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EUSTIS DIRECTO)ATE POSITION STATEMENT

The work reported herein is part of a continuing effort at the Eustis Directorate,
USAAMRDL, to conduct investigations direct’ toward advancing the state of the art
of diagnostics and prognostics for Army aircraft. The object of this particular effort
was to identify useful sensed parameters and analysis techniques that would provide
prognostic information on the mechanical condition of helicopter power train com-
ponents. The contractor instrumented five UH-1 900 gearboxes and tested them for
more than 4,600 hours. Vibration sensing and analysis techniques as well as both
conventional and new oil monitoring techniques were included in the investigation.

The trend analysis of the data collected from the gearboxes was hampered by the fact
that the majority of the gearboxes did not fail catastrophically during the testing.

A related contract has been awarded to Northrop Corporation (DAAJ02-76-C-0019) by
the Eustis Directorate to conduct additional prognostic investigations using UH-1 900
gearboxes. The findings of this reported effort are being used to conduct an improved
controlled prognostic data acquisition and analysis effort under the new contract.

The technical nitor for this contract was Mr. G. William Hogg, Military Operations
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DISCLAIMERS \

The findings in this report sre not 10 be construed as an official Depertment of the Army position unless so
designeted by other suthorized documents.

When Government drawings, specifications, or other data sre used for any purpose other than in connection
with a definitely related Government procuremant operation, the United States Government thereby incurs no
rasponsibility nor any obligation whatsoever; and the fact that the Government may have formulated, furnished,
or in any way supplied the sald drawings, specifications, or other data is not to be regarded by implication or
otherwise as in any manner licensing the holder or any other person or corporation, or conveying any rights or
permission, to meanufscture, use, or sell any patented invention that may in any way be related thereto.

Trade names cited in this report do not constitute an officisl endorsement or approval of the use of su
commercis! hardware or software,

DISPOSITION INSTRUCTIONS

Destroy this report when no longer needed. Do not return it to the originator.
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This report presents the results of an experimental programz(collect,
document, and process sensor data from UH-1 helicopter 900 gearboxes
under carefully controlled conditions. The object of the program was to
establish experimentally which types of sensors and what kind of data
processing give useful prognostic information.
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2.0 Abstract - continued

During this program five gearboxes were tested for a composite total of over
4600 hours. The gearboxes were loaded at 40 hp torque on the output shaft,
and the entire test and data collection system was automatically controlled

by a computer. Of the five gearhoxes tested, one was a high time unit, three
had incipient bearing failure and one had an incipient gear failure. Data from
temperature sensors, ultrasonic and low-frequency accelerometers, oil
debris monitors, a shock pulse analyzer and the sensors which monitored the
test cell itself was collected automatically at 4-minute intervals, All sensors
were not used on all gearboxes, Spectroscopic oil analysis (SOA) of gearbox
oil was conducted on a routine basis. Gearboxes were disassembled and wear
inspections were made before and after each test. Some gearboxes were teste‘
and disassembled three times during the program. Polynomial and exponential
trending and least-mean-square prediction techniques were used to determine
if the low-frequency vibration signals provided useful trends for predicting
future wear in these gearboxes. Only a limited amount of vibration data was
selected for trend analysis, and the data selected did not show trends which
could be related to gearbox wear.

None of the real-time sensors provided data which indicated the wear
condition of a gearbox. Ultrasonic vibration signals might have been more
meaningful if a broadband accelerometer had been available. The spectro-
scopic oil analysis (SOA) and dynamic noise tests gave the most useful
information on the condition of the gearbox components. If more appropriate
analysis techniques were developed, the low-frequency vibration data might
prove to be the most useful prognostic tool.
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SUMMARY

The objective of this program was to run five different UH-1 helicopter
900 gearboxes for a total of 5000 hours to determine if the output of the
sensors attached to the gearboxes contained information that would allow
us to predict the future mechanical condition of the gearboxes. A test
cell to operate the gearboxes was built. An automatic computer-con-
trolled data collection, reduction, processing and storage system was
designed. The computer also automatically controlled the operation of
the test cell so that the gearboxes could be operated unattended. This
automated system allowed the gearboxes to be run continuously. This
resulted in the collection of more data than could be analyzed under the
contract. A variety of sensors was used to monitor the wear occurring
in the gearboxes, including oil debris monitors, accelerometers, a shock
pulse analyzer, and temperature sensors. Spectroscopic oil analysis
(SOA) of the gearbox oil was conducted at regular intervals. The gear-
boxes were disassembled and inspected for wear prior to and following
each test. Wear measurement techniques included visual inspection by
an expert, measurements of ball and ball track wear, dynamic noise
testing of bearings, and scanning electron microscope photographs of the
surface of one ball from each bearing.

Polynomial and exponential trending techniques were applied to some of
the vibration data. The least-mean-square (LLMS) prediction technique
was also used on the vibration data.

The most useful sensors for future prognostic programs appear to be the
ultrasonic and low-frequency accelerometers and the shock pulse ana-
lyzer. The SOA is extremely useful for determining when the gearbox is
experiencing a period of excessive wear. The dynamic noise test is a
reliable and consistent measurement of bearing wear patterns. The
tentative conclusion is that information related to the wear of the me-
chanical components is present in the output signals from some of the
sensors and that, with further effort, it may be possible to successfully
predict the remaining useful lifetime of mechanical components.
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INTRODUCTION

This report is organized into four major sections and two appendixes.
The first section, ''"Test Instrumentation and Procedures,' includes a
description of how the test cell was constructed and how it is con-
trolled, The sensors used and where they were located on the gear-
box are also discussed. A brief description of the measurement
techniques used to determine degree of component wear in the pre-
and post-test teardown inspection is also given.

The second section, ''Automatic Computer-Controlled Data Collection
and Reduction'" describes the main computer program which controls
the data collection process. Included are discussions of the start-up
sequence, automatic fault detection and sensor selection and
processing.

The third section, '"Data Analysis - Theory and Procedures,' dis-
cusses computational algorithms used to reduce the collected vibration
data and the development of the statistical analysis and trending tech-
niques which were applied to selected portions of the data.

The last section, ''Experimental Results,' contains an extensive dis-

cussion of the experimental results obtained for each gearbox. Sum-
maries of the data collected by each sensor are given, and attempts

are made to correlate significant changes in sensor data with changes
in mechanical condition of the gearbox.

Appendix I is devoted to a theoretical discussion of the statistical

signal processing used to identify significant frequency components
for trending., A derivation of the LMS prediction technique is also
given,

Appendix II contains all of the documentation obtained on the pre-
and post-test wear condition of the mechanical components in each
gearbox. The documentation includes visual wear observations as
determined by expert, mechanical measurements, and SEM photo-
graphs of one ball from each bearing in each gearbox.
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TEST INSTRUMENTATION AND PROCEDURES

TEST CELL AND CONTROLLER

Test Stand

A special test cell was constructed for this prognostic effort. This
test cell was designed to provide constant torque loads to the gearbox
for extended periods of time at constant rpm. Figure 1 is an overall
view of the test stand with the major mechanical components identi-
fied. The test stand is inclined 422 to simulate the actual mounting
position of the gearbox in the UIi-1 helicopter and to guarantee proper
operation of its splash-type internal lubrication system.

Figure 2 shows the mechanical and hydraulic circuit diagrams of the
test stand. Torque loading of the gearbox is supplied by a hydraulic
feedback process. The circuit operates as follows:

a) The electric motor operates on 440 V 3¢ AC power and
rotates at a fixed speed of 1185 rpm.

b) To obtain the 4150 rpm required to drive the gearbox, the
output of the electric motor is stepped up 3.5:1 by a pulley
arrangement,

c) Due to its internal gearing, the gearbox itself provides a
2.5:1 speed reduction. Its output rotation rate of 1650 rpm
is used to drive a fixed-displacement hydraulic pump.

d) The hydraulic pump, of the inner-vane type of construction,
delivers 44.8 gallons per minute (gpm) of hydraulic flrid.

e) The hydraulic motor is mechanically connected to the shaft
of the electric motor. Since the primary source of power
in the test cell is the electric motor, and since its rpm is
fixed at 1185, the hydraulic motor must also turn at 1185
rpm. This specific hydraulic motor was chosen because it
requires only 38.2 gpm of input oil to turn at 1185 rpm.
The hydraulic motor is a fixed-displacement design, and
will accept only 38.2 gpm of hydraulic fluid at 1185 rpm.

f) The relief valve is a manually adjustable pressure regula-
ting device. Excess oil flow (about 6.6 gpm in this case)
above the maximum of 38.2 gpm required by the hydraulic mo-
tor to turn at 1185 rpm is directed by this valve tc the reservoir.
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Figure 2. Test Stand - Mechanical and Hydraulic Circuit Diagram.
(All hydralic components manufactured by Vickers, Inc.)
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The relief valve further serves to maintain a constant oper-
ating pressure across the hydraulic motor.

g) To calculate the output torque of the gearbox we must find
the power flowing through the hydraulic circuit. This is
given in horsepower by

_ Epm x gsi
hp 1714 )

Since the relief valve is set for 1500 psi and the flow rate
through the motor is 38,2 gpm, the power out of the hy-
draulic motor = (38.2) (1500)/1714 = 33.4 hp. Therefore,
the hydraulic motor returns 33.4 hp to the input of the
gearbox. The relief valve consumes 6.6 gpm at 1500 psi,
or 5.8 hp. The sum of the power used by the hydraulic
motor and by the relief valve is provided by the hydraulic
pump, which equals the load applied to the gearbox under
test. The output torque (7) of the gearbox is

5252 x hp _ (5252)(39)

LIS St 1650

In summary, the output power of the gearbox is fed back into its
input by a closed mechanical-hydraulic system. Since the electric
motor must make up for all frictional losses in the system plus the
5.8 hp lost over the relief valve, it need only be large enough to
drive the gearbox and make up for these losses.

Test Cell Controller (TCC)

The test cell controller is composed of all of the electronics re-
quired for automatic command and control of every phase of the test
cell operation. The controller provides the interface between the
sensors and test stand control system and the computer.

Considerable attention has been given to the design of the test stand
for unattended, fully automatic operation. The test cell controller
(TCC) has built-in checks and tests which operate independently of
the tests and checks made by the computer.

Figure 3 shows the block diagram of the TCC. The functions per-

formed by the signal conditioning and sensor interface circuitry will
be discussed in detail in the next section. It is sufficient for the
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present discussion of the TCC to note that the signal conditioning and
sensor interface block provides the TCC with rpm measurements from
the test cell.

Should the drive belt break or a bearing seize, this event is sensed
by the rpm low limit detector in the TCC, and an AUTO STOP
command is relayed to the test stand interlocks, which immediately
shut down the test stand.

The TCC also checks for proper ope.ation of the computer. The
computer is programmed to process and record the outputs of each
of the 16 sensors every 4 minutes. The Channel Increment Detector
is a timing circuit which is reset every time the computer updates
the multiplexer channel. If the computer fails to update the multi-
plexer within a 5-minute interval, another AUTO STOP command is
generated to shut down the test cell.

The TCC also accepts commands directly from the computer. In the
event that the computer senses a severe malfunction in either the
test stand or the gearbox, or when the current test interval is com-
pleted, an AUTO STOP command is sent to the test stand interlocks
and overrides to shut down the test stand.

The TCC is designed so that unattended operation is not possible
unless the computer is monitoring the operation. Furthermore, the
test stand cannot be automatically restarted after a stop command has
been issued. The start-up sequence must be performed manually.

Computer-Test Cell 1/0

The computer shown in Figure 4 is used to monitor the activities of
the test stand and to collect the prognostics data. It is located some
500 feet from the test cell area. Special precautions were taken to
ensure that reliable communications are maintained between the
computer and the test cell.

Figure 5 shows the block diagram for the computer-test cell I/O
signal conditioning circuitry.

Analog data from the test cell is sent to the computer through a v
double -shielded 50 balanced coaxial cable (RG22B/U). A differential
amplifier removes any common mode signals and converts the analog

data into an unbalanced signal. A 10 kHz sixth-order Butterworth

low-pass filter provides protection against aliasing of the data. The

filtered data is digitized at a 20 kHz rate by a 10-bit analog-to-digital 3
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converter. The computer controls the sampling rate for the ADC.
The digitized data is brought directly into core memory via the external
input channel. Digital commands originating from within the computer
are sent via the external output channel to a data latch. The data
latch stores the computer's commands, allowing the computer to
accomplish other functions while the test cell controller is busy interpre-
ting the latest command. To ensure reliable command transmission to
the test cell, differential line drivers are used to drive 130 twisted
pairs to the test cell controller.

