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APPLIED TECHNOLOGY LABORATORY POSITIO N STATEMENT

The work reporte d herein is part of a continuing effort of the Applied Technolo gy Lab-
orato ry, US Army Research and Technology Laboratories (AVRADCOM) , to conduct
investigations directed toward advancing the state of the art of diagnostics. Technolo gical
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 organ ization to apply these technolog ies in a timely, pro ductive , and cost-effective
manner.

The objective of this particu lar effort was to investigate analysis techni ques that would
provide prognostic information on the mechanical condition of helicopte r power train
components. The contractor instrumente d six UH- 1 90-degree gearboxes and tested them
for over 4700 hours under controlled condit ions. The analysis techni ques which proved
to be productive will be used for future prognostic investigat ions.

Althoug h 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 add itional 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 th is report are not to be construed as an official Dep.rtmsnt of the Army position unleas so
designated by other authorized documents.

~~en Government drawings, specifications. Of other data are used for any purpose other than In connection
with a difinitely related Government procurement operation, the United States Government thereby Incurs no
responsibility nor any obligation whatsoever; and the f c t  that the Government may have formulated furnished.
or In ~ y ~~y supplied the said drawings, specifiCations, or other dat. Is not to be regarded by Implication or
otherwise as In any manner licensing the holdsr or any other person or corporation, or conveying any rights or
permission, to manufacture. use, or sell any patented Invention that may in any ~~y be related thereto.

V
Trade names cited In this report do not constituw an off Icial endorsement or approval of the use of suds
commercial harchuere or software.

DISPOSITION INSTRUCTIONS

Osetroy this report when no long.r needed. Do not return It to the originator.

-J

____________________________

-~~~ - U--- . - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
-



- -
~~

--rn —
~~~~~~~~~~~~~~~

- : -~~~~~~~~~
—--—

~~~
--.- -

~
-
~~~ 

——--—----.
~~ 

------ —. --
~

-
~ 

- .-
~

- -.,- ---.- ¶ - — — - -

~~ 

- -

U ____ SIFIED
SECURITY ASS IFICAT I OF THIS PAGE (~ P,w 0.1. EnS.t•d~ _________________________________

/ ~~~~~~~~ “uE~~~~~~~ ”~
1 n~~i-w READ INSTRUCTIONS

I~~~I~ I#U~ ,UM I~ I~~ I IU~~ U BEFORE CCMPLETU4G FORM
— 2. GOVT ACCESSION NO 3. RECIPIENT’S CATALOG NUM5ER

(/ ~
, JUSAR~r - R~ 79~~~~ _7 I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

\,,,, ~~ ‘~~ ~~~~~~~
--  — OF REPORT f P~ ED

~~~ 
tNVESnGATION OFADVANCED PROGNOSTli 7~~~~~ NA~~~~E~~~~~~~~~

— 

I~~
LNRTCJ8L~L~I

~~~~~~ ~~~~~~Ph~~~~~~~0 J  ~~~~~~~~ DAA~~~~~~~~C,~~~ 4 J )

5. PERFOnaING ORGANIZATION NAME AND ADDRESS 10. P E EMENT. PROJEc3~ TA SK
Northrop Research and Technology Center A .

One Research Park 62209 1L2622 ,ØcAH76
Palo s Verdes Peninsula , Califo rnia 90274 00 21

II. CONTROLLING OFFICE NAME AND ADDRESS 
~~~~~~ r ~~~ _— — , / ‘~~Applied Technology Laboratory (/ / (~ ~I~~~~~79 I I / 7

U.S. Army Research & Technology Labora to’W... ~(AVRADCOM), Fort Eustis , Virginia 260
44. MONITORING AGENCY NAME & ADDR lllcO) IS. SECURITY CLASS. (of OS. rspo.f)

~ 1 UNCLASSIFIED

- -— 
IS* DECLASSIFICATION/ DOWNGRADING

IS. DISTRISUTION STATEMENT (.1 OS. R. o,S) 
-

Approved for public release; distribution unlimited.

$7. DISTRISUTION STATEMENT (.50. .b.ft.cI .iit.i ’Sdffi Nl.ck 20, 51 dUf .nnt Vr~~ Ropo~t)

IC. 5U~~~LEMENTARY NOTES

IC. KEY WOROS (C.n(b... on is,.,.. .ld. II n.c...ay ond Id.ntS (p by block n, ,b.r)

Prognostics Diagno stics
• Trending Machinery Monitoring

• Vibration Data Base

2~ asere*c i r’——~~ — ~~~~~~ ~~~ Sd..SSfr by block m bsr)
‘.-This report presents the results of an experim ental program with the followin

ob~,ectives: to collect and process test data from six different UH-1 helicopter •
90 gearboxes , tested for a total of 4712 hours under controlled conditi ons ,
and to perform a theoretical investigation and data analysis to develop and
optimize trend detection and prediction algorithms for application to the pro-
cessed test cell data in order to establish valid prediction s of gearbox failure
tim’e. A variety of sensors were used to monitor the wear occurring in the —
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• 20. (continued)
-. gearboxes inclu ding oil debris monitors, accelerometers, a shock pulse

analyzer , and temperature sensors. Spectrometric oil analyses ~SOA ) of
the gearbox oil were perfo rmed on daily samples from the gea rbox oil
reservoir. The gearboxes were disassembled and inspected for wear
prior to and following ea•ch test. Wear measu rement techniques included

• visual inspection by an expert , measurements of ball and ball trac wear ,
dynami c noise testing of bearings , and scanning electron microscope

• 
- photographs of the surface of one ball from each bearing.

• Du ring the theoretical investigation twelve trend pa ramenters were
examined to determine their ability to indicate the current wea r condition V

of the gea rbox. One of these, the matched filter parameter, proved to be
superior to the others and was used in failure prediction modeling.

A trend detection algorithm was developed that proved extremely sensitive
to the detection of trends, requiring a low computational burden .

Three mathematical wear trend models were investigated. One of these ,
an upward-constrained second order exponential model , proved superior
to the others in ability to predict onset of failure.

Application of the test cell data to the tren d detection and failure predictio
algorithms was successful. Of the six gearboxes that were tested , three
of them failed at 273 , 488 , and 1301 hours , respectively. Failure pre-
dictions made at 2/3 or less of the life-span of the gea rboxes were within
62 , 31, and 137 hours of the actual fa ilure time. A fourth gearbox failed
after 88 hours of testing, and a wear trend was detected immediately. Th
remaining two gearboxes were tested for 1519 and 588 hours with no
failures. The algorithms detected unsustained wea r trends in these two
gearboxes and made failure time predictions in excess of the respective

• 

test times.
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S valuable assistance i-n an advisory capacity during thi s investigative

effor t.
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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.  Du ring this period , n~ arl y 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 gea rbox.

The data base used for failure prediction analysis was collected
on the preceding program: DAAJ O2-75-C-0 119, “Program for Exper-
imental Investigation of Helicopter Componen t Failure Prognosis ’ . A
special test cell used for component testing was designed and constructed
in the initial failure prognosi s work on Contract DAAJO2-72-C-0 118.
Thi s test cell was modified for the presen t 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 area s of interest: (a)  developmen t of sensitive
parameters that indicate subtle departures from the normal vibrations
associated with rotating machine ry components containing gears and
bea rings; (b) ea rly detection of the beg inning of a wear trend in the compo-
nent; (c) generation of failure predi ction 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 Labo ratory. 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) sof tware listings of key data
collection and processing algorithms; (d) trend detection and failure pre-
diction hourly tabulations for the six tested gearboxes.
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TEST INSTRUMENTATION AND PROCEDURES
I

TEST CELL AND CONTROLLER

Test Stand

Figure  1 illustrates an overall view of the test stand used for 90
0

gearbox testing. The test stand is inclined 42° to simulate the
actual mounting position of the gea rbox in the UH- l  helicopter and

• to gua rantee proper operation of its splash-type internal lubrication
system. Previously, this test cell was used to collect sensor data
from 90 gearboxes on Contract DAAJ O2-72-C-0l18 .  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 we re mounted

H 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. Torqu e 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 gea rbox , the
output of the electric motor is stepped up 2. 37:1 by a pulley
arrangement.

(3) Due to its internal gearing, the gea rbox itself p rovides 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 electri c motor, and since its rpm is
fixed at 1750 , the hydraulic motor must also turn at 1750
rpm. Thi s hydraulic motor is also a fixed~ displacement
design and will accept only 56.4 gpm of hy draulic fluid at
1750 rpm.

15
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Fig u r e  1. Overall  Vi ew of Test S tand.
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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 thi s 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 powe r 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

moto r 56.4 gpm, the power into the hydraulic motor
(56. 4) ( 1325)/ 1714 = 43.6 hp. The hydraulic motor , being
approximately 85 percent efficient, re turns  - 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 hydr aulic pump. Since the hydraulic pump

efficiency is 88 percent, the load applied to the gearbox
unde r te st is

Gearbox output sha ft torque loa d = 
15.62 + 4 3 . 6  67. 3 hp.

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

67. 3
.96 

= l Oh p.

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 lbsses.

18 
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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-lb measuring capability, approximately double the require-
me nts for the input and output shaft , respectively. These torque
sensors may be observed in mounting position in Figure s 1 and 2 .

A second output from each torque sensor is a sinu soidal electrical
signal from the sensor rotary transformer whose period is the time

for one rotation of the shaft. The se signals are shaped into square
waves and sent to rprn counters in the Test Cell Controller , where
digital rpm data is generated and coUected 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 conditione r module s in the test cell instrumentation
rack which provide the required analog signal s for digitization and
collection by the computer system.

In addition to recording this data , the computer calculate s both input
and output horsepower from these torque and rpm measurements

and provides test cell shutdown signal s if either gearbox horsepower
or efficiency deviates from 5 percent of nominal values.
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COMPUTER-TEST CELL INPUT/OUTPUT (I/ O) CONTROL

Test Cell Controller (TCC )

The TCC is composed of all the electronics requi red for automatic

command and control of all phases  of test cell operation. The controller

provides the in te r face  between the computer  and the test cell cont rol

and data di gitization system.

Considerable improvements have been introduced to the TCC since the
• previous contract .  Figure 3 illustrates an overvi ew block diagram of

the TCC and I /O controller (to be described next).  All data sent to the

computer is in dig ital format .  The 14-bit DATEL analog-digital con-

verter  (ADC) is located at the test cell and di gitizes the data at a 20 KHz

rate under  control of a crystal oscillator. The di gitized data is sent

to the computer  upon request over a 500-foot digital t ransmission cable.

The cable contains 20 double-shielded twisted pairs .  Bidirectional

balanced line d r ive r / r eceive r s  at both ends of the cable allow duplex

operation over the cable and assure  that information is only transmitted

in a sing le direction at a time.

All sensor signal s are multiplexe d 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 re sult s
are stored in a buffe r 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 compute r upon request .
Parity checks are r.~ade on all data sent from either end of the cable .

In addition, fault detection logic is provide d in the TCC as in the
previous contract to automatically shut down the te st cell in the event
of a te st 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 accept s commands directly from the computer. In the
event that the computer senses a severe malfunction in eithe r the te st
stand or the gearbox , or when the current test inte rval is completed,
an AUTO STOP command is sent to the fault de tection 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 afte r a stop command has
been issued. The start -up sequence must be performed manually.

I/O Controller

The computer shown in Figure 4 is use d to monitor the activities of
the test stand and to collect the prognostic s 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 corn-
pute r and the te st cell.

The left half of Figure 3 shows the block diagram for the computer-
test cell I/O signal conditioning circuitry. Di gital commands ori ginat-
ing from within the computer are sent via the external output channel
to a data latch. The data latch store s the compute r ’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 te st cell operation is shut down.

-i
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Figure 4. Interactive Computer Grap hics System.
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SENSORS AND SENSOR LOCATIONS

j Temperature Sensors

Two platinum-type tempe rature sensors in a probe configuration we re

used on thi s 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 monito r of the ambient temperature in the

gearbox vicinity.

Both sensor signal s were converted to proportional voltage output s,

then digitized and collected as digital data by the compute r approxi-

mately every 10 minute s during the te st run.

Spectrometric Oil Analysis (and Othe r Oil Analyses)

The Army currently samples the oil from UN- 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 prove n to be a useful technique for

dete rmining mechanical wear of oil-wetted components in helicopte r

engines , gearboxes , and transmissions. Iron is the contaminant in the

oil which is of most use in diagnosing mechanical wear. Figure 5 is

an example of the type of upward trend in iron conte nt 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 afte r each

change. The sharply increasing slope between oil change s indicate s
that the gear is dete riorating 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. The se samples were shipped to Corpus Chri.sti
Army Depot (CCAD) ,Texa s, for spectronietric oil analysis. In addition,
the drained oil at 100-hou r change intervals was shipped to the Applied

Technology Laboratory at Fort Eu sti s, 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 ana lyses covers pertinent information about the pa rticle content
of the oil samples.

The first of these uses the General Electric oil monitor. This instru-

ment passes infrared light thr ough 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 mea sure of light received

by the incident detector is inversely proportional to the num be r
recorded in the AT TEN colum n of the analysi s sheet. The larger the

number, the higher the particle density. On the other hand, large

number s 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 analysi s use s 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 va rying
magnetic field which is large r 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 measure s the large particle content ,

the second the small particle content, and the third , which is located

past the magnetic field, se rve s 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 ferrograrn analysis. In this method,

oil is run over a prescribed glass slide , that is also subjected to a

varying magnetic field. Thi s 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 pa rticles obse rvable

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 passe s

through a window to fall on a photodetector. The intensity of the

• received light give s an indication of the particle size, so that a
• particle size di stribution is recorded on the analysis sheet.

All the se analysis methods are helpful in attributing the mode of wear

in the gearbox and in correlating with trend data derived by othe r

• means.
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Capacitive Discharge Chip Detection System

Midway through the te sting program , a chip detection system produced
by the Tedeco Co. of Glenolde n., Pa. , was made available for eva lua -
tion by ATL. This system uses a magnetic particle detector inse rted
in the oil drain passage which also provides autom atic closing of the
oil pa ssage when the magnetic probe is eithe r retained in the oil
passage or withdrawn for examination. Whe n inserted in the gearbox
oil drain pa ssage, 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 charg ed
capacitor in the in strumentation dumps current into the chip debris

to “burn off” the electrical short circuit. If succe ssful, a count is
recorded. With light debris collection , burn-off s will occur infre-
quently. As the gearbox begins to wear more , more count s 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
ene rgy. The frequency response is approximately 45 kHz.

Two of these accelerometers were used: one to sense input (shaft)

late ral 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 accele rometers.

