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APPLIED TECHNOLOGY LABORATORY POSITION STATEMENT

The work reported herein is part of a continuing effort of the Applied Technology Lab-
oratory, US Army Research and Technology Laboratories (AVRADOOM), to conduct
investigations directed toward advancing the state of the art of diagnostics. Technological
advances continue to afford the Army the opportunity to improve the maintenance and
support requirements for Army helicopter power train components. It is the intent of
this organization to apply these technologies in a timely, productive, and cost-effective
manner.

The objective of this particular effort was to investigate analysis techniques that would
provide prognostic infgrmation on the mechanical condition of helicopter power train
components. The contractor instrumented six UH-1 90-degree gearboxes and tested them
for over 4700 hours under controlled conditions. The analysis techniques which proved
to be productive will be used for future prognostic investigations.

Although no immediate additional contractual prognostic investigations are planned by
our organization, an in-house effort has been initiated using the test equipment of this
contract where additional gearboxes will be tested. Vibration and oil condition data will
be acquired for analysis and correlation to mechanical condition.

The technical monitor for this contract was Mr. G. William Hogg, Aeronautical Systems
Division.

DISCLAIMERS

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

When Government drawings, specifications, or other deta sre used for any purpose other than in connection
with a definitely related Government procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the Government mey have formulated, furnished,
or in sny way supplied the said drawings, specifications, or other deta is not to be regerded by implication or
otherwise as in any manner licensing the holder or any other person or corporation, or conveying any rights or
permission, to menufacture, use, or sell any petented invention that may in any way be related thereto.

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

DISPOSITION INSTRUCTIONS

Destroy this report when no longer needed. Do not return it to the originator.
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INTRODUCTION

This report describes the results of a research program whose
objective is to develop techniques for failure prognosis with general
applicability to rotating machinery components, and with specific
application to a U, S. Army UH-1 helicopter compoaent part: a 90
tail-rotor gearbox.

Northrop Research and Technology Center has been engaged in
an on-going effort since 1972 in the area of helicopter component
failure prognosis. During this period, nearly 10, 000 hours of sampled
data from accelerometers mounted on 90 gearboxes have been collected
and computer-processed to determine and detect symptoms of component
wear and to make predictions of useful remaining life in the gearbox.

The data base used for failure prediction analysis was collected
on the preceding program: DAAJ02-75-C-0119, "Program for Exper-
imental Investigation of Helicopter Component Failure Prognosis'. A
special test cell used for component testing was designed and constructed
in the initial failure prognosis work on Contract DAAJ02-72-C-0118.
This test cell was modified for the present data base collection to permit
loading each gearbox with 70 HP on a 24-hour continuous basis.

Signal processing techniques and results are presented in this report,
which encompass three areas of interest: (a) development of sensitive
parameters that indicate subtle departures from the normal vibrations
associated with rotating machinery components containing gears and
bearings; (b) early detection of the beginning of a wear trend in the compo-
nent; (c) generation of failure prediction models that will predict useful
remaining life in the component.

In addition to the data compilation and failure prediction results
presented here, considerable supplementary data is on file at the Applied
Technology Laboratory. This includes: (a) all documentation obtained
on the pre-and post-test wear condition of the mechanical components
in each gearbox; (b) detailed oil analysis supplied by the Army Oil Analysis
section at the U. S. Army Aeronautical Depot Maintenance Center
(ARADMAC), Corpus Christi, Texas; (c) software listings of key data
collection and processing algorithms; (d) trend detection and failure pre-
diction hourly tabulations for the six tested gearboxes.




TEST INSTRUMENTATION AND PROCEDURES

TEST CELL AND CONTROLLER

Test Stand

Figure 1l illustrates an overall view of the test stand used for 90°
gearbox testing. The test stand is inclined 42° to simulate the
actual mounting position of the gearbox in the UH-1 helicopter and

to guarantee proper operation of its splash-type internal lubrication
system. Previously, this test cell was used to collect sensor data
from 90° gearboxes on Contract DAAJ02-72-C-0118. For the present
data collection effort, the test cell has been modified to increase
loading on each gearbox from 40 hp to 70 hp, and to allow testing on

a 24-hour continuous basis. In addition, torque sensors were mounted
on both input and output shafts. These sensors provided capability

of torque and shaft rpm measurement on both shafts.

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:

(1) The electric motor operates on 440V three-phase AC power
and rotates at a fixed speed of 1750 rpm.

(2) To obtain the 4150 rpm required to drive the gearbox, the
output of the electric motor is stepped up 2.37:1 by a pulley
. arrangement.

(3) Due to its internal gearing, the gearbox itself provides a
2.6:1 speed reduction. Its output rotation rate of 1596 rpm
is used to drive a fixed-displacement hydraulic pump.

(4) The fixed-displacement inner-vane hydraulic pump delivers
76.6 gallons per minute (gpm) of hydraulic fluid at 1596 rpm.

(5) 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 1750, the hydraulic motor must also turn at 1750
rpm. This hydraulic motor is also a fixed-displacement
design and will accept only 56.4 gpm of hydraulic fluid at
1750 rpm.




