
average current for the IA-South position was -7. 3882 pa.

The combined North plus South earth rate component for the latitude at
HSES is 22. 458 deg/hr. Therefore, the scale factor for the gyro was
calculated to be:

22. 458 deg hr

N L

(4.7502 + 7, 3882)

It

22,458 = 12.1384 = 1, 850 deg/hr/ua

Gyro performance tests were then conducted to determine the gyro perform-
ance coefficients for fixed bias (BF), Spin Axis Unbalance (Ug,) and Input
Axis Unbalance (UIA).

The gyro was tested in six different positions with the electrical rate loop
closed between the gyro signal generator and gyro torque generator. For
this test, the gyro was fully excited. In each position, the loop current in
deg/hr was determined using the digital integrating voltmeter readout sys-
tem. The gyro was set to different positions by manipulating the drive
serews of the dividing head. The drift rates obtained in the 6-positions
yielded the values for the gyro performance coefficients.

The six positions of the test were as follows:

Position 1 Output Axis Up, Input Axis South
Position 2 Output Axis Up, Input Axis North
Position 3 Output Axis North, Input Axis Down
Position 4 Oufput Axis North, Input Axis East
Position 5 Output Axis North, Input Axis Up
Position 6 Output Axis North, Input Axis West

The following table lists the coefficients measured in 6-position tests with
consistent passive suspension excitation and the analog rate loop for all
tests.
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Hamilton U HSER 6197
Standard As

4,1 (Continued)
Performance Coefficients
By Uia  Usa
Date deg/hr deg/hr/g deg/hr/
3-28-72 -—5. 913 +1, 657 -3, 477
3-29-72 -5, 642 +1.734 -3. 535
4-18-72 -4.915 +1,788 -3. 960
4-20-72 ~4,989 +1, 660 -4, 306
4-21-72 - +1. 381 -4, 417

5-11-72 -3.281 +1, 874 -4, 567

-

Stability tests were performed to determine the gyro drift stability during
continuous operation, With the gyro in a fixed attitude, the rebalance cur-
rent was continuously monitored. The monitoring equipment consisted of a
direct writing analog recorder and a digital integrating voltmeter which
produced a series of printouts. Typically, these tests were conducted over-
night. Some were conducted with the gyro wheel operating, and others were
performed with the wheel off.

Figures 4,1-9, 4,1-10, and 4, 1-11 present wheel off test results in each
of the three major gravity orientations; OA, TA, and SA vertical, Figures
4,1-12 and 4. 1-13 present wheel on test results in the IA and SA vertical
attitudes. The wheel off OA and IA vertical test results show good short-
term and long-term stability with short-term peak-to-peak spreads of less
than 0, 02 deg/hr and long-term spreads of 0. 04 to 0. 06 deg/hr. The SA
vertical test results, however, demonstrate a ramping characteristic of
about 0,13 deg /hr2, This ramping appears to be a gravity induced bias
coefficient. A 6-position test, across the SA vertical test on 3/28/72
which demonstrated a ramp of 0. 32 deg/hr, showed a bias shift of +0, 27
deg/hr, but less than 0. 1 deg/hr non-repeatability in both the mass unbalance
terms. The coincidence of the SA vertical ramp and the resultant shift of
the bias coefficient suggest the gravity induced bias mechanism.

The wheel on IA vertical attitude showed short-term stability of less than
0. 02 deg/hr and long-term stability of about 0. 05 deg /hr peak-to-peak, 5
The SA vertical test showed a ramping characteristic of about 0.2 deg/hr”.
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Figure 4.1-10
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Figure 4.1-11
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Figure 4, 1-12 .
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Figure 4.1-13 .
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{Continued)

A polar tumble test (analog loop and passive suspension) was theh per-
formed to determine the gyro performance coefficients during low level
tumbling (20 X earth rate) about the output axis,

With the gyro fully excited and oriented on a rate table with the OA parallel

to the earth polar axis, the test was performed with the positive oufput
axig directed first South and then North. A rotation about the OA at 300

" deg/hr was performed, and at least one CW and CCW run was made in each

of the tumble test attitudes. Because of the magnitude of the gyro's mass
unbalance terms (about 3 deg/hr), the standard strip chart resolution of the
torque-to~balance current would have been poor. Therefore, a special
instrumentation step was devised for this test to enable precise data sampl-
ing as a function of rate table angle, Using digitial output angular infor-
mation from the rate table readout, an integrating voltmeter was programmed
to measure the gyro's torque-to-balance current during each 9,9 degrees
of table rotation concurrent with a measure of the time for the table to
traverse this angle, This enabled a precise measurement of the average
gyro torque demand for every 9.9 degree increment of table angle, After
each data sample, a reset delay time equal to exactly 0.1 degrees of table
rotation was initiated, resulting in exactly 36 data samples for each 360
degree rotation of the table,

With the gyro positive output axis polar and South, two CW and two CCW
rotations were performed. Only one CW and one CCW rotation was permiss-
ible with the QA polar and North because of limitations imposed by cable
lengths, A Fourier analysis of the data resulted in the coefficient break-
down shown in Figure 4, 1-14,

A settling test was performed to obtain a measure of the time required for
the output axis (OA) torques to settle following OA up/down (gyro end for
end) and input axis (IA) up/down rotations,

The gyro was oriented as shown below and the table rotated first to the OA
up then to the OA down position. The gyro was then oriented alternately

IA up and IA down. The output axis up/down rotations about the SA produce
only a gravity input change. At each pogition, the torquer rebalance cur-
rent was integrated using a Digital Voltmeter with the integration period
set for 100 seconds, The integration periods were repeatedly printed until
the data showed the torque-to-balance current had settled.
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HSER 6197

Figure 4.1-14. Gyro Coefficient Summary From Polar Tumble Test

USA UIA BF .Anisoelasticity
'Gyro Attitude Table Direction deg/hr/g deg/l;r/g deg /hr deg/hr/g'2
OA-N CwW -4, 42 1,48 -4, 16 0.05
OA-N CCwW -4, 49 1.62 -4, 15 0,04
0OA-8 CW -4, 57 1.64 -4, 58 0.‘04

OA-§ ccw _ -4.80 1.7 -4,51 0. 09

A computerized summary of the Fourier coefficients for each 360 deg cycle is provided
on the subsequent pages as follows:

Gyro Table . Rotation

Attitude Direction No. Page No,
OA-N CwW 1 9% & 97
OA-N CCW 1 98 & 99

 OA-S CW 1 100 g 101
OA-S cw 2 102 g 103
OA-8 CCW 1 104 g 105
0A-8 CCW 2 106 g 107
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FOURIER ANALYSIS

_H55C GYRD S/N 1170 0OA

CW ROTATION 1
COEFFICIENTS

N AND POLAR DATE 5-2-72 o

A0 ~4.16349996 o T
A 1 ~3,30049324 By L =1.l08T6111__
A 2 -0.05159696 By 2 0.02915309
A 3 -0.00105277 By, 3 -0.00307360
A 4 0.00106383 By 4 0.01589013
A5 0.00312629 B, 5 0.,01759614 e
ANGLE ACTUAL PERFORMANCE RESIDUAL
o MODEL - MODEL o
DEG DEG/HR DEG/HR DEG/HR
o000 =740 =T.46 0405
10.0 -7.61 -7.59 “0.Ul
20.0 ~7.6% -7.62 - -0.03
i0,0 -7.58 -7.5% 7 7 -0.03
4G.0 -7.39 ~-7.37 -0,
5G.0 -7.11 ) 7,10 T -0.00
60-0 __ _"‘6 70 :_b.?df O¢C3
70.0 -6,26 -6.31 0.Cé
20.0 -5,78 -5.81 0.0
10,0 -5.19 ST =827 I Q.07
100.0 -4,63 =469 0.05
110.0 -4,06 -4,09 0.03
) 120,0. _ =3.49 i _ =3.49 0.00
130.0 -2.33 -2.92 -0.01
1‘?0-0 A-Z.‘:D______ _ ________‘_‘%‘-3_7____ -C__-Q?___
150.0 -1.92 -1.88 -5.03
160.0 =1.5%0 o ~le4b6 ) -C.064
173.C -l1.16 -1.11 -0.05%
LR, 0 -0.89 _ _=0.86 3 __=0.C02
1750.0 -0.74 -0.71 -0.03
L 200.0 =0.68 . =Q.b66 -0.02
210.0 -0.74 ~0.72 ~0.02
220.06 —0.86 ~0,.89 o _0.02
233.0 -1.14 ~l.16 0.2
240.0 -1.51 o =1.52 ___0.01
250.0 ~1.96 -1.97 0.01
260.0 -2.46 o =2.48 0.02
2?0-0 _3001 -3005 0003
2)0-0 ‘—3l60 . "3706‘5 . i _ ___O'I GS
230.0 ~4,21 ~4.26 0.05
- "3‘~- . ...Tth.82 -4.87 .05
10, ~5.45 -5 b b S.CC
37@.0 -6,.02 ~6.00 -C.01
330.0 ~6H496 -6.49 T -0.07
340.0 -6.99 _ =6.90 -0.08
350.0 -7.31 -7.23 T A.G8
___ DRIFT RATE =-4.163 DEG/HR ANISO TERM = 0.052 DEG/HR//er
"ULA = 1,485 DEG/HR/7G USA =-4,420 DEG/HR//G 7
RMS = 0.041 DEG/HR _. _NO,- OF HARMGONICS = 5
CPRINT IDENT NO 1 _




$sC CYRE §/R 1170 BAN AND POLAR DATE 65-2-72 CW ROTATION 1
TORQUER CURRENT VARIATAION DEG/HR

~8.0 “4.0

l!i.ll!..t..nl...‘.0Qo.l—l.l;.;l«ltc;t,.l...‘tn.;‘t‘-l_u..l.o‘u.l.liooll.I'.

0.0
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.0 DEX .
EX e e . e
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" e T
X "
. . S o e
I SR b
- s S . S
20 DEC - s O
X o - .
) T — i e
~ o e . S »
. - e
. S *
. X ™ T
- —_— - '
L e _m e
80 DEG  _ . S
X e ) )
- —_—— s At am - x * ‘
e e
- x ad
Rt L
- — — i mm——— U — ®
. ks e
. o Y S »
.70 DEG X E—— T T
_ . _ "
) e ) ) e .
SR SOV *
; e e . ) -
- x =
) ) . _ . _ ~ o
x -
) _ N
ACTUAL MODEL =X T T TTRESTDUE = R
UJL 2 Le4BS QEG/HR//G USA =-4.420 DEG/HR//G T
od )1 RATE =-4.163 DEG/HR __ANISO TERM_ = 0.052 DEG/HR//GXG ‘
CPRINT IDENT NO | S e e e
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FOURIER ANALYSIS .
HSSC GYRD S/N 1170 0AN AND POLAR DATE $-2-12
CCw ROTATION 1}

"COEFFICIENTS _

A 0 -4,15355553
A 1 -3.35215529 ) By 1 -1,20691692
A 2 -0.03143764 By 2 0.02086464
A 3 -0.02257267 By 3 -0.00215759 L
A 4 -0.00108036 By 4 0.00246126
A 5 0.00808589 _ 8y 5 -0.00020314. ..
ANGLE ACTUAL "PERFORMANCE RESIDUAL
, . MDDEL . MODEL e
DEG DEG/HR DEG/HR DEG/HR
.. 0.0 =156 7,50 -0.0%5
10.0 -7.70 -7.65 -0.04
20.0 -7.72 =7.70 o _ =0.02
30.0 -7.64 “1.64 -0.02
40,0 S =7.47 =T.47 . C.0n
50,0 -7.17 i "27;21‘*"“””“‘“ [ e R o 2
60,0  =6.81 ] -6.85 i ~ 0.03_
70,0 -6.37 -6.42 0.0%
80.0 - -5.88 -5.91 o 0403
30.0 -5.34 -5.136 B 0.0
]OO-O "‘l ?5 = ""0_0776___ e ___0.00 .
110.0 ~4.16 -4415 -0.C0
120.0 . .=3.55_ . =354 ~06.03
130.0 ~2.95 ~2.94 -0.01
140.0 ~2439_ _ -2.38 =-0.01v
150.0 ~1.88 -1.87 ~0.01
160.0 =1l.43 i  =1l.42 ~ =0.00
170.0 -1.08 -1.06 -C.01
180.0 _ -0.82_ . . _ _-0.80 -0.01
190.0 -0.64 “0.63 -0.ul
200.0 - -0.57_ . =0.57 _ 0.03
210.0 «0.63 -0.62 -0.00
220.0 Lm0l -0.78 =Gl
230.0 -1.07 -1.0% -C.51 ‘
240,0 =le®3 o =le4l -D.C1
250.0 -1.86 ~1.85 -0.C0
260.0 B -2.3% -2.37 0.0l
270,0 -2.90 ~2.94 0.03
280.,0 -3,50 o ..-3.55 e 0W05
290.0 ~4.12 -4.17 o cs
I00.0 =47 -4, 80 B W03
110.0 —5.41 -5.40 i lo.co”" T
32G.0 ~5.97 ~-5.96 -0, L0
330.0 -6.4% -6,47 o egLi?
340.0 ~6.94 _.=6.90 ~0.C3
350.0 -7.28 -7.25 L
_DRIFT RATE =-4.153 DEG/HR ANISO TERM = 0.037 DEG/HR//GXG
UIA = 1.616 DEG/HR//G USA =-=4.490 DEG/HR//G
RMS = 0.026 DEG/HR ____NO. OF HARMONICS = 5.
LPRINT IDENT NO 2. " _
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"""H'ss'c."(’;véd.ﬁ?ﬁ 1170 GAN AND POLAR DATE 5-2-72 ' CCW ROTATION 1.