The mounting method used was to weld magne sium 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 fi lte red 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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Figure 7. Gearbox Profile Showing Accelerometer Locations .
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Ultrasonic Accelerometers

Much has appeared in the l i terature 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 f rom the ultra-
sonic energy in these accelerometers during testing . The Root Mean
Square (R.MS) 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 recording s of these ultra-
sonic signals have been n-iade on a daily basis. The magnetic tape
reels containing both ultrasonic and low frequency signals f rom both
accelerometers have been delivered to ATL under the terms of thi s
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
pe rforms the function of envelope detection of high frequency vibration
signals. Thi s is the Shaker Research Corporation Model 223A vibra-
tion envelope detector. During the latter testing, thi s 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 bandwi dth that was processed identically to the low
frequency vibration channels. It appears that thi s 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  j.i s) radiates from
the point of impact. The rise time and amplitude of thi s initial shock
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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 d ifferent  transi ents of
- - relatively high frequencies in the different parts of the machinery.
j 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 he 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 elasti c shock pulse for the following reasons:

( I )  The t ransient 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

inte rface). Because of thi s, with careful sensor placement
the shock pulse analyzer can discriminate between a faulty
bearing and a good bearing when the two bearing s are in
close proximity to each other. The electronic signal pro-
ces sing 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 mean s for obtaining the

• cumulative amplitude distribution function of the shock
pulses (integrated over sufficient time to ensure proper

31

— -- ________________ - 

.. - - • . - . • - - •-• • • -~~~~~~ • • • -- • • -- -- • - i •--.
~~~~

-
~ 

. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - . -~~ .--- - .~~ - - - •~~~ -• -~~~~ - • . - • - - - -.



r - ~~ -

-4

- l 
statistics) which SKF calls a “ shock emission profile. ” The

- shock emission profile is a plot of the total cumulative ~~~~
of shock pulse emissions above a given amplitude level (for

1 
a given unit of time ) against the given amplitude level (poten-

tiometer level). Figure 8-B shows the three basic curve

1 shapes (shock emission profiles) obtained by SKF in their

testing of mechanical systems.

Curve A is a typ ical shock emission profile obtained when fo r eign par-

ticulate matter is present in the bearing lubricant. This curve is

5 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 bearing s or when there is

• rolling element damage. This curve is characterized by very low

rate s of very high shock levels.

Curve C, characterized by high shock rate s at high levels , indicate s

a damaged bearing . The spread in shock level is caused by the spe-

cific characteristic s of each rolling element as it interacts with the

• damaged por tions of the bearing .

Curve C’ is an example of the shock emission profile one would ex-

pect to observe as the damaged bearing , repr esented by the data in

-
~ Curve C taken at an earlier time, continue s to degrade . The shock

emi s sion profile should reflect an increase in both shock rate and

shock level.

All of the shock pulse data collected on this program had shock emi s-

sion profiles similar to Curves C and C’ .

I
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(A) SKF Shock Pulse Analyzer.
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Figure 8. Shock Pulse Analysis

33

- -  - • ..-~. - ~~
• • • - - • •

~~~~~~~~ 
• -- — - -

~~~
-——-—--.



r - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

-
- 

• DETERMINATION OF BEARING CONDITION AND SURFACE WEAR

Except for the scanning and electron mic roscope studies , the tests for

mechanical wear discussed in thi s section were performed by Bearing

Inspection Incorporated of Santa Fe Springs , California. Bearing In-

spection is authorized by the FAA to repair or recondition a ircraf t

bearings.

No quantitative measurement technique was available for monitoring

gear wear.  Early in the previous program, it was requested that Bell

Helicopter pr ovide us with gear profile s , but they could not make pro-

file s on sp iral bevel gears. The condition of the gears was determined
by a subjective assessment of their vi sual 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

gearboxe s we re alread y in a worn condition and no measur ement data
wa s available on new bearing s, the very important data point on zero
wear is missing.

Figure 9 shows a cross-sectional view of a U H - l  900 gear box and the

location of the gear s and bearings. Figure 10 is a photograph which

show s most of the mechanical component s of the gearbox.

Vi sual Inspection

Visual inspecti on 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 bearing s 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 bear in g in the gearboxes prior to and af t er
each phase of the test program.
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(1) Dynamic Noise Testing of Ball Bearing s

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 tran sfer red 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 abou t 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 m di.
cation of degree of wear in the bearing . This level is com-
pared with the vibration noise le v el of known good bearing s
and should not exceed 0 dB for a new bearing .

Table I 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~ Thi s 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.

1 Thi s parameter is closely related to the so-called “ cres t fac tor 11

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, Eusti s Directorate , U.S. Army Ai r Mobili ty Research
and Development Laboratory , Fort Eusti s, Vir ginia , December
1973 , AD776397 , p. 78.
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(2) Rad ial 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 f i r s t  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 mea sure of running clearances and over -

- 

- all material wear (race and balls) in the bearing .

(3) Cross-Groove Profile of Inner Race of Ball Bearings

Thi s 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 di splacement sensor.
As the sty lus 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. Typ ical

pola r plots are shown in Figures 13 and 14. These measure-
n~ents were taken on the inner races of bearing number
3 of gea rbox BBT. Figure 13 shows a cross- groove

profile of BBT-3 prior to testing . The radius plot has a
scale of 10 rnicroinches 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 inne r race at this point. Figure 14 is a cross-groove
profile plot of the same bearing at 1022 hours te sti ng . 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 Mcasurement8

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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cha racteristics. The input roller was not disassembled since -

the rollers were pinned in place. Two separate quantitative measure-
ments we re 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 . Thi s taper, calle d a crown, serves to
relieve stress concentration from the ends of the roller dur ing
no rmal load conditions. As the rolle r wears, the crown becomes
smaller. Crown wear measurements are sensitive measures of
actual roller wear.

ROLLER 

~~~~~~~~~~~~~~GTH
1 
: CROWN DROP

Figure 15 . Roller C rown Parameters.

Roller Axial Play

The axial play of a r oller 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 cause s nonuniform wear of

• the roller and eventua l fa ilure of the bearing.
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Scanning Electron Microscope Su rface Inspection
/

For completeness in determining the overall condition of the bearing s,
one ball and one roller from each bearing ( except for the pinned roller
bearing number 6 which was not disassembled in any gearbox ) were B

examined with the scanning electron microscope (SEM). Each part was
thoroughly cleaned in acetone before examination to remove fi nger-
prints , excess oil , and exttaneous surface debris.  The microscope has
two mode s of operation: the secondary emission mode (SEC) and the
backscatter emission mode (BSE). The two modes produce different
types of view of the sam e surface area because one mode (SEC)

• 
- 

operates with low-energy electrons and the othe r (BSE) with high-
ene rgy 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 tu rn , are collected for  display purposes.
Irregula rities in the number of seconda ry electron s , in tu rn ,

give rise to the picture of the topography of localized portions
of the surface. The SE~~ mode detects the s t ructure  of the fi r s t

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 tha t
appears to have three-dimensional cha racteristics.  The SEC
mode produces su rface pictures that have no obscuring shadows
around raised or depressed areas , making it somewhat difficult

to differentiate between these two surface characterist ics.

Backscatter Emission Mode (BSE)

The BSE mode utilizes a hig h-energy (10 key) focused electron
beam to scan the specimen. The hi gh-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 hig h-energy
elec trons travel in straig ht lines , which causes the BSE photo
to be cha racterized by shadow s around raised or depressed
surfaces. The BSE mode is often the only way one can positively

identif y 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.  — — -
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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 nu mber 2 in g earbox BBT. Both photographs are of the same
surfac e area on the ball and both are taken at a magni f;cation of 1000

to 1. Note the sharpness but lack of surface detail in the BSE picture.

For the gearbox bearing data given in thi s report, the SEM pictures

were obtained using the SEC mode, unless specifically de signated as

BSE pictures. The SEC mode was selected for most of the data

• pre sente d because , f rom our subjective viewpoint in dete rmining

surface abnormalities, the SEC mode produced the most useful

pictures.
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Figu r e 16. SEM Micrographs of BBT-2 (407 Hours).
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AUTOMATIC COMPUTER~ CONTROLLED DATA

• COLLECTION AND REDUCTION

Thi s section describe s the computer-controlled data collection system

and the documentation procedure s for the gather ing and initial reduc -

tion of the real-time test cell data.

OVERVIEW OF MAIN COMPUTER SOFTWARE

The data collection prog ram was written to implement the timing

diagram shown in Figure 17 . Data was collected on a continuou s

round-the-clock basis and stored periodically on magnetic tape in the

format of files containing three records each.

The fundamental flowchart of Fi gure 18 describes how thi s 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 19A)

The start -up sequence is followed every time the te st cell must be
started or resta rted. In the event a shutdow n had occurred previous-

ly, the mag-tape reel is back spaced 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 te st 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 1-minute

timer is reset and the process is repeated. Whe n finally stabilized,

date and time are printed on the teletype and data collection is begun.

DATA COLLECTION ROUTINE (Figure l9B)

Data is collected continuou sly 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 powe r spectral density averaged over 128 FFT ’s compute d from

128 groups of 1024 samples of vibration data from each vibr ation

channel; and pertinent elapsed time data and RMS vibration channel

data.
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Referring to Figure 19B , all fi le , record , and channel counters
• a re cleared at the sta rt 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 r outine. But, if acceptable,
thi s valid PSD data is transferred to magnetic tape. Then, a check
is again made to verify that gearbox horsepower and effi ciency are
still within limits.- if they are not, the test cell is shut down in the

• EXIT routine. If they are within limits, current horsepowe r 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 writts~n on the magnetic tape. This occurs approximately every 30
minutes. Data files are continually collected until the last reque sted
file has been transferred or the magnetic tape reel is empty. In
either case , the test cell is shut down in the EXIT routine .

EXI T ROU TINES (Figure 19C)

The exit routines illustrated in Figure 19C perform two functions:
(a) shut off power to the test cell and prevent furthe r gearbox test-
ing and (b) record on teletype the specifi c 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, whe re no direct command has been
issued to the te st cell to stop, the test cell controller will shut ~~~~~
the test cell by it self if no data requests are made in a period of
8 minutes.
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• VIBRATION DATA REDU CTION

This section describe s the data reduction procedures used to analyze
the data collected under this contract. Six diffe rent gea rboxes were
tested for a cumulative test period of over 4600 hours. Each sensor
was sampled every 10 minutes. These samples we re statistically
reduced by the on-line computer via the procedures described below.
The re duced samples we re stored on magnetic tapes , which were later

• edited and placed in variou s 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.

Vibra tion measurements for this contract we re taken from two low-
f requency accelerometers located as shown in Figu re 7. The frequ ency
range of analysis was DC to 10 kHz. Thi s range was divided into 512
f requency bins which were 19. 531 Hz wide.

Each accelerometer signal was low-pass filte red to 10 kHz by a sixth-
order Butte rworth filter before being digitized by a 14-bit analog - to-
digital converter. The resulting digital signals were preprocessed in
the follow~&ri g 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 - i
F(k) = ~~ [W(i) . f(i)] exp [— j (Z ir  ik/N)1, k = 0 , . .. , N — 1 (2)

i=0

where -

F(k) = kth Fourier transform coefficient

k = frequency bin index

N transform size

f(i) = ‘th time domain signal sample 
-
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1 = time signal sample index

W(i) = Hamming weighting function

= 0. 54 - 0. 46 cos [Z ’ru/(N - 1)]

The DFT was computed using the “fa st” Fou r ier transform (FFT)

technique .

The pu rpose of Hamming weighting the time domain vibration signal

I 
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 inte rval. 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

P(k) = IF(k) 12 
= F(k) . F(k)

*
, k = 0 , 1 . . . ,  N / 2  - 1  (3 )

where
P(k) = power spectral density in frequency bin k

= complex conju gate of F(k)

The vibration signal s were sampled at a 20-kHz rate , and the sample

duration was 51. 2 ms , which corre sponds 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 value s 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 stati stical accuracy