Figure 1.

Overall View
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(6) The relief valve is a manually adjustable pressure-regulat-
ing device that serves to maintain a constant operating
pressure into the hydraulic motor. Excess oil flow (about
20.2 gpm in this case) above the maximum of 56.4 gpm
required by the hydraulic motor to turn at 1750 rpm is
directed by this valve to the reservoir.

(7 To determine the input horsepower to the gearbox, it is
necessary to calculate the power flowing through the hydrau-
lic circuit. This is given in horsepower by

hp = gpm X psi (1)
1714

Since the relief valve is set for 1325 psi and the flow rate
through the motor is 56.4 gpm, the power into the hydraulic
motor = 56.4 gpm, the power into the hydraulic motor =
(56.4) (1325)/1714 = 43.6 hp- The hydraulic motor, being
approximately 85 percent efficient, returns .85 x 43.6

= 37 hp to the input of the gearbox. The relief valve passes
20.2 gpm at 1325 psi, or 15.62 hp. The sum of the power
delivered to the relief valve and the hydraulic motor is
provided by the hydraulic pump. Since the hydraulic pump
efficiency is 88 percent, the load applied to the gearbox
under test is

15.62 + 43.6

= .3 hp.
88 o

Gearbox output shaft torque load =

Since the gearbox efficiency is roughly 96 percent, the input power to
the gearbox is

8.3 _
96 - 70 hp.

In summary, the output power supplied through the gearbox is fed
back to the input by a closed mechanical-hydraulic system. Since the
electric motor must make up for all frictional losses, hydraulic
leakage losses, and bypass hydraulic power, it need only supply power
sufficient to start the test cell and to overcome these losses.
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Torque and RPM Sensing

In order to insure accurate and constant loading of the gearboxes, two
torque sensors were utilized on this program. One was mounted in
series with the gearbox input shaft and the other in series with the
output shaft. These torque sensors have full-scale 2000 inch-lb and
5000 inch-1b measuring capability, approximately double the require-
ments for the input and output shaft, respectively. These torque
sensors may be observed in mounting position in Figures 1 and 2.

A second output from each torque sensor is a sinusoidal electrical
signal from the sensor rotary transformer whose period is the time
for one rotation of the shaft. These signals are shaped into square
waves and sent to rpm counters in the Test Cell Controller, where
digital rpm data is generated and collected by the computer on mag
tape.

The torque sensor utilizes a strain gage bridge configuration on the
rotating portion of the sensor. The electrical torque signals are
coupled to signal conditioner modules in the test cell instrumentation
rack which provide the required analog signals for digitization and
collection by the computer system.

In addition to recording this data, the computer calculates both input
and output horsepower from these torque and rpm measurements
and provides test cell shutdown signals if either gearbox horsepower
or efficiency deviates from 5 percent of nominal values.

19
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COMPUTER-TEST CELL INPUT/OUTPUT (1/0) CONTROL

Test Cell Controller (TCC)

The TCC is composed of all the electronics required for automatic
command and control of all phases of test cell operation. The controller
provides the interface between the computer and the test cell control

and data digitization system.

Considerable improvements have been introduced to the TCC since the
previous contract. Figure 3 illustrates an overview block diagram of
the TCC andI/O controller (to be described next). All data sent to the
computer is in digital format. The 14-bit DATEL analog-digital con-
verter (ADC) is located at the test cell and digitizes the data ata 20 KHz
rate under control of a crystal oscillator. The digitized data is sent

to the computer upon request over a 500-foot digital transmission cable.
The cable contains 20 double-shielded twisted pairs. Bidirectional
balanced line driver/receivers at both ends of the cable allow duplex
operation over the cable and assure that information is only transmitted

in a single direction at a time.

All sensor signals are multiplexed into the DATEL ADC with the
exception of outputs from the two rpm sensors. These are digital in
nature, and counts are accumulated in two counters. The counter results
are stored in a buffer and updated every minute to provide a measure

of each shaft rotation in rpm. These rpm signals are then multi-
plexed with the ADC output and sent to the computer upon request.
Parity checks are raade on all data sent from either end of the cable.

In addition, fault detection logic is provided in the TCC as in the
previous contract to automatically shut down the test cell in the event
of a test cell problem or computer problem. In addition, interlocks
are provided to shut down the test cell in the event of cooling water
becoming too warm or loading on the electric motor becoming too
heavy.

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 completed,
an AUTO STOP command is sent to the fault detection logic to shut
down the testing.

20
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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.

I/0O Controller

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
insure that reliable communications are maintained between the com-
puter and the test cell.

The left half of Figure 3 shows the block diagram for the computer-
test cell I/O signal conditioning circuitry. Digital commands originat-
ing 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 CPU to accomplish other functions while the TCC is
busy interpreting the latest command. Similarly, upon receipt of a

DATA READY pulse from the test cell, the external input channel will
proceed to input data to the computer for processing at the proper
command from the CPU. Errors occurring as a result of timing or
parity check cause the computer to reissue the command for data for a
prescribed number of times before test cell operation is shut down.