" TURQUER CURRENT VARIATAION  DEG/HR

-840 I 0.0 ' 4.0 TR
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90 DEG X T T T e e
- - x - - . . _
x T . ) B i
. X *
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. X *
| K . RN
80 DEG._ . .. . X__.*
_ e
- —— = x -'-
T S 4 e
3 } X i
R T _ o
—_— ——— —— x- '
et R
. L » x o ~ =
70 DEG X . h o T
‘ X o .
) - o i ] I
X o .
" T e —
X .
CX N » B T T Tt
X . _ »*
e —

X

T ACTUAL MODEL =X o | RESIDUE =»

P)[a = 1,616 DEG/HR/Z/G T TTUSA ==4.490 DEG/HRF/GT T T
JR—T RATE =-4.153 DEG/HR . ANISO TERM = 0.037 DEG/HR//GXG

PRINT IDENT NO 2
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FOURIER ANALYSIS : ) .
. _HSSC GYRU_S/AN_1170 OAS AND POLAR DATE 5-2-72
CW RDTATICN 1 .
COEFFICIENTS N o
A 0 —-4.57694441
A 1 -3,41625303 By % -1 22866512 ..l
A 2 -0.02415232 B, 2 0.02459721 ‘
. A__3 -0.01740138 __ By, 3 -0.02470604 e
A 4 ~0.00262614 B, 4 0.00114157
. A 5 -0.00049325 B, 5 0.00331976 . . ..
ANGLE ACTUAL “PERFORMANCE RESICUAL
o . MODEL .. MODEL .
DEG CEG/HR "DEG/HR DEG/HR -
0.0 . .TB.O&4 B} =1.99 =0.05
10.0 -8,19 -8.14 -0.0C5
20.0 o =es22 o =B.19 -C.03 .
30.0 -8.13 TTTTTTag.12 L.t
40.0 -7.95 =7.95 0, C0
50.0 C=T7.68 TTTTo7.68 T TTTTO.L 00T
600 =T7.29 o -1.32 ) 0,02 -
70.0 -6.83 . TT-6.88 - 0.C4
R0OL0 ~b6.31 =6.37° B ) 0.05 ]
20.0 -5.76 R T S PR
) 100.0 -5.18 . =5.20 . . 0.02
110.0 -4,57 ' ' 24,57 ~C.CO
_ 120.0 =3.97 o =3.95 _ ~0.02 .
130.0 -3,37 -3.34 -0.02
) 140.0 - C=2.80 . . -2.77 -0,03
150-0 4-2 28 . -2025 “0.02
160.0 ~1.82 . . =ml.80_ =-0.02
170.0 -1.42 - ~1.43 0.C0
. L180.,0 o =l.l7] =116 -0.01 .
190.0 20,98 T =0.99 o.co.
) 200.0 _-0.91 N -0.93 0,01
210.0 ~0.9% -0.98 ¢.03
220.0 C=lelS_ . Tl.l4 -G.0C
230.0° -1l.41 -1.41 0.00
L 240.0 . =l.78 . -l.78 -0.00
250-0 "'2.25 "2023 "‘0'-01
B 260.0 =2.78 o =2.76 3 B -0.C1 .
. ~280.0 -3.95 o =3.96_ ... 0.01
- 290.0 -4,57 -4.60 0.03
R 16 1 ¢ ~5.20_ L m2.24 C.C3
310.0 -5,.,82 ~-5.85 T0.03
3120.0 —bat) - ) -6.42 G.01
330.0 L “6.3% T -0.C0
5‘10.0 -7039‘ “;__ __':?’_38‘_____ "'0 Ol
350.0 -7.76 ' 7073 -0,02°
i DRIFT RATE '-4 576 DEG/HR ANISGO TERM =2 0.044 DEG/HR//GXG -
"UIA = 1.645 DEG/HR//G T USA ==4.575 DEG/HR//G
RMS = 0.026 .DEG/HR _ __NO. OF HARMONICS. = s.
o CPRINT IDENT NO- 1
100




TS GYRUTUS/N 1170 OAS ANDO POLAR DATE 5-2-72

CW ROTATION 1

) "7 TORQUER CURRENT VARIATAION  DEG/HR T

-8.0 4.0 R YT o

X T » T o
X &
" _ — e -
X ™
_.X w
. R e e i
X K )
90 DEG X T . w7 T T o
X »
X B ) . ) a -
_ X *
N x — s - S _"‘*' " - T T _— T e— === — s mm— -
X ol
g e e _ _
) X *
| B e S S U
80 DEG K 2
e e e o —
— P . x ' *
e X o )
— - x '
IR . e .
" ) i X *
X * ' - B
e [ ...x . — - - '
70 DEG ' X e T T B ) o
X L »
) ) - e e I
X i} o
X B - a T T e T
X L]
X . ) o o B
X . o _— *
X B "
ACTUAL MODEL =X RESIDUE =»
UIA = 1.645 DEG/HR//G "USA =-4.575 DEG/ZHR/ 76T -
DR RATE =-4.576 DEG/HR  __ANISQ TERM = 0,044 DEG/HR//GXG
pRring IDENT NO )



FOURIER ANALYSIS ’ '
11SSC GYRO S/N 1170 _0AS AND POLAR_ DATE 5-2=72
CW ROTATIGN 2
COEFFICTIENTS e
0 -4.57905552
i} 1 ~3.41152826 .. _ By 1 -1.23314015__ .. _._.

A
A ————

A 2 -0.02233352 ‘ 8, 2 0.,02815703
A3 -0,01364765 Be 3 ~0.02188708
A
A
E

T ~ 4 0.00056758 By, 4 0.00187154
L . 5 0.00019771 By 5 0.00108244

ACTUAL | PERFORMANCE RESTDUAL
R MooEL o MODEL e
DEG DEG/HR , "DEG/HR DEG/HR
0.0 =8 02 __ o TTe99 : o __=0.03
10,0 -8.17 28,14 -0.03
20.0 -8022 . N .H.,.ﬁ,,-.:B.lB ) e R R___"'O-OB
30.0 ~8.14 , -8.12 -0.02
40.0 - =7.95 B =7.95 e ‘ G.CO
50,0 7,67 T IRl T T T Te.00
O B0L0 =T « 30 __MM"__ﬁ_ﬂw:? 32 C.C2
70,0 —6.84 . ~6.88 , C.0%
80,0 L =6.33 =637 .06
0.0 -5,78 -5.81 T ' TTG.03
. 100.0 =518 -~ =5.21 L 0e02
110.0 -4.58 -4.58 0.00
120,00 m3.97 _.=3.96 ~0.01
130.0 -3,38 ' -3,35 ‘ -0.02
140.,0  =2.82 _ _ . . =2.78 _.=0.03 .
150.0 -2.29 ~2.26 ~C.C2
160.,0 C-l.82 .. . _ml.B8l o .. _~0.01
170.0 144 —1l.44 -C.00
180.0 =l.l6 .. =l.l6 -c.00
190.0 © =0.98 ' -0.99 .01
200.0 - -0.92 . =0.93 . .G.Cl
210.0 -0.97 : ~0.98 ¢.o1
220.0 -1.13 o =vela oo Le0l
230.0 -1.42 -1.41 -0.01
240.0 _  =1.79 ) -1.78__ =000
25040 —2.24 -2.23 -G.C1
260.0 . . =2.76 — 2.6 -0.C0
270.0 -3.34 _ -3,34 0.00
28C.0  =3.95 . .....=3.%6 ~__ C.01l
230.0 -4.58 4,60 C.C2
300.0 o =5e2) o _.The2A C.02
3i10.0 -5,42 -9.85 - Loy
3200 -6.61 . o=6e42 ' c.C1
330.0 -6. 34 -6.94 N P
340.0 ~7.38 o ..mTl.38 L -¢.C0
350.0 ~7.76 ~1.73 T T T -0, L3
____DRIFT RATE =-4,579 DEG/HR ANISO TERM = 0, oso DEG/HR//GXG

1.651 DEG/HR//G USA =-4.569 DEG/HR//G
0.022 BEG/HR ~  _. ~ NO." OF HARMONICS = 5.

TANGL

ci
c
r-c
b
1] II

_ PRINT TDENT NO 2
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(HSSC GYRO SR ITT6 GKS ARG PGLAR DATE 5-2-72 ' W RGTATION 7

TORGUER CURRENT VARIATAION DEG/HR

~8.0 - -sl0 TTevo T 4.0 " LR

I"“""l‘.t‘"“-....A.O.l‘]rtrii";—:.-:O.l"llllll..Ii...l"..l.I..l.l.lIirdlrlﬂb.c..'.-.m.;.lcli

—OXDEG '

]

¥ e e e e . — N e e e
X 3
X e e e e . — -
X "

30 DEC 3 _ A S S
x . - '
y e e i
- _ X ol
- . _ -
X *
- e e R
_ X -
e o N —
80 DEG . L _.X *
] R L
X *
. e R e
________ X od
o Kt e e
— - —_——— ———— x ) *
o e B el
710 DEG X “‘*ﬁv o T o Tt o
X »
y -t e R
x *
e - - .
¥ »
x B " o - o T T
x *
X i} o T e T T T I T T T e e e e
ACTUAL MODEL =x ' RESTDUE =+» o
UIA = L.6%1 LEG/HR//G T OUSA =-4.569 DEG/HR/Z/GT T T T e e
DR T RATE =-4.579 DEG/HR ___ ANISO TERM = 0,050 DEG/HR//GXG
PRINT [DENT NO 2 .
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FOURTER ANALYSIS
HSSC GYRO S/N 1170 DAS AND PULAR DATE 5-2-72
CCW RUTATIGH l
COEFFICIENTS N _

~4.51344442
~3.43679405 By 1l -1.28068234

-0.01278584 By 2 0.05251160
-0.02790521 B, 3 -0.01346206

mI> &= > D » >
U PN =~ O

-0.00012377 By 4 0.00362792
o 0.00333910 B, 5 0.002111%7 o
ANGL ACTUAL PERFORMANCE RESIDUAL
L . MODEL .. MODEYL L
DEG DEG/HR DEG/HR . DEG/HR
... ... 00 _ . .=B.O)Y____ =795 . =0.06
10.0 -3.12 _BIIO ' ”CnC?
20.0 -8,15  ~BJl4 _=G. 00
30.0 -8.07 ) -8.08 T .0
40.0 ~-7.91 -7.91 : “0LUG
50,0 ‘ -7.62 E e Y J N o D o
6040 S =1.26 -7.29 L Gl.03
70.0 T o-6.82 T 6,85 o 0.02
BOcC -6032“ . o ""6435 OICZ
90.0 -5,78 . T Tag,ye T T TTTTT T T .01
IUO-Q -50 20 A N o __5 . lq e _""_“M-OQCG
110.0 -4 .60 -4.57 -0.03
P 120.0 . _=3.98 . =3.94 -C.C3
130.0 -3.35 - -3,33 ~0.C1
140.0 o =2.18__ . =2.15 . L -0.02
150.0 -2.23 , -2.22 -G.CO
16C.0 o=l oo=Ye¥S . 0.0D
1?000 ) ""103" ""].136 0132
Ckeo.0 C=1.05_ o =)eOT G002
19C.0 -0.86 -0.88 Cel
200.0 . _ =0.79 . .. =08l . G.O0l
210.0 -0.83 -0,85 To¢.0D
270.0 , oo-l.0y ... =le0O o .m0.00
230.0 -1.29 -1.27 —G.02
2640.0  =L.6T  =ll.ba4 ___ =0.03
250.0 -2.13 -2.10 -0.03
260-0 . L -2065 . e m_‘k:z_lﬁa______________ . -0-01
210.0 -3.23 -3.,23 -0.C0
. 280.0 . =3.84 _ . <=3.8B6 ... 0.C2
290.0 C =4, 48 -4.51 o0.03
. 300.0  ~5,13 -5.16 L.v3
o 3100 -5.76 ~5.79 O -
320.0 =6.37 o =6.3T -3, 00
12,0 -6.90 -6.89 ST Tl
340.0 o TTe34 = 1e33 -0.01
350.0 ~7.67 ~T.69 ' A T
____ _DRIFT RATE =-4.513 DEG/HR ANISO TERM = 0,094 DEG/MR//GXG
- UIA = 1.715 DEG/HR//G USA =-4.603 DEG/HR//G '
RMS = (0.024 CEG/HR _ ~ __NO. OF HARMONICS = 5.
PRINT IDENT NO 3




~ NSSCTGYRD S/N 1170 DAS AND POLAR DATE 5-2-72 CCW ROTATICN 1

l-ﬂ.O

[.........-'....-...VI‘.‘...."....'.."..".Hl‘-...-."....-....-..

. OXDEG .

80 DEG

70 DEG

ula =
DR,

PRINT

[DENT NO

TT _ACTUAL MDDEL =X

1.715 DEG/HR//G
" RATE =-4.513 DEG/HR =

TORQUER CURRENT VARIATAION

y 0T ST St

*

DEG/HR

4,0

'...Q......A.OICII.']

)
-
e _ e — e e
+
—_ e S SO -
#*
- i —— - ——— -
*
- - el e e [ S - -
-
X T . Tt o o
X »
_-n;( O s e _— - — — ——
—_— x *
4 .x.-___ e e e — e e
N _ X " :
" - * et = [ -
- S . ®
_U___-).,(.,_»,..-u;. e s e e ————
X t
—_ S 5(,__ i — -
— x *
- );( B e e i —
X -
_)( [ S mr T s -——
X ]
X T S, " —— _ —_
X &
X B —— - e ———
. L
- e e Y ——— - e
*
- o _ — S _— —
»
Tl - —
RESTDUE == T
USA =-4.,603 DEG/MR//G T 7T
ANISO TERM = 0.094 DEG/HR//GXG
3 _ —
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FOURIER ANALYSIS
HSSC GYRO S/N 1170 OAS AND POLAR_ DATE 5-2-12

CCW ROTATION 2 _
COE+FICIENTS o
A 0 -4.51571664
A1 -3.443141648 B, L -1.,27776743
A 2 -0.01184131 . By 2 0.06885317
_ A 3 -0.03074539 B, 3 ~0.00727683 .
A 4 -0.00134091 By 4 0.00682559
A 5 -6.00072009 By 5 0.,00555900 S
ANGLE ACTUAL © PERFORMANCE RESTIDUAL
MODEL  _ . ___MODEL = _ ) R
DEG DEG/HR DEG/HR DEG/HR
S - 0.0 oo =7.98 =195 0002
10,0 -8.12 -8.10 -0.C1
20.0 -B.14 ~8.14 G.CC
30.0 -8.06 ) -8.07 T T .01
40.0 -7.89 -7.90 C.00
50.0 -T.60 -7 .64 h T C.N3
o 60,0 -7.26 -7.28 _0.01
70.0 -6.83 ~6.84 0.0l
0,0 ~6.33 -6.34 ~0.01
0.0 -5.79 ) -5,79 T B oY)
100,0 -5,20 -5, _ -0.00
110.0 -4 ,60 -4, 58 -0.02
120.0 ~3.99 _ =3,96 -0.C3
130.0 -3.38 -3.34 -0.03
140.0 -2.19 - =2.76 -0.02
150.0 -2.21 . -2.23 c.C2
L60.0 =l.74 . -l.76 0001
170.0 -1.34% -1.37 0.C2
“180.0 -1.04 _ =1.07 _ i o e.c2
120.0 -0.85 ~-0.87 .02
200.0 -0.78 =0.719 0,01
210.0 -0.83 -0.83 0.C0
220.0 -1.00 -0.98 . Y
230.0 -1.28 -1.2% -G.C2
240.0 =lubb _ =l.62 -0,04
250.0 -2.12 ~2.09 -0.03
260.0 -2.6% 0 =2,63 . -C.Cl
276.0 ~3,23 ~3.23 .00
280.0 -3.8% . -3.87 C.02
230,0 T4, 49 -4,53 0.C3%
300.0 ~5.15 . -5.19 0.03
310. -5.74 -5.81 cLey T
370.0 -6.39 _ ~6.39 N G.C0
330.0 -6.93 -6.91 T -0.C1
340.0 -t.37 . =71.35 -0.01
350,0 -7.74 -7.70 T TG
 ___DRIFT _RATE =-4.515 DEG/HR ANISO TERM = 0,123 DEG/HR//GXG
- UIA = 1.711 DEG/HR//G USA =-4.611 DEG/HR//G )
RMS = 0,023 DEG/HR __NO. OF HARMONICS 2.
- _ O PRINT IOENT NO 4 - _
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'ﬁssc GYRD S/N 1179 0OAS AND PULAR DATE 5-2-72 CCW ROTATION

“TURQUER CURRENT VARIATATON  DEG/HR

~8.0 4.0 R e R

I..‘-tl'.-lil.lﬂodolloll..ll.;IV.-.--.--.——.“l-r-.“:h;_‘—l--:"—-:l::...CI..:_'..DIOII.I.".t..l.'...l'.
OXDEG » '
3 ” B
x &
X - e B T
X %
. . e e
x L3
3 e e ; .
. X *
90 DEG X 3 - ) T
X &
) e S
I X } * ’
; e e S e e — ;
. X *
x T T h T
X B
e m s T
80 DEG - e K #
R R
- - x *
e K e
- - x *
e K s e
- - - x #
x l‘ - - T
- ---x "
270 DEG X N T 'y T o T T
X 5 »
. T
- - —-x-- - *
. . e
- x *
) -t o
X . e .
) S .
ACTUAL MODEL =X - o ‘RESIDUE = -
UTA = 1711 DEG/HR//G , TTUSA =-4.611 DEG/HR//G T T
D T RATE =-4.515 DEG/HR | __ANISO TERM = 0.123 DEG/HR//GXG
CPRINT IDENT NO & _ L
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Hamilton, = U HSER 6197
Standard a.