56

-•



‘
~~~~~~~~

- —-- --

‘4

1 
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 en semble averaged to obtain the stati stically

I averaged PSD, which is then stored as reduced data on magnetic tape
for off-line processing.
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EXPERIMENTAL RESU LTS
/

This section presents a detailed description of the test runs on six
UN-i 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 tha t portion of
the test hours that are useful for trending purposes. A very high
ra tio of the da ta, 96 percent , is considered usable for solving the
prognosis problem .

This set of gearboxe s exhibited a good “ spread” with regard to
(a) va riety of initial wear conctition, (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 we re 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 couple r 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 mi shap
occurred . Finally, at the other extreme, gearbox HT-2 was run for
1519 hours with negligible wear indication from either sensor data ,
oil ana lysis, or mechanical inspection.

Test results covered in each test subsection include results of pre-
and post-test mechanical inspection analysis , oil analyses , tempera ture
sensor data , rpm and torqu e in dicato r 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 ari thmetic mean processing. In addition, power
spectral densities processed from accelerometer data at representa-
tive tes t time periods are disp la yed and analy zed fo r each gearbox.

BB-4 GEARBOX TESTS

Gearbox BB-4 was the first gearbox selected for testing in the pre sent
contract. Thi s gearbox had extremely bad bcarings 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
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finally terminated af ter  171 hours due to impending catastrophic

fai lure.  152 hours of trendable data were  available from this test.

The remainder were  absorbed in initial test cell checkout.

Mechanical Condition of BB-4 Gea rbox

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 bea rings had a 1/8-in. -wide ball t rack along with electrical pitting

and denting. The ball condition was poor , with bearing No. 1 having a

prominent wea r band on each ball.

Dynamic testing of the bearings verified the visual examination . The

bearing noise level measurement s 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 testing, and it failed catastrophically

afte r 166 test hours. The general wear condition of all ball bearing

assemblies of BB-4 was classified as “extreme” prior to te sting.

Pos t -Tes t  Inspection

Visual examination after 171-hou r te sting and during the disassembl y

period revealed conside rable 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 2 2 ( B ) .  It is quite possible that the bearings

obtained insufficient splash lubrication due to this incorrect in stalla-

tion. Also, when installed properly, the inne r races are held locked

against each other , preventing these race s 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 indicator s of similar

assembly errors.
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The dynamic and mechanical measurements revealed little change in
roller bearing play or wear.  The major 0-ring seal in the input ball
bear ing 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 fa tigue and hea vy wear. The balls also had failed. There
was considerable fati gue damage on every ball. Observa tion of the SEM
photographs of the No. 1 bearing before and af ter  test revealed the
extensive damage sustained by this bearing assembly. Dynamic noise
tests on bearing No. 1 were also revealing. The alread y high noise

- • level inc reased from 14 dB to 29 dB. Also, raceway wea r depth increase
was dramatic: from 133 rziicroinches before test to 4600 microinche s
after  test.

Both mechanical measurements and dynamic noise tests revealed a
slight increase in wear on the othe r three bea ring 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 . Thi s 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 ini tial phase leading to ca tastrophic 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 lar ge iron content with traces of chromium and copper.

Figures 25(A) and (B) show more detail of the chips. These photographs
wer e taken at 20 X and 50 X magnifica tion , r espec tively.
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Referr ing again to the SOA data in Figure 23 , the increase in copper

content to over Z OO 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 f rom eithe r the ambient or the oil temperat~ re sensors.

From Figures26 (A)and (B),  it is seen that there is a 115 F ambi ent
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 inFiguresZ? (A)and (B) represents  the detected

energy above 20 kHz f rom 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 inte rpret the peaks and valleys exhi-

bited by the output accelerometer data. They do not correlate with
energy-vs-t ime indications that will be seen later from the lower 10 kNz
of the same accelerometer data. Quite possibly, certain frequency bands

of the spectrum are responsible for these pertu r bations.

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

conditi on 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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Figure 29. Gearbox BB-4; Shock Profile Curves,
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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 amplif ied in char ge

• 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 ener gy 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. Thi s 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) throug h (C) illustrate spectra obtain ed 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 ’t level. This plot gives an extremely
smooth indication of increasin g activity that may prove valuable as a
trend indicator. Figure 33(B) illustrates the same presentation for the
output accelerometer.

Figures 33 (A)and(B)  also present the average spectral level for both

inpu t and outpu t accelerometers over 152 hours of running time (dashed
curve). Thi s is a possible trend in dicator , 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, thi s is probably due to the fac t tha t 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 1~MS 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 Mechanical Condition

The low frequency accelerometer data correlated excellently with the
condition of the ~ E-4 gearbox. 

Since the input bearing was

caus ing 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 sus tained more testing hours and
gave more credibility to trending predictions.

The four indicators discussed under trend analysis will also be applied
to succeeding gearboxes in an attempt to establish correlation between
any or all of these indicators and gearbox mechanical condition.
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BB-5 GEARBOX TESTS

Gearbox BB-5 was the second gearbox selected for te sting unde r the
present contract. This gearbox had a total of 1405 hours flight ser-
vice since new and 342 hours since its first overhaul. It was
removed from operation due to a detected oil leak.

The gearbox was installed in the test cell during the latte r portion of
August 1976 , with testing commencing September 1. This gearbox
accumulated 437 hours of testing during the month of Septembe r
before a catastrophic pinion gear failure occurred on September 27,

- 
- 1976.

Mechanical Condition of BB-5 Gearbox (Serial No. A 13-223 6)

Pre-Test Inspection

• The preliminary bearing inspection revealed that the general condition
of the reference bearing s was poor. All bearings had sustained mod-
erate to heavy wear and some electrical current damage. None of
the bearings, however, appeared to be in the extreme wear condition
exhibited by those of the previously tested gearbox , BB-4.

Post-Test Inspection

Examination of the gearbox after the 437 hours of testing and sub-
sequent pinion gear failure revealed evidence of oil leakage at the
input shaft oil seal. The parting of the ca se was very difficult because
the pinion teeth were cold-welded onto the ring gear teeth. (See
Figure 35.)

The input coupler was frozen up upon disassembly. The grease was
dried and turned to powder - a mixture of metal and dry grease. The
teeth in the sprocket coupler were very badly worn . (See Figure 36 .)

When pulling the complete pinion assembly out of the case, the 0-
ring seal appeared to be vulcanized to the outer case. The No. 1
bearing fell apart due to bad balls. The No. 2 bearing did not fall
apart , but everything was darkened and blue from heat. The nut on
the end of the pinion shaft was loose , even though the safety washer
was still intact. The pinion gear teeth were completely gone . (See
Figure 37 showing pinion assembly removed and Figure 38 show-
ing housing with gear asser~ib1ies removed.)
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Figure 35. Gearbox BB-5; Pinion Teeth Cold-

Welded to Ring Gear Teeth.

Figure 36. Gearbox BB-5; Input Cou pler.

81

5.-



——---5-- _,fl _
~ —— 3-— 

- _

~

-

~
_ _ ------— — - - - 5 - - . - - --

~5I

/

~ !~ 
I

S

Ht

Figure 37. Gearbox BB-5; Toothless Pinion Gear.
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Figure 38. Gea rbox BB-5; Housing With
Gear Assemblies Removed.

82

5.-

• • - . ~~~~~_ •~~~~~• -- - • At..1~~~~~~ -



- - - n • - - -5—— ----

All the seals around the input shaft appeared good , but upon removal
of the gearbox from the test f ixture , signs of oil seepage w e r e  visible.

The output  bearing s and th e r emai n d er of th e a ssembly, with the except-
ion of the ring gear , looked good. The ring gear safety wire was mis-
sing .

The bearing inspection report  indicated that the input shaft bearings
were in an extr eme wear condition. They had been listed in mod-
erate wear condition prior to testing . At the end of te sting, the noise
level of the No. 1 bearing had risen from 6 . 5  to 2 7 . 5  dB. The No. 2
bearing noise level had risen from 5 to 13.5 dB. The inner raceway
wear depth increase was espe cially noticeable on the No. 1 bearing.
It increased from 35 to 9500 microinches during the testing period.
Gearbox BB-4 had also exhibited this exaggerated racewea r on
bearing No. 1. The bearing No. 1 races were described as “failed” .

The selected balls from bea rings No. 2 and No . 4 actually appeared
to be in better shape afte r test. The same may be said for the roller
bearing selected from bearing assembly No. 5. Bea ring No. 3
appeared to be damaged both before and af ter  test. It must be kept
in mind that the photographs display the condition of only one ball
or roller from each bearing before and af ter  test , and may not cor-
relate exactly with the overall bearin g con dition data . In the post-
test bearing inspection report , bearing No. S raceway was described
as “failed” and the rollers described as “simila r to raceways;  very
heavy wea r and denting. ”

Spectrometric Oil Analysis  (SOA)

Eighteen oil samples were taken from the BB-5 gearbox during the
437-hour testing period . The SOA data is summarized in Figure 39.
This data, as in the case of gearbox BB-4, indicates the presence of
a high concentration of iron in the oil before the f i r s t  oil change. The
rapid rise in iron content after 350 hours of testing is evidence of the

- - pinion gear wear that eventually resulted in culmination of the testing.
The increase in copper and cadmium content also indicates bea rin g
and bearing cage wear. For reference, oil sample times are  shown
grap hically in Figure 40.
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Figure 40. Gearbox BB-5 ; Oil Samples

and Change Times .

85

- . • - .-

— 

— -5



- • • • -  -5-5 — —

I~~~r 
---

~~~~

Temperatur e Sensors

/ Figures 41 (A) and (B) present graphical displays of the temperature

reading s recorded from the two sensors monitoring gearbox oil temper-

ature and ambient temperature at the outside case of the gea rbox. Durin g

the f i rs t  50 hou rs of operation, the oil temperature is approximately
the same as that for gearbox BB-4 . To improve reliability and to more
closely simulate actual environmental conditions , it was decided to di-

rect an air blower onto the gearbox. The result, as seen in Figure

41 (A), was an approxi mate 30 drop in the gearbox oil temperature.
After the blower was installed , the temperature remained fairly steady

• during the next 250 hours of testing. From thi s ~oint to the termina-

tion of testing, the oil temperature rose about 10 over a 125-hour

span. This was no doubt due to the friction mounting as the pinion gear

began wearing and galling . The gearbox case temperature appeared
fairly steady throug hout the entire test period.

RPM and Torqu e Indicators

-Fi gures 42 (A) and (B) present input and output RPM data for the full
437 hours of testing of gearbox BB-5. As can be seen , RPM remained

steady on both input and outpu t shaft s during the full test pe riod. This
implies that teeth engagement remained intact throughout this period ,
even though accelerated wear was taking place.

Figure 43 presents three displays: (A) input shaft torque , (B) output
shaft torque , and (C) gearbox efficiency.. The latter calculate s the ratio

of output horsepower to input horsepower based on the equation

(Output RPMJ (Output Torq~~JEfficiency = x (4)
(Input RPM) (Input Torque)

Since the variations in RPM are minima l (see Figure 42), the
efficiency is determined rriainly by the torqu e ratios. The
efficiency averages about 94 percent until the 190th hour of testing,
and then rises abruptl y to 97 percent and stays in tha t neighborhood
for about 35 hours. A corresponding drop in input torque can be seen
during this time . Possibly, a frictional loading on the input shaft of
the gearbox was relieved at hour 190. At hour 225 the input torque
again rose abruptly for another 35 hours. At hour 260 it dropped for
approximately 50 hours. During thi s whole time, output torqu e re-
mained fair ly steady. At 310 hours , both input and outpu t torqu e rose
in synchroni sm, indicating an increased loading on the output shaft.
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Figure 41. Gearbox BB-5~ Oil and Ambien t
Temperature vs. Test Time .
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• Figure 42. Gearbox BB-5 ;  Input and
Output RPM vs. Test Time. .
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Figure 43. Gearbox BB-5; Torque and

• Gearbox Efficiency.
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/ Variations in accelerometer reading s corresponding to these torque -
change indications will be noted in succeeding paragraphs.

- 
- Ultrasonic RMS Accelerometer Data

Figure s 44 (A) and (B) present time displays of the high frequency
detected energy (greater than 20 kHz) from the B & K accelerometers
mounted on the gearbox near the input and output shaft s, re spectively.
The re is quite a contrast between these two displays. Figu r e 44 (A) shows
an exponential rise in this energy with very few perturbations until
instrumentation limiting occurred at about the 315-hour point. Figure
44 (B) show s a much more “violent” di splay. In this display, four
significant intervals of high frequency ene rgy occur prior to 300 hours.
At 300 hours there is a steady rise of high frequency energy for a
period of approximately 100 hours.

One explanation for the contrasting displays between these two accel-
erometer plots is that the input side of the gearbox is mounted firmly
to the test cell stand. The output side is not, it being supported only
by the input mount and the output shaft . It is possible that the reso-
nances of the output accelerometer are more subject to excitation
because of this mounting.

A comparison of Figure s 43 (B) and 44 (B) shows that the occurrence
of high torque inte rvals correlate s with high vibration level readings
from the output accelerometer.

The input accelerometer ultrasonic energy, contrastingly, chang es at
an exponentially increasing rate. This indicator shows promise of
being a suitable trend indicator. It will be seen in the next section that
the low frequency portion of thi s accelerometer energy is also a
potential prognosis indicator.

Shock Pulse Ana~yzer

The peak shock value time history is plotted in Figure 45 for the SKF
output accelerometer. It is very simila r to the time history
data for the output ultrasonic data of Figure 44 (B) .

• Shock profile curves for both input and output shock accelerometers are
• illustrated in Figures 46 and 47. The rnonotonic deteriorating condition

is very evident from the input profiles of Figure 46. The output profile s
in Figure 47 reflect the erratic nature of the other BB-5 output data. — -- -
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Figure 44. Gearbox BB-5; Ultrasonic
RMS Data.
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Figure 45. Gearbox BB-5; S}(F Peak Shock Value ,
Output Accelerometer
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Figure 46. Gearbox BB-5; Shock Profile
Curves, Input Accelerometer.
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Low Frequency Vibration Data Time Analysi s

Fou r un.~que representat ions of the data obtained f rom input and output
accelerometers were presented in the section for  gearbox BB-4 . These
will be presented in all gearbox test sections. In order to better corn-
pare the four representat ions 3 their relative levels are all disp layed
logarithmically versus  time.

Figure 48 (A) p resents  the RMS level f rom the input laterat accelero-
meter as a dashed curve and the corresponding matched filter data
as a solid curve. The vertical scale is 3 dB per division and the
horizontal scale is 50 hours  per division. Note that the tota l change
in RMS level over 420 hours  is approximatel y 10 dB . The d ynamic
range of the matched filter display is about 25 dB. At about 310 hours ,
both curves accelerate their amplitude rise until , at 330 hours , a re-
versal in the trend occurs.  Referr ing to the input torque cu rve of
Figure 43 (A) it is seen that the step ch~ nge in torque loading occurred
at 310 hours. Apparently at 330 hours , whateve r was causing the ex-
treme vibration freed itself .  Thi s reversal phenomenon had been ob-
served during the previous contract, and the reversal  point may be
considered (fo r all practical purposes)  the point of failure.

Figure 4 8 ( B )  present s two curves: ( 1)  the solid curve represents  the
average of all the logarithmic values of the 512 spectral line s in the
10 kHz bandwidth (geometric mean); (2)  the dashed curve represents
the average of all the absolute values of the spectral iine s (arithmeti c
mean) presented in a logarithmic display. Note that there are only
small differences between these two plots. The dashed curve is slightly
more influenced by the s tronger vibration components corresponding to
gear-mesh frequencies. Note the correlation between these curves and
the matched f i l ter  curve of Figure 48 (A). The pedestal-type disconti-
nuities appearing on the geometric and arithmetic mean curves of Figure
48 (A) appear-to have a rela tionship to the input torqu e curve of Figure
43 (A).  Note the dip in torque on the input shaft during this period. Also ,
as described in the section on torque , the output torqu e did not take a
corresponding dip at the beg inning of the period. These curve s appear
to be excellent detectors of abnormalities, as well as trend indicators.
Observe that the RMS level does not give signs of the pedestal disconti-
nuity at about 200 hours.

Figure 49 (A) present s RMS data (dashed curve ) and matched filter data
(solid curve ) for the output accelerometer.  Similarly , Figure 49 (B) pre-
sents geometric mean (solid curve) and arithmetic mean data (dashed
curve) for the output accelerometer.  After 250 hours of running time,
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these curve s follow very closely the same trend as those for the input
accelero meter in Figures 48 (A) and (B). However , during the first
250 hours the average level of these curves does not vary too much,

although there are abrupt departures from the average. Observe that
the RMS level in Figure 49 (A) is extremely steady until the 330-hour
point. It is probable that instrumentation limiting was taking place on
the output accelerometer.  A computer check was incorporated later in
the testing (a fter the HT-5 test) to print out on the teletype if instru-
mentation limiting occurs.

A frequency analysis of both input and output accelerometer data at
six indicated test times in Figures 48 and 49 is presented in the next
sec tion.

Low Frequency Vibr ation Data Frequency Analysis

The time history plots of Figures 48 and 49 represent four different
mathematical operations performed on the processed frequency spec-
tral data obtained from the sampled accelerometer data . It is of prime
in terest in analyzing the failure process in gearbox BB-5 to examine
the actual PSD (power spectral density) plots at the pertinent time s indi-
cated in the time plots. Figures 5 0 (A) through (F) pr esent a series of
frequency displays correspondin g to these va riou s times for the input
accelerometer. Likewise , Figures 51(A )  throug h ( F) present spectral
plots for the output accelerometer. The total dynamic rang e of the dis-
play is 80 dB.

Referring to the zero hour plot s(A)of both Figures 50 and 51, it is
seen that most of the ener~ r i s  concentrated in the fun damental gear-
mesh frequency (approximately 1025 Hz) and its ha rmonics. The
solid line across each of the plots is a computer calculation of the
geometric mean of the 500 spectral lines comprising the display.
Note that the geometric mean lies very close to the dense noise floor
of each spectral plot.