22
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Figure 4.

Interactive Computer Graphics System.
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SENSORS AND SENSOR LOCATIONS

Temperature Sensors

Two platinum-type temperature sensors in a probe configuration were
used on this program. One probe was inserted through a tapped hole in
the gearbox case into the oil sump to measure gearbox oil temperature.
The second probe was secured by a clamp in a position proximate to the
gearbox case and served as a monitor of the ambient temperature in the
gearbox vicinity.

Both sensor signals were converted to proportional voltage outputs,
then digitized and collected as digital data by the computer approxi-

mately every 10 minutes during the test run.

Spectrometric Oil Analysis (and Other Oil Analyses)

The Army currently samples the oil from UH-1 helicopter 90° gearboxes
at 25-30-hour intervals. These samples are then subjected to a
spectrochemical, or spectrometric, oil analysis at a remote location.
This type of oil analysis has proven to be 2 useful technique for
determining mechanical wear of oil-wetted components in helicopter
engines, gearboxes, and transmissions. Iron is the contaminant in the
o0il which is of most use in diagnosing mechanical wear. Figure 5 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 rate of increase of the iron con-
tent between oil changes.

In this program, 20 milliliter samples were taken once every 24 hours,
except on weekends. These samples were shipped to Corpus Christi
Army Depot (CCAD),Texas, for spectrometric oil analysis. In addition,
the drained oil at 100-hour change intervals was shipped to the Applied
Technology Laboratory at Fort Eustis, Virginia, for additional analysis.

The density of 20 elements in each oil sample is recorded in parts-
per-million on the spectrometric oil analysis data record. By scan-
ning any column for a particular element (e.g., Fe), trends and
relative element content may be readily discerned.
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Four other types of oil analysis are performed at CCAD. Each of
these analyses covers pertinent information about the particle content
of the oil samples.

The first of these uses the General Electric oil monitor. This instru-
ment passes infrared light through the oil sample. Portions of the
light are detected by two photodetectors: one incident to the light
source and the other at right angles. The measure of light received
by the incident detector is inversely proportional to the number
recorded in the ATTEN column of the analysis sheet. The larger the
number, the higher the particle density. On the other hand, large
numbers in the SCATTER column indicate that a good deal of the light
has been redirected through refraction to the right angle detector.
This indicates the presence of substantially large-sized particles.

A second method of analysis uses the direct-reading ferrograph.
Figure 6 illustrates the principle of operation of this instrument.

Oil is passed through a precipitator tube and subjected to a varying
magnetic field which is larger at the entry point and reducing in the
direction of flow. Three fiber optic light channels pass through the
oil tube at specific locations. Photodetectors are located at the end
of each light channel. The first measures the large particle content,
the second the small particle content, and the third, which is located
past the magnetic field, serves as a reference detector. A wear
index is defined as the difference between the large and small particle
detector squared values.

The third method of analysis is a ferrogram analysis. In this method,
oil is run over a prescribed glass slide, that is also subjected to a
varying magnetic field. This field tends to segregate the particles by
size and shape. By use of a microscope, the operator enters a sub-
jective categorization of the type and quantity of particles observable
on the analysis report.

The last method of analysis is the particle counter. The oil is pumped
through a channel containing an orifice. Because of the dynamics,
every oil particle is passed separately by a light beam that passes
through a window to fall on a photodetector. The intensity of the
received light gives an indication of the particle size, so that a
particle size distribution is recorded on the analysis sheet.

All these analysis methods are helpful in attributing the mode of wear
in the gearbox and in correlating with trend data derived by other

means.
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Capacitive Discharge Chip Detection System

Midway through the testing program, a chip detection system produced
by the Tedeco Co. of Glenolden, Pa., was made available for evalua-
tion by ATL. This system uses a magnetic particle detector inserted
in the oil drain passage which also provides automatic closing of the
oil passage when the magnetic probe is either retained in the oil
passage or withdrawn for examination. When inserted in the gearbox
oil drain passage, it collects metallic particles that happen to be in
the vicinity. Two points on the face of the detector (separated by a
gap) are connected externally to a capacitive discharge and chip
recording system. When the chip debris collection is sufficient to
bridge this gap and produce an electrical short circuit, a charged
capacitor in the instrumentation dumps current into the chip debris
to '""burn off' the electrical short circuit. If successful, a countis
recorded. With light debris collection, burn-offs will occur infre-
quently. As the gearbox begins to wear more, more counts will be
recorded. When the size of the chips becomes too large to burn off,
a red light is turned on at the instrumentation.

The counter output was monitored by the computer data collection
system, and the test data pertinent to each gearbox is presented in
the section on Experimental Results.

Low Frequency Accelerometers

Briel and Kjaer type 4344 accelerometers were used for sensing low
frequency (< 10 kHz) vibration signals and also some ultrasonic
energy. The frequency response is approximately 45 kHz.

Two of these accelerometers were used: one to sense input (shaft)
lateral vibrations and the second to sense output (shaft) lateral
vibrations. Figure 7 is a profile of the gearbox showing the location
of the two B & K accelerometers.