SENSORS AND SENSOR LOCATIONS

This section deals with the types of sensors used to monitor the
gearbox under test, their locations, and any special signal condition-
ing required for that sensor. All the sensors used in this program
are discussed even though all the sensors were not used on every
gearbox tested. Some sensors were replaced during the course of
the program because they were unreliable or furnished data of no
value to this effort, and others which otfered promise of providing
the desired data were added after the program started. The useful-
ness of the data from each type of sensor for each gearbox is dis-
cussed in the section on "Experimental Results."

Temperature Sensors

Two platinum type temperature sensors were used in this program.
One sensor was placed on the inside of the sight-glass of the 900
gearbox to measure gearbox oil temperature. The second tempera-
ture sensor was placed near the filler cap and exposed to the ambi-
ent air. This latter sensor did not provide any useful information
for the analysis program. It was omitted from all gearboxes tested
after HT, and its data reduction channel was used to monitor the
SKF shock pulse analyzer for the rest of the gearboxes tested.

0Oil Debris Monitors

A circulating oil system was installed on the gearbox to allow the
use of two advanced oil debris monitors (ODM). These monitors
were designed to provide on-line, real-time quantitative measure-
ments of the absolute cumulative metal content in the oil and the rate
of change in the generation of metal chips.

The two ODM's are based upon two completely different measure-
ment techniques.
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The following is a brief description of the two units and their opera-
tional concepts.

Chip Detector

The standard UH-1 helicopter 90° gearbox has a chip detector mounted
as an insert in the oil drain plug. The gearboxes selected for testing
in this program did not have chip detectors since operational experi-
ence has shown that these devices are relatively unreliable diagnostic
tools and are not sufficiently sensitive to use as prognostic tools.
Since spectroscopic oil analysis (discussed in a following section) is

a much more sensitive indicator of oil contamination of all types than
the chip detector, it was agreed that the chip detector could be
omitted from the test program.

In any case, the chip detector would have had to be removed in order
to accommodate the oil circulating system, which was designed to
flow oil through the gearbox to the two externally mounted oil debris
monitors. This circulation systern was attached to the gearbox at

the oil drain and fillercap.

Capacitance Type ODM

The '"Advanced Capacitative Oil Debris Monitor'' was developed by the
Franklin Institute Research Laboratories under an Army contract.
This concept i8 based on collecting particulate debris in an annular
spacc between the plates of a cylindrical capacitor. Debris is re-
moved from the oil stream by centrifugal action caused by tangential
introduction of the oil flow into the monitor cell, and by passing the
flow through a 50-micrometer screen which is continually washed by

the fluid flow. The particulate material settles into the measuring
capacitor. The fluid which passes through the screen is allowed to flow

through a reference capacitor with the same dimensions as the meas-
uring capacitor. The measuring capacitor and the reference capacitor
are compared by a bridge circuit so that the undesired capacitance
effects due to changes in oil properties (temperature, water content,
and dielectric constant) can be cancelled. Measured capacitance
differences at the output of the bridge should therefore be due only to
metallic debris buildup on the measurement capacitor.

Figure 6 shows a cross-sectional view of the sensor assembly., The
electrical signals generated by the bridge circuit were monitored and
periodically sampled by the computer. Figure 7 is a picture of the
capacitance type sensor head and electronic controller.
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X-Ray Fluorescence Type ODM

Under a separate contract2 Nucleonic Data Systems developed an
X -Ray fluorescence type oil debris monitor.

As shown in Figure 8, this device also consists of a sensor head and
an electronics package. Oil flows through the sensor head, which
contains a sealed source of 10 millicuries of plutonium 238. The
plutonium is sealed in a stainless steel capsule with a 5-mil
molybdenum window. Beta rays from the plutonium source are used
to excite the molybdenum window to produce 17 KV X-rays. These
X-rays stimulate the emission of 6.4 KV X-rays from iron particles
in the oil. These 6.4 KV X-rays are sensed by a detector located
within the sensor head. The output signal is sent to the electronics
package for further processing. In addition to the plutonium 238
source, 0.03 millicurie of americium 241 is electrodeposited as
americium oxide on a stainless steel support. The americium 241
provides a 60 KV gamma ray source for internal calibration of the
sensor. Both sources are contained inside a 1/2-inch-thick aluminum
box, which constitutes the sensor head.

The X-ray fluorescence ODM is placed ahead of the capacitance type
ODM in the circulating oil system, since this sensor, unlike the

capacitance type, does not remove debris from the oil.

Spectroscopic Oil Analysis

The Army currently samples the oil from UH-1 helicopter 90° gear-
boxes at 25-30 hour intervals, These samples are then subjected to
a spectrochemical or spectroscopic oil analysis (SOA) at a remote
location. This type of oil analysis has proven to be a usecful tech-
nique for deterrinining mechanical wear of oil-wetted components in
helicopter engines, gearboxes and transmissions. Iron is the con-
taminant in the cil which is of most use in diagnosing mechanical
wear., Figure 9 is an example of the type of upward trend in iron
content one would expect from a defective gear with accelerating
wear. Since the oil is changed every 100 hours in this example, the
iron content decreases after each change. The sharply increasing
slope between oil changes indicates that the gear is deteriorating at
an accelerating rate. A good gear would have no significant change
in the slope of the iron content measurements between oil changes.

In this program, 3-ounce samples of gearbox oil were usually taken

every 16 hours, which was the daily run time. However, due to an
unfortunate misinterpretation of the Army oil changing schedule, the
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oil was changed in the test gearboxes in this program every time an
oil sample was taken, or about every 16 hours instead of the normal
100 hours. Therefore, each oil sample usually represented only 16
hours of gearbox operation, which in many cases was insufficient
operating time to observe the buildup of oil debris.

Another reason for our failure to obtain good trendable data from the
SOA early in the program was the design of the circulation system
for the oil debris monitor (ODM). The circulating system was re -
quired to channel the oil flow from the gearbox reservoir through the
two oil debris monitors. The circulating system required 720 ml of
oil, while the gearbox reservoir holds 80 ml of oil. This represent-
ed a 10:1 dilution of the oil and o0il contaminants. However, after the
ODM's proved to be too unreliable to use and were eliminated from
further testing, a major change in oil contaminants which could be
correlated with bearing wear was observed in gearbox BB3. This
data is discussed in the section on '"Experimental Results."

Low-Frequency Accelerometers

Endevco Mdadel 2217TM3 accelerometers were used for sensing low-
frequency (<10 kHz) vibration signals, Table I gives the character-
istics of this type of accelerometer.

Five of these accelerometers were used: three to monitor the gear-
box and two to monitor the hydraulic system.

The three gearbox-mounted accelerometers were used to sense input

(shaft) lateral vibrations and output (shaft) lateral vibrations., Figures
10 and 11 are photographs of two different perspectives of the gearbox
and show the locations of the accelerometers.

The other two accelerometers were connected to the hydraulic motor
and the hydraulic pump. These accelerometers were included as a
precaution in case the hydraulic components began to deteriorate in
some manner not detectable by the TCC.

Two techniques were used to attach the accelerometers to the gear-
box. The initial method was to use epoxy to attach small mounting
pads to the gearbox at the desired locations. The accelerometers
were then screwed into the mounting pads. This technique was
selected because it did not require that holes be drilled in the gear-
box and allowed for rapid attachment of the sensors to the pads.
This mounting technique worked satisfactorily for the first gearbox
tested (HT), but proved to be unreliable during the testing of the
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TABLE I. ACCELEROMETER CHARACTERISTICS,
ENDEVCO MODEL 2217-M3
PHYSICAL
DESIGN Single-Ended Compression
WEIGHT 35 grams (1.3 ounces)

CRYSTAL MATERIAL
CASE MATERIAL
CONNECTOR TYPE
MOUNTING

GROUNDING
ACCESSORIES INCLUDED

ACCESSORIES AVAILABLE

Piez.te® Eiement Type P-8
Stainless Steel
Coaxial, 10-32 thread

Hole for 10-32 ENDEVCO™ Mounting Stud. Recommended Mounting
Torque: 18 in.-it

Case grounded

Model 3090A-36 Low Noise Cable Assembly, 3 ft., 100 pF nominal.
Mode! 2981-3 Mounting Stud.

Model 29808 or 2986B Insulated Mounting Stud.

ENVIRONMENTAL
ACCELERATION LIMITS

Vibration:
Shock:

TEMPERATURE
BASE STRAIN SENSITIVITY
ACOUSTIC SENSITIVITY

MAGNETIC SENSITIVITY

1000 pk g, sinusoidal, any direction.
2000 g, any direction.

~54*Cto +177°C (-65°F to +350°F)
10 equivalent g at 250 & strain, nominal.

Approximately 0.007 equivalent rms g at 140 db.!
Approximately 0.05 equivalent g/psi, up to 1000 Hz.

0.00005 equivalent g/gauss at 60 Hz, nominal.

ALTITUDE Not affected

HUMIDITY All-welded hermetic seal.

SALT SPRAY Meets MIL-E-5272C (with sealed cable connector)
DYNAMIC NOTES

CHARGE SENSITIVITY
YOLTAGE SENSITIVITY!

MOUNTED RESONANCE FREQUENCY
FREQUENCY RESPONSE (+5%)?

TRANSVERSE SENSITIVITY
AMPLITUDE LINEARITY

40 pC/g. nominal
90 mV/g, nominal
70 mV/g, min,

27,000 Hz, +15%

Charge:3 4 to 6000 Hz
Voltage: 2 to 5000 Hz

5%, max.

Sensitivity increases
approximately 1% per

With 100 pF external capscitancs.

Iin shock measurements, minimum pulse dur-
ation for haif-sine or triangular pulses should
excesd 0.2 msac to avoid evcessive high fre-
quency ringing. (See Endevco Piezoelectric
Accelerometer Manual.)

WUse ENDEVCO® 2700 Series or 2640 Series
Charge Amplifiers.

70g, 0to250¢g.
TRANSDUCER CAPACITANCE 350 pF, £20%
RESISTANCE 20,000 M1, min. at 75°F.
1000 MQ min.
at 350°F.
TYPICAL TEMPERATURE RESPONSE
10 T ] The solid line is the nominal charge-
E bl temperature response. The broken lines
¢ ojlp=aa -__»_ show the r | voitage-temperature
z e e e e g 350 07 response with the indicated external
100 pF ] e ] e capacitances,
F L — ‘l“
=
F o -6% 0 +75 +1%0 +2%0 +3%0
C 54 -18 +24 +66 +121 +177
Temperature

TYPICAL PREQUENCY RESFONSE

+10

The solid line shows the charge-

frequency responss. The broken line
shows the voitage-frequency response

T

with 100 pF external capacitance and
the indicated loads. Estimated

;_r‘ 100 Wy calibration errors:
2l | 5 to 900 Hz: +1.5%
900 to 10,000 Hz: £2.5%
2 10 100 1000 10,000
Frequency — Hz
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second gearbox (BB), which failed catastrophically after a short peri-
od of operation.

The BB gearbox was obviously on the verge of catastrophic failure
prior to testing, and the high vibration level experienced from the
onset of testing, combined with the moment arm formed by the pro-
truding accelerometer, generated sufficient force to break the epoxy
bond and cause the accelerometer mounting pad to detach from the
gearbox.

On the third gearbox (BG) tested, the accelerometer pads were welded
to the desired locations on the gearbox and the accelerometers were
screwed into the pads as before. This mounting technique worked
satisfactorily for the last three gearboxes tested in this program.

It is worth mentioning that the idea of drilling and tapping holes
directly into the gearbox for the purpose of mounting the accelero-
meters directly to the housing was considered. However, the input
and output accelerometers were located extremely close to the input
and output bearings, and it was {elt that drilling accelerometer
mounting holes in the thin magnesium housing might lead to struc-
tural failure of the gearbox.

Mounting tabs were also considered, but the concept was not imple-

mented due to our concern that the secondary resonances of the tab

would mask or modulate the vibration signals of interest to this pro-
gram. Also,the design of the gearbox housing does not provide for

optimum placement of mounting tabs.

Ultrasonic Accelerometers

Much has appeared in the literature regarding the diagnostic useful-
ness of ultrasonic emissions (<20 kHz) from mechanical components.
At the beginning of this program ultrasonic monitoring equipment was
not commercially available. In order to study the prognostic value of
ultrasonic vibration data, an ultrasonic monitoring system was de-
signed and fabricated. Though broadband accelerometers were not
commercially available when the initial design was developed for the
ultrasonic detection system, the design anticipated the availability of
a broadband accelerometer during the course of the test program.
Therefore, a sixth-order 20-kHz Butterworth high-pass broadband
active filter was used instead of a narrowband filter to remove the
low-frequency gear-mesh vibration signals, These low-frequency
signals, which are characteristic of the mechanical design of the
gearbox, have amplitudes which are a factor of 100 or so larger
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than the ultrasonic signals to be monitored. The frequency response
of this filter is shown in Figure 12, The output of the high-pass
filter drives a quasi-peak detector. The peak detector has a rela-
tively slow attack time of 10 ms and a release time of several sec-
onds. This detector was designed with a slow response time in
order to discriminate against occasional large spurious amplitude
pulses. The output of the detector provides an indication of the over-
all ultrasonic signal generated as sensed by the accelerometer.