4.1 (Continued)
GRAVITY
TABLE AXIS *Y
————

Listed below are the results of the OA up/down and IA up/down (both about
SA) settling tests.

Settling Test

- A Drift Deg/Hr Time to Settle

Position Across Settling {minutes)
10 V Passive Suspension

OA Up ~0. 26 24

OA Down +0, 29 24

IA Up ~0. 06 8

TA Down -0.04 6
15 V Passive Suspension

OA Up -0.16 18

OA Down +0. 12 12

IA Up . -0, 07 10

JA Down -0, 04 8
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Hamilton = U HSER 6197

Standard

4,

1

g AL
(Continued)

During the OA up/down tests, the currents to several suspension coils were
monitored after the gyro was positioned, The measuring instrument was a
differential AC meter, These observations showed no measurable differ-
ence in coil current between the gyro OA up and QA down position, This
implied that either the float was not moving or the float motion was too small
to he detected hy the measuring instrument. In view of this uncertainty,

two additional fests were tried. One was to increase the suspension volt-
age to determine if this would increase the stiffness, thereby reduecing
settling. The second was to raise and lower the gyro operating temperature
to see if the float was off flotation, Increasing the suspension voltage from
10 volts to 15 volts reduced the time to settle and delta drift for the OA up/
down tests, The IA up/down results remained essentially the same as with
the 10 volt suspension. Raising and lowering the gyro temperature several
degrees from nominal made no appreciable difference in the time required
to settle or produce a change in drift rate across settling,

The difference in settling time for the OA up/down and A up/down attitudes
indicates that the damping for motions along the OA (piston effect) is higher
than the damping for radial motion of the float. The geometry of the gyro
would tend to verify this ratic of damping. These tests were performed
with an average suspension coil power of 0. 01 watts, An increase in the

- operating power would, as verified by the voltage test, shorten the settling

time proportionately,

The drift rate changes noted during the settling'tests were less than 0. 3
deg/hr for both attitude changes, These drift rate changes are believed

to be primarily due to flexlead induced torques, in terms of both their
gravity sensitivity and their geometrical torque producing capability under
ditferently "stretched" conditions. Again, under higher powered suspension
conditions, these drift rate changes are shown to decrease,

An 1A about OA misalignment test was then performed. In addition to pro-
viding an indication of this misalignment, this test also provided a hasis
for determining:

1.  Gyro Pickoff Gradient

2.  Gyro Mechanical Gain

3. Gyro Output Axis Damping
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Hamilton,,.,.k.‘..,... :

HSER 6197
Standard

P ke A ay

U
A.
4,1 (Continued)

For this test, the gyro was oriented as shown helow:

oA GRAVITY

SA

TABLE AXIS

The gyro was initially positioned IA-West and a series of 100 second infe-
gration periods were sampled with the integrating digital voltmeter. During
a 100 second sampling period, the gyro was rotated CCW 360 deg to IA-West.
Following the data printout, the gyro was again rotated, this time 360 deg
CW to [A-West during a 100 second sampling period, and the data sample
allowed to printout. From these data, the IA about OA misalignment was
established as presented below.

1. i1A-West static number for a 100~second sampling period =
-5, 260 deg/hr.

2., CCW rate applied for 360 deg during a 100-second sampling
"~ period = +58. 703 deg/hr.

(E’.\ CW rate applied for 360 deg during a 100-second sampling
~ period = -69. 534 deg/hr,

(4. Rate applied to IA as a result of misalignment
a) CCW Rate(2,) - [A~Westi{1.)= +58.703 - (-5.260) = +63. 963 deg/hr
b)  CW Rate(3.; - IA-West(L,)= —69. 534 ~ (~5,260) = -64. 274 deg/hr

Average rate applied to [A as a result of misalignment

i oW
.

a)-b) & 2 = (63.963 +64.274) = 2 = 64.118 deg/hr

i1



Ham i Iton LS L] AN (e A TY AL Y Y

s U o HSER 6197
Standard A. :

4.1 {Continued)
6 Average table rate, 360 deg/100 sec = 3.6 deg/sec
7.. Misalignment

5. 64.118 3

= = = 10~
& 3oox 3. 6. IO
= 17! ZN

The technique used to determine the IA about OA misalignment was a simpli-
fied manual rotation method subject to errors from non-constant rotational
rates. However, these errors are small for the misalignment angle deter-
mination. The 17 arc minute misalignment is not considered significant in
itself insofar as no attempt had been made to align the gyro either before
or after positioning the end caps to the case. The misalignment could he
corrected by lapping one or more of the gyro mounting pads.
A gyro pickoff gradient test was conducted to obtain a measure of the gyro
pickoff gradient. A prerequisite for this test was the IA about OA misalign-
ment test. The gradient test also provided a basis for determining;

1. dyro Mechanical Gain

2,  Output Axis Damping

3. Gyro Torsional Gradient

The gyro was oriented as shown below:

OA GRAVITY

SA

TABLE AXIS
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Hamilton Y HSER 6197
Standard A. :

. (Continued)

With the gyro rate loop closed, one preamp output was measured with an
oscilloscope. The rate loop was then opened, and the gyro rotated about
the SA until the preamp output had fully settled. The settled output from
the preamp was againmeasured, The results were as follows:

1.. The preamp output under closed loop conditions measured
1. 20 V peak-to-peak (50 KHz excitation component) or 0. 43
V rms.

-2, The preamp output following rotation about the SA with the loop
open measured 0. 65 V peak-to-peak (50 KHz excitation compon-
ent) or 0,23 V rms.

Having measured the misalignment angle previously, it was now possible
to measure the pickoff gradient. Withtheloop closed, the IA was then rotated
17 arc minutes about the OA and, therefore, the SA was 17 minutes off
the table rotational axis in the [A-SA plane., By rotating the table with the
loop open, the SA aligned itself with the table axis of rotation, which re-
quired an OA rotation equal to the 17 minute misalignment angle.

The gyro pickoff gradient was computed as follows:

1-2 ‘ 1.20 - 0,64 1,937 V P-P
: = SO0 x 3600 =
Toran X 3600 sec/deg 1022 x 36 1 deg OA
G _ 1,937 V P-P _ 0.685 V rms
po 1 deg OA 1 deg OA

A gyro mechanical gain test was performed to obtain a measure of the gyro
mechanical gain. A prerequisite for this test was the gyro pickoff gradient
measurement, The gain test also provided a basis for establishing the gyro
output axis damping and the gyro time constant,

To measure the gyro mechanical gain, the gyro orientation was as shownbelow:

1A
A .n SRAwTY

SA -

TABLE AXis
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Hamltton _ U

e st A HSER 6197
Standard A. > '

4,1 - (Continued)

With the rate loop open, the output of the same preamp used during the
pickoff gradient test was measured. The gyro was then rotated 1 degree

_ about the input axis and again the pickoff output was measured. The measure-
ments were recorded from an oscilloscope display. :

1. Pfeamp output change for a 1 degree rotation about the input
axis = 0.4 V Peak-to-Peak,

2. Pickoff gradient = 1,937 V Peak-to-Peak/1 deg OA.

The gyro mechanical gain could then be computed from the measured values
as follows:

Output _ _0.4
Input 1.937

Gyro Mechanical Gain = = 0,206

The gyro mechanical gain measurement enabled a computation of the output
axis damping. The spin motor momentum necessary for this computation,
was hased on the design value of 5 x 10°

5
D= — = =—— = 2,42 x 106 dyne cm/rad/sec

The time constant could then be calculated as follows:

- d _ 610 0. 25 milliseconds

2,42x 10

The output axis torsional gradient was determined as follows: With the gyro
rate loop clogsed, the same preamp used to determine the gyro pickoff gradient
was measured, and its output was recorded. TUnder the same conditions, the
gyro drift in deg/hr was recorded, An offset signal was then inserted into

the loop which changed the float to case angle to other than the normal pick-
off null position, With the pickoff at this new position, the gyro drift in deg/
hr was again recorded.

Having previously measured the gyro pickoff grachent in volts/deg about OA,
the torsional gradient could then be obtained.

.1, Preamp output under closed loop condition and with pickoff at its
normal null position - 1. 18 V Peak-to-Peak.
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Hamilton U L | o '~ 'HSER 6197
Standard " Ae B : - o .

41 {Continued)
2, Gyro.drift rate under conditions measured at@- +5, 95 deg/hr.

: -3, Preamp ouf:put under closed. loop condltlon and with plckoff offset -
1.25 v Peak-to-Peak : S

4, Gyro drift rate under condltlons measured atU - +5,27 deg/hr
5. Deltadrift rate@ @) = 5.95-5.27 = 0,68 deg/hr:
6. Delta pickoff output(3,) -@ =1.25-1.18 = 0.07 V.p=p.

‘ - 0,07 V p-p. o
© 1.937* V p~p/1deg OA -

It

7. Equivalent OA offset _

0.0361 deg

0.68

00361 deg 158 des/hr/1 deg OA.

8. Torsional gradient =

A phenomena will be experienced in digital operation of gyros in the exist-
ence of a bias torque proportional to the square of the amplitude of the AC
component of applied torquer current, This bias torque is due to the inter-
reaction of the torquer magnet flux with the torquer coil current generated
flux, and results in a difference in effective torquer scale factor for positive
and negative current flow, Adjustment of the position of the torquer magnets
to the torquer coils enables this bias torque to be adjusted to "zero"; how-
ever, the adjustment is best done with a full-up gyro where sensitive measure-
ments of the bias can be made.

Another phenomena legs understood is an apparent mass unbalance sensitivity
to AC torquer current. This sensitivity presently appears to be a thermally
induced phenomena possibly due to flexlead heating that causes damping fluid
flow in gravity environments that result in g-gensitive coefficients due to
viscous shear

Each of these sens1t1v1t1es were measured on the S/N 1 gyro with the follomng
results: : ‘

*This value is the pickoff gradient in V peak-to-peak/1 deg'OA.
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{Continued)
Applied Square Wave AC Current: 100 ma, peak
Bias Change From 0 Current to 100 ma: -13 deg/hr

Input Axis Unbalance Change From 0 Current to 100 ma:
+0. 4 deg/hr/g

Spin Axis Unbalance Change- From 0 Current to 100 ma:
-0.5 deg/hr/g

A measure of output axis hysteresis and frictional effects has been made
in a return from stops test. The test was performed by measuring the
drift rate after the gyro float had been driven away from the null position
first in one direction then the other. The float displacement angle used
was +1 deg and the drift rate difference measured was 0.2 deg/hr.

Upon completion of the above tests, gyro S/N 1 was delivered to MSC as
part of the breadboard system.

Gyro S/N 2

Testing was initiated on gyro 8/N 2 in April, 1971. The resistance and con-
tinujty were checked. The spin motor failed to sync at 1600 Hz excitation,

The sync was investigated at various voltages. It was found that one pick-
off output was not functioning (output shorted to ground). The gyro was
returned to manufacturing. The wheel was refilled with helium and the
pickoff output was repaired. The gyro was returned to test and the resist-
ance and continuity were checked, The heater, sensor, and thermistor
circuitry was checked out using an external commercial controller (Harrel).

The wheel was turned on and the loop closed (analog mode). The gyro sus-
pension mode was passive. A nominal torquer scale factor test was per-
formed (2069 deg/hr/ma). The results of a 6-position cal were as follows:

Bias: -12, 46 deg/hr
UIA: 4+13. 77 deg/hr/g
USA: -25.92 deg/hr/g

The bias changed during OA-H attitude to approximately 8.7 deg/hr.
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A gecond 6-position cal was performed

Bias: + 8,3 deg/hr
UIA: + 9.0 deg/hr/g
USA: ~18, 5 deg/hr/g

The gyro harness was then rewired because of difficulty with leads breaking,
The axial suspension did not seem to hold. The range of inductance was
measured for each suspension coil with various float positions. ~An active
magnetic suspension was energized, and the suspension circuits were
trimmed, The loop gains appeared to be too low.

A 6~-position cal was performed

Bias: +10, 59 deg/hr
UIA: + 9.15 deg/hr/g
Uga® ~19. 43 deg/hr/g

The G-position cal was repeated

Bias: + 9,52 deg/hr

UIA: + 8,66 deg/hr/g
: -18. 8

USA 18, 83 deg/hr /g

A five hour drift stability test was conducted with the active suspension
energized and the wheel at 48 K rpm. The bias changed (0. 6 deg/hr)
during the initial 1. 5 hours of running, then remained with 0. 1 deg /hr for
the duration of the test. However, difficulties continued with the axial sus-
pension. The gyro was returned to manufacturing to increase the axial end
play of the float by the addition of shims.

A 6-position cal was performed with the active magnetic suspension energized
and an analog rate loop .
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Bias; + 9,14 deg/hr
Uat +10. 28 deg/hr/g
U,,: -23. 29 deg/hr/g

SA

Difficulty with axial suspension continued. The float did not remain axially
suspended. Efforts were continued to try to actively suspend the float,

During this period, the spin motor winding opened because of an excessive
angular rate input about the gyro's output axis. The gyro was subsequently
disassembled, It was noted that the bearing had been fractured as a result

of the high slew rates experienced by the gyro. Also, disassembly difficulties
resulted in a damaged float assembly. Efforts to repair the gyro were,
therefore, discontinued,

4.3 Gyro S/N 3 -

Testing on this unit commenced in September, 1971, Dry measurements
were made on the inductance coils. During the resistance and continuity
test, it was noted that the preamplifier at the bellows end was not working.
The gyro was subsequently rebuilt, The cause of the trouble had been an
open solder joint at the preamp.

Upon completion of the repair, another resistance and continuity test was
performed, and wet measurements of the inductance coils were made,

A bias stability trace was then obtained, and the resulting data were erratic,
This anomalous condition appeared to be related to poor suspension,

Overtemperature circuits were incorporated to prevent the gyro from over-
heating in the event of a controller failure,

The first overnight stability run was partially satisfactory, However, the
suspension was again observed to be unstable. The swings of the inductance
coils were measured, and the capacitance values for passive suspension
were reevaluated.

The suspension continued to be unstable. The capacitance values were in-
creased to avoid resonance. Resonance curves were established for the
coils. An overnight stability run was performed with the OA-up, magnetic
suspension on, and wheel off. The bias ramped at a rate of 0, 1 deg/hr2,
An OA-down overnight run was then performed with the suspension on and
the wheel off, The bias continued to ramp at a rate of 0, 08 deg/hrz.
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i« weckend OA-up stability run with the demodulator reference and torquer
phasing reversed demonstrated a bias ramp with the ramp changing direc-
. on, This phenomenon indicated that the gyro was causing the ramp.