The mounting method used was to weld magnesium pads to the desired
locations on the gearbox. The accelerometer studs were then screwed
into the pads.

To separate ultrasonic energy from low frequency energy, the accel-

erometer signals were filtered in two parallel paths. In one path the
signal was passed through a 10 kHz cutoff low-pass filter before

digitizing; in the other path, it was passed through a 20 kHz cut-off
high-pass filter before processing described in the next section. ~
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Ultrasonic Accelerometers

Much has appeared in the literature regarding the diagnostic useful-
ness of ultrasonic emissions (>20 kHz) from mechanical components.
Because of the broader frequency response of the B & K model 4344
accelerometers, data was collected on a regular basis from the ultra-
sonic energy in these accelerometers during testing. The Root Mean
Square (RMS) ultrasonic level from each of the accelerometers has been
collected by the computer approximately every 10 minutes. Because the
data digitization sampling rate was set at 20 kHz, a frequency analysis
of the spectral content of this energy has not been possible with our
present instrumentation. However, analog recordings of these ultra-
sonic signals have been made on a daily basis. The magnetic tape

reels containing both ultrasonic and low frequency signals from both
accelerometers have been delivered to ATL under the terms of this
contract for further analysis.

In addition, a piece of instrumentation was made available by ATL for
use in the latter portion of the testing phase of this contract, that
performs the function of envelope detection of high frequency vibration
signals. This is the Shaker Research Corporation Model 223A vibra-
tion envelope detector. During the latter testing, this instrument
monitored the ultrasonic energy from the gearbox output accelero-
meter and delivered to the test cell A/D converter envelope energy
of up to 10 kHz bandwidth that was processed identically to the low
frequency vibration channels. It appears that this type of signal pro-
cessing provides valuable prognostic information, as will be seen in
the Experimental Results section.

Shock Pulse Analyzer (Figure 8-A)

The shock pulse monitor was 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.
The locations of the input and output shock pulse accelerometers are
observabie in Figure 7. The interaction between the rolling element
and discontinuities in the contact ellipse gives rise to mechanical im-
pacts, which in turn release discrete emissions of energy within the
bearing elements. These mechanical impacts create two different

kinds of shock pulses within the bearing: a transient shock pulse and
an elastic resonance shock pulse.

A transient shock pulse of very short rise time (<1 us) radiates from
the point of impact. The rise time and amplitude of this initial shock L — 4
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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.

The 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 impact
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:

e transient shoc ulse is a sharp-rise, short-duration
(1) Th i hock pulse i h i h d
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 when the two bearings are in
close proximity to each other. The electronic signal pro-
cessing used in the shock pulse analyzer is somewhat in-
volved, and the interested reader is referred to the user's
manual for these details. The new 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 proper
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statistics) which SKF calls a n"ghock emission profile.' 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 (poten-
tiometer level). Figure 8-B 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 par-
ticulate 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 spe-
cific 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.

All of the shock pulse data collected on this program had shock emis-
sion profiles similar to Curves C and C'.
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DETERMINATION OF BEARING CONDITION AND SURFACE WEAR

4 Except for the scanning and electron microscope studies, the tests for
i mechanical wear discussed in this section were performed by Bearing ;
; Inspection Incorporated of Santa Fe Springs, California. Bearing In-
4 spection is authorized by the FAA to repair or recondition aircraft
bearings.

No quantitative measurement technique was available for monitoring
gear wear. Early in the previous program, it was requested that Bell
Helicopter provide us with gear profiles, but they could not make pro-
files 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 9 shows a cross-sectional view of a UH-1 90o gearbox and the

location of the gears and bearings. Figure 10 is a photograph which
shows most of the mechanical components of the gearbox.

Visual Inspection

j Visual inspection involves the complete disassembly of the bearing.
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, grooves,or other
irregularities is noted and documented.

Ball Bearing Wear Measurements

Three separate quantitative measurements were made to determine
the wear condition of each bearing in the gearboxes prior to and after
each phase of the test program.
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Figure 10. Partial Disassembly of 900 Gearbox.
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(1)

Dynamic Noise Testing of Ball Bearings

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

The test bearing is mounted on a shaft and is caused to ro-
tate at low speeds by the application of a rotating rubber
wheel to the outer casing of the bearing. Vibrations set up
in the bearing are transferred to the (stationary) shaft and
are sensed by a piezoelectric crystal as shown in Figure 11.
The shaft and its support mechanism have a mechanical res-
onance 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 indi-
cation of degree of wear in the bearing. This level is com-
pared with the vibration noise level of known good bearings
and should not exceed 0 dB for a new bearing.

Table 1 is an excerpt from Bearing Inspection's "Product
Specification' and 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 rela-
tionship between the peak-to-peak vibration noise level and
the RMS noise level.1 This relationship is called '"peak
rise' and is a measure of how uniformly the wear is dis-
tributed around the bearing. A peak rise of 0 dB is normal-
ly found in good bearings. 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 considered acceptable as new,
both the noise level and the peak rise must be below 0 dB.