At 250 hours , considerably more discrete spectral lines are observed
on Figure 50 (C) as well as an increase in the dense noise-like
ene rgy around 5000 Hz. It is possible that an uneven rotation of the
shafts is taking place, caused by bearing wear or gear tooth wear or
damage. Uneven rotation will cause sidebands to form around the
fundamental and harmonics of the gear-mesh fr equencies. This
frequency effect becomes exaggerated at the higher frequencies, since
the absolute fr equency deviation is proportional to the particular
harmonic number.
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Figure 50. Gearbox BB-5; Input Lateral Accelerometer
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Figure 51. Gearbox BB-5; Output Lateral Accelerometer

Power Spectral Densities.
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Figures 5 1 ( B )  and (C) at 200 and 250 hours, respectively, indicate a
very high secon d harmonic content , possibly indicating that an
asymmet rical limiting is taking place in the instrumentation. Very
little chang e is observable in the noise floor level between these two
plots, although a modulation sideband component becomes very pre-
dominant at the 250-hour ma rk.

Plots (D), (E), and (F) of both Figures 50 and 51 show a gradual dete-
rioration in the “disc reteness ’ of the frequency components. Plot (D)
at 330 hours represents the peak level of the geometric mean, arithrne-
tic mean, and matched-filter data for both accelerometers. At 420
hours, no discre te gear-mesh engagement is taking place, since Fig-
ures 50 (F) and 51 (F) both show an absence of discrete high energy
frequency components.

Summary of BB-5 Gearbox Test Results

The data collected from the 437-hour testing of the BB-5 gearbox was
particularly useful, not only in developing a trending philosophy but
as an aid in analyzing the causes of the gearbox failure.

-There is no apparent clear-cut reason for the gea rbox failure. The
mechanical condition -was poor to begin with; oil leakage and heavy
bearin g wear were detected. The post-test inspection revealed that
the input coupler was frozen up after disassembly, and any grease was
turned to powder. The best mechanical clue to cause of failure was the
wea r path formed on the inner raceway of the No. 1 bearing . Thi s had
increased from 35 to 9500 inicroinches during the testing period.
Whether this was due to misalignment of the shaft caused by extreme
bearing wear , downward loading of the shaft caused by the weight of
the suspended in-line torque sensor , or gradual coupling wear has not
been verified. This wearpath was observable also on the gearbox BB-4
input bearing assembly. These two gearboxe s were the first  two to be
tested using the in-line torque sensors. Alignment checks have been
made on the next gearbox, HT-5 , and the post-test bearing inspection
report will be carefully scrutinized for correlation with these two gear-
boxes.

Most of the sensor s proved to be definite indicator s of impending fail-
ure. The most trendable appeared to be the B & K lateral accele r-
ometers mounted near the input shaft. A glance at Figure 48 shows
a fairly smooth and linear increase in output for both geometric and
arithmetic mean plots fr om the commencement of test. Gea rbox BB-4
exhibited a similar time history, and its peak value differed from the 

— 
—

BB-5 peak valu e by only 3 dB. The matched-filter indicator closely
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pa rallels the geometric mean and arithmetic mean time histories on
an average basis, while being a more sensitive indicator of spectral
change.

/
The SKF shock pr ofile curve areas showed a general correlation with
the time plots of the B & K accelerometers over portions of the test
period.

The torque and gearbox efficiency measurements were useful as guides
to interpretation of discontinuities in the sensor data described above.

I
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HT-5 GEARBOX TESTS

Gearbox HT-5 was the third gearbox selected for testing under the
pre sent contract. This gearbox had been pulled from se rvice for its
fir st overhaul after 1186 hour s of flight service.

The gearbox was installed in the test cell during the latte r portion of
September 1976 , with te sting commencing October 1. This gearbox
accumulated 596 hour s of te sting during the month of October before
a te st cell failure occurred over the weekend of October 30-3 1. A
wor n coupler located between the output shaft of gearbox HT-5 and
the output torque sensor disengaged itself fr om the gearbox. The
condition of this coupler had been noted and a new coupler was on
order at the time of the failure.

The RMS measurements taken from the two B&K accelerometers
monitoring the low frequency vibration signals (DC-b kHz) near the
gearbox input and output shaft s exhibited extremely small va riance
f rom their mean values ove r most of the total HT-5 te st period. Thi s
indicated that HT-5 would have been tested at least a few hundred more
hours if the test cell had not failed. Because of nicking and scarring
to the ring and pinion gears caused by the gearbox disengaging from
the coupling shafts, it was decided not to test the HT-5 gearbox further
As a result, only partial results and conclusions can be gathered from
analysis of the data.

Mechanical Condition of HT-5 Gearbox (Serial No. ABL 606)

:1 Pre-Test Inspection

The preliminary bearing inspection revealed that the general con di-
tion of the reference bearings was poor. Three of the bearings (Nos.
1, 3, and 4)wer e  categorized as having heavy wear , but none of the
bearing assemblies was listed as having extreme wear.

Post-Test inspection

Very little change was noticed between the general condition of the
bea rings befo re and after testing. The cross-groov-e profile charts
match up extremely well , and the lar gest change was a reduction
in inner race wea r depth of bearing No. 3 from 43 to 30 microinches.
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Spectrometric Oil Analysis (SOA)

Twenty oil samples were collected for the testing period. A com-
parison of the metallic particle content in the oil of HT-5 with that of
gearboxe s BB-4 and BB-5 reveals that thi s gearbox oil stayed relatively
clear throug hou t its testing . Its amoun t of iron was , on the average ,
only 10 to 20 percent of that of BB-5. An initial amount recorded during
the “g reen” run was less than 100 ppm , and then reduced down (see
Figure 52) to le ss than 50 ppm for the remainder of the test period. For
reference, oil sample times are shown graphically in Figure 53 (B).

Temperature Sensors

Figures 54(A )  and (B) present graphical displays of the temperature
reading s recorded from the two sensors monitoring gearbox oil tern-

- - perature and ambient temperature at the outside case of the gearbox.

Other than an initial oil temperature perhaps 20°F higher than that
throughout most of the testing period, no marked temperature effects
can be seen. The negative transient at the 175-hour point was due to
a test cell shutdown.

RPM and Torj~~ Indicators

Figures 55 (A) and(B) present input and output RPM data for 550 of the
596 test hours.  As can be seen , RPM remained stead y on both input azi d
output shafts during this period.

Figure 56 presents three displays: (A )input shaft torque , (B) output
shaft torque , and (C) gearbox efficiency. The moat noticeable effect in
these plo ts is the erratic input torque from hour 45 to hour 170. There
seems to be a 5 percent variation in to rqu e during this period . The rea-
son for this is not apparent at the present time , although there is a
correlation between the end of this variation and the output acceler-
ometer ultrasonic data, as noted in the next section.

Ultrasonic RMS Accelerometer -

Figures 57 (A) and (B) pre sent time di splays of the high frequency
detected energy (greater than 20 kHz) from the B & K accele rometers
mounted on the gearbox near the input and output shafts , re spectively.
There is a steady response from the input channel over the full te st
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period. The output accelerometer shows a severe step rise at

approximatel y hour 170. This happens very closely to the s
ettling

down of torqu e variations (Figure 56). It is possible that the out-

put coupler wea r effect is being observed by the high level of

ultra sonic energy from thi s accelerometer. It was noted in the

report on gearbox BB-5 (which also had contrasting data between the

two accelerometers) that the input side of the gearbox is mounted

firmly to the test cell stand while the output side is not. It is supported

only by the input mount and the output shaft. It is possible that the

resonances of the output accelerometer are more subject 
to excitation

because of this mounting.

The input acceleromete r ultrasonic energy appear s to be the better

trend indicator , since its steady level agree s with the steadiness of

the data exhibited by most of the other gearbox monitors, 1. e., low

H frequency energy from B & K accelerometers and SKF shock profiles.

Shock Pulse Analyzer

Shock emission profile data using the SKF shock pulse 
analyzer is

plotted for both input and output accelerometers in 
Figure s 58 and

59. There is some erratic behavior in the 100-200-hour 
period.

However, the data during the latter 300-hour period appear s fair~y

uniform and would indicate no cumulative deteriorating effect 
in

the gearbox. This is also indicated in Figure 60, which is a plot of

the SKF peak shock value for the input accelerometer. This data

is essentially flat for the entire test period.

Low Frequency Vibration Data Time Analysis

Four unique representations of the data obtained from 
the input and

output accelerometers are presented in the same fo
rmat as that for

gearbox BB-5. It is instructive to compare the data for the two

gearboxes. Figures 61(A) and (B) present matched filter, RMS, 
geome-

tric mean, and arithme tic mean for the HT-5 input lateral accelerometer.

Figures 62 (A) and (B) present the same time histories for the
output accelerometer. It can be seen that a definite trend started to de-

velop shortly after the 500th hour of testing. This was shortly before the

weekend of the test cell failure, and no doubt was attributable to the 
worn

coupler. During the first 500 hours of testing, all indications in Figures
61 and 62 are very constant and indicative of a healthy gearbox.
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The times indicated-at the top of Figures 61 and 62 are the times that

power spectral density plots are illustrated (see next section). It will

be seen that fairly uniform spectra are obtained through 400 hour s and
very little change is evident even at 510 hours.

Low Frequency Vibration Data Frequency Analysis

Figures 63 (A) through (F) illustrate the DC- 10 kHz power spectral den-
sity of the HT-5 input accelerometer. Note that frequency structure only

starts to change at hour 510. At hour 573 the gearbox has been separa-

ted from the output shaft because of the coupler failure.

Similarly, Figures  64 (A) throu gh (F) present the PSD plots for the out-
put accelerometer. Note that the fundamental and second harmonic

components of the gear-mesh rate are close to the same amplitude
over 510 hours of test time, with each predominating slightly at ~pe-
cific times . Again, the sensings of Figures 64 (E) and (F) occur during
the output shaft coupler failure.

In summary, no deterioration seems to have been evident during the
first  500 hours of testing, as evidenced by an examination of the frequ ency
structure of the two accelerometers during this period.

Summary of HT-5 Gearbox Test Results

It was unfortunate that the test cell failure prevented continued testing
of gearbox HT-5. For the most pa rt , the DC sensors and the trending
parameters indicated no cumulative deterioration due to bearing or

gear wear in the gearbox itself. The post-test bearing inspection ap-

pear s to support thi s data.

Safeguards were installed after this failure to prevent a recurrence of

the situation where the gearbox under test had to be withdrawn due to
damage caused by external forces. These included more extensive soft-

wear monitoring of both input and output RPM and torque measurements

to assure that automa tic shutdown will occur if torqu e loading falls out
of prescribed limits. In addition , both torque sensors (on input and
output shafts) were provided with shock mounting to ease the gravita-
tional moment-arm loading on each shaft. Shaft alignment and inspec-
tion of coupler condition were given special attention .
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HT-2 GEARBOX TESTS
I

Gearbox HT-2 was the fourth gearbox selected for test ing under the
present contract. The component removal and repair/overhaul record

(DA Form 2410) accompanying the gearbox indicated that the gearbox
had 2685 hours of usage (including three overhauls, with 1241 hours

of usage after the latest overhaul) prior to receipt for testing under
this contract.

HT-2 ran a total of 1519 hours with no signs of impending failure
indicated by either the computer-collected data or physically observ-
able data. This was subsequently ver ified by using the HT-2 g earbox
in a test evaluation of polymer-film accelerometers (a separate report ;
an addition to this contract). An additional 1460 hours of testing were
accumulated during that evaluation with still no signs of failure!

From the standpoint of component wear prognosis, the testing of HT -2
served to verif y that the sensors used were valid trend indicators,
since extremely “steady” data was collected. A summary of this
collected data follows.

Mechanical Condition of HT-2 Gearbox (Serial No. B13-875)

Pre-Test Inspection

During the initial tea rdown inspection, it was noted that the No. 1
bearing assembly did not turn smoothly when hand-rotated , but af ter
assembly the bearings appeared to be satisfactory.

The preliminary report by Bear ing Inspection, Inc. indicated that “th e
general condition of reference bearings is poor. All bea rings have
sustained moderate to heavy wear. Some bearings have sustained
corrosive pitting and fatigue damage; in particular, bearings 3 and 4
are not recommended for further operation. ” The noise levels on bear-
ings 3 and 4 were listed as 16. 5 and 21 dB, re spectively.

Post-Test Inspection -

During disassembly, only a slight leak at the input and output seal s was
observed. Otherwise, there was no visible change or damage. The
ring gear and pinion gear assembly showed slightly more contact wear
but maintained a very smooth and acceptable wear pattern. AU bear-
ing s appea red norm al and rota ted smoothly.
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The bearing inspection report revealed that input bearing No. 2
appeared to have degraded slightly, with the noise level increasing from -
o dB to 4 dB . Output bearing No. 3 experienced a raceway wear depth

F increase of from 74 to 90 microinches. However , its noise level
actually decreased 5 dB , indicating more uniform wear.

Spectrometric Oil Analysis (SOA)

Fifty one oil samples were collected for the 1519-hou r testing period.
Figure 65 is a grap hical representation of the i ron content in gea rbox
HT-2 oil over the complete test period. The maximum iron content
recorded is onl y 26 pa rts per million , and this occurred du ring the
ea rly stages of testing. The actual i ron content du ring the majority
of the 1519 hours of testing was less than 5 parts per million. Other
elements contained in the oil samples were of even lesser density.

Temperature Sensors

Figure 67 illustrates the oil and ambient tempe rature time history for
gearbox HT-2. The first and last 500 hours of testing are displayed.
The 500-hour intermediate te st period did not vary substantially from
the data shown. In Figure 67(A) the average oil tempe rature is seen
to be approximately 140° F. The average ambient temperature dis-
played in Figure 67(g) is approximately 82° F. Not e the slightly elevated
temperatures during the first 50 hours of te sting. During this time ,
intermittent problem s with test cell pulley-belt slippage were exper-
ienced. The belts and associated shaft s became very hot , thi s heat
being transmitted to the rest of the compone nt s and equipment. A
blower was mounted near the pillow block bearing s to cool this area and
lowe r the overall temperature. Later , pulley-belt tension was

- 
- increased, stabilizing shaft rpm .

— RPM and Torque Indicators

Input and output rpm are presented in Figures 68 (A) and (B), respec-
tively. Again , the middle 500 hours of testing is omitted because of
the non changing character of the data. The initial perturbations in
rpm during the first 135 hours we re due to pulley-belt slippage . It
was discovered that the rpm analog signal from the input torque sensor
was also intermitte nt at this time. This explains the perturbations in
input rpm in Figure 68(A) occurring as late as hour 215.
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Figures 69 (A) and (B) present input and output torque variations durin g

- 

/ the first  and last 500 hours of te sting. Initial torqu e fluctuations were
brought about by the rpm variations described above. Note that both
input and output torque variations track each other very closely, ind.i-
cating good gearbox efficiency.