The broadband accelerometer was not available at the start of the
test program and in fact could not be obtained during the life of the
contract. Therefore, a low-frequency accelerometer with a resonant
frequency of 32 kHz when mounted on the gearbox was used to allow
us to obtain some ultrasonic vibration data. The locations of these
"ultrasonic accelerometers' directly above the input and output
duplex bearings are shown in Figure 10.

The use of a low-frequency accelerometer with the broadband
Butterworth filter resulted in a modified filter characteristic which
was similar to a narrowband filter centered at 32 kHz, the mounted
resonant frequency of the accelerometer. Therefore, most of the
energy which passed through the filter to the peak detector was con-
centrated about this frequency. This represented a severe limitation
on the type of data collected and its ultimate usefulness.

Shock Pulse Analyzer

The shock pulse monitor is manufactured by SKF Industries, Inc.
This instrument uses an accelerometer to sense the ultrasonic shock
pulses emitted by bearing defects in order to determine bearing
health. Figure 13 shows a picture of the electronic unit.

The shock pulse analyzer was not available until testing began on
gearbox BBT, but its usefulness as an important diagnostic tool be-
came quite apparent after its incorporation into the automatic data
collection system. It is for this reason that a discussion of how
this device operates is included in this report. This discussion
relies heavily upon the user's manual for the principles of opera-
tion. 3» The interaction between the rolling element of a bearing
and discontinuities in the contact ellipse gives rise to mechanical
impacts, which in turn release discrete emissions of energy within
the bearing elements. These mechanical impacts create two differ-
ent kinds of shock pulses within the bearing: a transient shock pulse
and an elastic resonance shock pulse.

45



‘19zAjeuy

asind >ooys A>3S

‘g1 2an3ig

46

e



A transient shock pulse of very short rise time (< lus) radiates from
the point of impact. The rise time and amplitude of this initial shock
wave are essentially determined by the impact velocity and the speed
of sound through the material, and are independent of the mass of
the interacting bodies.

This initial shock pulse sets up a multitude of different transients of
relatively high frequencies in the different parts of the machinery.
The amplitude, frequency and damping of these transients are deter-
mined by the material and the design of the machine parts.

The second type of shock pulse, the elastic resonance shock pulse, is
generated by the total kinetic energy of the original impact. The
amplitude and frequency of this wave will be determined by the inmpact
velocity and the mass and rigidity of the bodies involved. These
types of pulses are associated with the mechanical resonances of the
bearing. Most current bearing diagnostic techniques model the bear-
ing physical and operational characteristics to predict the frequency
of these elastic shock pulses.

The SKF shock pulse analyzer, however, uses the transient shock
pulse instead of the elastic shock pulse for the following reasons:

1. The transient shock pulse is a sharp-rise, short-duration
pulse of energy which is directly related to the severity of
the discontinuity in the bearing element contact ellipse.

2. The transient shock pulse depends only upon the speed of
sound in the structure for its propagation velocity and is
independent of the spring/mass characteristics of the struc-
ture. Therefore, it is not dependent on modeling of the
mechanical system for data interpretation.

3. The transient shock pulse is markedly attenuated at mechan-
ical interfaces (empirical data indicates about 14 dB per
interface). Because of this, with careful sensor placement,
the shock pulse analyzer can discriminate between a faulty
bearing and a good bearing (and vice versa) when the two
bearings are in close proximity to each other. The elec-
tronic signal processing used in the shock pulse analyzer
is somewhat involved, and the interested reader is referred
to the user's manual for these details, The net effect of*
the electronic signal processing is to provide a means for
obtaining the cumulative amplitude distribution function of
the shock pulses (integrated over sufficient time to ensure
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proper statistics) which SKF calls a ''shock emission pro-
file."" The shock emission profile is a plot of the total
cumulative rate of shock pulse emissions above a given
amplitude level (for a given unit of time) against the given
amplitude level (potentiometer level). Figure 14 shows the
three basic curve shapes (shock emission profiles) obtained
by SKF in their testing of mechanical systems.

Curve A is a typical shock emission profile obtained when foreign
particulate matter is present in the bearing lubricant. This curve is
characterized by having high rates of very small shock levels, but no
shocks above a level of 3 to 5.

Curve B is typical data obtained from dry bearings or when there is
rolling element damage. This curve is characterized by very low
rates of very high shock levels.

Curve C, characterized by high shock rates at high levels, indicates
a damaged bearing. The spread in shock level is caused by the
specific characteristics of each rolling element as it interacts with
the damaged portions of the bearing.

Curve C' is an example of the shock emission profile one would ex-
pect to observe as the damaged bearing, represented by the data in
Curve C taken at an earlier time, continues to degrade. The shock
emission profile should reflect an increase in both shock rate and
shock level,

it

All of the shock pulse data collected on this program had shock
emission profiles similar to Curves C and C'.

Torque Sensing

The torque load on the gearbox was not sensed directly nor was it
automatically measured during the computerized data collection. The
torque load on the gearbox was calculated using the parameters of
the operational hydraulic system as descril ed in the earlier discus-
sion of the '"Test Stand'" components and operational parameters.

s

RPM Sensor

The rpm of the gearbox was measured at the input shaft (see Figure
2) by an optical tachometer. Ten 1/8-inch holes evenly spaced near
the rim of a 4-inch disc were used to mechanically interrupt the
optical path between an infrared light emitting diode (LED) and a
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photo-detector. The detector output was used to drive a one-shot
multivibrator, which in turn produced a constant-amplitude constant-
width pulse for each interruption of the light source. A constant-
amplitude constant-width pulse contains constant energy, and since the
number of pulses per second is directly proportional to the rpm of
the test cell, the average energy per second (average power) of the
pulses is also directly propertional to the rpm of the test cell. The
average power of the pulses is obtained by low-pass filtering the in-
dividual pulses with a 1-Hz filter. The resulting analog signal is
directly proportional to rpm and is suitable for digitization.

DETERMINATION OF BEARING CONDITION AND SURFACE WEAR

Except for the scanning electron microscope studies, the tests for

mechanical wear discussed in this section were performed by Bear-
ing Inspection Incorporated of Santa Fe Springs, California. Bearing
Inspection is authorized by the FAA to repair or recondition aircraft

bearings.

Documentation of the initial condition of the bearings in each test
gearbox and inspection of wear after testing were done only on the
bearings.

No quantitative measurement technique was available for monitoring
gear wear. Early in the program we requested that Bell Helicopter
provide us with gear profiles, but they could not make profiles on
spiral bevel gears. The condition of the gears was determined by a
subjective assessment of their visual appearance as discussed in the
section on "Experimental Results.'

In all of the bearing wear measurements, the bearing condition after
testing was compared to its condition prior to testing. Since all of
the gearboxes were already in a worn condition, and no measurement
data was available on new bearings, the very important data point on
zero wear is missing.

Figure 15 shows a cross-sectional view of a UH-1 90° gearbox and
the location of the gears and bearings to be discussed in this and
following sections., Figure 16 is a photograph which shows most of
the mechanical components of the gearbox.

Visual Inspection

Visual inspection involves the complete disassembly of the bearing.
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The subjective opinion of a highly trained bearing inspector is used
to evaluate the mechanical condition of the bearings. This test helps
to identify reasons why the bearings are in their present condition.
The presence of large-scale contaminants, pits, gronves or other
irregularities is noted and documented.

Ball Bearings' Wear Measurements

Three separate quantitative measurements were made to determine
the wear condition of each bearing in the gearboxes prior to and
arter each phase of the test program.

Dynamic Noise Testing of Ball Bearings

This test characterizes the bearing as an operational dynamic
unit. The results of this test give an accurate picture of the
overall health of the bearing and are found to correlate well
with visual and microscopic inspections of the individual
components.

The test bearing is mounted on 2 shaft and is caused to rotate
at low speeds by the application of a rotating rubber wheel to
the outer casing of the bearing. Vibrations set up in the bear-
ing are transferred to the (stationary) shaft and are sensed by
a piezoelectric crystal as shown in Figure 17, The shaft and
its support mechanism have a mechanical resonance of about
800 Hz. After amplification, the bearing vibrations are low-
pass filtered to 2 kHz and the RMS noise level is determined.
The RMS noise level is an overall indication of degree of wear
in the bearing. This level is compared with the vibration noise
level of known good bearings, and should not exceed 0 dB for a

new bearing.

Table II is an excerpt fromn Bearing Inspection's '"Product
Specification'" ar ~ gives a summary of how the (RMS) noise
level compares with the physical condition of the bearing.

Another parameter derived from the noise test is the relation-
ship between the peak-to-peak vibration noise level and the RMS
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Figure 17. Schematic Diagram of Dynamic Noise Test,
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noise level*. This relationship is called ''peak rise'' and is a

measure of how uniformally the wear is distribu‘ed around the

bearing. A peak rise of 0 dB is normally found in gcod bear-
ings. A peak rise of -3 dB indicates an exceptionally uniform
wear pattern, while a peak rise of +7 dB indicates considerable
local damage.

In order that a bearing be considcred acceptable as new, both
the noise level and the peak rise must be below 0 dB.

Radial Play Measurements of Ball Bearings

Radial play is defined as the maximum total clearance between
the inner and outer races of the bearing. It is measured by
first pushing the inner race as close to the outer race as
possible (this ensures intimate contact between the inner race,
the ball, and the outer race) and then by pushing the inner
race radially in the opposite direction as far as possible. The
total distance traveled is called ''radial play'' and is a measure
of running clearances and overall material wear (race and
balls) in the bearing.

Cross-Groove Profile of Inner Race of Ball Bearings

This test measures the actual shape of the inner race of the
bearing, A stylus with a very fine diamond tip is pressed
lightly against the surface of the inner race. The other end of
the stylus is connected to a linear displacement sensor. As
the stylus is moved across the race, a profile of the bearing is
plotted out. Figure 18 illustrates in principle how this mea-
surement is performed.

A polar plot is usually made to show differences in curvatures
across the inner race. As a bearing wears, the balls wear a

groove (called a ball track) into the races. Examples of
typical polar plots are shown in Figures 19 and 20. These
measurements were taken on the inner races of bearing
number three of gearbox BBT. Figure 19 shows a cross
groove profile of BBT-3 prior to testing.

*This parameter is closely related to the so-called '"Crest Factor',
developed by the General Electric Company (see Houser, Donald R.,
et al, VIBRATION SIGNAL ANALYSIS TECHNIQUE, p,78, Ohio State
University Research Foundation, USAAMRDL Technical Report

73-101, December 1973,

56



DIAMOND STYLUS

INNER RACE
OF BEARING

BALL TRACK

//

ms::gcem ENT } r.
M uﬁ"“ﬁ ’ ./:_ 7 o ]
DEVICE 7 //r/f
// A

y 4

Figure 18. Schematic Diagram of Cross-Groove
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The radius plot has a scale of 10 microinches per division. The
"reference side'' and "BBT-3 side'' refer to the orientation of
the bearing in the gearbox., The cone of interest is marked
""ball path.' This is where the changes are expected to occur
as the bearing deteriorates. Due to the bearing design, the ball
contacts only the inner race at this point. Figure 20 is a
cross-groove profile plot of the same bearing at 1022 hours of
testing. Notice how the depth of the ball track has increased
during testing. The cross-groove profile measurement is a very
sensitive indicator of inner race wear.

Roller Bearing Wear Measurements

Only the ball bearings were completely disassembled. The output
roller had only one roller removed in order to preserve its overall
characteristics. The input roller was not disassembled at all since
the rollers were pinned in place. Two separate quantitative mea-
surements were made to determine the wear condition of gearbox

roller bearings.

Roller Crown Measurement

A new roller is designed to be slightly tapered on the ends, as
shown in Figure 21. This taper, called a crown, serves to
relieve stress concentration from the ends of the roller during
normal load conditions. As the roller wears, the crown be-
comes smaller., Crown wear measurements are Sensitive
measures of actual roller wear.

LENGTH

r" ~ _ _ _ _ CROWN DROP
ROLLER | T
AXIS I\‘F‘J

Figure 21. Roller Crown Parameters.
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Roller Axial Play

The axial play of a roller is the amount of movement available
to the roller along its axis. This measurement determines the
amount of wear occurring “n the ends of the roller. Excessive
axial play can lead to skewing of the roller and unequal load
distribution along the bearing. This causes nonuniform wear of
the roller and eventual failure of the bearing.