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, Ohio
State University Research Foundation; USAAMRDL Technical Re-
port 73-101, Eustis Directorate, U.S. Army Air Mobility Research
and Development Laboratory, Fort Eustis, Virginia, December

1973, AD776397, p. 78.
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Figure 1l. Schematic Diagram of Dynamic Noise Test.
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(2) Radial Play Measurements of Ball Bearings

Radial play is defined as the maximum total clearance be-
tween 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 be-
tween 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 over -
all material wear (race and balls) in the bearing.

(3) 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 12 illustrates in principle
how this measurement is performed.

A polar plot is usually made to show differences in curva-
tures across the inner race. As a bearing wears, the balls
wear a groove (called a ball track) into the races. Typical
polar plots are shown in Figures 13 and 14. These measure-
ments were taken on the inner races of bearing number

3 of gearbox BBT. Figure 13 shows a cross~groove

profile of BBT-3 prior to testing. 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 bear-
ing deteriorates. Due to the bearing design, the ball contacts
only the inner race at this point. Figure 14 is a cross-groove
profile plot of the same bearing at 1022 hours te sting. No-
tice 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
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characteristics. The input roller was not disassembled since

the rollers were pinned in place. Two separate quantitative measure-
ments 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 15 . 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 becomes
smaller. Crown wear measurements are sensitive measures of
actual roller wear.

LENGTH

'/" “ﬁ‘_‘_ ~ CROWN DROP
ROLLER
AXIS |\+_/' T

Figure 15 . Roller Crown Parameters.

Roller Axial Play

The axial play of a roller is the amount of movement available to
the roller along its axis. This measurement determine s the
amount of wear occurring on 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 (SEM). Each part was
thoroughly cleaned in acetone before examination to remove finger-
prints, excess oil, and extraneous surface debris. The microscope has
two modes of operation: the secondary emission mode (SEC) and the
backscatter emission mode (BSE). The two modes produce 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 SEC mode utilizes a low-energy (100 ev) electron

beam to scan the surface of the specimen. The surface
structure responds to the electron beam by emitting secondary
electrons which, in turn, are collected for display purposes.
Irregularities in the number of secondary electrons, in turn,
give rise to the picture of the topography of localized portions
of the surface. The SEC mode detects the structure of the first
several angstroms (10" cm) of the specimen. The major
advantage of the SEC mode is its ability to look around corners
or into depressions and provide the viewer with a picture that
appears to have three-dimensional characteristics. The SEC
mode produces surface pictures that 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 BSE mode utilizes a high-energy (10 kev) focused electron
beam to scan the specimen. The high-energy electrons 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 causes 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 16. These were obtained from the surface 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 gearbox 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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(A) Secondary Emission Mode (B) Backscatter Emission

Figure 16. SEM Micrographs of BBT-2 (407 Hours).
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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 timing
diagram shown in Figure 17 . Data was collected on a continuous
round-the-clock basis and stored periodically on magnetic tape in the
format of files containing three records each.

The fundamental flowchart of Figure 18 desc ribes how this timing

diagram was implemented in the data collection program. Actual

detailed flow diagrams of software data-collection subroutines are
presented in Appendix A.

START-UP SEQUENCE ROUTINE (Figure 19 4A)

The start-up sequence is followed every time the test cell must be
started or restarted. In the event a shutdown had occurred previous-
ly, the mag-tape reel is backspaced to the start of the file, to
maintain a uniform formatting. Input parameters are entered on the
teletype in response to computer prompting. When finished, a com-
mand is printed to start the test cell. At this point, horsepower and
efficiency are continually computed until both are within limits. They
are then checked 1 minute later. If not stabilized, the l-minute
timer is reset and the process is repeated. When finally stabilized,
date and time are printed on the teletype and data collection is begun.

DATA COLLECTION ROUTINE (Figure 19B)

Data is collected continuously by the computer from the test cell.
This data is transferred periodically onto magnetic tape for later
reduction and analysis. A record of data is transferred to tape every
10 minutes.. The record consists of a high, low, and average value
of data from 131, 072 samples of each monitored DC channel; a 512-
line power spectral density averaged over 128 FFT's computed from
128 groups of 1024 samples of vibration data from each vibration
channel; and pertinent elapsed time data and RMS vibration channel
data.
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Figure 17. Timing Diagram for Data Collection Effort.
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Figure 19A. Start-Up Sequence.
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Referring to Figure 19B, all file, record, and channel counters

are cleared at the start of data collection. Secondly DC data

is collected in order of channel number. Then, vibration

data is collected for each channel in groups of 1024 samples. An FFT "~
of each group is computed, and 128 of these FFT's are averaged to
obtain the power spectral density for that vibration channel. Also
calculated is the average level of the 512 frequency values. Before
selecting the next vibration channel, a check is made of the acceler-
ometer level. If it is 26 dB lower than the start-up reference value,
the test cell is shut down in the EXIT routine. But, if acceptable,
this valid PSD data is transferred to magnetic tape. Then, a check
is again made to verify that gearbox horsepower and efficiency are
still within limits.. If they are not, the test cell is shut down in the
EXIT routine. If they are within limits, current horsepower and
efficiency are stored with the other DC data. The next vibration
channel is then addressed.