The plexiglass cover was removed from the fixture to inspect terminals
with gyro OA-H. Upon returning the gyro to OA-V, the bias shifted to

90 deg/hr. It was noted that, by changing the suspension capacitor values,
the gyro bias could be changed to 0 deg/hr. The bias stability continued to
be erratic. The two preamps were powered up (rate loop disabled), and

the preamp at bellows end exhibited noise with the amplitude jumping.
The gyro was removed from the stand, the end cap was opened, and the
wiring was inspected. All leads were resoldered. The bellows end preamp
continued to be noisy. '

A short stability run with suspension off showed that the bias ramp was still
present. Operating with only flex end preamp, suspension on gave an OA=up
p-p spread in data of 0, 30 deg/hr but no large bias jumps as before,

Gyro realighed on 22 V stability with the common mode rejection eircuit
disabled, The gyro was operated with the bellows end preamp only - large
bias jumps were noted, confirming the defective preamp.

Tests were continued with both preamps on a weekend run, OA-up, and the
ramp continued, An overnight run OA-up, suspension on.was performed.

A ramp of 0. 026 deg/hr2 p-p excursion (0, 15 deg/hr) was noted. A hybrid
PTSA was then incorporated. Inability to achieve stability to any better than
0.5 deg/hr resulted. Current regulation in PTSA was not functioning pro-
perly.

The gyro was then submitted to manufacturing for rework of the preamps.
Upon return to test, it was interfaced with a DIGS PTSA and a passive sus-
pension. The wheel would not start at the normal operating temperature,
but did start at 100°F.

The float was centered with the passive suspension, and an overnight run
was conducted with the DIGS PTSA. This test was continued for five days.
The suspension appeared to be drifting, and the data stability was poor. An
analog loop was incorporated. The bellows end preamp failed to drive, and
the flex end preamp fluttered. The gyro was removed from test and sub-
mitted to manufacturing where both preamps were mounted external to the
fluid through one megohm resistors. During subsequent testing, low oscilla-
tion appeared in the analog capture loop. Again, the wheel would not start

at the normal temperature, but did start at approximately 100°F.
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It was determined that the gain of the loop was too low. The loop would not
function, The gyro was returned to manufacturing to shorten the leads in
the preamp. The loop oscillation continued, however, with the shortened
leads.

The gyro was again interfaced with a DIGS PTSA. Similar low frequency
loop oscillation occurred, indicative of low gain,

The gyro was integrated with the breadboard MSE and hybrid PTSA, However,
due to the low pickoff gradient, the loop was sluggish and stability was poor
Further testing on this unit was temporarily halted.

The preamplifiers were subsequently removed from the fluid to be placed

in the end caps; however, during removal, the preamplifiers were damaged.
The gyro was rebuilt following the selection of new hybrid preamplifiers,

and a design modification was incorporated in the end caps to allow trimming
after final assembly,

Upon completion of the rework, testing indicated that higher-than-normal
inductances of some coils is a problem inherent with the active suspension,
Comparative tests of output stability versus the three modes of suspension
(active, passive, and no magnetic suspension) indicate that the most stable
condition is achieved with no magnetic suspension,

The decision was made to replace the magnetic suspension with a ball bear-
ing suspension gystem,

The gyro was disassembled to allow the replacement of the magnetic sus-
pension with a ball bearing suspension. The magnetic suspension was dis-
abled by increasing the clearance between the suspension coils and the stator
to 0. 065 inch; this reduced any suspension residue torques by 250, Complete
removal of the suspension coils would have increased the gyro fluid capacity
enough to exceed the bellows compliance range.

The gyro end caps were machined to accept the ball bearing assemblies.
The gyro was assembled, flushed and filled.

Preliminary tests were made with the gyro integrated with external electronics.

These tests indicated that the hysteresis problem that existed with the mag-
netic suspension had been eliminated.
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Figure 4. 3-1 is a graph indicating bias versus time. From this graph, it
can be seen that the bias was ramping at 0. 24 deg/hr/hr. The cause of the
bias ramp was investigated. With the bias ramp removed from the bias,
the short term stability becomes 0. 015 deg/hr.

Figure 4, 3-2 is a graph of gyro oufput versus input axis direction, This
graph indicated that the output no longer showed the dependence on the direc-
tion of rotation the unmodified gyro showed (Figure 4. 3-3). The difference
between the 0 degree points on the graph in Figure 4. 3-2 is due to the bias
change with time, The points on the graph for 300, 330, and 360 degrees
have minimum time separation and show negligible separation in gyro output
for direction of rotation. The results of a 6-position calibration and a gyro
phase reversal are tabulated below,

0.95713 arc sec/pulse

Scale Factor

Loop Bias =  50.44 deg/hr
Unbalance SA = 9,41
Unbalance 1A = -17.9

PTSA Bias = 1,49

Gyro Bias = 48,94

During test, it was found that the compliance range of the PTSA current
regulator was too small, causing increased noise sensitivity, The compli-
ance range was increased by adjustment of the PTSA's DC supplies. The
ramp that has been ohserved in the data appeared to decrease after the in-
crease in compliance.

The last effort was directed toward installation of the PTSA, temperature
controller and DCE /DSF discs., The temperature controller was success-
fully installed in the end cap and functioned normally with the gyro. The
PTSA had been assembled to the end cap but checkout revealed malfunctions,
Several installations were attempted but each resulted in a malfunction.
During this phare, the following repairs had to be made to the PTSA:

¢ Removed and replaced 1C4 on B-161 (LM101A) Amp & Demod
fection (1 time)

¢ Removed and replaced IC1 on B-163 (2 times) (SN5400)
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Removed and replaced IC2 on B-163 (2 times) (SN54H103)

' Removed and replaced Q3 and Q4 on B-163 (2 times) (2N2222)

Removed and replaced Q12 on B~-163 (M116 MOS FET) (1 time)
Repaired ground trace (2 times)
Removed and replaced Ql - Q2 on B-163 (IT 1701 MOS FET) (3 times)

Removed and replaced Ql - Q2 with 10K resistors (1 time)

Because of the nume rous failures encountered, it has been concluded that
successful installation of the present hardware beyond the FTC is not feas-
ible. Therefore, the S/N 3 gyro has been wired to operate with the bread-
hoard electronics rack. Thus, either the 8/N 1 or 8/N 3 gyro may be
operated with the breadboard rack and any of the hybrid discs may be used
in the rack for operation with the appropriate gyro.
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APPENDIX A

OPERATING INSTRUCTIONS FOR THE
EXCITATION AND SYNCHRONIZATION UNIT

TURN-ON PROCEDURE

Connect the interface cable between the excitation and synchronization unit
the RI 1170 gyro.

Connect regulated +29.5 V DC and +37.2 V DC power supplies and a three-
phase, 90 V AC wheel supply to the excitation and synchronization unit as
follows: '

1. Positive side of +29.5 V DC supply to red jack (No. 2) on fuse
side of excitation and synchronization unit (hereafter referred
to as the Interface Unit - IU), '

2. Negative side of +29. 5 V DC supply to black jack (No. 5} on IU,

3. Positive side of +37.2 V DC supply to red jack (No. 1) on IU.

4. Negative side of +37.2 V DC supply to black jack (No. 4) on IU,

5. A" phase of 90 V AC, 1600 Hz, three-phase supply to black
jack (A) on IU,

6. "B phase of same supply to red jack (B) on IU.

7. "C" phase of same supply to green jack (C) on IU,
NOTE: A 1.6 KHz sync signal is located on the end of the IU chassis.
This signal may be utilized to synchronize the three-phase wheel supply
with the 1U, Refer to Wiring Diagram - Interface Unit, Drawing No. 31611,
Connect the [U to a 110 V AC outlet.
Connect the RI 1170 gyro to the IU as follows:

1. Connect a counter to the low mode data output terminal on

the IU. The low mode sync may also be connected to the

counter if a sync pulse is required (1 psec, pulse at 1 KHz
rate). '

1<e<
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2, Connect an oscilloscope to the high mode data output terminal
on the 1U,

3. Connect the high mode syne terminal on the IU to the external
sync terminal of the scope,

Close switch S1 located on the top of the IU chassis. This will supply power
to the three modular supplies and close relay No. 1. At this time, either
16 or 240 pulses at a 1 KHz rate will be displayed on the scope.

Turn on the +27,5 V DC and +37.2 V DC supplies. The pulse information
displayed on the scope may change state, i.e., 16 pulses will change to
240 pulses, or vice versa,

Close switch S2, Power will be supplied to the internal gyro heater, The
gyro is equipped with a thermistor for external monitoring of the gyro
temperature., Attach a PVB 300 portametric bridge, or equivalent, to
jacks 3 and 6 on the fuse side of the IU, Refer to the thermistor calibration
curve included in this appendix,

Immediately set the wheel supply to 90 V AC RMS at 1600 Hz (or 24 V AC
RMS at 400 Hz), Allow the gyro to stabilize. The thermistor reading should
be 3000 +50 Q (150°F).

Close switch 83 (37.2 V DC), then switch 54 (29.5 V DC) in that order,

This sequence closes the loop. The counter will start to accumutate data
pulses, and the trace on the oscilloscope will disappear.

Monitor the gyro thermistor until a reading of 1700 +40 © is obtained. This

indicates that the gyro has reached its operational temperature of 175 +1°F,

TURN-OFF PROCEDURE

Turn off the wheel supply. Allow 3 minutes for wheel run-down.

Turn off switches S4, 83, and 82 on the IU in that order. The gyro is com~
pletely shut down at this point,

L o
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APPENDIX A

ATTACHMENTS

1.  Wiring Diagram Interface Unit (Drawing No, 31611)

2. Demodulator Reference and Excitation Generator (Drawing No. 31612,
Sheets 1 and 2) '

1170 Gyro Thermistor Calibration Chart
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ABSTRACT

The events leading up to the failure of gas bearing assembly 012
are enumerated, and the subsequent failure described.‘ The various tests
run to investigate possible reasons for failure are described. Several
alternative explanations for the failure are given. The most likely
explanation, which was due to excessive unbalance forces, is given in
some detail., Salvage achemes for wheels 010 and 011 are given, and

design changes for future wheels are descrihed.
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1.0 INTRODUCTION

The gas bearing number 012 was oﬁe of several being evaluated for the RI-1170
gyroe. The gyro R&D program is being funded by NASA/ERC and is monitored by
Dr.IWeinstock. |

The gas bearing (see figure 1) is composéd of a shaft (a), split rotor halves (b},
thrust bearings (c), shaft nuts (d), rotor nuts (3), and bolts (f), hysteresis rings (g),
and the motor stator (h). The shaft is made of beryllia, either cold pressed (#010
and 012) or hot pressed (#611). The rotor halves and thrust plates are made of
cold pressed alumina. The rotor nuts and bolts are Mallory 1000, the hysteresis

ring PH, and the shaft nuts TI 6AL 4V,

2.0 DESCRIPTION OF FATLURE

The gas bearing wheel. failed (i.e., ceased to rotate) on its first run.
However, following this initial failure the wheel was run three more times hefore
its final and catastrophic failure, The following section describes the various

runs.

2.1 Run Number 1

The wheel was cleaned, assembled, and aligned. The wheel was rum in air at
speeds up to 23.5 K rpm and was found to consume 1OW.

The running pot was then evacuated and refilled with hydrogen at 22 psia.
Power was applied to the wheel with the intention of running it up to 48 K rpm
However at approximateiy 32 K rpm there was a loud screech from the wheel, and
rotation‘ceased. Attempts were made to restart the wheel, but these proved to
be unsuccessful.

Subsequently the wheel was removed from the running.rig and taken to the

clean room for disassembly., At this point, it appeared that the wheel had wholly

or partly seized because it was extremely difficult to rotate the wheel relative

ful<
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to the shaft. On teardown there was no difficulty in either t;king.the ;h;qst
plates off the shaft or in removing the rotor halves. | s

Examination of the parts showed no damage to the shaft or thrust plates,
but did reveal cracking of both rotor halves (see figures 2-4) and score marks
on both thrust faces. The outside of rotor half B showed cracks propogating
from two of the screw holes (figure 2) while the oﬁtsidé of rotor half A showed
no cracks. The inside of rotor half B showed a Y-shaped crack. This was locat-
ed approximately 180° from the crack on rotor half B, but in this case it did
extend approximately 60% of the way down the bore (figure 5). Careful examina-
tion revealed that the pole points of the Y-shaped cracks appeared to have one
or more crystals missing. A photographic récofd of the cracks was made and is-
shown in figures 6 through 10.

Normal microscopic examination of the scored surface did not.reveal any-
thing of significance. However ou the Unitron metallurgiéal microscope at high
magnifications (X 100 or X 200) and at high normal illumination, it was possible
to see that the scored area was covered with microcracks (see figures 11 and 12),

Following this comprehensive examination, the roundness of the parts was
assessed on the Talyrond roundness measuring machine. In general there was no
significant change in the roundness of the inside diaméter (see figures 13 and
14). However, one outside diameter showed a 40 p" change in roundness (see
figures 15 and 16}.

2.2 Run Number 2

The wheel was then cleaned, reassembled, and realigned. The wheel was
placed in a running rig which was inqtrumented with capacitance probes. The

wheel was then run in 22 psia of hydrogen at 1000 rpm increments from a starting
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speed of 6000 rpm.‘ At 30 K rpm the wheel begain to exhibit an axial distur-
bance as seen on the axial probes. The radial probes, set at the largest diameter,
did not indicate any.thing which would lead one to believe that the motion was
conical in nature. As the speed was increased, the amplitude of the disturbance
increased uhtil at 32.5 K rpm sudden failure occurred. After failure the Talyrond
showed that one wheel half had slipped relative to the other. Teardown revealed
that none of the cracks had grown as a result of the failure.

2.3 Run Number 3

The wheel was then cleaned, reassembled, and run on the Schenck balancer.
An unbalance of 91 mg was detected on one rotor half and 50 mg on the other
rotor half, The ﬁheel was then assembled to an instrumented test fixture and
run in 11.25 psia of hydrogen. The wheel was run up to 30 K rpm, and no distur-
bancg was detected.

2.4 Run Number 4

Without disassembling the wheel the wheel was balanced by removing material
from the rotor screws and nuts. At this time, it was found that at speeds up
to 24 K rpm, there was a shift in balance indicating movement of the screws.

For this reasonm, the torque on the screws was changed from 22 oz. ins. to 44
oz. ins. and mass shifts were no longer found to be a problem.

The wheel was then placed in the running rig in 22 psia of hydrogen. The
wheel was then run at 3 K rpm increments from 30 K rpm to 48 K rpm without
difficulty, The wheel ran for several minutes at 48 K rpm until suddenly the
axial capacitance probe detected a disturbance at the same frequency as the wheel

speed. This disturbance began to increase in amplitude, and before the wheel

152<
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supply could be turned off, there was a sound from the rig like a minor explosion
at which point the instrumentation indicated that the wheel was no longer rotating.

Upon removal of the lid of the running pot (figure 17), it was discovered
that-the wheel had disintegrated into many small pieces (figure 18). When the
funning rig was removed from the pressure pot, it was_observed that the rotor
had completely fractured and had delaminated the hysteresis rings (figure 19},
The delaminated rings are shown in figure 20,

One thrust plate had brokem, but one was still intact (figure 21). One
screw was iﬁtact, one had broken into three pieces, and the remainder had broken
into two pieces (fipure 22), The shaft had broken into three pieces, figure 23,
with the threaded area at either end being broken off,

Apparently the impact of the failure was sufficient to gouge pieces out
of the running rig as.shown in figure 24, This is hardly surprising in view
of the fact that the peripheral velocity at the moment of failure would have |

been approximately 200 miles/hour.