SCANNING ELECTRON MICROSCOPE SURFACE INSPECTION

For completeness in determining the overall condition of the bearings,
one ball and one roller from each bearing, except for the pinned
roller bearing number 6 which was not disassembled in any gearbox,
were examined with the scanning electron microscope. Each part
was thoroughly cleaned in acetone before examination to remove
fingerprints, excess oil and extraneous surface debris. The micro-
scope has two modes of operation: the secondary emission (SEC)
mode and the backscatter emission mode (BSE). The two modes pro-
duce different types of view of the same surface area because one
mode (SEC) operates with low-energy electrons and the other (BSE)
with high-energy electrons.

Secondary Emission Mode (SEC

The secondary emission mode utilizes a low-energy (100 ev) focused
electron beam to scan the surface of the specimen. The surface
structure responds to the electron beam by emitting secondary elzc-
trons which, in turn, are collected for display purposes. Irregular-
ities in the surface cause corresponding irregularities in the number
of secondary electrons, in turn giving rise to a picture of the topo-
graphy of localized portions of the surface. The SEC mode detects
the siructure of the first several angstroms (10" cm) of the speci-
men The major advantage of the SEC mode is its ability to look
around corners or into depressions and provides the viewer with a
picture which appears to have three-dimensional characteristics. The
SEC mode produces surface pictures which have no obscuring shadows
around raised or depressed areas, making it somewhat difficult to
differentiate between these two surface characteristics.

Backscatter Emission Mode ‘BSE)

The backscatter emission mode utilizes a high-energy (10 kev) focused
electron beam to scan the specimen. The high-energy electrons

61

P



Figure 22. SEM Micrographs of BBT-2 (407 Hours).
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penetrate the specimen's surface to a depth of about 10-20 microns.
Some of these electrons are scattered back out of the specimen,
where they are collected for display purposes. These high-energy
electrons travel in straight lines which cause the BSE photo to be
characterized by shadows around raised or depressed surfaces. The
BSE mode is often the only way one can positively identify a raised
or depressed surface. The BSE mode is most useful when surface
films (e.g., oil stains) must be penetrated to view the surface
underneath.

Examples of SEM pictures using the SEC and BSE modes are given

in Figure 22, These were obtained from the surfaces of a ball from
bearing number 2 in gearbox BBT. Both photographs are of the same
surface area on the ball and both are taken at a magnification of 1000
to 1. Note the sharpness but lack of surface detail in the BSE
picture.

For the gearpox bearing data given in this report, the SEM pictures
were obtained using the SEC mode, unless specifically designated as
BSE pictures. The SEC mode was selected for most of the data
presented because, from our subjective viewpoint in determining
surface abnormalities, the SEC mode produced the most useful
pictures.
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AUTOMATIC COMPUTER-CONTROLLED DATA
COLLECTION AND REDUCTION

This section describes the computer-controlled data collection system
and the documentation procedures for the gathering and initial reduc-
tion of the real-time test cell data.

OVERVIEW OF MAIN COMPUTER SOFTWARE

The data collection program was written to implement the data collec-
tion timing diagram shown in Figure 23. This diagram shovs a data
collection period of 16 hours, with each sensor being sampleu every
4 minutes. The fundamental flow chart of Figure 24 describes how
this timing diagram was implemented in the data collection program.

START-UP SEQUENCE ROUTINE

The ''Start-Up-Sequence' (SUS) block in Figure 24 is a series of
computer-generated requests which guide the user in defining the
appropriate input parameters. The flow chart for this routine is
given in Figure 25. The initial conditions referred to by the ''Start-
Up-Sequence'' routine are later used by the '"Comparison Checks and
Tests'' routine. Provisions have been made in the software to use
either the first 4 minutes of any prior l6-hour test period on the
same gearbox as the initial condition for comparison with each new
data interval, or the first 4 minutes of data of the current l6-hour
test period. For most of the data collected on this program, com-
parison was made with the first 4-minute interval of the current 16-
hour test period.

SENSOR SELECT AND PROCESSING ROUTINE

The 'Sensor Select and Processing' (SSP) block in Figure 24 contains
the data acquisition and data processing operations of the program.
Figure 26 shows the flow chart for this routine, which operates under
control of the real-time clock. The real-time clock ensures accurate
program timing according to the timing diagram of Figure 23.

Vibration data is processed by the '"Compute Ensemble PSD*" block
in Figure 26. Figure 27 shows the flow chart for this routine. To
ensure statistical reliability, 128 (short-term) PSD's are combined
into an ensemble.

*PSD = Power Spectral Density
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Figure 24. Macro Flow Chart for Data Collection Program.
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START-UP SEQUENCE
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Figure 25. Flow Chart for Start-up Sequence Routine.
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Figure 27. Flow Chart for Compute Ensemble PSD Routine.
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Figure 28. Flow Chart for Comparison Checks
and Tests Routine.
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The DC data (temperature, rpm, etc.) are similarly combined into an
ensemble (128 times) for statistical reliability.

Figure 28 shows the flow chart for the comparison checks and test
routine.

Comparison checks and tests are made:

a) to determine (by comparison) when a significant mechanical
change has occurred in the gearbox,

b) to verify (test) that the change is not a transient condition,
but is a valid, stable state, and

c) to generate a shutdown command to the test cell controller
to terminate testing in case an abnormality appears in any
of the signals from the test cell.

Two comparisons were made of each 4-minute interval during each
16-hour test period to make certain that an abrupt change in any of
the signals from the test cell was not a one-time transient, but a
true indication that the gearbox was indeed on the verge of catastro-
phic failure. The objective was to shut down the test cell before the
gearbox failed catastrophically so that the gearbox could be disassem-
bled and the mode of failure determined.

The long-term comparison of the 4-minute data intervals consisted of
comparing the amplitude of the data from any sensor in the current
4-minute interval with the amplitude of the data from the first 4-
minute interval of the same l6-hour test period. This comparison
was made to monitor the long-term mechanical condition of the gear-
box during the test period. The limit on the allowable change in
signal amplitude in this comparison was set at %= 10 dB.

The short-term limit was a comparison of the amplitude of the data
from any particular sensor in two consecutive 4-minute intervals.
This check was made to insure that the abrupt increase in aignal
was consistent from interval to interval and did represent a trend
toward failure. The allowable change in signal amplitude for this
comparison was set at 6 dB.

To insure that any abrupt changes in signal structure observed were
positive indicators that the gearbox was failing catastrophically or at
least undergoing a significant deviation from its past operating point,
one of the following conditions had to be satisfied:
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a) The long-term limit must be exceeded in two consecutive 4-
minute measuring periods.

b) The short-term limit must be exceeded in two consecutive
4-minute measuring periods.

c) Both the long-term limit and the short-term must be
exceeded during one 4-minute measuring period.

If any one of these conditions was satisfied, the test cell was shut
down.

During the early stages of data collection it was observed that low-
amplitude PSD components fluctuated considerably more than 6 dB, and
these fluctuations led to premature shutdown due to exceedance of the
short-term limit. In retrospect, this behavior is not at all unrea-
sonable, since a component whose amplitude is 1 need only increase
to 2 to be recognized as a 6-db change in level; and if during the
next 4-minute measuring interval it increases to 3 or 4, both the
10-db long-term limit and the 6-db short-term limit is exceeded and
consequently a shutdown command is generated. All of the data
processing was done using 16-bit integer arithmetic (2's complement),
so these low-amplitude components are subject to large roundoff
errors, and it is impossible to distinguish between actual increases
in signal levels and apparent increases due to numerical roundoff.
Since the comparison checks and test program was intended to stop
testing only when an abnormally large long-term trend was encounter-
ed and/or when an abnormally large parameter rate of change oc-
curred, the original comparison decision had to be modified. It was
decided not to compare amplitude signals which were belew an
arbitrary threshold of 32, This modification did prevent premature
shutdown from occurring due to low-amplitude fluctuations, but
unfortunately, because of the particular manner in which the thres-
hold was implemented, it also prevented the shutdown from occurr-
ing when gearbox BB failed catastrophically. As discussed in the
section on ""Experimental Results'', the data from this gearbox was
unusable for prognostic analysis due to undetected sensor detachment.
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DATA ANALYSIS - THEORY AND PROCEDURES

This section describes the data reduction procedures used to analyze
the data collected under this contract. Five different gearboxes were
tested for a cumulative test period of over 4600 hours., FEach sensor
was sampled every 4 minutes. These samples were statistically re-
duced by the on-line computer via the procedures described below.
The reduced samples were stored on nine-track IBM compatible mag-
netic tape, which were later edited and put into the CDC Library for
trend analysis.

Although the data base contains sensor samples taken every 4 minutes,
only the hourly sensor points were used for the trending analysis dis-

cussed in the section on "Experimental Results' and in Appendix A.

VIBRATION DATA REDUCTION

Vibration measurements for this contract were taken from three low-
frequency accelerometers. The locations of these accelerometers are
shown in Figures 10 and 1. The frequency range of analysis was DC
to 10 kHHz. This range was divided into 128 frequency bins which
were 78.125 Hz wide.

Each accelerometer signal was low-pass filtered to10 kHz by a
sixth-order Butterworth filter before being digitized by a 10-bit
analog-to-digital converter. The resulting digital signals were pre-
processed in the following manner.

First the discrete Fourier transform (DFT) of each signal was com-
puted. The DFT converts time domain signals into frequency domain
spectra, The DFT is defined as

N-1
F(k) = Z [W(i)- £i)] exp [ -j (2mik/N)], k=0, ..., N- 1
=0 (3)

where

F(k) = ki, Fourier transform coefficient

k = frequency bin index
N = transform size
f(i) = ith time domain signal sample
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i = time signal sample index

W(i) = Hamming weighting function
= 0.54 - 0,46 cos [2mi/(N - 1)]

The DFT was computed using the ''fast' Fourier transform (FFT)
technique.

The purpose of Hamming weighting the time domain vibration signal
prior to computing the DFT is to reduce the sidelobe structure of the
transform caused by abrupt time domain transitions associated with
transforming over a finite time interval. Without the Hamming
weighting, the sidelobes would obscure low-amplitude transform
coefficients.

Figure 29a shows a finite-length time domain sine wave without
Hamming weighting and the magnitude of its DFT. Note the high
sidelobe levels (down from the main lobe by only 13,2 dB). Figure
29b shows the same signal with Hamming weighting. Here the side-
lobes have been reduced to 42 dB.

Next the power spectral density (PSD) function of each signal was

computed. The PSD is obtained from the DFT by the relation

P(k) = |F(k) | 2= F(k) » F(k)*, k=0,1..., N/2-1 (4)

where

P(k) power spectral density in frequency bin k

F(k)* = complex conjugate of F (k)

The vibration signals were sampled at a 20-kHz rate, and the sample
duration was 12,8 ms, which corresponds to a DFT size, N, of 256.
A short-term PSD was computed over this interval. The computa-
tion time by the computer was about 200 ms.

To increase the cstatistical accuracy and our confidence level that the
true PSD values were being calculated, we ensemble averaged 128
short-term PSD's to form a statistically averaged PSD. The sample
standard deviation of the ensembled PSD's approaches the true PSD
value as the ensemble becomes larger. The selection of the ensem-
ble size is a trade-off between the need for statistical accuracy and
reasonable computation time. Since the relative statistical accuracy
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increases in proportion to the square root of the sample size, a
sample size of 128 yields a statistical accuracy of 0.5 dB and a com-
putation time of 28 seconds. Figure 30 shows how the 128 PSD's are
ensemble averaged to obtain the statistically averaged PSD, which is
then stored as reduced data on magnetic tape for off-line processing.

STATISTICAL ANALYSIS OF VIBRATION DATA

As mentioned at the beginning of this section, the original data base
was edited to utilize only the hourly sample points for further statis-
tical processing. An hourly sample point is defined as the ensembled
PSD taken during the 4-minute interval which occurred at the begin-
ning of an exact hour of testing. This edited data was placed in a
Control Data '"Cybernet'' library, where it could be accessed by the
CDC 6600 scientific computer,

The statistical processing performed on the edited data was designed
to identify those frequency bins which showed a statistically signifi-
cant growth (or decay) over the test period.

The first phase of the statistical processing involved the computation
of the means and standard deviations of the edited data in groups of
50 hours., The mean is computed using equation (5), and the stand-
ard deviation is computed using equation (6).

| t=b
M, (k) = 31 ‘. Pt(k) (5)
t=b N
5,k) = ;l;-lt;a P2(k) - Mo ()] [ =7 ] %)
where
Mt(k) = £, mean of Pt(k) over T hours
Sz(k) = lth standard deviation of Pt(k) over T hours
k = frequency bin index
t = time index for hourly PSD data
Pt(k) = kth PSD coefficient at hour t
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T = time interval over which mean and standard devia-
tion are computed (T = 50 hours).

a = starting time in hours
b = stopping time in hours = a + T
{ = reference time index for means and variances of

PSD data = (a+b)/2

For T > 30 hours, there is practically no difference between the stand-
ard deviation of the total population and the standard deviation of a
sample drawn from the population. To ensure that this condition was
met, we used T = 50 hours in this analysis.