When all vibration data has been collected, the data for a complete
record has then been collected. The DC data is then transferred to
magnetic tape.

The data collection process repeats three times before a file-mark
is written on the magnetic tape. This occurs approximately every 30
minutes. Data files are continually collected until the last requested
file has been transferred or the magnetic tape reel is empty. In
either case, the test cell is shut down in the EXIT routine.

EXIT ROUTINES (Figure 19C)

The exit routines illustrated in Figure 19C perform two functions:

(a) shut off power to the test cell and prevent further gearbox test-
ing and (b) record on teletype the specific reason for the test abort,
as well as date and time of shutdown. A file-mark is also written on
the tape to expedite retrieval, if desired, of the partial data file.

In the event of a computer failure, where no direct command has been
issued to the test cell to stop, the test cell controller will shut down

the test cell by itself if no data requests are made in a period of
8 minutes.
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VIBRATION DATA REDUCTION

This section describes the data reduction procedures used to analyze
the data collected under this contract. Six different gearboxes were
tested for a cumulative test period of over 4600 hours. Each sensor
was sampled every 10 minutes. These samples were statistically
reduced by the on-line computer via the procedures described below.
The reduced samples were stored on magnetic tapes, which were later
edited and placed in various formats for trend analysis.

Although the data base contains sensor samples taken every 10 minutes,
only sensor data from every sixth record (1 hour) were used for the
trending analysis discussed in the section on Trend Parameter
Investigation.

Vibration measurements for this contract were taken from two low-
frequency accelerometers located as shown in Figure 7. The frequency
range of analysis was DC to 10 kHz. This range was divided into 512
frequency bins which were 19. 531 Hz wide.

'

Each accelerometer signal was low-pass filtered to 10 kHz by a sixth-
order Butterworth filter before being digitized by a 14-bit analog-to-
digital converter. The resulting digital signals were preprocessed 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

F(k) = Nz:l [WE) . f(i)] exp [-j (2mik/N)], k=0, ..., N-1 (2)
i=0
where 3t
F(k) = kth Fourier transform coefficient
k = frequency bin index
N = transform size
f(i) = ith time domain signal sample




time signal sample index

1
Wi(i) Hamming weighting function

0.54 - 0.46 cos [2mi/(N-1)]

The DFT was computed using the 1fa gt" 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 weight-
ing, the sidelobes would obscure low-amplitude transform coefficients.

Figure 20 shows a finite-length time domain sine wave without
Hamming weighting and the magnitude of its DFT. Note the high side-
lobe levels (down from the main lobe by only 13. 2 dB). Figure 20
shows the same signal with Hamming weighting. Here the sidelobes
have been reduced to 42 dB.

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

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

PX) = |[F®|% = Fk) . F(K)', k=0,1..., N/2-1 3)

where

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

power spectral density in frequency bin k

The vibration signals were sampled at a 20-kHz rate, and the sample
duration was 51.2 ms, which corresponds to a DFT size, N, of 1024.
A short-term PSD was computed over this interval. The computation
time by the computer was less than 1 second.

To increase the statistical 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 ensemble
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 approximately 2 minutes. Figure 21 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.
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EXPERIMENTAL RESULTS

This secgion presents a detailed description of the test runs on six
UH-1 90 gearboxes. A total of 4712 hours of testing was accu-
mulated on these gearboxes. Table 2 summarizes the number of
hours each gearbox was tested, as well as lists that portion of

the test hours that are useful for trending purposes. A very high
ratio of the data, 96 percent, is considered usable for solving the
prognosis problem.

This set of gearboxes exhibited a good ''spread'" with regard to

(a) variety of initial wear conaition, (b) longevity of test time, and
(c) final failure mode. Two gearboxes, BB-4 and HT-4, were
finally removed due to worn input bearings. Gearbox BB-5 suf-
fered a heavily damaged input pinion gear. An unusually long test
run was accomplished by gearbox HT-3 (1437 hours) during which
signs of wear were detected by post-test processing as early as
300 hours from commencement of the test. This gearbox was fi-
nally removed due to worn output bearings. An unexpected occur-
rence was a test cell that failed while testing gearbox HT-5. A

worn coupler on the output shaft disengaged from the gearbox and
caused termination of the test after 596 hours of testing. This gearbox
had given indication of an early wear trend developing when the mishap
occurred. Finally, at the other extreme, gearbox HT-2 was run for
1519 hours with negligible wear indication from either sensor data,
oil analysis, or mechanical inspection.

Test results covered in each test subsection include results of pre-

and post-test mechanical inspection analysis, oil analyses, temperature
sensor data, rpm and torque indicator data, accelerometer low fre-
quency and ultrasonic data, and data from the SKF shock pulse analyzer
and the Tedeco chip detector. Also, results of data trending using the
following four trend parameters are given: RMS, matched filter, geo-
metric mean, and arithmetic mean processing. In addition, power
spectral densities processed from accelerometer data at representa-
tive test time periods are displayed and analyzed for each gearbox.