3.0 POSSIBLE MECHANISMS OF FAILURE

3.1 Hydrodynamic Instability

It is possible, but not very probable, that wheel failure was initiated by.
a hydrodynamic instability (such as comnical whirl). This could have led to a
high speed touchdown in the bores, It is possible that the wheel could have
a fair stability margin at 24 K rpm in air and yet be unstable ae 32 K rpm in
hydrogen. To check this possibility, the stability parameter (ﬁ) was checked
for a range of compressibility numbe;s for the running conditions and actual
geometry of wheel 012 (see figure 25). Comparing t@ese results with the critical

mass parameters for whirl instability, given in reference 8, it can be seen that
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wheel 012 should be running an order of magnitude within the stability envelope.
It is concluded that a hydrodynamic instability was not responsible for the
fallure of wheel 012 for the following reasons:

a) The wheel was running well within the published® stability boundary.

b) A hydrodynamic inétability would have been expected to manifest
itself at half whéel speed rather than at wheel speed.

c) If the wheel had failed at 32.5 K rvpm in 22 psia of hydrogen due
to a hydrodynamic instability one would have expected it to fail
at a speed ¢ 30 K rpm in 11.25 psia of hydrogen.

d) A failure due to whirl, either cylindrical or comical, would result
in a high speed touchdown. This cﬁuld account for the cracks in
the bore, but it is difficult to see how cracks at the.screw
holes at the outside diameter could be formed. In addition,

‘one would expect to See circumferential score marks in the bore
as the result of this type of failure.

3.2 Initial Failure at 0. D,

It is most unlikely that simultaneous failure occurred at both the inside
and outside diameters. If failure occurred initially at the outside then a
mechanism must be proposed that could léad to suBsequent failure at the inside.
This could occur, it is hypothesized, if failure on the outside had resulted in
slip between the two interfaces of the rotor halves, as shown in figure 24,
The consequence of this would be that the two rotor halves would touch in the
shaft with sufficient velocity to initiate cracking on the inside. The fact that
the cracks occurred at the points A (figure 26) but not at B can be explained

by the thicker section which exists at B. It can be shown (Appendix A) that the
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wheel will touchdown on the shaft first, assuming that it is running centrally
located between the two thrust plates. This does not, of course, préclude touch-
dowm ﬁn the thrust surface at one end as a result of impact on the journal.
(This could explain some of the scoring on the thrust face.)

Of course, this whole theory relies on crack initiation occurring at the
0.D. This in itself could have occﬁrred, it is pfoposed, due to one or more of
the following reasons:

a) excessive stress levels at 0.D,

b) excessive sttess concentration at screw holes

c) residual stressés -

d) material properties out of specification

e) cracks remaining in sutface

f) overtorquing of screws

g) poor load distribution from screws (causing high Hertzian stresses)

These factors are discussed in some detail in section 4.

3.3 1Initial Fajlure on the Inside Diameter

Although it is more usual for a rotating body to fail initially on the I.D.
(higher stresses) it is difficult to postulate a theory whereby such a failure
would result in cracking on the outside. For this reason, initial failure on
the I.D. due to excessive stress levels would seem to be unlikely,

Figure 27 shows how the computed tangential stresses vary from 3700 lbs/in2
at the fracture zone at the inside diameter to 2000 lbs/in2 at the fracture zone
at the outsaide diameter. Figure 28 shows how the radial stresses vary from 1800
1bs/in2 at the fracture zone at the inside to 350 lbs/in2 at the fracture zone

at the outside,
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3.4 Excessive Temperatures in the Hysteresis Ring'

At one point during the initial test sequence the connections te the hystere-
8is motor were accldentally reversed, and the bearing tried to rxrun in reverse, As
a result of the motor running ocut of the synchronous condition, it began to Heat
up. It was estimated that the temperature in the hysteresis ringrat one péint
reached 50°F above ambient. As a worst case caICUlation; it was assumed that the
nodes in the hysteresis ring {see figure 29) were at 50°F above ambient while the
adjacent elements were at ambient temperature. Table 1 shows that the stresses
due to this gradient were insignificant in the rotor, and all.occurred in the
hysteresis ring.

3.5 Excessive Centrifugal Forces

If the rotor halves have an unbalance, then the net centrifugal force at a

given speed is proportional to the speed squared. Thus, if

unbalance

[}

w

o 2

centrifugal force = "% (%
g

The resultant force (see figure 29) causing slip between the interfaces is U.

Where

U = U1+U2

This resultant force is opposed by F = pi By A

Where
Pi = interfacial friction coefficient
Py = interfacial pressure
A; = contact afea between interfaces

I63<™
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TABLE 1

Nodal Stresses Due to Severe Thermal Gradient

Wheel

ment Number* Component Radius Temperature (°F) Stresses (ib/in2 X 103)
: Radial Tangential
23 Rotor .458 70 5.8721 3.0648
29 Rotor .4815 70  6.4649 3.9341
35 Rotor .5275 70 ~0.2495 2.6685
36 Rotor - .5275 70 0.6449 3.5968
37 Rotor 5275 70 , 0.8008 3.7834
42 Ro;or L6238 70 0.1923 2.6211
43 Rotor . .6265 70 0.2593 2.6733
30 Hysteresis Ring L4815 o 120 -12.217 -14,821 -
31 Hysteresis Ring 4815 120 -12.779 -15.448
24 Hysteresis Ring 458 | 120 -11.417 -14.349
25 Hysteresis Ring 458 120 '-11.751 -14.793

*Refer to nodal map (figure 29)

164<
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It is feasible that if the unbalance 1s substantial, the centrifugal force
could increase with speed to a point where it exceeds the resisting force due to
the interfacial pressure.

To check this theory, the interfacial force was computed using the model
shown in figure 30. Again, tﬁe finite element program was utilized, but in this
cagse the constraint against movements at the interface was removed. From this
program an interfacial force of 33.8 pounds was obtained, yielding an average
interfacial pressure of 50 lbs/inz.

Using the frictiom coefficients given in appendix B, then the opposing force
F becomes:

F = pi (Pi Ay = 0.185 x 33.8 = 6.25 1lbs
For slip to occur,

F € 01

Whence
w, = 5,258 =
1 = '1“‘3' = 162.9 mg
wrl ,
however, the measured unbalance is (91 + 50) mg = 141 mg which is very close

to that which would cause interfacial slip.

4.0 ANALYSIS OF FATLURE

4,1 Stress Levels

A comprehensive stress analysis of the gas bearing assembly was done using
both conventional and finite element techniques (reference 1). However, in view
of the wheel failure, it was felt to be necessary to repeat the wheel calculations

using more conservative calculations where necessary.
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Considering the rotor half stress model, as shown in figure 29, initially
without the Ti 6Al 4V band, the stresses in elements 38, 39, and 40 (outside)
and elements 3, 4, and 5 (inside) are of interest., As shown in Tablg 2 and figures
19 and 20 the radial stresses are 616 lbs/in2 and 290 1bs/i.n2 at the I.D. and 0.D.
fespectively. ' The tangential stresses -are 2050 lb/in2 at the 0.D. rising to
4117 1bs/in at the I.D, |

To the stresses on the 0.D., one must add the effeét of stress concentrations
and the effect of radial forces from the screws. These effects are discussed imn
appendix C where it is shown that the maximum stress due to stress concentration
in the hole is 8200 lbs/inz. The maximum compressive stress (figure 31) due to
the radial force from the screws is 600 lbé/inz‘

Thus, the maximum stresses are 5710 lﬁs/in2 radial, and 8200 lbs/in2 tan-

gential which are way below the strength of the material.

4.2 Stress Concentrations

The above calculation (see also aﬁﬁendix C) has taken into account the effect
of stress concentrations at the holes, namely the effect of the hole itself and
of tﬁe bolt in the hole. The forces from the bolts should be regarded as a worst
case since in practice not all screws will act on the holes due to the effect of
friction under the head of the screw,

4.3 Prior History

It is well known that in metals there can be considerable residual stresses
due to the effect of the prior deformation history. In most cases this would
result in a thin layer in compression. These stresses can be extremely high;

4

for example, stresses of up to 70,000 lbs/in2 have been reported in gage blocks™ .

These stresses are due to dislocations which are trapped in a2 mesh of dislocation
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intersections all containing numerous jogs (the proéess is similar in principle
to strain hardening).

It is feasible, but not proven in the literature that similar mechanisms
could exist in ceramic materials. Smith6 of Coors makes the point that residual
stress or microcracks can occur due to any of the following factors:

1. Mismatch of expansion coefficient between the matrix and crystal

2. Differences in compaction within the workpiece

3. Differences in firing temperatures over the workpiece

4, Differences in shrinkage over the workpiece

5. Subsurface damage due to grinding, honing, of lapping.

In general these problems can be obviated by extraordinary care during
processing. Smith said that had Speedring advised Coors of the eventual use
of the component then these precautions would have been taken. Clearly much
more care in coordinating the activities of the various vendors is required.

So far as the finishing operations are concerned, grinding and particularly
lapping can be regarded as severe from the point of view of surface deformétion.
In particular, the vast amount of energe expended during the ultrasonic machining
of the screw holes on the 0.D. could have resulted in some surface damage,

4.4 Contribution from Screws

Investigation of the bearing area under the screw heads on the rotor halves
showed that there had been transfer of metal from the screw heads to the rotor
halves. However, it appeared that there had not been contact under all of the
heads. The effect of this would be to increase the contact stress due to the
torque on the bolts. This, in combination with incorrect torque levels being

applied, may account for excessive stresses in this area of the assembly.
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4.5 Material

The material call-out on the rotor halves was Coors AD 999 alumina (cold
pressed) or Avco high density alumina (hot pressed). However, due to delivery
problems the call-out was changed to Coors AD 995. The relevant properties ofl

-these materials are contrasted in Table 3 (taken from manufacturers handbooks).
Table 3

PROPERTIES OF ALUMINAS

Name Youngs Modulus (lb/inz) Flexural Strength (lb/ins)
Aveo | 59 x 10° 60 x 10°
AD 995 52 x 10° 46 x 10°
AD 999 | 56 x 10° 105 x 10°

However as shown in figure 33, the material does not always meet its QUoted
strength. Clearly the stress levels caléulated are insufficient to cause failure
if the strength of the ceramic is anywhere close to that quoted.

If the material has cracks or flaws, then the fracture strength will be well
below that which would be otherwise expected. TIn appendix D the fracture stress
for a cracked material is discussed according to the Griffith criteria (see
figure 34).

4.6 Classification of Failure

Examination of the fractures indicates that they are intercrystalline brittle
failures. The cracks at the outside were initiated.at the stress concentration
from the bolt holes. These cracks would continue to propogate until the energy

had been dissipated.
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Of special interest are the Y shaped cracks close to the bores, In BCC
materials, cracks of fhis type can result from gsuccessive intersections of de-
formation twins (see figure 35). A similar mechanism occurs in high temperature
creep tests, where some of the deformation is caused by sliding along grain
bbundaries. In this case a crack forms at a grain boundary which is normal to the
applied tensile stress and intersects two other grain boundaries along which some
sliding has already occurred. HCP ceramics such as Al203 have an extremely com-
plex structure which results in an insufficient number of independent slip systems
for general deformation. However, it is suggested that a high energy impulse
could propogate a crack along the TT axis (figure 35) in an intergranular fashion
up to the triple point. Here two other grain boundaries would make it energetically

favorable to split into the "Y" configuration.

5.0 PROBABLE FAILURE MODE

The wheel did not fail at speeds up to 30 K rpm in 11.25 psia of hydrogen.

In addition a review of the stability parameters reveals that #012 was well with=
in the stability parameter, Also the disturbance detected by the axial capacitance
probe was at wheel speed rather than half wheel speed. In addition the wheel

ran up to 48 K rpm after balancing without any sign of a disturbance at a frequency
of half wheel speed. These pieces of evidence lead one to the conclusion that a
hydrodynamic instability was not responsible for Fhe failure 6f the wheel.

A careful review of the stress levels in the wheel under normal rumning con-
ditions, but using high stress concentration factors, leads one to the conclusion
that this was not a stress failure per se. There is no doubt that design modifi-
cations can be made to reduce stress concentratioms. Material processing could

be more carefully monitored and a superior grade of alumina could be used.
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However, it is evident that these factors, albeit reducing the safety factor,
were not In themselves responsible for the failure.

Further, the review of the effect of excessive temperatures in the hysteresis
ring show that this could not have been the reason for failure.

Conversely the analysis of the effect of centrifugal forces in an unbalanced
wheel shows that an unbalance of the order of that detected is very close to the
value which would initiate slip between the two halves. Also the unbalance forces
are not located at the interface and would result in a couple which would tend
to initiate a coning motion to the wheel. This motion would be at wheel speed,
rather than half wheel speed, which would fit in with the observations made from
the axial capacitance gage, on runs #2 and #4.

Once slip between the two halves had occurred there would be an impact between
the rotor halves and the shaft resulting in the two cracks in the area of point B
(figure 26). The cracks at the outside diameter would be éaused by the relative
motion of the two halves acting through the stress concentration of the bolts
in the bolt holes. One can envision a situation where some screws would be pre-
ferentially located so that slip could occur without the screws contacting the
sides of the holes.

On the last run, where catastrophic failure occurred, the fact that stable
running at 48 K rpm was followed by an apparent instability at wheel speed leads
one to the conclusion that a shift of one or more of the screws had occurred.

The result of this was probably that a severe unbalance was induced in the wheel

and touchdown occurred, In view of the fact that the wheel was already cracked,

the lmpact at this speed would have caused sufficiently high stresses to destroy; —

the wheel.

i1oH<
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6.0 REMEDIAL ACTION

6.1 Salvage of Wheels 010 and 011

A salvage scheme has been proposed whi;h would reduce stresses in the outside
diameter by shrink fitting a Ti 6 Al 4V sleeve in this area. The theory is that
before rotational stresses can occur the induced compressive stresses from the
shrink fit must be overcome. This case has been stress analyzed suing the finite
element program (see figure 29), and the stresses at the outside are indeed sub-
stantially reduced. However, in view of the conclusion that the failure was due
to centrifugal effects it has been decided not to incorporate this scheme at this
stage.

The following action will be taken to obviate failure on 010 and 0ll before
they are run:

a) The wheels will be balanced on the Schenck balancing machine.

b) The Mallory 1000 nuts and screws will be remoﬁed and Ti 6 Al 4V ones
substituted. This will substitute a light, high strength alloy for a
dense, low strength alloy (see table 4). Thus the Herﬁzian gtresses
from the screws will be lower but the torque on the screws can be
increased without danger of exceeding the MYS. Ti 6 Al 4V does not
match the expansion coefficient of Alg04, but is not very different.
This change will result in a change in the overall angular momentum to
4.74 % 105 gm cm2/sec from 5.0 x 105 gm cmzlaec but in a test wheel this
is not considered to be a serious objection.

c) A thin film of epoxy will be applied around the outside diameter of
each rotor screw to prevent movement. The clearance of the screw in
the other rotor half will still be sufficient to allow for alignment
of one rotor half with respect to the other. |

d) The screw torque will be increased from 22 oz, ins. to 45 oz. ins.

177<
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TABLE 4

Comparison of Mallory 1000 and Ti 6 Al 4V

Alloy Density (lb/ins) Expansion Coefficient (in/in/°F) MYS (lb/in2 X lQEl
Mallory 1000 .6 : 3.23 _ N8
Ti 6 Al 4V .16 4.9 : 70

6.2 Design Chanpes

a) The material dtilized will change from AD 995 to Avco high density alumina
or Coors AD 999.