The means and standard deviations of the different sensor PSD data
were computed at the following intervals: for those sensors which
provided less than 1000 hours of usable test data, the computation
was done at 50-hour intervals; for those which provided over 1000
hours of usable test data, the computation was done at 100-hour in-
tervals,

Figure 31 is an example of the results obtained from calculating the
group PSD means and standard deviations for different groups at
different times during a test period. The example in the figure
shows the first 50-hour group PSD mean which is computed using the
50 hourly ensembled PSD's obtained for test hours 26 to 75. This
computation is performed for each subsequent group of 50 hourly
PSD's throughout the test period for each gearbox. The only excep-
tion to this method of calculating 50-hour group PSD means was the
calculation of the bascline group PSD mean against which all 50-hour
group PSD means were compared for the Z-score statistical test
described in the following paragraphs. The baseline group PSD
mean is called the 25-hour group PSD mean and was computed using
the hourly ensembled PSD's obtained for test hours 1 to 50.

The second phase of the statistical analysis involved tie determina-
tion of statistically significant differences between the mean and
standard deviation of the reference group (25-hour point) and each
subsequent 50-hour group. The methods of statistical decision
theory were applied to the mean and standard deviation statistics to
identify those differences which might indicate that the mechanical
condition of the gearbox is changing.
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In order to develop any trending technique, it must be assumed that
the sampled data does change in some manner with time and that this
change is statistically significant.

In this analysis the following basic assumption is made:

As the mechanical condition of an operating gearbox with an
incipient failure continues to degrade in time toward catastro-
phic failure, the group PSD means M, (k), £ = 50, 100, 150,
(from equation 6) will differ significantly from an earlier refer-
ence group PSD mean (M5) at certain frequency bins, k.

A Z-score (or linear discriminant) statistical test was used to identi-
fy those frequency bins for which the differences in group PSD means
were statistically significant. The derivation of the Z-score test is
rather involved, but is included for completeness in Appendix A.

Figure 32 is a typical Z-score plot for a 90° gearbox which compares
the data in one 50-hour PSD group with the data in the 25-hour base-
line reference group. A Z-score magnitude of 4.3 or greater for a
particular frequency bin means that 95% of the time we can be 95%
confident that the mean value of the current data in the selected
frequency bin is significantly different from the mean value of the
data in the corresponding reference frequency bin. It can be seen
that in example Figure 32, none of the frequency bins meet the Z-
score criteria. This was the case for much of the data analyzed.
When the Z-score test failed to identify appropriate frequency bins to
use, frequency bins with the largest Z-scores were selected for the
trend analysis.

POLYNOMIAL TRENDING

Once we have identified the frequency bins in the PSD data that meet
the Z-score criteria for change, we use these frequencies from each
hourly ensembled PSD for our trend analysis, The objective of
conducting a trend analysis on the vibration data is to determine in a
quantitative manner the time history of the date in each frequency bin
over the test period of the gearbox., It is hoped that trends found in
this data can be correlated with gearbox wear as determined by other
sensors or post-test wear measurements. Since an enormous amount
of data was collected in this program, we selected data from ensem-
bled PSD's taken every 5 to 10 hours for use in the trend analysis,
After the frequency bins of interest were determined and the data in
these bins plotted with time, second- and third-degree polynomial
curves were fitted to the data on a minimum mean-square error
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(least-squares) basis, These smooth trend curves are used to deter-
mine whether or nct there is any long-term trend to the data irre-
spective of the fact that the data would probably exhibit short-term
deviations from the long-term trend line. A standard polynomial
curve-fitting procedure was used on the data collected in this pro-
gram. Let Py,(k) be the value of the PSD data in the selected
frequency bin k at the plotting times m = 0, 10, ... M hours of a
gearbox test period. We wish to match a third-degree polynomial
y3(m) to this data on a mean-square error basis. Then

y.(m)=a_ +a m+a m2+a m3, for 0 <m <M (7)
3 0 1 2 3
The mean-square error criteria is defined as
o 2
= - 8
Yk(ao, a;sa,, a.3) Z_ [Pm(k) y3(m)] (8)
m=0, 10, ...

For Yp to be a minimum, the partial derivative of Yy with respect
to the a's must be zero.

3Y M I
aak = -22 [P_(k)-y,(m)]m =0 for £=0,1,2,3 . (g
4 m=0, 10, ...

This reduces to

M . M M
Pm(k)m =a, Z m!'+al Z ml'+1
m=0, 10, ... m=0, 10, ... m=0, 10, ... (10)
M M
L+2 443
+a.2 Z m +a.3 Z m
m=20, 10, .., m=0, 10, ...

This represents four independent equations (/'s) in four unknowns
(2's) and can be solved by standard techniques. Once the a's are
known, the initial equation y3(m) can be superposed on the data from
frequency bin k.
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The results of polynomial trending as applied to the gearbox are dis-
cussed in the next section on 'Exponential Trending' and in the
section on "Experimental Results'',

EXPONENTIAL TRENDING

Exponential trending is another approach studied under this contract.
If we assume that the rate of change of a fault in a gearbox compo-
nent at a particular time is directly proportional to the magnitude or
extent of the fault at that time, then as the fault changes it produces
an exponentially increasing time function which has a magnitude and
time constant determined by the gearbox structure, extent of initial
fault, gearbox load, etc.

Though vibration signals caused by a fault will be modified by the
mechanical structure of the gearbox, some of the vibration fre-
quencies generated should be more or less directly related to the
extent of the fault and also increase exponentially with time. This
behavior was observed by Northrop during the UH-1 Test Bed Pro-
gram’*, Under this contract, a UH-1 helicopter transmission was
implanted with a defective (innermost) input triplex quill bearing

and run for some 30 hours in a test cell at full load. At the start
of the test, the defective bearing had a (man-made) l-inch spalled
area on the outer race. Figure 33 shows the wideband (100 Hz to

5 kHz) RMS vibration level of the input longitudinal accelerometer as
a function of test time and the parameters needed to fit an exponent-
ial curve to the data,

After 28 hours of testing, bronze chips were found in the chip
detector and the oil temperature increased 8 degrees. The bronze
chips were part of the bearing cage. After 30 hours of testing, the
trar.smission was torn down and the implanted bearing was found to
have a 2-inch spalled area on the outer race and a 1/8-inch spall on
one ball, and the bearing cage was fractured in 3 places. During the
first 25 hours of testing, the overall vibration level doubled every 5
hours. The vibration level grew exponentially until the bearing cage
fractured, at which time the overall vibration level flattened out
(saturation),

*Final Report Contract DAAJ01-70-C-0828(P3L) AVSCOM UH-1 Test
Bed Program. Final Report Northrop Corporation , Electronic
Division , December 1971.
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Figure 33. Wideband (100 Hz to 5 kHz) RMS Vibration Level of
Input Longitudinal Accelerometer (UH-1 Helicopter
Transmission).

Although this was an isolated example, it was sufficiently encouraging
for us to attempt to apply exponential trending to the gearbox vibra-
tion data obtained on this contract.

The Z-Score criterion was used to select the PSD frequency bins to
be usea for exponential trending. If none of the data met this cri-

terion, those frequency bins with the largest Z-Score were selected.
In exponential curve fitting of the PSD data, it is assumed that the

data points can be represented by a single exponential

P (k) = A exp[yz(m)}, m=0, 10, ... M (11)

where

2 2

y3(m) = ajm + azm” + azm

and A is some scalar constant.

To find the a's and A, we first take the natural logarithm of each
side of the equation to obtain

Ln[P_,(k)]= Ln(A) + y3(m) . (12)

Then we form the error criterion
M

X (A, ay, ap, a3z) Y. - La[P,, (k)] - Ln[A]- y3(m)(]1:) g
m=G0, 10,..
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To find the least-mean-square error, we take the partial derivatives
of this error criterion and set them equal to zeto as waa done for
polynomial curve fitting. The resulting equations are

M M M
L j A
Z Ln[P (k)]m =Ln(A)Z: m 'l~a.l Z mt'“ +
m=0, 10, -, ™ m=0,10,... m=0, 10, ...
(14)
L L +2 . 443
azz m + a3E m A
m=0,10, ... m=0,10, ...

£=0,1,2,3 ...

This again represents four equations ({'s) in four unknowns (a's, A)
which can be solved for the unknowns., If a) >» a,, a-, then P,,(k)
should be essentially exponential in nature.

The results of applying long-term exponential and poiynomial curve
fitting to the data collected in this program were not particularly
encouraging. The only gearbox which reached the same stage of
failure as the example given for the UH-l helicopter transmission in
Figure 33 was gearbox BB, and no usable vibration data was obtain-
ed from this gearbox due to instrumentation failures.

Figures 34, 35 and 36 are rare examples of data which appeared to
be long-term trendable with curve fitting. Unfortunately, Figures
37 and 38 are much more typical of the results obtained. The gear-
box vibration data is characterized by short-term oscillations and
amplitude discontinuities. These discontinuities are themselves
characterized by a short-term (50 to 100 hours) exponentially in-
creasing vibration level followed by very rapid (less than an hour)
decrease in amplitude. An example of this behavior can be seen in
Figure 35 between hours 200 and 280,

Because of the short-term instabilities and oscillatory behavior of
the gearbox vibration data, lower order polynomials cannot be fitted
to the data. Polynomial fitting can be used on small intervals of
the data, but cannot be applied to the data outside this interval.
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Some combination of different data reduction, processing and analysis
techniques and fregquency bin selection might result in more meaning-
ful trending of gearbox vibration data. However, it is considered

that with the present stage of wear in the gearboxes tested and the
observed short-term instabilities in the vibration data, it is not possi-
ble to predict the long-term behavior of the gearboxes using expo-
nential or polynomial curve fitting of data selected from a single
frequency bin.

Due to this observation on our trending results, we studied a third
approach: trending by least-mean-squarc predictions.

TRENDING BY LEAST-MEAN-SQUARE PREDICTION

The least-mean-square (LMS) prediction technique was developed in
order to account for short-term oscillations in the data and to esti-
mate the data outside the fit interval based on data statistics within
the fit interval. The LMS prediction technique as developed in
Appendix I is given below.

Given a PSD signal s(t) which is known for t>0, the optimum predic-
tion of s(t) at time t +A, where O<A<t, is given by

s(t+A) = aps(t) + a;s’(t) (15)
where
a0 = g(g) (16)
a = %—%} (17)
and
1 /""*
R(\) = =—— s(t+)) s(t)dt, O<t<T (18)
t\

is the autocorrelation function of s(t), for finite t.

The prediction is optimum in the senve that the mean-square error
between s(t+A) and aos(t) + a,g’'(t) is a minimum for a stationary and
ergodic process (staticnarity and ergodicity are discussed in Appendix
A).
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For small prediction intervals A, it is shown in Appendix A that the
LMS prediction, s(t+A), is identical to the Taylor expansion of the
data signal. However, for prediction intervals which are not small,
the LMS prediction differs from the Taylor prediction in that the
LMS weights the derivatives of the data signal by the past data values
whereas the Taylor expansion coefficients are a function only of A and
cannot account for the past behavior of the signal. Consequently, the
LMS prediction technique will always be more accurate than the Taylor
prediction (for the same number of approximating derivatives)

when A is large, so long as the data remains stationary and ergodic.

In comparing the LMS prediction technique to the polynomial
trending technique, there are two important points to consider. The
first and most important is that there is no well-developed theory,
such as exists for stationary random processes, which allows one to
confidently predict future data values by polynomial extrapolation.
Consequently, polynomial estimators are not guaranteed to give the
least-mean-square prediction error for well-behaved physical pro-
cesses, as does the LMS prediction technique. The second point is
that polynomials in general are not efficient approximators of period-
ic phenomena; 1i.e., many polynomial terms are required to repre-
sent rapidly changing periodic signals. In situations where the PSD
data has a large periodic component, polynomial estimaiion of the
trend will yield large estimation errors.

We have shown that the LMS prediction technique gives the best
estimate of what s(t+A) should be in the sense of minimum mean-
square prediction error using all past s(t) data up to time t and
assuming that the gearbox operating condition has not appreciably
changed (stationarity condition not violated).