BB-4 GEARBOX TESTS

Gearbox BB-4 was the first gearbox selected for testing in the present
contract. This gearbox had extremely bad bearings at the start of the
test, The operation of the gearbox was monitored very closely from the
beginning, knowing that it could fail at any time. Testing of BB-4 was




“3E

R
s ol L e

125% ALy STVIOL i
4
015 255 ¥-1LH )
LEDT LEVT ¢€~1H
6151 6151 2-1H =
SLS 96 $-LH
o€€ LEY s-ad
ST L1 v-gadg _
’ i
SYNOH A'TdVANIT UL SYNOH LSIL ON Xogdvan

IWIL DONILSHL XOg9VdD JO AYVININNS -z HTAV.L




finally terminated after 171 hours due to impending catastrophic
failure. 152 hours of trendable data were available from this test.
The remainder were absorbed in initial test cell checkout.

Mechanical Condition of BB-4 Gearbox

Pre-Test Inspection

Visual inspections of both ball and roller bearings before testing indicated
considerable wear and damage. The inner and outer races of the two
input bearings had a 1/8-in. -wide ball track along with electrical pitting
and denting. The ball condition was poor, with bearing No. 1 having a
prominent wear band on each ball.

Dynamic testing of the bearings verified the visual examination. The
bearing noise level measurements were high, between 14.5 and 17 dB
for both input and output bearings. As a comparison, gearbox BB
from the previous program had a noise level of 18.5 to 20.5 dB on the
output duplex pair prior to its te sting, and it failed catastrophically
after 166 test hours. The general wear condition of all ball bearing
assemblies of BB-4 was classified as "extreme'' prior to testing.

Post-Test Inspection

Visual examination after 171-hour testing and during the disassembly
period revealed considerable metal observable in and on parts of the BB-4
gearbox. The output duplex pair on the output shaft was loose. It was
noted that the outer bearing race was installed improperly prior to
initial testing. Figure 22 (A)illustrates the two faces that were erron-
eously mounted flush to each other. These sides should have been
mounted as in Figure 22 (B). Itis quite possible that the bearings
obtained insufficient splash lubrication due to this incorrect installa-
tion. Also, when installed properly, the inner races are held locked
against each other, preventing these races from working loose.
Although this error may have contributed to the early failure of this
gearbox, we feel that the data is valuable and usable for trending pur-
poses. An error of this type is possible in the field, and hopefully
our data analysis will provide early warning indicators of similar
assembly errors.
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The dynamic and mechanical measurements revealed little change in
roller bearing play or wear. The major O-ring seal in the input ball
bearing sleeve assembly was badly cut. This could possibly have
caused a bad oil leak. The No. 1 outer ball-bearing assembly was
pitted so badly that it fell apart when pressed out of the sleeve. Both
inner and outer races of bearing 'No. 1 were considered in a failure
mode due to fatigue and heavy wear. The balls also had failed. There
was considerable fatigue damage on every ball. Observation of the SEM
photographs of the No. 1 bearing before and after test revealed the
extensive damage sustained by this bearing assembly. Dynamic noise
tests on bearing No. 1 were also revealing. The already high noise
level increased from 14 dB to 29 dB. Also, raceway wear depth increase
was dramatic: from 133 microinches before test to 4600 microinches
after test.

Both mechanical measurements and dynamic noise tests revealed a
slight increase in wear on the other three bearing assemblies, but the
gearbox failure could be attributed almost entirely to the damage sus-
tained by the No. 1 ball bearing assembly. Insofar as its condition was
roughly the same as the other three ball bearing assemblies, the exact
cause of this failure cannot be verified, but because the ring gear wear
pattern was excessive and razor sharp along the trailing edge of the
teeth, the bearing failure could have caused the gear path to deviate
significantly, resulting in significant chip generation.

Spectrometric Oil Analysis (SOA)

Eleven oil samples were taken from the BB-4 gearbox during the rela-
tively short testing period. The SOA data is summarized in Figure 23.
The data indicates the presence of a high concentration of iron in the
oil at the start of testing. This condition persisted throughout the BB-4
test and is probably associated with gear wear. We also know from the
mechanical measurements performed before and after testing that the
wear in the input duplex bearing was in an advanced stage, and that the
gearbox was in the initial phase leading to catastrophic failure.

Figures 24 and 25 illustrate the large metallic chips noticed in the oil
sample at about the 170-hour point. Figure 24 (A) was taken with white
filter paper and Figure 24 (B) with black filter paper. Preliminary
elemental analysis on the scanning electron microscope (SEM) indicated
a large iron content with traces of chromium and copper.

Figures 25(A) and (B) show more detail of the chips. These photographs
were taken at 20 X and 50 X magnification, respectively.
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Referring again to the SOA data in Figure 23, the increase in copper
content to over 200 ppm near the end of the test indicates excessive
wear of bearing cages as a result of the bearing failure. Also, the in-
crease in cadmium indicates increasing bearing wear.