Vb) The Mallory 1000 screws and nuts shall be changed to Ti 6 Al 4V.

c) Dimensional tolerances on the rotor halves, screws and nuts shall be
tightened so as to reduce the pessibility of unbalance.

d) The flatness and surface finish of the screw and nut seating faces
shall be improved so as to ensure uniform distribution of the loads.

e) Similarly the flatness and perpendicularity of the nut and screw
seating faces shall be improved.

f) Radii around the screw holes will be increased wherever possible so
as to reduce the stress concentration factors,

g) The torque call-out‘on the rotor screws shall be increased.

h) A thin film of epoxy shall be applied around the outside of the rotor
screws So as to prevent movement.

1) The ceramic blanks shall be routed via HSSC for inspection before
being sent to the vendor for machiuning.

{) Care will be taken to ensure that the ceramic manufacturer is aware of

the eventual use of the blanks so that extraordinary care can be taken

during processing.
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7.0 CONCLUSIONS

It is concluded that the initial failure of wheel number 012 was due to an

unbalance in the wheel resulting in interfacial slip and eventual touchdown.

Procedures have been outlined to ensure that this does not occur again. Subsequent

failure was due to an unbalance resulting from the shift of a rotor screw. Re-

medial action has been taken to avoid thisz in the future.

As an offshoot of this investigating design and material changes have been

recommended which will result in a superior assembly.
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APPENDIX A OF UCA-176

Geometry in Failure Mode

Referring to figure 26 with the wheel half fully misaligned

tang = 2 e/f
and | X = Ip tan o
but OP = Lcos o -x = Lcos® -1, tan @
and OP = L + th in the aligned condition. |

The rotor touches on the journal first if:
LcosO #r,tand > L + hyy

i
Now, assuming AL very small

then tana = 2 c/f
cosd = 1
if r, 2c ) hyg then touchdown will occur on the journal first.

Using the actual figures obtained on tle wheel

ro = 0.29
L - 21
c = 37 "
hpg = 57 p"
r, 2¢ = 102
£
So. rg 2c¢ > hyp , and the journal touches first.
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APPENDIX B of UCA-176

Friction Coefficient Between the Rotor Halves

Sliding friction tests were conducted on the rotor halves comprising assembly
011. Both rotor halves were cleaned and one half was securely fixed to the top
of a rotary and inclining table. The perpendicularity of the table to the local
gravity vector was checked with a Talyvel and the zero error (10') recorded.

The other rotor half was then placed on the first and the table inclined
until slip was just starting. The table angle, less the zero error was then
recorded. This test was repeated five times, and the average friction coefficient
computed (p = .158). | |

The above tests were then repeated but with a normal force of about 10 pounds
and sliding being induced to the two rotor halves as one was placed on the other,
to simulate assembly. 1In this case p = .185 due to the slight amount of wringing

that occurred.
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APPENDIX Cof UCA-176

Stress Levels in Rotor Halves

a) Stress Concentration

Using pﬁblished stress concentration factors2

K, = stress concentration factor
O
where, Umax = maximum stress due to concentration
0 = tangential stress

4

Conservatively, take K,

8200 lbs/in2

then Op. . = 4 x 2050

b) Radial Force From Screws

F = force due to each screw
= W wzr
B
-3
where W = 1.843 x 10 1lbs
wz = 25.4 x 106 rad/gec2

r = 576 ins

F = 70.2 lbs

Considering the model shown in figure 323

UC max - maximum compressive stress

P _D1l - D2 . 2
= 0,798 D1D2 = 600 1b/in
1 - Vl +1 - VZ

Ep

15 stress is in opposite sense to the radial stress.. jtégk§<:'
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APPENDIX D of UCA-176

Fracture of a Brittle Material

A brittle material with cracks or flaws will have a fracture strength well
below that of an undamaged material. The original thermodynamic treatment is due
to Griffith7 who based his prediction on the energy balénce at the instant of
fracture initiation. The crack cannot start to grow unless the elastic energy

released by the specimen, plus any external work done, is equal to or greater

than the surface energy of the materiél, i.e., when
- (dU/ 34) 27

where A is the area of the fracture face.
Considering a crack of elliptical section, as in figure 34, with a major
axis of length 2c, in a thin plate of material of unit thickness under a tensile

stress normal to the major axis
Then A = 4C

and Griffith showed that, for a narrow slit crack with sharp ends

2
- (3U/dA) =1 c Op

2E

fracture stress

2E Ya
mc

Thus the fracture stress is proportional to (llny) and ény increase of crack

where 0%

1R3<
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APPENDIX D (Cont'd)

length will adversely affect the strength of the material. This can be seen

6

when one considers that the theoretical strength9 of Aly04 i3 5.5 x 10 1bs/1n?

but in practice this 15 never reached due to microcracks,

O, = theoretical stremgth = 5.5 x 108 lbs/i.n2
Eth = elastic modulus = 10 x Opp = 55 x 10°
3
Y = surface energy at surface = 18 x 10 erg/cm
¥, = surface energy in intercrystalline area
= 9 x 103 erg/cm2
c = 1lp = 40 x 1{)-6 ins (assumed)
2
then O, = 1143 lbs/in .

F
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APPENDIX C
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TEST FOR 3LANK CARD 70O END RUN.

10

' \

SUBROUTINE STRTIBDATA,TITLE®
DIMENSION DATA%1<’TIT|E%20<96UF%:<
IR#2

Iw#s

K#0

READ %IRs1< TITLE

DO 10 I#1,10

JH1OAT

IF BTITLEBI<-TITLE®J<< 12410412
CONTINVE — 777
WRITE %Iwse<

CALL EXIT

READ INPUT DATA IN HS STANDARD FORM.

12

14
16
18

20
22
24

) O =

READ %TRe3< Koy XLOCsBUF 7
IF %K< l4+422+14%

IF ¥XL %< 16418516

J#ARS X LOC< ‘

DO 20 T#lsx -
DATARJ<HBUF%I<

J#JA1

IF %XLOC< 24912912

RETUR™ “helerls

FORMAT K20 A4<

FoaMATx//3 END OF J0Ba«
FORMATETL9El)a%eSELIZ2e5<
END

FUNCTION HDELT%TCLEA-DELT AJLENsRADJSCLEARSRADT» THMIS »DELHK

CALCULATE THRUST PLATE- ROTOR CLVARAMCE o

TART1%24%STNHDELT/24<
TART2#%AJLEN/2 . ~TCLEA<#RAJLEN/24=TCLEA<

TART 3#3ADT#RADT

TART44S,RTRTART2ZE TART IS

TAT5#1.570795-DELT/2. ~ATANSSAJLEN/2, ~TCLEA</RADT S
TARTE#5T Y% TART5<

TART7#TART1#TART4*TART6

TART05CUSHTARTS< T
TARTH#TART1#TART4# TARTO

TARTO# | RADT-TARTS ~

HDEL TATCLEA=TART? RTARTO®SINGTHMIS</COSHTHMISS
HOEL TeADELT-DELH T T '
RE TURN

END

FUNCTION COELT%CLEARsDELTyAJLENsTCLEAsRADYSDELCS

CALCULATE SHAFT=-ROTOR CLEARANCE

PART1 42 #SINBDELT/24¢

PART?u 2AJLEN/2 .= TCLEA<H#BAJLEN/2.~TCLEAS
SART3#%RADJECLEAR<*XRADJSCLEARS
PARTGRSURTHPART2&4PARTI<C
PARTSHC05%145T0795-DELT/2+ =ATANRBAJLEN/24=TCLEA</SRADJRCLE AR <SS
PARTEHPARTI®#PART4*PARTS

COELT#CLEAR=PARTS

COELTHCDELT=-DELC

RETUR -

END .

FUNCTION GBL(GAMMA.ALPHASDELTA) 7 i _“Qlagglg

HeDELTA/{1+DELTA) ' © T adiTnolo




o NeNe)

C=nm®3 T o sa1700200
DENZ(1e+GAMMA®C) # (GAMMA+C) +C# (COS (ALPHA) /SIN(ALPHA) ) ##2% (14 +GAMMA) GR1 70030

1442 - ' N < 170040
GEL=H##2% (1. +GAMMA) # (144 (COS(ALPHA) /STN (ALPHA) ) ##:2) # (GAMMA+C) ZDEN Gdl /0059
RE TUR T aa7000
END L 170070
FUNCTION CORADRGROOVsALPHA»GAMMANELTAC - T
H#DELTA/%] « SUELTAC
CHHEH A

Af3,1416%SINBALPHACHE] A 5AMMARCK
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of 1ohdaldy: T T e
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1962

GSl#GAMMA*H“*Z*COS%ALPHA</SIN%ALPHA<*%1.-H<*%1.-C</0EN
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END

SUBROUTINE SLEW%CLEAR’WHIS;AJLEN’TCLE“ORADJ!RADT’THMIS!ECCT!ECCJQ
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ECCJ4%CLEAR=CD</CLEAR
ECCTE%TCLEA=HD</TCLEA
IF3ECCMA=ECCJ<1014102+103.
101 IF%ECCMA-ECCT<109,109,107
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C CALCULATE ELEMENTS RESTORING TORQUE
10 TORK#PRESM#ZLAM®ZI AM#DLAM#DRTORK

12

20

#9GAS

OO YOO OO0 0

DO 20 IB#1+M
PRES%1+IB<#0.

SESINSTHETARIB<<
THETASIB<#THETA%IB</.01745

ARECCHS
DuS#DTHET

00 10 TA#1sNLAM ~
ZLAM#XLAMBTA<

BH1.5ARZLAM
DELTARDELTZ#B

H=DELTA/ {1, +DELTAY
CHHeH# M,

55170010

THCOSHALPHA</SINEALPHA<
DEN=(1e+GAMMA®C) # (GAMMA+C) +CHTHTH# (] ,+GAMMA) ##P

GONE#GAMMASHSHET# (1 ,-H) % (1,=-C) /DEN
PINK#6 o #GONE# ZLAMEDLAM/B/8

PRESM#PRESEIA, IB<APINK/ 2,
PRESYIA&L 9 IB<#PRESHIAIB<&PINK

IFBETa=-N<20912420
ATORK#TORK

TORKH#O,

CONTINUE

TORQ #-2.*%TDRK&ATORK<
RETURN

END

BEARING GYRO WHEEL DESIGN,

T THIS PROGRAM 1S DESCRIBED IN MEMO GO2BADOOOOA URA=19s NOV 70

EXTENDED TO LONG JOURNALs AND MORE. ACCURATE THRUST SLEW ADDED,
DEC 70.
REAL JLEN9»JLOAD s JLENE yKLEW.
DIMENSTON TITLE%20<sDATA%35¢<
EQUIVALENCE (DATA( 1) 4RADTE) » (DATA( 2) yRADBE} s (DATA( 3) yECLRT)

EOUIVALENCE (DATAT 4) +EGRDTI ¢ (DATA( 5) 9GROOV} y (DATA( 6) 4 ALPHT)

EQUIVALENCE (DATA( 7) +GAMT ) o (DATA( 8) sEFFA )4 (DATA( 9) yRADJE) _ __ Ad

EQUIVALENCE (DATA(10) »JLENES » (DATA(11) »GRLE )} (DATA(12) yECLRU)
EQUIVALENCE (DATA(13) sEGRDJ) » (DATA(14) s ALPHI) 3 (DATA(15) 9GAMJ )

EQUIVALENCE (DATA(16) +EFFR 14 (DATA(17) s WLENE) s (DATA(1B) »SPEED)
EQUIVALENCE (DATA(19) oEPRSF) 9 (DATA(20) 4DELTA) 9 (DATA(21) 9ECCMT)

EQUIVALENCE (DATA(22) sECCMAY s (DATA(23) 2 ANGMO) s (DATA(24) s AMAS )
EQUIVALENCE (DATA(25) sEDCJ ) (DATA(26) sEDCT ) o (DATA(27) $EDGJ )
EOUTVALENCE (DATA(285) yEDGT To (DATA(29) yDSFED) o (DATA(30) 9EDFPR)
EQUIVALENCE (DATA(31) sANSTP) » (DATA(32) s ANGAS) ¢ XDATAB33< s WiHI5<

FOUIVALENCESDATA%34< s THMIS<yBDATAR3S <, TCMI S<

] CALL STRTI(DATALTITLE)

gaDTE  THRUST OUTSIDE  xaDIUS T (1o
waD3E  THRUST SEAL RADIUS (Inice)
ECLRT  THRUST CLEARANCE : (T™C~)

EGRDT THRUST GRUOVE DEPTH (Imr)

GROOV NOo OF THRUST 5RG. GROOVES
A_PHT THRUST GRNOOVE &NGLE _ (E7) -
GAMT LAND/GROOVE RATIO=THRUST
FFFA AXIAL (THRUST) EFFICIENCY
RADJE  JOURNAL RADIUS S QU
JLENE  ACTIVE LENGTH OF JOURNAL (I
GRLE JOURNSL AXIAL GROOVE LENGTH (TwinH)
ECLRJ  JOURNAL CLEARAMNCE ([er o)
EGRDJ  JOURNAL GROOVE DEPIA (I )
alLPHJ JOUKNAL wROOVE aNGLE {E 5
GAMJ LAMT/GROOVE RATIO= JOURNAL

A89<
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S
[

LI R PR )



1

i
i
!