As the gearbox condition deteriorates appreciably, the LMS technique
cannot be used with confidence since the process is nonstationary.
However, a difference between the actual s(t+A ) values and the pre-
dicted s(t+\) values based on a continuation of the stationary
process after time t can be interpreted as meaning that a significant
change in gearbox operating condition is taking place. This change
will also be reflected in the Z-score, which is a measure of how
much the statistics have actually changed. We can bring into play
nonstationary trend analysis techniques (e.g., mean and standard
deviation trend test based on reverse arrangements”) to determine
the important statistics and duration of the nonstationary trend. Such
nonstationary trends can be isolated in this way for a collection of
gearboxes undergoing incipient failure. The set of trend data can

be analyzed to establish the existence of patterns involving mean and
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standard deviation statistics and the relationships of one trend to
another, and thereby attempt to predict what nonstationary trends will
occur and when. The determination and characterization of nonsta-
tionary gearbox trends over a suitable collection of gearboxes using
the LMS prediction technique and elementary pattern classification
methods were beyond the scope of this contract, but its usefulness
should be studied in future efforts.

The LMS algorithm developed and applied to a limited data set on
this contract is a weighting of the signal and its first derivative at
time t based on the autocorrelation function and its derivatives of

the known data. As such, it is sensitive to errors in calculating the
derivatives of the signal at time t, and errors in derivative computa-
tions are especially troublesome when the signal data is noisy (meas-
urement noise, noise due to short-term changes in environment, etc.)
and discrete in nature. To overcome this noise sensitivity, there
exists a different formulation of the LMS prediction algorithm which
does not involve computing derivatives of the autocorrelation func-
tion. In mathematical terms, the new algorithm solves the following
problem: Predict s(t+A) in terms of a linear combimation of s(tg),
s(ty), -==-=, s(t), where tg<tj<--- t, with minimum mean-square

error. The solution of this problem will be weights which depend

only on the autocorrelation function itself and not on its derivatives,
and should be more accurate than the above LMS algorithm if more
than three weights are used. This formulation of the LMS predic-
tion algorithm is particularly well-suited to implementation as a
variable weight tapped delayline matched filter. Because of funding

and time considerations, this formulation has not been tried on
experimental data, but in view of the encouraging results obtained

in applying the previous LMS formulation (Equation 15), this formula-
tion should be given prime consideration in any future analytical
effort devoted to solving the prognostic problem.

The LMS technique based on the stationary integration process was
applied to a few samples of gearbox data. The results obtained from
analyzing one frequency bin from the vibration data obtained from
gearbox BB3 is shown in Figure 39. Note that though both time
intervals contain short-term instabilities, the LMS prediction of the
signal in the second time interval based on the data obtained in the
first interval was within 3 db of the actual data values. A 3-db
change is not usually considered to be significant. Additional results
using the LMS analysis technique are given in the next section,
"Experimental Results'.
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EXPERIMENTAL RESULTS

This section discusses the experimental results obtained for each
gearbox tested and how each sensor signal was trended. Five gear-
boxes were tested for a total of 4743 hours. Table III summarizes
the data obtained for each gearbox. Due to instrumentation problems,
not all of the data collected could be considered usable for trend
analysis.

TABLE III. SUMMARY OF DATA COLLECTED
Gearbox No. Test Hours Trendable Hours
High Time (HT) 1438 1277
Bad Bearing (BB) 166 0
Bad Gear (BG) 1031 951
Bad Bearing Two (BBT) 1022 1022
Bad Bearing Three (BB3) 1086 1086
Totals 4743 4336

The gearboxes that were tested were hand-selected from those about
to undergo repair at ARADMAC in Corpus Christi, Texas. These
gearboxes were selected for specific incipient failures, with the in-
tent of gaining insight into how sensor signals relate to various
mechanical conditions. Since this program emphasized prognostics
as opposed to diagnostics, man-made incipient tailares would not be
suitable for testing. Only those gearboxes which had reached incipi-
ent failure as a result of actual field use were used in this effort.
Because of this, the data collected in the test cell represents
information on how mechanical components deteriorate under normal
operating conditions due to incipient failure.

Three different types of incipient failures were considered: high oper-
ational time, bad bearing, and bad gear. Selecting gearboxes with

95

Pl e -



the desired incipient failure is not a simple task. Since very little
work has been done in the area of prognosis, it is difficult to deter-
mine just how incipient the failure should be in order to minimize
test time, but still be able to monitor the component as it degrades
from incipient failure to failure and on to catastrophic failure. If a
gearbox with too early an incipient failure is selected, several thou-
sand hours of testing may be required before the component degrades
sufficiently to be considered failed. If a gearbox is chosen with an
incipient failure bordering on complete failure, too little test time is
available before the gearbox fails catastrophically to obtain good prog-
nostic trending data. The data obtained from the early failure of
gearbox BB could be used only for diagnostics, which is not the
primary objective of this investigation.

Another difficulty in selecting the proper gearboxes for testing was
the inability to make a quantitative evaluation of the mechanical
condition of the gearbox components during the process of selecting
the test gearboxes at ARADMAC. The reason for this is that
ARADMAC is primarily a production repair depot and not a research
center, so the gearboxes had to be selected on a noninterference
basis. This resulted in the selection of gearboxes on a best- guess
basis as to the stage of incipient failure in each gearbox chosen. Our
inability to obtain quantitative information on each gearbox before it
was selected, coupled with the fact that there were usually less than
50 gearboxes available for inspection at any one time, considerably
reduced the odds for obtaining test gearboxes which were in an
optimized stage of incipient failure for the test program, All of the
gearboxes selected had completed the time between overhauls (TBO)
of 1200 hours specified for this type of gearbox, and none of the gear-
boxes showed any signs of catastrophic failure (e.g., spalling of ball
and roller bearings or chipped or missing gear teeth). Our selection
of the bad gear (BG) gearbox proved to be less than optimum since
the gear had already failed, though not catastrophically, and our
selection of bad bearing (BB) gearbox resulted in catastrophic failure
in 166 test hours.

In general, the quality of the data collected is good, with the excep-
tion of the vibration data on BB. The advance state of wear of this
gearbox resulted in initially high vibration levels which caused the
accelerometer mounting pads to detach from the gearbox at an early
stage in the testing. The limited amount of vibration data obtained
from this gearbox was not usable for analytical purposes. Most of
the prognostic value of the oil analysis data was lost due to improper
collection procedures and the attachment of the external oil debris
monitors., A more detailed discussion of these problems is given in
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the section on ''Sensors and Sensor Locations'' earlier in this report.

As discussed in this section, it was originally intended that all data
be collected automatically. As the testing program progressed, the
shock pulse analyzer became available and was added to the test cell.
This sensor required manual tabulation and plotting of the shock
emission profiles on a daily basis. Due to funding constraints, shock
pulse data and oil samples were not taken on holidays and weekends,
when the test cell ran continuously and unattended.

HIGH TIME (HT) GEARBOX TESTS

The high time gearbox (HT) was the first gearbox to be tested. The
total cumulative test time of 1438 hours was broken up into two test
intervals. The first test interval lasted 861 hours and yielded 715
hours of trendable data. Of the 146 hours of nontrendable data, the
first 50 hours of test were taken at different operating conditions due
to minor test cell irregularities (slipping belts, relief valve adjust-
ment slippage, etc.). Although not suitable for trending, these test
hours did constitute a ''green run." The remaining 96 hours occurred
at various times throughout the testing sequence and were attributed
to test cell controller malfunctions and operator error. The second
test sequence lasted 577 hours and yielded 562 hours of trendable
data. The 15 hours of data which was not trendable was due to
accidental erasure of the data during the following day's test.

Mechanical Condition of HT Gearbox

The HT gearbox was inspected three times during the program, and
a detailed account of the inspection results is given in Appendix B.

The first inspection was conducted prior to testing and served to
document the initial condition of the gearbox. Visual examination

of the ball and roller bearings indicated that they were all in good
condition, showing minor pits and dents with only light abrasive wear.
Dynamic noise tests verified that there was negligible to light wear
with light local damage.

At the end of the first test interval (861 hours), another gearbox
inspection was performed. Visual inspection of the ball and roller
bearings showed increased wear in the output duplex ball bearing and
a significant deterioration in the condition of the input roller bearing.
Noise testing of the ball bearings shows moderate wear witn light
local damage.
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The final gearbox examination occurred at the end of the second test
interval (577 hours). By then the gearbox had been subjected to over
1400 hours of testing at a 40 hp load. Visual inspection of the ball
and roller bearings revealed that they were in fair to poor condition,
showing dents and extensive fine electrical pitting. The ball retainers
for the output duplex pair were visibly out-of-round. Dynamic noise
testing of the ball bearings indicated heavy wear with negligible local
damage.

In summary, the bearings in the HT gearbox deteriorated from good
to moderate to bad over the course of testing. However, the wear
was uniform and proceeded in what could be called a normal man-
ner for the applied torque load. Due to the absence of abnormal
wear we should not have expected these deteriorating bearings to pro-
duce any significant changes in the measured vibration levels from
the high time gearbox. Therefore, it should be difficult to detect
this wear by analyzing the low-frequency accelerometer vibration
spectrum. This is discussed more fully at the end of this section
under ''Vibration Data-Bearing Frequencies.'

Spectroscopic Oil Analysis (SOA)

Oil samples were taken at various times during the course of testing
the HT gearbox. As discussed in the earlier section on 'Test
Instrumentation and Procedures," the attachment of the oil debris
monitors resulted in the installation of a circulating oil system which
increased the total gearbox oil from 80 ml to 800 ml.

Figure 40 summarizes the results of spectrochemical analysis of the
oil samples taken during the testing of the HT gearbox. Except for
the presence of silicon which came from a sealing compound used to
stop the gearbox from leaking oil, iron was the only metal detected
in abnormal quantities. Oil changer are indicated by downward-
pointing arrows (4). The gearbox developed an oil leak after 280
hours of testing which persisted throughout the duration of the first
test interval despite our efforts to control it, The leak could be
stopped only by replacing the gasket between the two housings, a
procedure which we felt would disturb the present alignment of the
gearbox and invalidate the vibration data for trending purposes. The
amount of oil we had to add to the gearbox and the time at which it
was added to compensate for the leak are also shown in Figure 40.

The SOA has an iron sensitivity of 1 ppm. This is adequate for de-

termining iron concentration increases due to normal wear in stan-
dard UH-1 90° gearboxes, However, the gearboxes in this test
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program were modified to include the two oil debris monitors. The
standard gearbox requires 80 ml of oil, and the oil circulation sys-
tem for the ODM's required 800 ml of oil. This 10:1 dilution of any
iron particles produced by the gearbox was sufficient in many cases
to reduce the iron concentration below the detectable threshold of the
SOA. Though much data was collected on this program from the
SOA, it is impossible, with any confidence, to adjust the data to
account for the 10:1 dilution of the iron concentration.

From the mechanical measurements that were performed, we know
that during the first test period the gearbox degraded only slightly,
but during the second test period the gearbox degraded significantly.
We can infer from Figure 40 that most of this wear occurred

during the first 400 hours of the second test period. The iron con-
tent in the oil increased in a well-behaved manner over the 130 hours
of operation between the time the oil was changed at 200 hours and
330 hours.

In the 55 hours after the oil change at test hour 330, the iron con-
centration rose to a higher level than it had reached during the pre-
ceding 130 hours of testing. This represents an exponential increase
in wear and indicates the onset of significant degradation. For an
as yet unknown reason, the wear process significantly subsided after
the oil change at 385 hours, and the SOA failed to detect any further
changes in the wear process.

0il Debris Monitors (ODM)

Calibration of the oil debris monitors was the responsibility of the
vendors who supplied the devices. No functional check of the moni-
tors was performed prior to their use in the test cell since these
devices were supplied as ''black boxes' for evaluation. Unfortu-
nately, these sensors failed to operate properly from the outset.

Since there was no method available for evaluating the performance
of the ODM's once they were connected to the gearbox, it was
assumed that they were performing satisfactorily during the first
few hundred hours of testing on the HT gearbox. However, in study-
ing the first SOA results received from the vendor, it was apparent
- that the Nucleonics ODM was not performing to its specifications.
This X-ray fluorescence ODM was reported to have a sensitivity of:
5 ppm and should have detected the 8 ppm of iron concentration dis-
covered in the SOA after 50 hours of testing. Because of the time
which elapsed in collecting enough oil samples to send a minimum
quantity to the vendor and his turnaround time, the nonperformance
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of the Nucleonics ODM was not verified until well into the test pro-
gram. At the 219-hour point this ODM was removed from the test
cell and returned to the vendor for service. Since the capacitance
type ODM had a much lower sensitivity, it was assumed that the iron
concentration measured in the SOA during the first test period of 861
hours was ncver high enough to be detectable. Thus, neither ODM
provided any useful information during the first test period of the HT
gearbox.

After completion of the first test period, the HT gearbox w:s disas-
sembled for inspection and measvrement of component wear. During
this time the BB gearbox was installed in the test cell. Even though
this gearbox failed catastrophically, the capacitance type ODM did not
detect the enormous concentration of metal which was later found in

the oil. After this occurrence, this ODM was removed from the test
cell and returned to the supplier for repair.