Ultrasonic RMS Acceleromete r Data

The ultrasonic RMS data for both input and output accelerometers is
show n in Figures 70(A) and(B) .  The input data maintains an extremely
steady average level. The output data,on the other hand,appears ve ry
quantized in nature . This phenomenon is not completely explainable at
the present time. A peak detector is used to detect the energy, so the
magnitude of the impulse size will control the output level. The excur-
sion s do correspond to transient phenomena observable in the rpm

- 

- 

- data of Figure 68. The output ultrasonic data is very stead y during the
- ;  la st 500 hour s of testing, indicating that gearbox operation is extremely
- 

- invariant during this pe riod.

Shock Pulse Analyzer

The shock profile curves for the input and output shock pulse accele r-
ometers are illustrated in Figures 71 and 72 , respectively. Note that
the shock profiles are essentially constant over the last 1200 hours of
te sting, providing supporting evidence that very little wear action took
place during this testing period .

Figure 73 presents the time history for the SKF peak shock value as
measured by the analyzer. Again , the indication is of a steady level
throu ghout testing. The two-level waveform in Figure 73 during the
latter 500 hours of testing was an attempt to time-share the data from
both input and output accelerometers. Note that the transitions occur at
the same time as the oil sample times in Figure 66. The data is
normally from the input accelerometer. In this case , both levels are
stea dy.

Low Frequency Vibration Data Time Analysis

Figure 74(A) illustrates the matched filter (solid) and RMS (dashed)
trending curve s for the input lateral acceleromete r on gearbox HT-2.
Figure 74(B) presents the geometric mean (solid) and arithmetic mean
(dashed) curve s for the same accelerometer. Thi s da ta is extremely
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steady over the entire test period. The t ransient  at hou r 1140 is not
explainable at this time. The initial lower data level from commence-
ment of testing to app roximately 140 hours is no doubt reflective of
the test cell mechanical problem previously described.

Figures 75(A) and (B) present similar data for the output lateral accel—
erometer. The output data for all four trend curves appears eve n
smoother and steadier than that for the input accelerometer.

Low Frequency Vibration Data Frequency Analysis

Spectral presentations taken at even inte rvals during the te sting of
HT-3 support the evidence produced by the other sensor data , oil
analyses , and mechanical inspections that very little wear had taken
place in this gearbox. A comparison of the six spect ral displays of
Figures 76 (A)  throug h (F), the inpu t lateral accelerometer power
spectral density, shows little change in the structure over the 15 00-hour
period. A similar statement can be made by inspecting Figures 77 (A)
through (F) . The se are power spectral densitie s of the output lateral
accelerometer.

In all the illustrations , the horizontal line represents the geometric
mean (or average logarithmic level) of the SlZ-line PSD.

Summary of HT-2 Gearbox Test Results

The majority of the sensor data accumulated from gearbox HT-2 sup-
port s conclusions drawn from oil analysis and bearing inspection reports
that only small wear took place in the compone nt s of this gearbox.
Further substantiation was given by te sting HT-2 an additional 1460
hour s afte r thi s data was accumulated for the polymer accelerometer
evaluation.

In addition to the se conclusions , a certain confidence factor was added
to the te st data collected from the other five gearboxes te sted under
this contract, since identical loading conditions were applied to all,
with some producing more or less wear than others.

-
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HT-3 GEARBOX TESTS

Gearbox HT-3 was the fifth gearbox selected for testing unde r the
present contract. It had two prior overhauls and 1991 hours usage
since new. It was removed from service for TBO chang e, with no
apparent defect (Defect Code 803).

There were two phases of te sting for thi s gearbox. Testing was
initially terminated with 920 hours accumulated. Since no apparent
wear trends were developing , it was decided to remove the gearbox
and r eplace it with gearbox HT-4. This was an attempt to maximize
the amount of wear trend data in the available test hours. No inter-
mediate mechanical inspection was made on HT-3 . It was kept intact
in the event that testing would be resumed at a later date.

Testing was resumed on HT-3 after completion of HT-4 test-
ing. An additional 517 hours of testing were accumulated on this gear-
box before an extremely worn No. 4 bearing forced termination of
te sting.

Mechanical Condition of HT-3 Gearbox (Serial No. B 13-5833)

Pre-Test Inspection

During the preliminary mechanical inspection, the ring and pinion gears
appeared to be sati sfactory, with no scuffing or bad wear pattern. The
initial bearing inspection report on HT-3 listed ball bearings 1 and 2 as
having moderate wear and ball bearings 3 and 4 as having heavy wear. The
roller bea r ing s 5 and 6 were descr ibed a s in gen erally good condition.

Post-Test Inspection

U pon removal of the HT-3 gearbox from the test stand , it was observed
that the case was full of metal particles. Thi s had been observed in the
oil and from the Tedeco chip detector. The initial mechanical inspec-
tion indicated that the ring and pinion gears appeared to have excessive,
although fairly smooth, wear patterns. Both the No. 1 and No. 2 ball
bearing assemblies rotated rather smoothly, with the No. 1 bearing
showing the most wear. The No. 3 and No. 4 bearings were exces-
sively worn , with No. 4 bea ring exhibiting the noieiest rotation . No. 5
roller bearing was in fair shape, but No. 6 bearing rollers were
chipped and pitted badly. The bearing inspection report corroborated
that both No. 1 and 2 bearings now had heavy wear and bearings No. 3
and 4 had extreme wear. Very little change in raceway wea r depth or
radial play was measu red.
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Spectrometric Oil Analysis (SOA)
/

Fif ty one oil samples were collected for the 1437-hour test period.
Thirty one of these samples were taken during the first 920 hours.

Figure 78 presents the iron content in the oil (parts per million) versus
HT-3 gearbox running time. Only iron content was plott ed because of
the rather low content of other elements. The only significant iron
content occurred during the last 400 hours. In contrast , some of the
othe r test da ta show wear  trends star ting to develop as early as the
600th hour of the first test interval. It is not until the last 100 hours
of t esting tha t a significant amount of iron was generated. This was
also detected by t he T edeco chi p detector.

All the oil analyses , pa rti cle count , GE oil monito r , and direct-reading
ferrog raph indicate that the peak iron content occurred at approximately
hour 1360. It will be seen later that the accelerometer trending cu rves
also peak app roximately at this time.

Temperature Sensors

Figures 80 (A) and (B) present the time history of gea rbox HT-3 oil
and ambient temperature versus test time. The oil temperature
rises g radually du rin g the la st 400 hours of t esting , actually
accelerating its rise during the last 100 hours. Table 3 presents the
approximate average oil and ambient temperature during this period .
This oil tem perature r ise appr oximates the output accele rometer
trending curves presented in a later section and correlates very well
with the wear process that took place in this gearbox. The fact that
ambient temperature does not rise in the same proportion as the oil
temperature indicates that the temperature rise is definitely du e to
increased frictional losses in the gearbox.

RPM and Torque Indicators

Figures 81 (A) and (B) present input and output rpm , respectively, for
gearbox HT-3. These stayed very steady at approximately 4160 and
1600 rpm, respectively.

Figures 82 (A) and (B) illustrate the variations in inpu t and output torque ,
respectively. Althoug h the va ria tion app roached 3 percent at times , both
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GEARBOX HT-3;
TABLE 3. AVERAGE OIL AND AMBIENT

/ TEMPERAT URE VERSUS TEST TIME

Hour Oil Temp. (Deg. F) Ambient Temp. (Deg. F)

1000 145 94
1100 150 95
1200 153 98
1300 154 98
1400 171 98

input and output torque varied together. These variations were no doubt
due to slightly different settings of the pressure relief valve for the
hydraulic portion of the system. This statement is borne out by exam-
ining Figure 82(C), which plots gearbox efficiency versus time.
Throug h all these torqu e va riations the gea rbox efficiency remained
fa i rly steady at 97 percent.

The tracking of input and output torque indicates that the re~ ultant

wear and friction in the gearbox was associated with the output ~~ction
of the gearbox, since input friction alone should be reflected in only an
increase in input torque.

Tedeco Chip Detector

Table 4 present s the cumulative chip detector count versus test
time. At 1027 hours , chip activity began at a low level. It was
not until the la st 70 hours of testing that a large chip count was exper-
ienced. This correlates well with the SOAP analysis.

Ultrasonic R.MS Accelerometer Data

Figures 83 (A) and (B) pre sent the time history of the input and output
ultrasonic RMS data. The input data appears to be extremely erratic.
There is a correlation , however , with the low frequency data from this
same accelerometer. The step increase at hour 1300 appear s on both
data curves. (See Figure 87 also. ) The exact cause of the wild excur-
sion s in Figure 83(A) during the earlier testing is undetermined.

The output ultrasonic RMS data is more well-behaved. Looking at Fig-
ure 83(8), the sudden step drop in level at hour 950 occurred at the
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TABLE 4. GEARBOX HT-3;TEDECO CHIP DETECTOR BURN-OFFS
/

Gearbox Running Time (Hr)~~ Cumulative Chip Burn-Off Count

100 0
1027 1
1161 3

• 1193 4
1337 6
1361 1 67 (Loaded with

1408 1 68 metal particles

1432 170

interval when testing of gearbox HT-3 was temporarily halt ed and gear-
box HT-4 was tested. It is seen that a trend had already begun prior to
this , with the g-level gradually rising about 1-2 dB over a 250-hour pc.
n od. This is also observable from the various trending curves
for the lower frequency energy from the output accelerometer (see
Figures 88(A) and (B)). The reason for the new steady state level after
test re8umption in Figure 83(B) is not certain. However , it did main-
tam a fairly steady rise f rom this point on u ntil limiting occurred in

-; the circuitry.

It appea rs from the output ultrasonic RMS data that a definite wea r tren d
is observable sta rting at hou r 700.

Shock Pulse Analyzer

During the second phase of HT-3 testing, erratic behavior developed in
the SKF shock pulse instrumentation. As a result, only shock profile
re sults for the first 1000 hours are available. These curves are plotted
in Figures 84 and 85. Very little change in the shock profile measure -
ment s was observe d during the early te sting. As a re sult, only one
curve , representing the average profile, is shown for each acceler-
ometer.

Figure 86 illustrates the SKF peak shock value measured by the output
shock accelerometer. Step changes in value at various times are due
to inadvertent monitoring of the input accelerometer after measure-
ment of the daily shock profile curve s.
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The tre nd curve of Figure 86 closely par allels that of the output ultra-
sonic RMS data in that a noticeable exponential rise is apparent from
each sensor ’ s da ta at the start of the secon d phase of HT-3 testing.

Low Frequency Vibration Data Tim e Analysis

Figures 87(A) and(B) present time histories of four trending param-
eters from the DC- 10 kHz portion of the B & K input lateral accele r-
ometer for gearbox HT-3. Figure 87(A) presents the RMS energy level
in the da shed curve and the matched-filtered RMS level in the solid
curve . The most notable characteristic of the se curve s is the sharp
ri se in matched-filter level at about hou r 1250. Before this time,
erratic behavior was beginning to appear. However , a prediction
estimate of wear deterioration would probably not be possible from this
data until hou r 1250.

Figure 87(B) presents the other two indicators: the geometric mean (or
average log value of the power spectral den sity) and the arithmetic mean
(average PSD level). The se trend indicators parallel the matched-filter
results very closely.

Since other senso r data indicated commencement of a trend as early as
hour 700 (output ultrasonic data) and hour 960 (SKF peak shock values) ,
it is inte re sting to observe the data presented in Figures 88 (A) and (B).
Figure 88(A) is a plot of the matched-filter and RMS data taken from the
DC- 10 kHz spectrum of the output accelerometer. Note the contrast
between the matched-filter (solid) curve and the RMS data (dashed) .
Where a continuing r ise has commenced at appr oximately hour 600 or
650 on the matched-filter curve , the RMS data appears to be possibly
dropping slightly. It is not until hou r 990 (approximately when
the second phase of testing began) that the RMS data beg ins climbing.
The attractiveness of matched-filter trending is thus repeatedly illus-
trated in these gearbox tests. With 1437 hours of total test tim e on this
gearbox, the output matched-filter curve indicated a wear trend at
approximately the midpoint of testing, an impressive 700 hours before
the test had to be stopped !

The results obtained from geometric mean and arithmetic mean trending
are equally impressive. These results are presented in Figure 88(B).
Note that the rate of change of these two curve s is extremely close .
The time when the wear trend appears to start is approximately hour
600. The dynamic range of the complet~ wear process is approximately
14 dB for the geometric and arithmetic mean curves and 15 dB for the
matched-filter curve .
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Low Frequency Vibration Data Frequency Analysis

/ Power spectral densities at 5 , 750 , 1150 , and 1400 hours for both
* input and output accelerometers are presented in Figure 89 (A-D )

and Figure 90 (A-D), respectively. The horizonta l line across each
presentation represents the geom etric mean valu e at that particu-
la r time . Both presentations show a degene ration of the gear-mesh
struc ture with time and an inc rease of more uniformly dist ributed
spectral line s as wear increases. It can be seen at the 1150-hou r point
that more degradation has taken place in the output accele r ometer
presentation. This correlates with the comparison of input and output
trend curves described in the previou s section.

Results of B & K Accelerometer Data Applied To Shake r Envelope
Detector

Late in this program , the Shaker envelope detector was made available
by Fort Eustis for evaluation of vibration signals. Thi s instrument is
capable of envelope detection of high frequency vibration signals. As
designed , it may examine a narrow-band portion of either a low fre-
quency band from 2-2400 Hz or a portion of the 10 kHz- 100 kHz band.
In addition , the bandpass filter may be eliminated and a broadband
spectrum may be detected. For pu rposes of this contract, the broad-
band mode was used , and the same broadba nd ene rgy peak detected by
the ultrasonic RMS detector (20 kHz- 100 kHz) was also inputted to the
Shake r instrument. The envelope detector output , then , was a replica

• . of any amplitude fluctuations within a DC-b kHz band. This amplitude
modulation energy was then digitized and processed in an identical
manner to the raw DC- 10 kHz energy from the same accelerometer.

• Figures 9 1(A)  and (B)  present the results of the envelope detector trend-
ing. Figure 91(A) illustrates the matched-filter and RMS data time
history for the outpu t accelerom eter. The large step drop at hour 940
occurred when the testing was interrupted for a month. The relatively
smooth climb after resumption of testing is impressive because of the
dynamic range occurring during the wear process. Thi s range is
approximately 18 3dB over a 500-hour test period,compared with 15 dB
over an 800-hour test period for the matched-filter detection of the low
frequency band.

Perhaps an even more interesting result of this test is the dashed curve
of Figure 9 1(A). Thi s repre sents the unprocessed RMS data , which
yields 21 dB dynamic range over the 500-hour test periodi This is in
vivid contrast to the results obtained from low frequency RMS data . In
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those cases, the RMS data consistently varied much less than data

/ produced by matched filte ring or averaging techniques. It is obvious

- - that this method of proce ssing needs to be explored further , since R.MS
processing is a relatively simple operation .