OO COON0R00000000000WO000

10

EFFR RADIAL (JOURNAL) EFFICIENCY

twl.9 300

WLENE AXIAL LENGTH BETWEEN: THRUST BRGS. (INCH) a5 310
SPEED ROTOR SPEED {(Ran/SEC) avl 5 320
EPRSF FLOAT PRESSURE (LB/SQ.IN) AWLS 330
DELTA DRAG FACTOR (Mkg) auLs 340
ECCMI MINOR ECCENTRICITY RATIO ‘ AwES 350
ECCMA MAJOR ECCENTRICITY RATIO AsL5 1460
ANGMO ANGULAR MOMENTUM (MKS = CGS X E=7) AWLS HTE
AMAS ROTOR MASS ' (KG)Y a5 340
~ THMIS THRUST PLATE 1 MISALISGNMENT %ARCEECK
THRUST PLATE 1 15 ON NEG.END OF SPIN VECTOR
POSITIVE IF Cw WITH & SPIN VECTOR AT LEFTY
TCMIS THRUST PLATE 2 MISALIGNMENT $ARCSECK
THRUST PLATE 2 IS ON POS.END OF SPIN VECTOR
& IF CCW WITH & SPIN VECTOR AT LEFT
WMIS WHEEL MISALIGNMENT _ $INCHL L
& IF & sa SIDE IS HIGHER
EDCJ JOURNAL CLEARANCE INCREMENT {INCH) 8 cL6 2§D
EDCT THRUST CLEARANCE INCREMENT (INCH) AVMLS 400
EDGY JOURNAL GROOVE. DEPTH INCREMENT  (INCH) AWLS 19
EDGT THRUST GROOVE DEPTH INCREMENT (INCH) AwLE w20
DSPED SPEED INCREMENT (RAD/SEC) a5 430
EDFPR  FLOAT PRESSURE: INCREMENT (LB/SQ4IN) AWLS 440
NSTEP NO. OF STEPS EACH SIDE OF NOMINAL REQUIRED wﬁm“__QwLS 450
NGAS=CODE, 1=HYDROGEN 2=HELIUM 3=NEON 2WLS 460
4=pIR 596 NOT ALLOCATED. o AMLS 470,
NPAGF =] AWLLS LRG0
NSTEP=ANSTP o SWLS 499
NGAS=ANGAS hals 500
WRITE(Ss SI)TITLESNPaGE AdqLS 510
IF (NGAS)999e2 ' awlS 520
GO TO (3+495¢69798)9sNGAS o i 5 WS 530
VISC=8.8E~6 BWLE 540
RHN=0409 ANLS S50
" AMFP#MEAN FREE PATH AT ONE ATH*ATM PRESSURE ¥MXS<- :
AMFP#]1,176E=2 L - o
WRITE  (5s 59) 594L8 560
G0 TO 10 _ ) - -~ B AWLS 570
VISC=1.9TE=~S EwlLS SRO
RHO=0e18 AwLS 590
AMFP#1.855E=2
WRITE (59 60} e . . B4lS 600
G0 TO 10 aWLS 610
VISC=3.1E=5 e o _ A _AWLS 620
RHO=0.9 455 630
AMFP#143]18E~2 .
WRITE (S, 61) hwlS 645
GO 10 10 e - S A4LS 650
VISC=1.83E=-5 EwlLS 660
RHO=1,293 o o _AWLS 670
AMFP#6 ,39E=3
WRITE (Se 62) L ARLS BRY)
GO TO 10 AwlLS 690
CONT INUF i 44LS 700
CONT INUE AMER 716
WRITE (5, 63) T 8. | 55 S -4
GO TD 1 ; AWL5 T3¢
SLEN=JLENE/ (2. #RADJEZ 84L5 74(
EVISC=VISCH] (49E=4 AwlS TB0
WRITE (Ss 52) ANGMO9AMASIECCMISECCMAZEVISCyRHOSDELTA  AwWLS 76¢
WRITE(5s S3)RADJEWGRLE 9SLEN;NLEME9ALPHJ,uAMJ EFFR

Tawls 77¢

R o T2 P
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WRITE(Sy S4)}RADTEyRADBE +sGROOVsALPHTsGAMTsEFFA,WMISs THMISsTCMIS

. AWLS 790

CONVERT TO MKS UNITS FOR COMPUTATION. 4B A00
RADJ=RADJE#Q.0254 Auls ¥]
RADT=RADYE#0.0254 o Adk3 2
RADB=RADBE®(Q,0254 - ~ aws 83
JLEN=ULENE#0,0254 anb5 Ah
WLEN=WLENE#0,0254 N o 3 ant.5 45
GRLEN=GRLE *0,0254 AWLE =60
CLRT =ECLRT*0,.,0254 AstS 870
CLRJY =ECLRJ#0.0254 AWLE 88D
GRDT=EGROT#0,0254 - 4485 590
GRDJ=EGRDJ#0,0254 awls <00
DCJ=EDCJ #0.,0254 o - asls £190
DCT=EDCT #0.0254 aub5 w20
DGJ=EDGY #0.0254 . AxdLS v 30
DGT=EDGT %0.0254 44LS H4d
PRESF=EPRSF#6895,24 . _ o o _aWLs 550
DFLPR=EDFPR#6835,24 AwLE 960
IA#] - o CAvlb S7D
IR=0 A& GH{]
M=NSTEP+] helLs G990
N=2#NSTEPR+] AWiL51000
KOUNT=1 _ B B aWLB1010
TAUN= (2RDJ+CLRJ) /CLRJ ' : AWL51020
ANGMX=ANGMO o e _ ARLST030
STOR1=CLRT 51040
STOR2=CLRJ - 4 4L51050
STIR3I=GRDT Anl51060
STORG=3RDJ L 3 awl 51070
STARS=SPEED uwi 51030
Al=3.#VISCHEFFA o N awt 5103210
Ea=l.-ECCMI 45151100
EAx=1.-ECCHA awi 511310
ERz) 4 +ECCM] At BY120
EBX=1.+ECCMA e o awi 53130
EcEa#tt (=3) +EB## (=3) A 51140
EX=EAXB® (=3)«EBX®E («3) 4451150
ALO=RADJ/RADT 4¢L51 169
ALB=RADB/RADT - LIRS WAL
A2N=ALDG (ALB) nHL5Y1AD
AG=(1l.=ALB%*#G) #],5708 - 851199
AG= (ALA##4=ALO®®4) / (1, -ECCMI##2) #3,1416 8+151200
A2=1ls11®5LEN I _ AW 51210
A3=VISCE#RADT R4, awi 51220
AG=A3%TFFA AL 51230
A33=6HVISCHRADTH#RADT AL 51241
AT=h+#VISC¥RADJ o o . Hﬂwh5125m
AB=] LEHSLEN#EFFR#¥RADJ#*RAD . EALS12610
AQ=AT#IADY ) . e e L AdLB1270
AlO=ATRORLEN®EFFR ANLS] 280
A11=9,PE6#AMAS#AMAS BALS12%
A13=AMAS/ (4, #SLEN®RADJ#RADJ) AALSL300
Al4= ECCMA/(AMAS*9.~51) e AWLS1310
X=ECCMA#ECCMA “4L71320
A15=2.% (1 4~SART{14~X) )/ (X#SQRT (1,~X) ) o - o A4LB1330
BL=SLEY#&aDJ Al 51549
TEST=vLEN/3. 44L5]1 350
A16=6G,F05*AMASH (WLEN= RADJ*SLEN)**?INLEN/ECCM& A §]3460
818=11.8%VISCHRADI*#4#SLEN o WWLEL 370
Al9=DELTA#SQRT (RHO®#VISC) awti 8] 38

e émm_‘vﬁﬁ)ﬁij



A25=]1,~ALB*ALB 6+ 5135
AAJHEFFR®,52359 - ) S
ALPRT=ALPHT#,01745 5w 51400
CALPRU=ALPHJI#, 01745 AdL81%43 0
' ) A-51420
START THRUST BEARING CALCS. AWL51431)
11 DELTT=CLRT/GRDT ~ T A 51441)
TKNUD#AMFP/¥PRESF#CLRTS I R S
6S1T=6GS1 (GAMT4ALPRT,DELTT) 8751450
COR=CORAD (GROOV ¢ ALPRT ¢ GAMT 4 DELTT) 8vlL5)s60
CRADT=RADT/COHR ArL51u70
CLO=RADJ/CRADT L _ ANL514B0
CLB#RADB/CRADT AL 516H5
A21=A20~ALOG (CLO) , . e _Liigiliiﬁ,
A30=A25+2,#CLO*CLO%A2D 44151500
A31=ALBH*ALB=CLO*CLO-2,#CLO®CLO*42])  awiB]s]
A32=]1,+ALB*ALB-2,#CLO®CLO AnL51s20
D1=DEL TTREA o o . o AcLSlos
D1X=DELTT#EAX 451549
DP=DELTT#ES - o 51830
D2x=DELTT*EBX 4451560
GB11=GBl (GAMT,ALPRT,D1) — SVL3LS 7
GB11x=GB1 (GAMT yALPRT D1 X) AL 51570
GB12=681{GAMTsALPRT D2} - o AELE1590
GB12X=GB1 (GAMT s ALPRT+N2X) 4¥1.51600
GBE=GB11/(EA®EA#(]1./DEL TT+EA)) +GB12/ (EB*EB* (1. /DELTT+EB)) AnlL51610

GBEX=0G811X/(EAX*EAX*(]. /DELTT*EAK))+u812X/(EBX*EBX*(i-/DELTT+EBX)}\WL€162)

GS11=GS51 (GAMT4ALPRT D1}

adi 51630

GS}1X= GS1 (GAMT s ALPRT 4D} X)
6S12=GS1 (GAMT 4ALPRTsD2)
GS12X=55]1 (GAMT + ALPRT »D2X)
GSIE=GS11l/EA##2-GS12/EB##2
GS1X=GS1IX/EAXD#2-GS12X/EBXA#Z
AlT#H «OOHEFFARVISCHCRADT#HG

_awL51650

£t 51640

AWLS1660

aWLB1670

AWLS16ARD
AwLB169Y

68212652 (GAMTALPRT»01)
6522=652 (GAMT y ALPRT 502}
GS2E=G521/EA+GS22/E8
ANUM=GIE#A30+E#A3L
ANUMX=GBEX#A3G+EX#A3]
12 FJ=A2% (CLRT/CLRJ) #¥3

AWL51700

L AWLELT10

Awi %1729
A4L51730

Aal5]1740
A4LB1750

DENX=F J+EX*A21~GBEX#*A20
DEN=F J+E#A21~GBE*A20
FRAC=ANUM/DEN
FRACX=ANUMX/DENX
BRAK=A32~FRAC
BRAKX=A32=FRACX

AdLB1T69

AWL51770

AWLS1780

L AWLS1T790

A4 51500
AdLS]Isln

SIGMA=G,T1/ECCMIHGS1E*A29%BRAK
13 ASTIF=AR*SIGMA#SPEED/CLRT##3

TLOAD=,480%GS1X#A29*BRAKX#A6#SPEED/ (CLRTHCLRT#AMAS)
TPRES=A1#SPEED¥*GS1T/CLRT/CLRT#* (CRADT#CRADT~RADB*RADB)

AL 51R20

o =,|__¢'-_§1 - 34

AKLS]1 a0

PT=(AS+A4RGS2E) #A3#SPEED#SPEED/CLRT

- AHL51550

RuLBl~60
awl51870

START JOURNAL BEARING CALCS.
DELTJ=CLRJ/GRDJ

AWL51880
AWLS] RS0

GS1J=GS1 (GAMJ» ALPRJDELTY)
APRES=TPRES+PRESF
AJKNURAMFP/RAPRES#CLRJ<
GLAM=A3%SPEED/ (APRES®*CLRJ#CLRJ)

AWLE1S00

_ANLES1R10

HELSIbEG

IF (KOUNT=4) 14450514
14 RSTIF=AB#GLAM®®,534%APRES/CLRY
15 PRESJ=A10#SPEEN#GS]J/CLRJI/CLRY

641 5] 63

_BEL51940

awl 51350




FI=ATAN(3.78/GLAM=.12) | s o BLBL2TE
S=SIN(FI) AwL5194¢
DCA=411%S/RSTIF/ANGMX e RALB)99E
CA=1./4STIF AALE200(
CW= (SQRT (1.=5%8) ) /RSTIF o mwse0al
ANISO=A11%(CA~CW) /ANGMX - susR02t
STAB=A13#CLRJ®SPEED#SPEED/ (APRES®*GLAM)  5.12203C
JLOAD=A14#CLRJHRSTIF#A15 5w 52040

CALCULATE WHEEL SLEW CAPACITY
THIS CALCULATION NOW INCLUDES TH, PLAYE MISALIGN AND WHEEL MISALIGN
KEQ
IFETHMIS<2001,2003,2002
2001 IFSTCMIS<20044,2006+2008
2008 JFBABSHTHMIS<~ABSYTCMIS<<2009,2009,2005
2002 IFBTCMIS<201042012,2013
2003 IF$TCMIS<2014,2015,2016
2010 IFXARSETHMIS<-ABS%TCMIS<<2007,20074,2011
2013 AMIS#-TCMIS
BMIS#=THMIS
GO 7O 303
2012 AMIS#TCMIS
BMISA=THVIS
GO0 TO Su3
2014 AMISHT-MIS
3MIS+TCHIS
50 TO 303

OO0

2015 AMISETHMIS
AMIS#THMIS

| GO TD 903

t2016 AMISH=-TCMIS
IMISHTAMIS
GO TO 903

2006 AMISHTHMIS
AMIS#TCMIS
50 TO 303
2004 AMIS#THMIS
RMIS#TCMIS
50 TO 903
2011 AMISH~-TCMIS
SMISH=THMIS
G0 TO 303
2009 AMISH=TCMIS
GMISH=THMIS
GO TO %03
2005 AMISE#THMIS
AMIS#TCMIS
GO TO 903
2007 AMISH#THMIS
AMISHTCMIS
50 TO 303

903 JLHEJLENE/?Z,.
SDELK#ABSHWMIS</%2  *BWLENE=JL << , L
DELCH2 o #SDELK#*RADJE*SDELKEWLENE /2. #SORT%] . ~SDFLK*SDELK<<
DELH#2 « #*SDELK*$RADTE#SQRT%] o ~SDELK#¥SDELK<=wLENE/2. ¥SDELK<

CALL SLEWBECLRJsWMISsWLENE+ECLRTyRADJE JRADTEs AMISSECCT9ECCIy IER,
1ECCMAZCOsHD s DELT 9 DELCoDELHyK<

250 IF¥K=1<2514+252,252
251 WRITE%Ss121<
GO TO 902

¢ 3 1:323_( R — . s



e

252
902
904

0%

8000

1H

19
20

S04

17
7000
101

1n?

103

21

2e

WRITE%Ss 122«

GO0 TNH1R+B000919+9049905<y i
WRITE®Ss1001<UELTsCDoHD9ECCJLECCT
WRITE®RS70<

50 70O 906
WRITE%S91000<DELT9CDsHDSECCULECCT
WHRITE®RSs80<«

GO TO Q06

ECCJURECC4a

WRITFE®Se120%

B0 TO 20

ECCU=ECCMA

WRITE%S+30<ECCTsECCY

GO 19 20

ECCT=ECCHMA

wRITESS9 100<ECCTLECCY
TMOM:TORQBALPHT yCLBsDELTToGaMToECCT 15+30<
TTHReM 1 7HTMOMBSPLED/ % CLRT*CLHT<
IF(TEST=-L) 16417917

WRITE (3« B7)

USE AUSMAN LONG JOURNAL_THEORY,.
AMOM» AUSMEGL AM S SLEN<
TUNL#AMOMHAPRES#RADJHWLEN*WLENFECCI® AR
50 T 7000

USE SEPARATED JOuURNAL THEOHRY.