Temperature Sensors

Analysis of the gearbox temperature sensor outputs revealed no cor-
relating data from either the ambient or the oil temperature sensors.
From Figures26 (A)and (B), it is seen that there is a 115° F ambient
temperature, quite possibly too high for proper testing of the gear-
box, inasmuch as the gearbox is exposed to the external air during
actual flight.

Ultrasonic RMS Accelerometer Data

Since no broadband ultrasonic accelerometers were available, the ultra-
sonic data appearing inFigures27 (A)and (B) represents the detected
energy above 20 kHz from the input and output lateral accelerometers.
Both plots indicate an increasing energy level near the end of the

test. The energy from the input accelerometer becomes sat-

urated at approximately the 100-hour level. The detector subsequently
was adjusted to prevent limiting from occurring.

It is difficult to properly interpret the peaks and valleys exhi-

bited by the output accelerometer data. They do not correlate with
energy-vs-time indications that will be seen later from the lower 10 kHz
of the same accelerometer data. Quite possibly, certain frequency bands
of the spectrum are responsible for these perturbations.

Shock Pulse Analyzer

Shock emission profile data using the SKF shock pulse analyzer is
plotted for both input and output accelerometers in Figures 29 and
30. These profiles indicate the rate of shock pulses exceeding
successively greater threshold levels. The area under these profile
curves could be considered an indication of the general mechanical
condition of the gearbox. This area increases with gearbox testing

time mainly because of higher rates of shock pulses at higher threshold
values.
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Figure 26. Gearbox BB-4; Oil and Ambient Temperature
vs. Test Time.
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Figure 27. Gearbox BB-4; Ultrasonic RMS Data.
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Figure 28. Gearbox BB-4; RPM vs.

Test Time.
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Low Frequency Vibration Data

Two B & K model 4300 accelerometers are used to sense input (shaft)
lateral vibrations and output (shaft) lateral vibrations. Pads for these
accelerometers are welded to the desired locations on the gearbox, and
the accelerometers are then screwed into the pads.

Vibration energy from the accelerometers is amplified in charge
amplifiers low-pass filtered to a 10 kHz bandwidth and then digitally
processed to obtain the frequency spectrum of the vibration signal.
Figures 31(A) through (C)represent three spectra obtained on gearbox
BB-4 from the input accelerometer. These spectra represent the gear-
box condition at 7, 40, and 140 hours of running time. The relative
amplitudes of the spectral lines are presented logarithmically, with the
vertical scale covering 80 dB (a 10-dB change represents a factor of

10 change in the energy level). It is seen that the noise-like compo-
nents of the spectra (the low-level broadband energy) increase with time
at a much faster rate than the higher level energy components associ-
ated with the shaft rotation and gear-meshing. This energy represents
vibrations due to irregularities in bearings, gears, disengaged metal
particles, etc. Any shock pulses generated by these phenomena will
produce this characteristic broadband noise.

Figures 32(A) through (C) illustrate spectra obtained from the output
lateral accelerometer. A similar increasing noise level is apparent
from these spectra.

Figure 33(A)presents the average log level of the input accelerometer
spectrum in a logarithmic plot versus 148 hours of running time (solid
curve). On this presentation, any linear segments represent exponen-
tial changes in the actual "g' level. This plot gives an extremely
smooth indication of increasing activity that may prove valuable as a
trend indicator. Figure 33(B)illustrates the same presentation for the
output accelerometer.

Figures33(A)and (B) also present the average spectral level for both
input and output accelerometers over 152 hours of running time (dashed
curve). This is a possible trend indicator, as the energy level as well
as the rate is increasing in a quasi-exponential fashion.
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Figure 33. Gearbox BB-4: Geometric Mean
and Arithmetic Mean Data.
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A comparison of the RMS levels with and without matched filtering
is presented in Figure 34(A)for the input accelerometer. (The solid
curve represents matched-filtered data.) Although the matched-filter
plot is not a smooth indicator, this is probably due to the fact that it
is sensitive to RPM changes, since the weighting factors were for
initial RPM conditions. However, it is possible that a smoothed (or
an RPM-normalized) version of this plot will show promise as a
trend indicator. Whereas the RMS level has gone into soft-limiting,
the matched-filter plot continues to increase in a possible exponential
fashion. Figure 34(B)illustrates the same presentation for the output
accelerometer.

Correlation of Sensor Outputs with Mecbanical Condition

The low frequency accelerometer data correlated excellently with the
condition of the BB-4 gearbox. Since the input bearing was

causing the major failure condition, it would be expected that the input
accelerometer data would indicate a more predominant trend. This
was the case, as can be seen by reviewing the plots. Both acceler-
ometers indicated a quasi-exponential growth in vibration level.

The shock emission profile curves also indicated a deteriorating
gearbox condition.

Summary of BB-4 Gearbox Test Results

The BB-4 gearbox was in poor condition at the commencement of testing.
Therefore, its relative short testing life will prove useful only when
correlated with later gearbox tests. Later gearboxes proved to be in
better condition to begin with. These sustained more testing hours and
gave more credibility to trending predictions.

The four indicators discussed under trend analysis will also be applied
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