Figure 9 1(B) pre sents the geometric mean and arithmetic mean process-
ing of this same envelope -detected energy. There is a 19-20 dB dynamic
range present. What become s obviou s when comparing the four trend-
ing curves of Figure 91 is that they are approximately superimposed on
each other. This definitely implie s a “near-flat” or near-uniform
frequency density across the 10 kHz band. Figur e 9 1(C) verifie s this
implication. It is a power spectral density of the output accelerometer
at the midpoint of HT-3 testing. The spectrum contains only one
discrete fre qu ency, the gear-mesh rate at approximately 1000
Hz. Unfortunately, time did not permit processing successive time
hi storic b of this spectral presentation for this report. They .will be
examined closely in the next report , which will explore in detail

various analysis techniques using this contract data base.

Summary of HT-3 Gearbox Test Re sults

The test results from gearbox HT-3 were very encouraging. This gear-
box ran 1437 hours , with the first 700 hour s producing little change in
the sensor signals. At the beginning of the final 700 hours of testing, a
wear trend was detected from the output lateral accelerometer. This
trend curve gradually inc reased until within 70 hour s of the end of testing,
both SOAP analysis and the Tedeco chip detector indicated that large
amounts of small metal particle s were present in the gearbox oil. The
te sting was stopped shortly after this, and the output bearing s were
found to be in extreme wear con dition .

Supporting evidence of wear was also supplied by the oil temperature
monitor , the ultrasonic energy, and the SKF peak shock value.

The integrity of the testing was confirmed by the fact that the low fre-
quency trending curve s maintained continuity even though testing of
gearbox HT-3 was interrupte d for 1 month .

A significantly encouraging test re sult was the data produced by
the Shaker envelope detecting the broa dband amplitude modula-
tion on the output acceleromete r ultrasonic energy. It appears that
simple RMS processing is sufficient on this energy to produce prog-
nostic data of equivalent value to matched—filtering or geometric mean
processing of the low frequency energy. Further exploration seems

warranted. - —-
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HT-4 GEARBOX TESTS

Gearbox HT-4 was the sixth gearbox selected for te sting unde r the
0 present contract. Although the repair/overhaul record indicated that

this gearbox had a total of 588 hours usage since new, it also indicated
that it had been used as a test gearbox at Parks College , Cahokia,
Illinois, with rejected bearings installed. Thi s was no doubt the case,
as our preliminary bearing inspection indicated an extreme wea r con-
dition in bearing s 3 and 4. These readings were the highe st of all
bearing s in the gearboxes HT-2 through HT-5.

Testing on gearbox HT-4 was terminated because of excessive wear on
the No. 1 and No. 2 input duplex bearing pair. A total of 552 hours of
testinR had been accumulated in a month’s soan of testing . The RMS level
on the B & K inout lateral accelerometer had been gradually rising over
the te st period when, one day, a large number of chip counts were
recorded on the Tedeco chip detector. Darker oil and increasing chip
count s were obse rved during the following days. Finally, the RMS
level for the input accelerometer had risen more than 15 dB above
the level at the start of te sting, and the input ultrasonic detector for
this accelerometer had reached a level where the A-D converte r had
begun to limit the data . It was decided tha t no fur ther  usefu l info r-
mation could be gained in the te st, so the gearbox was removed for
mechanical inspection.

Mechanical Condition of HT-4 Gearbox (Serial No. ABC-S 688)

Pre-Test Inspection

The preliminary bearing inspection indicated an extreme wear condition
in bearings 3 and 4 with noise levels of 23.5 and 21. 5 dB, respectively.

Prior to initial disassembly the rotation of the input shaft was stiff and
sluggish. The exact cause of this stiffness was not determined. The
ring and pinion gear appeared to have acceptable wear patterns.

The other components appeared to be in satisfactory condition.

Post-Te st Inspection

During the teardown of the gearbox , it was noted that both shafts turned
in a rough manner , especially the input shaft. Whe n the gearbox case
was opened , it was discovered that it was loaded with metalized oil with
streaks and piles of metal and sludge. All metal particles were very
tiny.
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The wear pattern on the gear teeth was excessive but su rprisingly
smooth with very shallow pitting .

• The No. I bearing assembl y was in very bad shape. Both inner and
outer races were badly worn and pitted. The inner race and the balls

fell out without applied force .

The No. 2 bearing was not in quite as bad shape, but the balls were
pitted and the inner race could be pushed out by hand .

The final bearing inspection indicated tha t most damage had occurred
- 

- 
to the input bea rings. Bearing 1, af ter testing, had a raceway wear
dept h of 56 microns, compared with a “negligible ” measurement

before testing. This extreme raceway wear after testing was also
exhibi ted by gearboxes BB-4 and BB-5.

~pectrometric Oil Analysis (SOA)

Twenty one oil samples were collec ted for the 513-hour testing period.
In Figure 92 , the i ron content in thi s gearbox versus test time is

plotted. It is seen that there is app roximately a 10:1 increase in

i ron content of the last sample over the previou s samples. Thi s
indicates extreme wea r in the brass retaining ring on the bearings ,
which was observable in the post-test inspection .

Temperature Sensors

Both oil temperature (Figure 94 A) and ambient temperature (Figure

94 B) are plotted versus time for the test time du ration. The step
increase in temperature at approximately hou r 270 is attributable to
a shu tdown of the coolin g water used in the test cell hydraulic system.

This shutdown las t ed appr oxima tely 100 hou0rs. The oil temperatu re
du ring this period rose from a nominal 140 F to approximately 185 F.

The corresponding0
ambient temperature in~~he gearbox vicinity rose from

from a nominal 90 F to approximately 110 F. Because of the relatively

high viscosity versus the temperature index of the hydraulic fluid , -no
appreciable changes in the operating load on the gearbox were experienced.
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RPM and Torque Indicators

RPM remained extremely constant during the entire testing period.
Both input and output rpm are plotted in Figures 95 (A)  and (B). These
were  maintained at approximately 4160 and 1600 , respec tively.

Gearbox input torque, output torque, and ef ficiency are plotte d in Fig-
ures 96 (A), (B), and ~C). A step increase in torque and a correspond-

ing decrease in efficiency are  noted between hou r 180 and hour 300. It
will be observed in a later section that the input accelerom eter RMS
indicator show s the commencement of a trend at hour 180 . It is not
certain what caused this step change in torque. The chip detector
count reco rded by the Tedeco chip detector in Table 5 does not show
a significant chip count until hour 365 . Because of the subsequent input
bearing damage, it is probable that the cause of gearbox loading is
associated with the input shaft vicinity.

Tedeco Chip Detector

The Tedeco chip detector cumulative burn-off count is recorded
in Table 5. A significant chi p burn-off count is experienced at
hou r 365. A gradual rise in burn-off count is observable after
that time , continuing to the end of test. The spectrometric oil analysi s
indicate s a significant iron content increase at hc..ur 272. It is probable
that the accumulation of debris near the chip detector was occurring
between these two times and reached suff icient den sity to pr oduce a
conductive path across the detector electrodes. The procedure
employed at oil sample and change time was to not clean off the
detector electrodes.

Ultrasoni c RMS Accelerometers Data

Figures 97 (A) and (B) present the RMS levels from the ultrasonic portion
of both input and output B & K accelerometers. As noticed on previous
gearbox tests, these indicators have a tendency to be erratic at times.
It is quite probable that the ultrasonic energy is affecte d by the oil
changes. Figure 97 (A) shows a definite ramp increa se in ultrasonic
energy beginning at hour 180 . This is the hour that inc rea sed torque
loading was also experienced. The negative-going transient spikes
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Efficiency vs. Test Time .
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TABLE S. GEARBOX HT-4; TEDECO CHIP DETECTOR
~~~0 CUMULATIVE CHIP BURN-OFFS

Gearbox Running Time (Hrø . )  Chip Burn-off Count

67 1
114 1
149 1
181 1
224 1
272 1
341 1
365 33

- 
- 380 34

403 37
427 49
465 54
489 56
547 81

appear to be at 24-hour intervals and may be associated with oil
sampling and changing, since they closely line up with the oil sample
excursions of Figure 93.

Figure 97 (B)presents the output accelerometer ultrasonic time history.
The step increase at hour 270 , decreasing again at hou r 300, appears
to be riding on a lower level pedestal occu r rin g at the same time that
the temperature rise was experienced. The large excursion is difficult
to explain. The ove rall lower pede stal is also observable in the
DC-1O kHz portion of the spectrum , as obse rved in Figure 102 , and may
be attributable to -a change in instrumentation gain.

Shock Pulse Analyzer

Figures 98 and 99 present the shock profile history of both input and
output accelerometers for gearbox HT-4. Figure 98 illustrates the
degradation of the input bea ring. There is very little change :ver
the first 300 hours,but it is seen in curve C that much higher levels of
shock are being experienced at shock rates up to 200 pulses per second
at hour 513. Figure 99, on the other hand, present s the shock pr ofile
hi story in the vicinity of the output bearing . This series of curves is
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Figure 97. Gearbox HT-4; Ultrasonic RMS Data.
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more indicative of forei gn matLer present  in the bea ring lubricant.

Figure 100- presents a time history of the SKF peak shock reading for
the input accelerometer. The start of increasing shock value s appear s
at approximately hour 2 0 .

Low Frequency Vibration Data Time Analysis

Figures 101 (A) and (B) present time histories of four trending pa ram-
eters on the DC- 10 kHz portion of the B & K input lateral acceler-
ometer. Figure 101 (A) present s the RMS energy level in the dashed
curve and the matched-filtert~d RMS level in the solid curve. The
start of a wear trend occurs somewhere around hour 200. The
superiority of the matched-filter indicator ove r the RMS indicator
can be seen by comparing the dynamic ranges: greater than 30 dB for
the matche d filte r versus approximately 15 dB for the RMS indicator.
Figure 101 (B) presents the other two indicators:  the geometric mean
(or average of the logarithmic values of 500 spectral lines of the powe r
spectral density ver sus time) and the arithmetic mean (average of the
absolute voltage values of the 500 spectral line s of the PSD). These
two indicators, as in previous gearbox te sts, appear to be ve ry similar
to the matched_filter indicator , although with less dynamic range:
approximately 20 dB for the geometric mean and 19 dB for the arith-
metic mean. A step reduction in level is obse rvable in all four indica-
tors at hour 150. Thi s appears to be an instrumentation problem (i. e . ,
redu ction in signal level) since the effect is not obse rvable in any of
the othe r sensors.

It seems fair to say that a prediction of 300 hours of useful remaining
life could be made with the matched-filte r indicator monitoring the
input accelerometer.

Figure 102 presents the same four indicators monitoring the output
accelerometers. It can be seen that the dynamic range of the trend is
not as great as for the input accelerometer (i. e., only about 16 dB for
the matched filter). It is interesting that the interval when the 40-45° F
oil temperature rise occurred is also characterized by a pedestal
increase in level from all four output accelerator trend indicators. The
relationship is not immediately evident, although it is probably an
instrumentation effect (i. e., an increase in amplifier or processing
gain versus temperature) .
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Figure 100 . Gearbox HT-4; SKF Peak Shock Value.

180

3.-

— 5-- - 5 - - —  5- - - 5——  
— _ _ _  ~~~- -5 - -~~~~~~~~~~~~



-‘5-- - - - ---—5- - -----~ —----- - -5— 
r r 5 - o~ 2r.’o. 

~~~~~~~~~~~~~~~~~ ~~~ ~~~~~~~~~~~~~~~~ 
- - - 2: — — -‘ --—-5-,--, — —-— - ~~~~~~~~~~ 0 —

- HOURS
U 250 500

0 , ~J i I P I 1 1

1
4/

— — 9 .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

J I~
•-”.

_ _
~

_ 
‘

~

~ -18 
. . I .

• ~~ 
. ~~~~ 1 •

~ -27 ’

(A) MATCHED FILTER(SOLID) AND RMS DATA
(DASHED)

HOURS
0 250 500

0 , i 1 1 1 1 1 1 1 

I
- 

-
.