The second HT test period started without the Nucleonic ODM since
it had failed again during the test of gearbox BB and was not repair-
ed The capacitance type ODM was available at the start of the
second test period; but after the first SOA results were received, it
was determined that again it was not functioning properly. In
summary, no useful data was collected from either the x-ray
fluorescence or the capacitance type ODM's during tests conducted
on the HT gearbox.

Temperature Sensors

Ambient and gearbox oil temperature were monitored continuously
during the testing of gearbox HT. At no time was any abnormal
temperature rise detected in the gearbox. Figure 41 shows typical
temperature data taken between hours 181 and 331 of the second HT
test period,

The spikes in the o0il temperature plot of Figure 41 correspond tu
the start-up transients (~30°F) observed as the gearbox oil warms
up. Ambient air temperature was held at 75°F by the test cell air-
conditioning system.

Ultrasonic RMS Accelerometers

As mentioned in the section on 'Instrumentation'', ultrasonic data was
collected from the input and output gearbox bearing locations. No
significant ultrasonic data was collected during either of the HT test
intervals, Figure 42 shows typical ultrasonic RMS data taken
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Figure 41. Typical HT Gearbox Temperature Data.

between hours 181 and 331 of the second HT test period for the
sensors on the input and output bearings.

Note the existence of the start-up transients in the output ultrasonic
transducer. It isspeculated that this transient (which lasted several
hours) is due to minute changes in temperature-sensitive mechanical
tolerances. These changes could cause the bearing ball paths to
change and generate different amounts of ultrasonic energy. Appar-
ently, as the oil and gearbox warm up, the bearings return to their
normal condition.

Shock Pulse Analyzer

The shock pulse analyzer was not available during the first HT test
period. We obtained the analyzer during the second test period.

In order to incoporate the shock pulse analyzer into the automatic
data collection system, it was necessary to disconnect one of the

existing sensors to provide a data channel. It was decided to
remove the ambient air temperature sensor from the collection

process since this sensor provided no useful data. The shock
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Figure 42. Typical HT Ultrasonic RMS Data.

pulse analyzer is a manually operated device, so it was not possible
to automate the entire data collection process. We were able to con-
tinuously monitor the peak shock pulse level, which SKF calls the
"'shock pulse value'', since it was available as an analog voltage at a
connector on the shock pulse analyzer. Figure 43 shows typical peak
shock pulse data collected during hours 181 and 331 of the second HT
test period.

Start-up transients are apparent in the shock pulse data and correlate
with the start-up transients observed in the gearbox oil temperature
as shown in Figure 42.

Note the nearly linear long-term increase in peak shock pulse level
despite the oil change at the 196-hour point. The analog voltage from
the shock pulse analyzer is proportional to the logarithm of the peak
shock pulse value as plotted in Figure 43. This linear increase in
the logarithmic value of the peak shock pulse level corresponds to an
exponential growth in the absolute peak shock pulse value. This
exponential increase correlates with the spectrochemical oil analysis
as shown in Figure 40,
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Figure 43. Typical HT Gearbox Peak Shock Pulse Level Data.

It appears from this data that the shock pulse analyzer may be a very
sensitive indicator of the coadition of the gearbox oil and may well
prove to be a sensitive indicator of the overall mechanical condition
of the gearbox itself.

Low-Frequency Vibration Data

A significant amount of low-frequency vibration data was collected for
the HT gearbox, Figures 44, 45 and 46 provide an overview of the
entire HT vibration data basc at a single glance. These plots allow
the analyst to quickly spot the significant characteristics of the gear-
box as it was tested.

This type of plot enables the analyst to quickly determine the vibra-
tion frequencies which are characteristic of the operation of the par-
ticular gearbox under test and its mechanical condition. It also
provides a rapid method for detecting changes i the operational
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Figure 44. Overall View of HY Vibration Data Base,

Input Lateral Accelerometer.
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parameters which may or may not indicate changes in the mechanical
condition of the gearbox. An example of an unexplained change .n the
vibration spectrum is shown in Figure 46 for the HT gearbox. At
hour 525 a vibration component at 9.2 kHz appeared in the output of
the output lateral accelerometer. As seen in the figure, this fre-
quency was recorded for the rest of the HT gearbox tests even
though the gearbox was disassembled for inspection at test hour 861.

Figure 47 is an example of an attempt to curve-fit the entire time
history of the vibration signals at 3202 Hz obtained from the input
lateral accelerometer of the HT gearbox. Our statistical analysis
gave this frequency bin a Z-score of 3.8  This frequency is close
to the third harmonic of the gear mesh frequency. It is obvious
from the figure that polynomial and exponential curve fitting could
not account for the abnormal increase in amplitude of this frequency
at the 500-hour point.

Although a large number of what appeared to be statistically signifi-

cant frequency bins of the HT gearbox were trended using polynomial
and exponential curve fitting, they are not reported Lere because they
provided no new insight into the mechanical condition of this gearbox.

The least-mean-square (LMS) prediction technique was also applied
to a selected number of frequency bins from the HT gearbox which
were shown to be statistically significant. As shown in Figure 48,
the LMS technique was used on the vibration frequency of 3202 Hz to
predict the PSD time history of this signal from 479 to 606 hours of
testing based on the actual data obtained between test hours 350 and
478. The presence of the step increase in vibration level at hour
470 caused the LMS technique to significantly underestimate the actual
data during the predicted period.

Since the LMS prediction technique is limited in the range over which
the prediction can be made, only the data relevant to the prediction
is shown in Figure 48. Due to lack of funds, the LMS technique was
not applied to any other test intervals at 3202 Hz.

If a larger prediction range were used, a better fit to the data might
have been obtained.

The vibration data from the HT gearbox was characterized by many
abrupt changes in amplitude at certain frequency bins. These are
considered to be abnormal and could have been caused by instrumen-
tation problems experienced early in the testing program. For this
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reason, no attempt has been made to try to explain the sometimes
unusual behavior of the vibration spectrum from this gearbox.

The LMS prediction technique looks promising as a prognostic tool
for predicting future trends in vibration signals based on actual data

obtained in previous periods of time.

Correlation of Sensor Outputs With Mechanical Condition

The data collected from the HT gearbox was sufficient to show a
correlation between the observed mechanical bearing wear, the sig-
nals received from the shock pulse analyzer, and the iron content of
the gearbox oil as measured by spectroscopic oil analysis. Although
several vibration signals were found to deviate from the initial vibra-
tion spectrum in a statistically significant sense, no absolute correla-
tion to gearbox wear could he made. The oil debris monitors and
the temperature sensors did not yield useful data, but the ultrasonic
sensors did detect a long-term warmup transient.

Summary of HT Gearbox Test Results

Of the 1450 test hours accrued on the HT gearbox, useful data was
obtained from 1277 hours. The gearbox started the first test period
in good condition, and deteriorated to fair condition by the end of

the first period (861 hours). During the second test period the gear-
box further deteriorated from a fair to a poor condition. By the end
of the second test period the gearbox components were sufficiently
worn that this gearbox could no longer be classified as being in a
serviceable condition. In fact, it was our conclusion that the opera-
tional condition of this gearbox was close to the onset of failure.
There were no trends in the vibration signals which suggested that
the bearings were heavily worn, although SOA and shock pulse data
did indicate that periods of heavy wear had occurred.

The wear process exhibited by the HT gearbox is of great impor-
tance to prognostics, since this gradual noncatastrophic wear process
represents the type of wear pattern one would expect to occur in
normal helicopter operation. This gradual, well-behaved wear is
also the most difficult to determine since it is not easily detectable
by current diagnostic sensors and analysis techniques. This is not
to say that it i8 impossible to determine this type of wear, but only
that a sufficient analysis has not been done to isolate wear indica-
tions which might be present in the vibration data.
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BAD BEARING (BB) GEARBOX TESTS

Gearbox BB was selected for testing as an example of an incipient
failed bearing. This gearbox was tested immediately following the
first test period of gearbox HT. As in the case of gearbox HT,
accelerometer monitoring pads attached with epoxy to the appropriate
sensor locations and the accelerometers were firmly screwed into
place. The test cell was operated at 40 hp at the gearbox output
shaft, and the input rpm was 4150, This gearbox failed catastroph-
ically in 166 hours of testing, and much of the data collected was use-
less to the prognostic effort due to instrumentation difficulties.

Mechanical Condition of BB Gearbox

Visual inspection of the ball and roller bearings before testing

showed the input duplex pair to be in fair condition, with moderate
wear on the races and small dents and cuts on the balls, The output
dupler. pair was in fair to poor condition, with moderate to heavy
~denting in the races and heavy wear and denting on the balls. The
input roller bearing was in fair condition, with small to large particle
denting and light electrical pitting. The output roller was in fair to
good condition, with moderate inner race abrasive wear and overall
electrical pitting and denting.

Noise testing of the ball bearings verified the visual examination by
showing the input duplex pair to have extreme local damage but only
light to moderate wear, while the output duplex pair was classified as
extremely worn with light to negligible local damage.

Visual examination after the 166-hour test period revealed that one-
half of the input duplex pair was in fair condition. The other half
was in poor condition, with wide circumferential heat coloration
bands. This condition was confirmed by noise tests which indicated
extreme wear. The raceway wear depth had increased from the
nominal 20 pin to 216 pin, indicating that catastrophic failure was
imminent

The dyuamic noise test level also increased over the test interval
from 6.5 to 20.5 db,

The raceway wear measurements on the output duplex pair (BB-3 and
BB-4) prior to testing showed respective wear depths of 160 and 136
pin and noise levels of 20.5 and 18.5 db. These bearings failed
catastrophically during the 166-hour test period and furnish rather
convincing evidence that bearings with these dynamic noise test levels
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are in an advanced state of wear and could be approaching thc onset of
catastrophic failure. The post-test inspection of the failed compo-
nents revealed that the balls of the raceways were heavily fatigued,
with the raceways exhibiting extreme heat coloration. The ball re-
tainer in one of the bearings (BB4) was just short of total separation
into two halves due to thru-wear between the ball pockets. Noise
testing was not possible due to the catastrophic nature of the failures.

The input roller bearing deteriorated from a fair to a poor condition
with small to large particle denting and light electrical pitting. The
outnut roller deteriorated from a fair to a poor condition over the
.est interval, with abrasive wear, particle scoring and denting.

The SEM photomicrographs clearly show the particle scoring and the
pitting. The failure modes of the BB gearbox are rather dramatic
and are readily apparent in most of the observations made and
documented in Appendix B.

Spectroscopic Oil Analysis (SOA)

Oil data was collected at regular intervals during the testing of the
BB gearbox. Duplicate samples were taken and supplied to the Eustis
Directorate for future in-house testing of other types of oil debris
sensors. Figure 49 summarizes the results of the SOA on the BB

gearbox.
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Figure 49. Summary of BB Gearbox SOA.
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At test hour 92, the oil was observed to be a very dark color, which
probably was due to the rapid wear of the ball retainer of the output
duplex pair. The downward arrow (4) marks the test hour where 500
ml of oil was added due to an oil line break in the oil circulation
system.

At hour 130, 150 ml was added to compensate for what was initially
believed to be a leak in 7ne of the gearbox seals. However, it was
later discovered that the oil had been lost due to a catastrophic fail-
ure in the sensor head of the X-ray fluorescence type oil debris monitor.

By the end of test hour 166, large concentrations of lead, copper, and
nickel were observed in the SOA. These metals probably came from
the bronze retainer, which was very badly worn. Some of the copper
concentration may have been due to gear wear since during manu-
facture, gear is copper coated before it is anodized.

0il Debris Monitors (ODM)

Both the X-ray fluorescence and the capacitance type oil debris
monitors were in use during the entire BB test period. As stated
before, neither sensor yielded reliable data, The X-ray fluores-
cence type sensor did have an abrupt step-like change in output at
test hour 75 as shown in Figure 50,

This abrupt change in sensor level occurred within a 4-minute
sampling interval and correlates with a corresponding step-like
change in signal from the output ultrasonic accelerometer. We now
know that the X-ray fluorescence ODM was probably not functioning
properly during the testing of gearbox BB, but it appears that it did
detect the sudden increase in iron concentration which occurred at
test hour 75. The ODM failure occurred when the molybdenum win-
dow fractured. The exact time of failure is not known, but we
suspect that it occurred when the step-like increase in its output
occurred at test hour 75 or shortly after. After the oil was
changed at 100 hours, this ODM still registered full scale, which
indicated that the sensor had failed., When the capacitance ODM
did not detect the high concentration of metals observed in the SOA,
we assumed that it was either defective or had a sensitivity far
below the manufacturer's specifications. Figure 51 shows an SEM
picture of some of the metallic debris removed from the measure-
ment capacitor in the capacitance type ODM.
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Figure 50. Output of X-ray Fluorescence ODM.