TUNLSECCJU#JLOAD®*A] ~

IF3K~1<101,1024102

BLFwﬂ¥TJNL&T]HQ</nVGMX

<# |

GO T 143

KL Twita TINL S TTHK </ ANGMX

B T 21

Catl SLEWHF CLHJoﬂWI39NLLNEotCLRTgﬁnDJEoﬂaDTts
1ECCHM s CDeaHDeDELTSDELCa DELHgR<
S50 TH 26s0

CALCULLATE POWE -+ DEMAND,
CONTINUF
PUNL=A]A*SPEED*SPEED/CLRY
PwINN=A/l 3#SQRT (PRESF#SPEEN##5)
POWES=ST«PJINL+PWIND
TLAM=A33#SPEEN/ (PRESF#CLRTH#CLRT)

CoNVEAT 32CK FrOM MKS TO ENGLISH UNITS
ACLRT=CLRT/0.0256

AGROT=5KDT /0. 0254

ACLEJ=CLRU/0, 0256

3G2DI=5RDI/ 0. 0254

5PASF=PRISF /6RO W24

HTPRS=TPRES/6895. 26

IPRSJ=PRES J/6RIG. 24

FPUAX=2MAX /6795424

[MReproduced: fro

bes! available V'

SMISyECCTIECCUP IE s

WRITE (S

WRITE(3y  S6)DCA»ANISOISTAG PTePINLsPWINN¢POWER s LEW
WETTE%S SHeGLAMs AJKNU ¢ JLOAD 9 TLAMe TKNUD 9 TiLCa D e KLEW

1F (N<TER}lels22

PLOCEED TO TOLE~ANCE STUDY.
[a=la+l

9133(

oL 5h2140

weonng b

A L.'\e 1 T

RN

52280
52237

L8225

AR2P6Y
LB eTy
AoLhegn)
iallhgg il
a-LE52300
PullmE3l e
falLR23en
LelL%P2330)
VL9234
oo !-, ‘: 2350
ﬂJLﬁEEbn
ey i?f

35)HCLRT9%6R3T98CLRJ98UQDJ;%PEEDobDHQF9BTPRS BPHSJ;HPMAKAALya

el Dgaly
Rl RPN
ArlBR24630

NG NI



23

24
2%

26
27

2R

24

31

3z
33

a4

35

3h
37

34

39

40

41

47

41
GO TH(GLHe45+4694T9048e1) s WOUNT_
44 CLRT=STOR)
PO TO L]
45 HRLT=STORG
O TH [
4 CLRAZSTORZ
GO TO 4o _
47 HRIJESTIDG
50 TO 4
43 SPEEI=STD+o
ANGMYX = aNGMU
Hy KOUNT=xGUNT+1

oft

IF{I1A=3)24+23+23

NPAGE=VPAGE+]

WARITE(Sy S1)TITLEWNPAGE

Ia=0

I8=]R+])

IF{I3=1)26925+43

STIFN=SS5TIF

50 T0(27,28’29930y31o34)QKOUJT
TEMP=DCT
WORK=CLRT=-NSTEPH#DCT

GO0 TO 37

TE~P=DGT
WORK=LRDT=NSTEP#DGT

60 TO g

TEMP=DCJ
NORK=CLRJ=NSTEPH*DCU

50 TD 32

TEMP =115
WORK=RIDJ=NSTERP#OG)

GO TGO 3z

TEMP=DSKFED
WORK=SPEED=NSTEP#*DSPED
IF(T=*2) 35433435
KOUNT=KCQUNT+1]

3D TO 26

TEMP = . FILPR

WORK =PRESF =NSTEP#1IF PR
IF(T-42)3%41¢35

20 43 T=1sN
IciM=TY36443436 N
S0 THU(3Te3Be3F 40041 +42) s XOUNT
CLAT=nDR

50 TH 11

GROT=THX

30 10 11

CLRJ=¢IRK

50 OTH 11

GROJ=w THK

50 19 4

SPEF J=n 1

ANGMX = ANBMOTSPEELI/STORS

50 TN 13

PREGF = alHn

CTO N B 13

WORK =% DRK + TEMP

GO TH 2
TAU={3RDJ+CLRJY /CLR
NTAU=TAUN=TAU '

FACTR=(1«53¥SLEN+246) % a8 =3F0LAM+ {,13%SLENYYH)

10194d<"

e Ioa

#5265

ad!52960
.M§2%$5
LS2nii
.‘.' [ ‘3? »r-w]
Ahl5 500
Sl B25]10
wovlB2kay
L5 2530
wLB25 80

'u.la f550

%_L@gjﬁj
A SABTI
L BR5 50
Al De5 G
2k a2680,
Aol BPARLT
anLB2624
awlmdandd)
Aal 52647
s G2h90
AeL22667
sl mee T
{aLﬁ?@ﬁﬂ
ol W30
dalE2 00
2w B2Vl
1@553321
lﬁ’fh)
NLR2TEN
A R2760

Foam D ax L Ll

‘“L%Z 6‘

:HRhHw

e
}
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A .
_‘d H

i T

FARYE

R

u-l;?qn\
A&l 57293
S 4530006
ol BR300
trnh3lae
LS 303K
FELRGGL
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DSTIF=STIFN#FACTR®(DTAU/TAU) #a T T o : A

RETIF=STIFN=NSTIF i _,asﬂ/u
GO TO 15 \ eSO
51 FOIMAT(OLY///1Xe120(0=2) /" GAS BEARING wHEEL ESIAN 'ZQﬁ&;m,__f,g”;@ﬂU )
1Y PaGECI3/1Xe120(0=v) /77 CLOSEL S200L. MIXED UNITS.®) 53100
S2 FOIMAT (0,21 (% ) 44X'F [ X E - Vo4 LouE StaXe21(t® t)// xwL5311”,
3 T2 *ANGLR ¢ MOM, ROTOR MasSS MINOR FCC, MAKwL 53120
4J07 ECC. VISCOSITY DENSITY DRAG FALT.-/TH,-(ﬂKS)-,T1ﬂ9~(<x L53130
SG) v TSHe Y (REYNIV9TT709 % (AKS)VTB39 * (MKS) ' /T2 7(E1latss2X)) “L53140
S3 FniMaT( YOUNL JRADIUS 6R00VE LENs L/2 RATIO LENGTH 0O, &.“A”&ﬁijbﬂ
1 OGRV anGLF GRVL.RATIO INL o tFFIC.'/Ts.'KIN)'T1a,'(1N)-T44,'(IMs L5160
ZIYVTSHGHIDEG) P /T247{E1l el e2X)) En-EINAIN

1000 FORMATY¥///7¢ ECCENTRICITY CANNOT 85 MADE ASITHIN TOL OF MAJLECC. /7
18 SLES ANGLEHOE12,443XBBRAD,,<8/9 ROTOR SHAFT CLEARANCE#OE]2.693X
2w IMCH<a/id ROTOR THRUST PLATE CLEARANCEH#®E | Zai, 3XEHINCH< A/
39 JOURNOL ECCENTRICITYHOE ) 2470 TARUST PLATE ECCENTRICITYHBE]2o4/<
1001 FORMAT-///+ ROTOR HAS NOT REACHED THRUST PLATE UX SHAFT-/
19 SLE™ ANGLEZRE] 2.6+ 3XB%HAD <70 ROTOR SHAFT Ci EARANCESW@E j2etra3x
2ux[vCH<R/ a4 ROTOR THRUST PLATE CLEARANCE®@EIZ. G 3RABINCH<R/
30 JOURNSL ECCENTRICITYS@E12.4/® THRUST PLATE ECCENTRICITYH®E1244/<
54 FnwmaTe HNTHR LRADIUS SEAL RAJ. - NDGHDOVES GRV .« ANGL.E
1 GRV.3aTIO THR JEFFIC@4 XmwHEEL MIS @/TS@BINCATI R ¢ ARIN<ATLE
2y PBENEGCATRI W INCT /T2 TBE L1l 0t 9 2X</AOTHR o MISamiinXAT 4R e MIS & A/
TS, a3SECCUT]IR G BBESECCA/ T4 2HE 1104 92X<// /1Ky 218004 d<y~XeY A R ] A 3
L - SntXe2]%bw m<//< )
121 FOQML\T}J‘“ ch SLEJ‘J ;"ESULT-.._@:/<
122 FO<MaT >« CA SLEW HESULT a0 ¥/ %
0 FORAATYTIGROTOR HAS REACHED NEITHER THRUST PLATE NOR SHAFT//<
A0 FORMAT:T10ECCENTRICITY wILL NOT CONVERGE TO ECCMua//s<
100 FORMaT2T10 +ROTOR HIT THRUST PL.TE FIRST@2X&THR, Ple FCCa#BELG 7y
12X J003NAL ECChwE ] lea//< ' S
G0 FORMATHTLIOGROTOR HIT SHAFT FIRSTAZABTHR. PLe ECCerdEl4e792%
1BJOUPNAL FCCLHAE L]l .6//¢
120 FORMAT:TLINROTOR HIT SHAFT AN TH2UST PLATE SIMULTANEQUSLY//<

55 FORMAT (109, T2, 9 THR,CLEAR 7 THRLBRUDEFP UNUWCLEAR 7 UNL . GR.DEP™ TLE321
1~ SPEE FLOLT PRES  THR.PRESS 2L .PRESS TOTLPRESS?/ L5322
2Tast (1) tTLGe v (INY*T31a? (INY *T424 0 (IN) *T54s * (FAD/SEC) 19 THEs (LE/S 5 L5323
3eINI 1T ha 1 (LB/SQeTN) P T4y # (LB/SDLIN) IT1I07 9 (LE/SGLIN) 1/T2,9(F 11, 4. -L53240) -
424)) 141 53250

S6 FOIMAT (V09,725 9CROSSANISO  NORM aNISO  STABILLITY 5.0 53766
1 THR.PIWER JNL.PONKER  WINDLPOWER  TOT.POWER SLEW CAPACHCC
W/ T2 BNEG/HR/SIGC  BUEG/HR/SUG<®y  TS4 903 ATT<@y TT0 8% WATT<
30 TH2 (aTT) 3 TO5, ¢ (WATTY V4 T107+9 (RAD/SEC) t/T243(ELL.492X) T X Lo
4T5693(114692X)) C s L3300

57 FORMAT A LONG JOU=RNAL WLEW CALCULATED FROM aUcMai THEONY,. <
58 FORMAT=w)JOURNALWT 16 aCOMPR, NO@TZGEKNUUStN NOOT 4 23_0A0 CAPACw

1TSIETHRUSTETHRBCOMPR o NOBTS 1 GKNUDSEN NOBT94AL0AD) CAPACEZXASLES CAPA
PLHC A< /i —mm———- WT1T7yFTe2s T3 sFbetsToLsF 72y GlTE Y lecerem=aTODF T

321 TB2aF B, 4 TORGF T 2UGBTINT ¢ PEIAI/SECCHS/TICT9EL1L0G/ /7K
0% FOIMAT (149475060505 IS HYDROGENY)
60 FORMAT (1401, TSN41GLS IS AFLTIUMY)

61 FOUIAT (1e9,T35949G2S 1S NFONY) s

52 FORHAET (Y+¥4T50y 0545 IS5 ATI<?) e
63 FOSMAT (t+t3TEG,*GAS IS NOT SPECIFIED, RPUN TERMINATED. V) _ noe
M) .

11 490<

53060
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COMPARISON OF TYPICAL GAS BEARINGE

RIIDIOSF X 3 WHFE Y
. R1 1170 WHEEL NO. 21 ™ ! RI1E3SUG WHEEL No. 1
! - : LCompuker Compite r 1hvdoyeny Compuler Heliom Computer
i : Lutgpat Output : Output Oama -
. Using Using Tiing Ueing Using Using . Using Tainm
Spee M 5 Mez d g i ! B
! Parumeter Units \'::e “;,::t?d Code | Fpec Actual \_.::C e\f:;::: Code Spec Actual fpec Acwal :‘]'::e .\h\:lsluncd Coxde { Sper Actual
Values 1 values Vialues Values | Values Valueg ! alue : | Valuee Valiuex
] R ' ! ;
Ansilie Mementum | cps 3k 107 NM Input 2 x 108 NM Input Inout 5« 10° M ; ] trmut
T Eem a0, 41,713 1 [nput a7, 43 NM Input Tanut 32.39 T1.38 1 Inpus
; ’ i
PO in Wheel mm 43K 48K 1 fnput MK 24K 1 Input Thou 24K 4K 1 Input
Hydrogen NA Input Helium NA input ' Input Helium XA innat
) Reyn .31 x 10-9 L NM Input 2,935 x 1079 MM Input Input 2,935 x 1079 NM inpdt
: am. liwr [0 NM Input .18 NM input Input ! .18 NM inout
‘ Atm Aba 1.3 1.5 1 Input B 1.7 1 Tnput input . 2.5 2.5 1 Lopruc
© Jeurnal Material folid Presscd Alumina Ko. 5 Be Coated
i High Purity NA NA NA NA NA With Cr, O KA NA
3 Coated Al 273
i Beryllia
i Clesrance u” 10 -5 45 1 input . 40 5 56 1 Input Input 60 5 56 3 Input
. 19/40 2
!” ‘Grove Leogth in, 103 UK 3 Input . 105 . 104/, 1042 2 Input Input 14 OK 3 Inpul
Lens™ “in. LAG/.mal L H31030 1 Input .900/.901 L9041 2 Input Input .933/, 832 .932135 3 Enput
rliamaeer in, AT/, 375 + 374895 1 © Input .374/.375 76015/, 375020 2 Lnput Input .500/. 501 . 500723 32 Input
A P hnzle deg 25 oK k| Input 25 25 2 Input Input 5 UK 3 gt
; e Depth [T 53 10 {=162 (+)567 1 Input 65 i15 (-)115/174 2z Input Input 39 :10 . 138 3 Loput
! (+)109/131
Lizned Groave Ratig 1.43 NM Input “1.85 NM [nput Input 1,83 Nt Inpat
. s, oat Lirnaves 13 N is 1 Asrumed 15 15 1 . Assumed = Agsumed = 15 15 3 Assumed *
{0 Taad f apaeiny X' 6 NM T2 76 50 NM 4n 41 72 64 0 NM 107 15
U peuer Larmand whlln Low ur Done, XM 1.5 1.3 Low as Pors, NM \3 ] .6 .6 Low a2 Porr. NM La2 2,060
+ »
| IZiast Plate Mat Coors AT} 298 - INo, 5 Re Conted . .
! Alumina NA NA Alumina Na NA . NA With Cr, Oy NA A
I i aranpoe . u" w:d 43 1 Input : 5O 5 B3 1 Input Input G0 45 57 3 input
r:ter Radius in, . 275 Min OK b Input 292 {-}. 2915 2 Input input - . 365 OK 3 it
{ {.290] (+). 2ul4
{ Feul Padjua in. 214 00X 3 {nput .232 {=). 225 2 Input Input L 255 (0} N k| Irput
' (1. 2325
P simees angle deg 12 M input 12 NM Input Input 12 NM tnput
I G [epth e 100 -20 (-}136 {+)BH 1 Input 115 +15 (-1124/145 2 Input Input 150 :10 143 3 loput
l . - (+) 94/103
¢ Na, nf Grooves 15 . 15 1 Assumed o 15 15 -1 Afeumed @ AfFumed « 15 3 3 Assumed ©
} i.and Greoe Hatio 1 1.0 M Input 1.0 NM Lnput input 1.0 NM et
Leasd Capacity K's 66 NM 49 72 50 NM 33 21 73 48 40 XM i 47 ais
? Frouar Denand watta | Low as Poas. NM 1.0 1.1 Low as Poss. NM i) .2 N I~was Poss. M C 1,14 1,19
i
Wi sze Puwer wutly low as Posa, NA 1.9 1.9 Low as Poss. NA .4 .4 .7 W1 Low a8 Poss, NA i .90 .90
1
T-ual Mech Pawer watta Low as Pogs, 4.12 1 4.4 4.3 Low as Posa. He 1,54 1 .9 .8 2.0 1.7 Lowag Poss, '3, 34Wheel¥o. 4| 1§ 3.9 [
T
ew 1.75 | ow 2.7
L3 c ty / 5 5 5 . L3 . - H - a.n
. Slew (..apg._ci.} Il'.1d sec 5.0 3.0 1 4.4 4.1 ) 5.0 cow 2.25 1 5.7 5.1 9.7 8.0 . 20 i cow 1.6 1.} 9,63 13,3
T _ : g |
Criss Aniso Leror 1°/he/E" [Abe Valwe <.01 M %,0008 | +,0014 [Aba Value <,01 NM +. 03 +.03 +.007 | +.005 :Abs Viloe <. 01 NM P 00d UL
- T
, HermatanieeError E"/hr/’gz Abm Value <,01 NM +.004 ~. 0017 [Abs Value <,01 NM +.014 +, 4T =003 [ .38 1 Abe Value .00 M Yool U
NA - Nut Appu,_.“N CODE: 1 = Based on HED Data )
NM = Not Measured ~ 2 Nvrasd o Laseath (sl

has . 3 = Buared on Spoodring Daln