I 
,~ -6 . *~ 

.0 _ 0 v
,.:1 -12 . ~

~ -18 . 
~~~~~~~~~~~~~ 

~~
(B) GEOMETRIC MEAN (SOLID) AND ARITHMETIC

MEAN (DASHED).

Figure 101. Gearbox HT-4 ;  Input Lateral
Accelerometer Trend Parameters.
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Low Frequency Vibration Data Frequency Analysis

Power spectral densities at 5, 250 , 450 , and 500 hours are presented
in Figures 103 and 104 for both input and output accelerometers. The
ho rizontal line ac ross each presentation repre sents the geometric
mean value at that particular time. Both Figures 103 and 104 show a
degeneration of the gear-mesh structure with time and an increase of
more unifo rmly distributed spectral line s as wear increases. Thi s has
consistently appeared in wear patterns for all gearboxe s and is the
basis for utilizing a large portion of the frequency spectrum as the data
base for a wear trend indicator , rather than concentrating on discrete
vibration frequencies.

Summary of HT-4 Gearbox Test Results

Gearbox HT-4 was in extreme wear condition prior to testing on this
contract , although it was seemingly in better condition than gearboxes
BB-4 and BB-5.

The significant result of this test was the relatively smooth trending
curve produced by the matched filter RMS data from the input acceler-
ometer , with the trend developing approximately 300 hours before the
culmination of testing.

The ultrasonic RMS data from gearbox HT-4 provided errati c informa-
tion , as it did in the tests of previou s gearboxes.

Both the Tedeco chip detector and the SKF shock meter were useful in
correlating the wear produced by testing . The spectrometric oil
analysis provided information at about the 272nd hour that the iron level
had risen, although the iron content remained fairly constant until hour
489.

It is significant that the matched4ilter detection occurred approximately
75-100 hours before the shock meter or chip detector detected signifi-
cant changes. W ith this detection level 30 dB below the level finally
reached at the end of testing approximately 300 hours later , it appears
possible tha t a reasonably reliable prognosi s criterion could be developed.
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Figure 103. Gearbox HT-4 ; Input Lateral

Acceleromete r Power Spectral Density .
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DATA BASE ANA LYSIS

This section present s a brief analysis and sum m ary of the
4712-hour data base collected for investigation of failure prognosis
techniques.

A lthough only 3000 hours of this data were required to be selected
for analysis , essentially all of the data was final Ly t ested by the failure
pr ediction algorithms. The algorithms were developed basically around
data from four gearboxes: HT-2 , HT-3 , HT-4 , and HT-5. These gear-
boxes were tested for 1519, 1437 , 552 , and 596 hours , respectively.
The other two gearboxes , BB-4 and BB-5 , were actually in a failure
mode at the start of test so were of dubious value in optimizing a
trend detection algorithm. Th ese gearboxes , tested for 171 and 437
hours , were tested by the final optimized algorithm for the sake of

completeness , however.

Data from gearboxes HT-2 and HT-3 were of particular interest. Since
gearbox HT-2 did not fail (verified by an additional 1400 hours of test-
ing on a later program), its tr end data served to t est the trend detection
“no- trend ” condition. Gearbox HT-3 , on the other hand , exhibited

“wear ” signs during the second half of its 1437 hours of testing. It was
subjected to the heaviest analysis since “long term ” failure prognosis
was , by necessity, to be ver ified by data from its sensors. All other
gearbox tests (HT-2 excluded) produced failures after fairly short term
runs.
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FREQUENCY ANA LYSIS METHODOLOG Y

Frequency analysis of the vibration waveforms produced by
accelerator sensors mount ed on each gearbox is used as the basis of
component wear determination under this study effort. In general, the
-use of frequency domain analysis lends it self quite well to wear evolu-
tion percept ion. For example, continuous or periodic observation of
the time-varying sensor waveform r eveals ve ry little about small or
subtle changes that may be occurring in the dynamic structure of the
system under measurement. A small bearing raceway nick or loose
part icle may be microscopically small, resulting in imperceptible per-
turbation s on the accelerator waveform during early stages of testing.
Fourier frequency analysis of this waveform, on the other hand , re-
classifies this time-varying voltage into N/2 separate frequency
components , where N is the number of consecutive samples of a
par ticular waveform used for a given Fourier transform. The effect ,
or contr ibut ion , of each f requenc y component is represented by its
magnitude relative to the other frequencies in the set.

There are two err ors that may r esult in tr ansforming sampled
tim e data to the frequency domain. An abr upt and finite sampling of a
r elatively continuous tim e waveform must be sm oothed and weighted to
minimize spurious side-lobe structures from forming around bonafide
f requency component magnitudes. The Hamming time-weighting of the
sample set accomplishes this minimization satisfactorily, as long as the
dynamic range of magnitudes considered in the analysis is less than the
Hamming suppression factor of 42 dB. That is , no computed f r equency
magnitude less than 42 dB below the largest recorded magnitude can be
considered a valid component.

The second potential source of error is in the interpretation of
the frequency magnitude. Because the sampling time is finite, and only
a finite number of evenly spaced spect ral lines ar e produced in the
transformation, each line is actually representative of a f requency band

- - equal to f 8 /N , the sampling frequency divided by the number of samples.
In the case of the present contract , this is 19. 531 Hz. Consider the
gear-mesh-rate frequency of the gearbox: ~gm = rpm . NT/60 , where
NT is the rate of successive meshes of consecutive gear teeth in the
pinion and ring gear s, r espectivel y. Since there are 15 teeth on the
pinion gear , which is revolving at approximately 4100 rpm , the gear-
mesh rate 1gm = 4100 x 15/60 = 1025 Hz. The Fourier analysis
produced spectral lines at multiples of 19. 531 Hz. Thos e in the vicinity
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of the gear-mesh rate are 1015. 625 Hz and 1035. 156 Hz. Any energy

re presentative of the fundamental gear-mesh rate will be distributed
between these two spectral lines in the ratio

K - 1025 - 1015. 625 
- 231035. 156 - 1025 -

where K is the ratio of energy at 1035. 156Hz relative to that at
1015. 625 Hz. For that reason , any analysis of a particular frequency
bin has to be done with caution. Changes in rpm having li ttle or

nothing to do with gearbox wear will modif y K and affect ene rg y dis-
tribution in the frequency bins .

In order to better understand the rationale behind the various
t rending techniques employed on this contract, it is convenient to con-
sider va rious time-frequency transform pairs corresponding to a few
wear phenomena that occur in rotating machinery.

Fir st of all, the normal condition of a healthy rotating gearbox
produces ener gy at the fundamental and harmonics of the gear-mesh
frequency. In addition , shaft force against bearing assemblies pro-
duces a lower level periodic energy at a frequency determined by the
number of bearings in the assembly and the shaft -rpm-. In this case ,
the power spec t ral density ( PSD) of the accelerometer output consist s
mainly of discre te frequency components at the above-mentioned fre-
quencies.

If a nick or roughness develops in a bearing, it will pr oduce an

extremely short duration shock pulse. The rate of occur r ence of the

pulse train should be more random than periodic during the early
stages of rotation, since the ball bearing action will cause the flawed
surface to come in contact with the rotating shaft on a rather random
basis. Sinc e the PSD of a random pulse train will tend to contain a
uniformly distributed frequency spectrum (i. e., the Fourier trans-
form of an impulse is a uniform f r equency density of unlimited bandwidth),

with the magnitude increasing as the number of pulse occurrences
inci ease, it would seem imperative to “capture” or detect the occur-
r ence of this phenomenon in the processed accelerometer frequency
spectrum in order to aid in wear prognosis.

Similarly, abrasions or scarring occurring on certain gear teeth

tend to produce a modulation sideband pattern around the gear-mesh
fundamental and harmonic frequencies. This occur s because not all

teeth are scarred the same amount , thus intr oducing a lower frequency
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modulation. H ere again , the tendency is to increase  the density of
the frequency spectrum, in this case by the generation of a modula-
tion patt ern around the normally periodic gear-mesh frequency components.

These phenomena are  illustrated in the individual gearbox
test ing expe rimental results sections. In all cases where wea r
and subsequent failure occurred , the PSD history is cha racteri zed by
an increasing density and density magnitude. For these reasons , the
primary trending methods to be described in subsequent sections con-
sider changes in the complete DC-b kHz spectrum as a function of test

- - tim e rather than concentration on a single frequency bin. Lie PSD test
histories show that the va rious wear p henomena manifest themselves by
both a “broadening ” of the spectral density and a subsequent increase
in this broadband energy.
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TR END PARA ME TER INV ESTIGAT ION

-
- - 

TREND PARAMETER DESCRIPTION

A significant portion of this program ’s effort was allotted to
determination of optimum wear trend parameters that could be
extracted from the data collection base. What was needed was a sensi-
tive parameter derived from the 512-point power spectral density array
that would indicate , as early as possible, the change from a no rmal
condition . It was necessary that this parameter not only indicate such
a depar ture but maintain its magnitude proportional to the degree of
component deterioration at all times.

- 
- Twelve parameters were identified and examined; three of these

wer e found to be satisfactory , and one appeared to be th e most sensi-
tive to the criteria we had established. The basis for this grading of
the parameters was accomplished in stages. Fi r s t , all parame ters

- - were a pplied to output accelerometer data from HT-3 , sinc e it appeared
this gearbox experienced a very gradual deterioration and could best
evaluate the parameter effectiveness. A sample calculation of each
parameter was made at every 24-hour interval of the HT-3 test p eriod.
These parameters were then plotted on a common gr aph and a visual
evaluation was made as to which three were superior from the stand -
points of (a)  ea rly indication of a wear  process and (b) total dynamic
range of magnitude f r om “healthy” to “failed” condi tion. Next , the
three highest candidate parameters were calculated from the entire
HT-3 output accelerometer data base. This data was then subjected
to the trend detection algorithms described in a later section. Finally,
a quantitative summary was made of the effectiveness of these three
parameters vs. valid trend detection. Included in this summary are
assessments of computational complexity of the individual parameters.

Table 6 lists the 12 candidate parameters divided into two
classes: Class I consists of 6 para meters that process tht . entire
10 kHz power spectral density. Class U candidates process onl y
portions of the 10 kHz spectrum.
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TABLE 6. TREND PARAMETER CANDIDATES

Class I: Broadband Parameters Class U: Narrowband Parameters

1. RM~ Vibration Level ~~~,, Gear-Mesh MSR vs. Gear-Mesh
BW

2. Spec tral Correlation 2. Noise MSR vs. Gear-Mesh BW

3. A rithmetic Mean 3. Gear-Mesh MSR vs. Frequency
Band

4. Geometric Mean 4. Noise MSR vs. Frequency Band

5. Cepstral Coefficients 5. RMS/Gear-Mesh Energy vs.
Gear- Mesh BW

6. Matched—Filter RMS 6. Noise/Gear-Mesh Energy vs.
Gear-Mesh BW

First, a description of each of t~ e Class I parameters is pre-
sented:

(a) EMS Level

The EMS level re presents the total ener gy in the accelerometer
signal. This level may be computed from the power spectral density
by the following expression:

EMS Level 
=J~~~~v~ 

(5)

V = amplitude of the ith vibration frequency

N = number of frequency bins (512)

R.MS level has long been used as a diagnostic fault indicator. It lacks
sensitivity, however , as a prognostic indicator since a large percentage
of the accele rometer signal is associated with normal component vibra-
tion energy during healthy ope ration. Because an ear ly detect ion of
wea r is desi rable , further search for a more optimum parameter was
made.
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(b) Spectral Correlation 2

A statistical measure of the “agreement” or “likeness ” of two
gr oups of da ta is the cor relation coefficient r , def ined as:

Covariance between data set X and data set YCorrelation Coefficient = ___________________________________________________

J(Variance of da ta set X) (Variance of data set Y)

N
or (6)
r= _ _ _ _ _ _ _ _ _

where ~ X 2 and ~

are the sum of squared deviations f rom the mean value of th e data sets
X and Y and

N
E ~~~~~~~1 1
i= l

are the sum of products of deviations ~X and I~Y f r om the means of
their respective data sets X and Y.

The value of the coefficient r will fall between the extremes:
*1. “ + 1” indicates that X and Y data sets are either identical or at
least proportional to each other , i. e., Xj = KY i. A” - 1” indicates
that X~ = -KY1. All other sets of conditions can be shown to fall
between these extremes.

2. Snedecor , G. W. ,  an d Cochran , W. G.,  “Statistical Methods , ”
Iowa State University Press , 6th Edition , 1967 , p. 172.
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The time history of power spectral densities can be treated as
data sets in the above sense , and the spectral correlation r 5 may be
examined as a trend parameter. In this case , data set X represents a
healthy spectral signature used as a reference set. Data set Y then
represents the current power spectral density to be “correlated”
against set X.

It will be seen , however , upon examination of the spectral
coefficient of the time history of the spectra , that this parameter is
not too sensitive to early signs of wear in a component. There are at
least two reasons for this: (a) lower level frequency components are
not weighted as heavily as higher level, and (b) the parameter is not
sensitive to overall spectral energy increases and decreases.

(c) Arithmetic Mean

The arithmetic mean tends to give more significance to the lower
level frequency components. Unlike the RMS level, which sums the
squared frequency component values , the arithmetic mean averages
the magnitudes or equivalent “g” levels of the frequency components.

4 It is computed as follows:

L Arithmetic Mean = E V~ (7)
1=1

with V1 and N defined above.

Cd) Geometric Mean

The geometric mean corresponds to the average logarithmic
value of the vibration spectrum. It tends to suppress the influence of
large amplitud e components. The geometric mean tends to hover close
to the average noise level of the spectrum. It is computed as follows:

N
Geometric Mean = E log %‘~ (8)
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(e) Cepstral Mean-Squared Ratio

3
Cepstral smoothing is a technique used with success in speech

processing to separate components o.f the speech waveform to aid in
analysis or synthesis of the vocal tract. The vibration waveforms
obtained from the gearbox accelerometer signals are very analogous
to speech waveforms. The “pitch” component in speech is similar to
the gear-mesh component, dominating the energy share ~f the signal

j  and appearing at the low end of the frequency spectrum. Similarly, the
un-voiced sound s are similar to noise produced by bearing wear. Both
phenomena are characterized by ener gy dis t ribut ed throu ghout

a the audiO spectrum.

Cepstral smoothing consists of low-pass filtering the Fourier
transform of the signal log spectrum. The log spectrum, as observed
with the effect of the geometric mean parameter , tends to reduce the
dynamic range between the various spectral components. When the
Fourier transform is performed on this log spectrum , the resultant
data might be thought of as an enhanc ed autocorrelation function. What
is of interest is to determine the degree that the higher order cepstral
coefficients chang e during a wear process. For this reason , var ious
cepstral mean-squared ratios were computed, each one averaging twice
as many squared coefficient ratios as the preceding one. The object
was to see how this parameter var ied , both with time and number of
averaged ra tios , as a wear trend parameter.

The cepetral mean-squared ratio CR (j ) is defined as

N . I c 1
2

CR ( j )=j f~~~ I C .  ~ 1
J i = l  L (ref)j

where N . = 2 ~~~~’, j l , 2 , - --- 7

N /N
and 

~~~ 
C . = FFT log V .) current spectrum

i = l  ~~= l  /
3. Makhoul , J . ,  “Spectral Analysis of Speech by Linear Prediction , ”

IEEE Transactions on Audio and Electroacoustics , Volume AU-Zl , • .  -

Jun e 1973 , p. 146.
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N IN 1
E C . (Re!) = FFT Log V.(Ref) I 

referenc e spectrum

t = 1  Lt~~ J

The first  cepstral coefficient , CR( l )  is the ratio of the geometric
mean of the current spectrum to the  geometric mean of the current
spect rum to the geometr ic mean of the reference spec trum, or

2
- N

r c ~~2 log y . 2
~ I = 1 =/ Current G. M

CR (1) = c I = N k Reference G. M.
1 (Re!) 1

N 
~~~

. 
i (R.ef) (1 0)

(f) Matched—Filter RMS

Each of the five parameters described above contains features
that t end to desc r ibe a component wear process time history: The
RMS level considers the total energy in the signal, since it is
known that vibration ener gy increases wi th component wear.  The
spectral correlation coefficient compares a current vibration spectral
signature with a reference level in order to detect differences. The
ar ithmetic mean considers an averag e “g ” or “voltage” level of the
signal rather than the average “energy ” or “power ” level, thus giving
higher weight to higher density low level frequency components. The
geometric mean improves upon the arithmetic mean by providing ex-
ponential weighting to the frequency components , producing a parameter
measuring closely the noise floor of the vibration spectra .

The sixth parameter considered — the matched-filter RMS - com-
bines many of the features of the previous parameters. It uses a
reference vibration frequency signature similar to the correlation
method . Instead of averaging products of reference frequency and
current frequency terms , however , it averages the squared ratio of
each of these terms. In this way, it is sensitive to overall energy
level changes. Also, by averaging frequency component ratios , it
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wei ghts each frequency component egually~ The matched-filter RMS

is defined as

2
v . 1

Matched Filter RMS = E ~ 
i (1 1 )

i=  1 i(R.EF)

where V. 
~REF) is the ith reference vibration frequency component.

V. and I~t~were previously defined.
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RESU LTS OF CLASS I PARAMETER EVA LUATION

Irigures 105 and 106 present time histories of Class I 
parameters

calculated from samples spaced Z4 hours apart of HT-3 gearbox output

accelerometer PSD data. Figure 105 includes all parameters except.the

cepstral coefficients. All parameters have been converted to loga-

rithmic (D13) equivalents of their magnitudes. Note that the matched -

filter R.MS, geometric mean, and arithmetic mean parameters appear

to be far superior to the spectral coefficient and R.MS level from the

standpoint of early detectability of wear. Of these three, the matcbed-

filter RMS has the greater dynamic range, with the geometric mean

second.

• Figure 106 presen ts the first  three cepstral ratios. Cepstral

ratios higher than CR(3) were essentially constant over the test period.

A pparently, no new trending information is added by averag ing more of

the cepstral bandwidth together with the first coefficient. While any

one data point may be trendable, such as the first (the geometric
mean), it appears tha t the ran domn ess of the hi gher cep stra l ra tios

merely produces progressively lower sensitivity vs. bandwidth.
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4 RESULTS OF CLASS II PARAMETER EVA LUATION

AU. of the Class I parameters described abov e process the entire
DC-1O kHz power spectral density to arrive at the parameter value.
This Class II parameter evaluation, on the other hand , examines
various parts of the spectrum.to determine if certain portions may be
more sensitive to wear than others.

The output accelerometer vibration data from gearbox HT-3
has again been used for compa ri son . Since the matched-filter
Class I parameter appears to be the better of the other five , all
Class II parameters should be compared with it.

Gear-Mesh Mean-Squared Ratio vs. Gear-Mesh Bandwidth

• The first Class II parameter to be considered is the gear-mesh
mean-squared ra tio. To compute thi s parameter , only those spectral
lines in fixed bands around the gear-mesh fundamental rate (1025 Hz)
and its first eight harmonics were processed. The same fundamental
computation as is involved in the matched-filter computation is used ,
but the term “mean-squared ratio ” is used to avoid confusion.

N 2

Gear-mesh MSR = 