Figure 51. Oil Debris Found in Measurement
Capacitor of Capacitance Type ODM.,
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Temperature Sensors

The 800-ml oil circulation system on the gearbox caused large heat
losses to occur in the oil. Consequently, no significant information
was obtained from any of the temperature sensors on the BB gearbox.
In all probability an oil temperature rise would have been observed as
catastrophic failure occurred if the original oil system had not includ-
ed the ODMs.

Ultrasonic RMS Acceleromenters

The output ultrasonic sensor recorded emissions from the BB gear-
box output duplex pair as it catastrophically failed. Unfortunately, the
emissions were so large that the data collection system was saturated
during the critical period. Since the test cell runs unattended, this
fact was not discovered until after the critical period had passed.
Figure 52 shows the data collected from the output ultrasonic sensor.

SATURATION

\

S0 100 150 200
HOURS

RELATIVE AMPLITUDE

Figure 52. Ultrasonic Data From Output
Ultrasonic Accelerometer.
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Shock Pulse Analyzer

The shock pulse analyzer was not available during the testing of the
BB gearbox.

Low-Frequency Vibration Data

In accordance with our test program, the BB gearbox was disassem-
bled prior to testing to inspect the components and document their
initial condition. In order to expedite the test program, this gearbox
was reassembled and placed in operational test before we had received
the results of the wear measurements from our vendor. We had

no indication that this gearbox was on the verge of failure in its
initial condition, and it failed catastrophically before we received the
data on the initial inspection. However, considering our level of
experience at that time in the test program, even if the data had
been available prior to testing, we are not sure that we would have
been able to determine that the BB gearbox was on the verge of
catastrophic failure by analyzing the data obtained from the initial in-
spcection. Another unfortunate circumstance that occurred at the same
time was that our principal investigator took his scheduled vacation
during the first part of the BB gearbox testing, and the responsibility
for conducting the test program was assigned to a less experienced
engineer. For this reason the saturation of the electronic data
collection system by the output of the ultrasonic sensor went unde-
tected. As the gearbox approached catastrophic failure, the overall
vibration level in:reased significantly, and the torque created by the
moment arm of the accelerometer broke the mounting pads loose from
the gearbox housing. This happened several times before the mount-
ing pads were finally brazed in place. At the 94-hour point, the
computer shut down the test cell after 14 hours of testing due to
exceedance of vibration limits. The oil taken at this point was a
very dark color, probably due to excessive heating and deterioration
of the output bearing. Since we were not aware of the poor initial
condition of this gearbox, these events were not recognized as indi-
cators of catastrophic failure, and testing of the gearbox was
continued for another 70 additional hours, Testing was finally terminated
when it was found that the brazed accelerometer pads were beginning
to separate from the housing.

Figures 53, 54, and 55 show an overall view of the vibration data
collected from the three low-frequency accelerometers on the BB
gearbox. Note the significant increase in energy in the high-
frequency components and the total absence of a recognizable gearmesh

harmonic structure (see HT data base for comparison, Figures 44,
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45 and 46). In comparing these spectra with the vibration spectrum
obtained from gearbox BG in the next section (Figures 57, 58 and
59), it can be seen that a full spectrum of high-frequency components
is also a characteristic of bad gears. We know from visual inspec-
tion that the BB gears were in poor condition at the end of the test
period; therefore, the lack of a gearmesh harmonic structure in the
vibration spectra must be due to intermixing of the vibration energy
generated by the failed output bearing and the gearmesh. This is
not an unreasonable assumption to make since it was noted that by
the end of the test program on this gearbox, the wobble in the out-
put shaft was on the order of tenths of an inch, and such a large
wobble would cause the gearmesh frequency to oscillate violently
about its mean value (1070 Hz). This oscillation would proh-_liy

be somewhat random in nature, and its vibration spectrum could be
interpreted as resulting from frequency modulation (FM) of the gear-
mesh structure by broadband noise. The resulting complex FM
sideband structure would suppress the FM carrier (gearmesh fre-
quencies) as carrier energy was diverted into sideband energy.

It is unfortunate that the numerous accelerometer attachment prob-
lems encountered in testing this gearbox precluded us from obtain-
ing a data base that was usable for trending or reliable for
diagnostics. A good data base would have provided the signal
structure associated with a catastrophic failure and at least, for
diagnostic purposes, would have given the analyst an excellent oppor-
tunity to study the vibration spectra associated with this type of
failure.

Correlation of Sensor Outputs With Mechanical Condition

The BB gearbox was on the verge of catastrophic failure prior to
testing. Its condition was deteriorating so rapidly from the start of
the test program thatindications of wear were given by all sensors
except the temperature sensors and the ODM's.

The oil temperature sensor did not detect the catastrophic failure
because of heat transtfer to the oil circulation system for the ODM's,
and the X-ray fluorescence ODM did produce a step-like output just
prior to the failure of the gearbox and its own subsequent failure.
The ambient temperature sensor might have detected the approach-
ing failure if it had been located on the output duplex bearing pair.
The output of the ultrasonic accelerometers saturated the data pro-
cessing electronics. The low-frequency vibration data showed gross
changes in structure with an increase in energy content of most of
the frequencies within the measured frequency range. This dramatic
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change in structure was observed in the data collected from both
lateral accelerometers. This is to be expected since both the input
and output duplex bearing pairs were in a severe state of wear dur-
ing most of the 166 test hours.

Though the metallic particle concentration was diluted by the oil cir-
culation system for the ODM's, the appearance of copper shortly after
100 hours was an indication that abnormal wear was occurring. The
dilution of the particle concentration due to the addition of oil to
compensate for the leak in the oil line and failure of the X-ray
fluorescence ODM further reduced the sensitivity of the SOA over
much of the test period. However, analysis of the diluted oil taken
from the failed gearbox clearly shows that the gecarbox had undergone
catastrophic failure.

Summary of BB Gearbox T-~st Results

Because of the failed state of this gearbox prior to testing and its
short lifetime of 166 hours, none of the data obtained from the sen=-
sors was usable for prognostic trending., The problems encountered
with the low-frequency accelerometer mounting pads and uncertainties
introduced into the SOA due to diluting the metallic particle concen-
tration with the oil circulation system for the ODM's make these
measurements of limited value as useful diagnostic indicators of the
catastrophic failure which occurred in the BB gearbox. The growth
of the high-frequency components in the low-frequency accelerometer
output data gives a qualitative indication of how the vibration signal
structure is modified as bearings begin to fail.

BAD GEAR (BG) GEARBOX TESTS

The bad gear, BG, followed the bad bearing, BB, gearbox in the
overall testing sequence. A total of 1031 test hours at 40 hp load to
the output shaft was accumulated on this gearbox, of which 951 hours
were trendable, The accelerometer mounting pads were welded to
the gearbox housing to ensure proper sensor contact.

At test hour 326, a catastrophic failure of the test cell occurred.
One of the spherical roller bearings which support the high-speed
jack shaft which supplies input power to the gearbox failed due to
excessive end loading. Support bearings are shown as the two sets
of four square blocks in Figure 2 in the discussion of the ''Test
Stand, " They also support the pulley arrangement between the
electric motor and the gearbox shaft. The improper loading of the
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bearing nearest the gearbox resulted in excessive heating, loss of
lubricant and finally loss of rpm. The rpm sensor detected the mal-
function and shut down the test cell. The load was adjusted to
correct the problem and a new bearing was installed. Though no
further problems were encountered with this bearing, precautionary
measures were taken to prevent a reoccurrence of this type of
failure. Thermal circuit breakers to limit the temperature rise to
100°C were installed on each of these spherical bearings. It was
worth noticing that this was the only failure which occurred in the
test cell itself in almost 5000 hours of testing.

Mechanical Condition Summary for Gearbox BG

Visual inspection of the bearings before testing revealed moderate to
heavy race wear in the input duplex pair and an overall fair to poor
condition. The condition of the output duplex pair was slightly worse,
with heavy denting and pitting and heavy abrasive raceway wear. ’
Noise testing indicated that the input duplex pair had light local dam-
age with overall moderate wear. Noise testing of the output duplex
pair indi.ated heavy to extreme wear with negligible local damage.
Dynamic noise tests on the input BG bearings, after tests on the BG
gearbox were concluded, showed that the BG bearings were almost

in the same stage of wear as the BB input bearings prior to testing
the BB gearbox. See Appendix B for more details.

The input roller bearing was in fair to poor condition, with heavy
denting and fine abrasive wear. The output roller was in fair to
good condition, with only slight denting and slight abrasive wear.
After 1031 hours of testing, visual inspection of the input duplex pair
indicated moderate to heavy wear, with many small dents on the
raceways. The balls were heavily dented and pitted. Noise testing
revealed that both bearings in the duplex pair had deteriorated from
a moderate to a heavy general wear condition.

Visual inspection of the output duplex pair indicated an overall poor
condition, with heavy abrasive wear, many small dents, and high
contact angle. Dynamic noise tests on the output duplex pair re-
vealed extreme general wcar and a noise level of 18.5 db. Final
receiving measurements of BG's output duplex pair of 93 and 150 uin
are comparable to initial raceway measurements of 160 and 136 pin
measured on the output duplex pair of the BB gearbox prior to test.
Since the BB gearbox failed after 166 hours of testing, it is probable
that the BG gearbox would have experienced a catastrophic failure of
the output bearing rather than a gear failure if the testing of the BG
gearbox had been continued for another 100 or so hours.
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Visual inspection of the roller bearings after the 103l1-hour test peri-
od revealed many small dents and fatigue pitting with an overall
deterioration in condition as a result of the testing.

Spectrochemical Oil Analysis

Oil samples were periodically taken during the testing of gearbox

BG, and the SOA data is summarized in Figure 56. The data indi-
cates the presence of a high concentration of iron in the oil at the
start of testing. This condition persisted throughout the BG test
period and is probably associated with gear wear. We know from the
mechanical measurements performed before and after testing that the
wear in the output duplex bearing was in an advanced stage and the
gearbox was in the initial phase leading to catastrophic failure.

The SOA detected 2 to 3 ppm of nickel and 8 ppm of tin between
test hours 358 and 449. The presence of these metals in the oil was
confirming evidence that the stainless steel balls and raceways in the
output duplex bearing were experiencing excessive wear. The re-
appearance of a high concentration (8 ppm) of lead at test hour 527
could be attributed to excessive wear in the bronze ball retainer.

In attempting to interpret this data, it must be remembered that the
oil circulation system was attached to the BG gearbox throughout the
test period. Therefore, the metallic particle concentrations pro-
duced by the gearbox could have been diluted by as much as 10:1 in
the oil samples taken for the SOA.

Qil Debris Monitors (ODM)

No data was collected from the o0il debris monitors since both devices
had been returned to their vendor for repairs. The circulating oil
system was connected during the complete test period of the BG
gearbox as prescribed by our original test program plan.

Temperature Sensors

Analysis of the gearbox temperature sensor outpuis revealed no use-
ful data from either the ambient sensor or the oil temperature
sensor.

Ultrasonic RMS Accelerometers

An analysis of the data taken from the input and output lateral
ultrasonic accelerometers provided no information which could be
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related to the mechanical condition of the BG gearbox. FEven though
the post-test measurements showed that the output duplex bearing was
in an advanced stage of wear, this wear process was not reflected in
the output of the ultrasonic sensors. It appears that the wear must
approach the onset of catastrophic failure before it causes significant
changes in the output level of the ultrasonic accelerometers. This
conclusion is supported by the test results obtained from the BB
gearbox. The ultrasonic sensor outputs showed no abnormal changes
until immediately prior to the catastrophic failure of the gearbox.

Though these results are not very encouraging, we cannot categor-
ically eliminate ultrasonic sensors from further consideration as a
useful prognostic tool. As discussed in other sections, the shock
pulse analyzer (an ultrasonic sensor) appears to provide information
which can be of value to prognostic efforts. It was also mentioned
in the section on ''"Test Instrumentation and Procedure', that because
of the unavailability of broadband ultrasonic accelerometers, low-
frequency accelerometers with narrowband filtering were used as
"ultrasonic accelerometers' in this test program, and for this reason
the ultrasonic signal processing was far from optimum.

Shock Pulse Analyzer

The shock pulse analyzer was not available during the testing of
gearbox BG, so no shock pulse data was collected.

Low-Frequency Vibration Data

The vibration ,data collected during the BG test period is character-
ized by a strong harmonic structure with much of the high frequencies
filled in by broadband noise as shown in the overall view of the BG
vibration data base given in Figures 57, 58 and 59.

Attempts at long-term trending were not particularly successful due
to erratic short-term fluctuations of the data. Figures 60 and<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>