~~~~~~~ ~~ i 
(__

V

~ 
(12)

G j . = 1 j = N Li \ j(Ref )/

where

( i . f a
) _

~~
/2

NLi = S

( t _ f
G) + W 2

NH i = S
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N
0=~~~ (NH. - NL. + 1)

i = 1

‘
~ 

gear-mesh rate..(Hz)

= gear-mesh bandwidth (Hz)

S = PSD line spacing (Hz)

and Vj (Refi) are the magnitudes of the jth frequency com-
ponents of the current & ref. PSD’s.

Figure 107 illustrates this parameter plotted for various band-

widths of the gear-mesh harmonics. At the high er bandwidths , the
parameter essentially tracks the broadband matched-filter parameter.
At lower bandwidths , the sensitivity becomes less. The conclusion is
that this parameter adds no improvement beyond the matched filter.

Noise MSR. vs. Gear-Mesh Bandwidth

A noise MSR parameter may be defined for that energy outside
the gear-mesh bands. It may be defined in term s of both the matched-
filter parameter and the gear-mesh MSR:

Matched-
Noise MSR 1 1N.(Filter ‘

~ N~f(Gear_mesh
’
\l (13)

N - NG L \ RMS / MSR

• Figure 108 illustrates this parameter plotted for variou s gear-mesh

bandwidths: 32, 64, 128, 256 , 512, and 1024 Hz. For the majority of
the bandwidths, it resembles both the matched-filter parameter and the
gear-mesh MSR. This implies that the wear-trending information is di s-

a 

tributed throughout both the gear-mesh and noise bands . The matched
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filter parameter, which encompasses the whole band , should there-

•/ fore be a more sensitive parameter.

Noise Energy/Gear-Mesh Energy Ratio vs. Gear-Mesh Bandwidth

Another verification that a more sensitive parameter is achieved

by con sider ing the total vibration band is illustrat ed in Figure 109.
These plots represent ratios of noise energy to gear-mesh energy vs.

gear-mesh bandwidth. Initially, the energy is distributed fairly
equally between the noise and gear-mesh bands. W hen wea r star ts
to develop, the noise increases at a faster rate than the gear-mesh
energy, but the function is nowhere near as continuous or as sensitive

as the matched—filter parameter.

Figure 110 illustrates ratio plots of total vibration energy to
gear-mesh energy for various gear-mesh bandwidths. This is essentially

another way to represent the information in Figure 109, since Total

Energy Noise Energy + Gear-Mesh Energy. The increase in this
ratio as wear increases is less sensitive and more erratic than the

matched—filter parameter.

Investigation of Frequency Band Sensitivity

To complete the trend parameter investigation , the DC- 10 kHz
spectrum was divided into six equal fr equency bands. Each of these
bands was examined to see which were the most sensitive to wear.
First, the mean-squared ratio was applied separately to gear-mesh
components within each band. The gear-mesh bandwidth was kept con-
stant at 64 Hz. Figure i l l  shows plots of the gear-mesh MSR vs. the
six frequency bands. Band 5 appears to be most sensitive, in fact
slightly more sensitive than the DC-b kHz matched-filter parameter.
Figure 112 plots the noise MSR (or non-gear-mesh component MSR)

within each of the six bands. Again , band 5 appears the most sensitive.
This band encompasses 6640-8261 Hz.

An examination of the output accelerometer power spectral
density plots for the various gearboxes sheds some light on the sensi-
tivity of band 5. (See Figures 64 , 77 , 90 , and 104.) There appears to

a be a mechanical resonance causing a peaking of the energy in this band.
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Observation of the input accelerometer power spectral densities (see

Figures 63 , 76 , 89, ark d 103) shows no resonance effect.
/

• It would appear that a precautionary approach should be taken

toward assu ming that band 5 offers the best trend indication. Without an
exhaustive search of the entire data base (which was not taken on this
contract) it seems safer to rely u pon the matched-filter parameter as
the better trend parameter for prognostic work.
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TREND DETECTION INVESTIGATION

Once a sensitive tr end pa rameter has been established , numerous
curve-fitting techniques may be applied to the data to aid in failur e
prognosis. However , since curve-fitting a straight line introduces no

• new prognos t ic information, it is desirable to be able to detect when a
departure from a healthy stationary condition occurs. Instrumentation
and environmentally introduced noise sometimes mask the commence-
ment of a true wear trend and at other times may introduce false
short-term trend indications.

Of the six Class U trend parameters investigated , only on e
appeared better than the Class I matched-filter parameter. This
was the processed MSR data from band 5 of the spectrum. However ,
due to the questionability of the data because of an accelerometer
resonance phenomenon, it appears the more prudent choice would
be to investigate the relative trendability and computational complex-
ity of the three highest-rated Class I broadband parameters:
( 1) matched-filter RMS, (2) geometric mean - an d (3) arithmetic mean.

To minimize false trend indications, two processes were applied
before trend detections to the trend parameters derived from the PSD
data. These were (a) step-compensation and (b) 24-hour smoothing.
The first process subtracts out any step-discontinuities greater than
or equal to 2 dB between consecutive 1-hour samples. The second
process performs a 24-sample (hour) moving average of the data.
Figure 113 illustrates the flow diagram of the combined data editing
algorithm. Each final processed data value thus represents the mean
value of the unsmoothed data over the previous 24-hour period, after
2 dB or greater steps have been subtracted.

Many techniques may be used to detect trends: slope computa-
tions , inflection point checks , least-squares curve fitting, etc. It is
desirable, though, especially if a large amount of equipment is being
monitored, to maintain a low computational burden on this phase of
monitoring. For this r eason, a simple computational algorithm that is
sensitive to trend commencement has been used in ~ur failure prog-
nosis effort : the reverse-arrangements technique. What makes

4. Otnes , R. K., and Enochson , L., “Digital Time Series Analysis , ”
Wiley and Sons , 1972 , p. 400.
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this method particularly attractive is its relative insensitivity to the
rate of change of wear. The reverse-arrangements algorithm is nearly
as sensitive to slower developing trends as to accelerated trends. This
algorithm is defined as follows:

I

Denoting data values by X 1, X2, X3, - - - , XN, a reverse arrange-
ment is def ined as

+ 1  X . > X .
3 1

a.. = 0 X.=X . (14)
- 1  X • < X .

3 ’

The total number of reverse arrangements in an N-point data
r ecord is then defined as

• 
A = ~~~~~ La.. (IS)

i = l  j •.,. i

It is seen that the only cri terion for a positive reverse arrange-
ment is that a succeeding value be greater than a previous one.
Therefore, a stationary time series will, on the average, have a 50%
probabi lity of this event occurring. A pure rising trend over N record
points would produce N (N - 1) /2 reverse arrangements. For N � 10,
the distribution of reverse arrangements is closely approximated by
the Gaussian , or normal, distribution curve with a standard deviation
of

/2N3 + 3 N 2 5N
18 

(16)
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Figures 114 through 115 illustrate various synthesized trends using a
16-point data record. The normalized sum represents the ratio of the
summed reverse arrangements to the maximum value of A possible.

Unlike the synthesized data, the gearbox trend data exhibits 24
cyclic variations which could be considered short-term trends. A good
example of how 24-hour smoothing of the data eliminates this effect and
allows the trend detector to identify true trends is illustrated in Figure

• 116. Here , displays of appr oximately 200 hours of HT-3 matched-filter
data , both before and after smoothing, are presented , together with
their respective reverse-arrangements normalized sums. The smoothed

• and unsmoothed data is displayed in the (B) and (D) cur ves , respectively,
in Figure 116. Note the cyclic var iations in the (D) tr ace occurring
roughly 24 hours apart. The (A) and (C) curves represent the reverse-
arrangements trend detector output to each of the data sets. The dif-
f er ences are part icular ly striking. In the (A) curve, tr ends have been
detected at three points in the data sequence. The first two proved to
be false, as they eventually decayed. The third is a valid trend and
occurs at roughly the 59 0th hour. Since the gearbox was finally
removed after over 1400 hours of testing, this is a significant detec-
tion. However , in the (C) curve , short-term trend s are detected and
are sufficiently strong to pass the decision threshold located at the
51% point of the vertical scale. These 24-hour cyclic trend s are suc-
cessful in masking the detection of the true wear trend at the 590th
hour. The valu e of smoothing thus becomes very apparent with this
example.
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TRf ~NO PLO TT ING — CA SE

2 3 4 S 6 7 5 9 50 II 12 53 14 15 16

(A) Normalized Sum = - .84

TRIND PLOTTI NG - CASE 2

-; 

(B) Normalized -Sum +.54

TREND PLOTTING - CASE 3 

-; ; Li l~

(C) Normalized Sum = +.55

FIgure 114. Reverse—Arrangements Scores
for Various Waveforms.

214

~

- • • -  _ _

—5—— .— _ — - - . -—-~~~_~—•-— _- - - - - ‘-~~ -.--~~-•~~—_•-•-.~--- - - •



r ~~~~~~~~

- —

~~

—--- 

~~~~~~~~~~~~~~~

—-

~~~~~~~

-

. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

TREND PL O TT ING — CASE 4 

2 3 4 5 6 7 S 9 t O *1 12 13 14 15 Lb

(A) Normalized Sum = +.79

TREND PLOTT ING - cASE S 

-; -; 1~ 

a 

(B) Normalized Sum = +.78

TREND PLOTTI NG — CASE 6

-; 1~ 

(C) Normalized Sum = - .01

Figure 115. Reverse -ArrangementS Scores
for Various Waveforms .
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(A) Trend Detector Output to Smoothed Data
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(B) Smoothed Data
Nornaflzed Sum

0 (C) Trend Detector Output to Unsmoothed Data

(dB) 

12 . . . . . . . . . . . . . . . 9
9 . . . . . .  • • • •

6 .
.
. -

Hour 450 500 550 600
(D) Unsmoothed Data

FIgure 116. Reverse~Arrangements Trend Detector Applied to
HT-3 Matched Filter Output Raw and Smoothed Data .
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TREND DETECTION ALGORITHM
I.

In this contractual effort onl y positive-going trends were con -
sidered , since the parameters used on this program increased as the
wear process increased. Of major importance in using the reverse-
arrangements trend detection method is the establishment of a suitable
algorithm that will detect a trend at the earliest possible time and
reject the data later if it appears that the trend was not valid. It was
decided to do a trend detection continuously on the last 12 hour ly s. ~t-

pies of the matched-filter parameter. If the trend detector normalized
sum exceeded a confidence threshold, the trendable data base was
allowed to expand , again testing each hour with the expanded data base.
If at any time the normalized sum dropped below the confidence
threshold, all but the last 12 hourly samples were discarded and trend
detection was then resumed. On the other hand, if no intermediate
rejections occurred, the trendable data base was allowed to expand
until 96 continuous hours of trendable data were accumulated.

H Figure 117 illustrates a flow diagram of the trend detection al-
gor -i thm. In order to establish a confidence threshold level , the
Gaussian properties of the reverse-arrangements algorithm were
again examined. It was decided that a 99% confidence level should be
the design goal. However , an examination of the probability distribu-
tion of reverse-arrangements sums indicates that the ratio of standard
deviation of the B.. A. score to the maximum possible R.. A. score
decr eases as N , the number of samples,is increased. For this reason,
the 99% confidence threshold will also decrease as the data base is ex-
pand ed, since this level may be calculated from normal or Gaussian
distribution tables to be 2. 3 ~~. Table 7 lists the values of AMAX, 0,
~ /A MAX, and the 99% threshold for samples of 12, 24, 48, and 96
consecutive hours.

TABLE 7. REVERSE-ARRANGEMENTS STATISTICS FOR VARIOUS SAMPLE SIZES

No. of Hourly MAX B.. A. Sum Standard 0~ 99% Threshold level =
Samples A~1,tjj~ Deviation AMAX 2.3 0IAMAX

12 66 14.58 .22 0.51

$ 24 276 40.32 .15 0.34

48 1128 112.51 .10 0.23

96 4560 I 315.93 .07 0.16
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Figure 118 illustrates a plot of this threshold level vs. number
of consecutive hourly data samples tested. - At each size data set , the
decision to expand the data set or reject all but the latest 12 samples
was made on the basis of whether the reverse-arrangements sum cx-
ceeded the level indicated in Figure 118. The use of this statistical
base. for decision making is necessary to prevent the use of questionab Le
trending data for failure predictions.

I
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EVA LUA TION OF MATCHED-FILTER, GEOMETRIC MEAN, AND
- 

- ARITHMETIC MEAN TREND PARAMETERS USING REVERSE-ARRANGE-
MENTS TREND DETECTION

- I 
The three best Class I trend parameter s were selected for a com-

parative evaluation. The three factors of prim e interest are trendability,
dynamic range, and ease of computation. Trend dynamic range has
already been disp layed in Figure 105 and the three Class I paramater s
having the highest dynamic range and earliest v~8ual commencement
of trend are evaluated here. Figures , 119, 120 , and 121 illustrate the
reverse-arrangements trend detector output and smoothed trend pa ram-
eter data for the matched-filter, geometric mean, and arithmetic
mean trend parameters. Only positive-going trend s are dis played.
The normalized sum range is 0 to + 1. 0. Data from HT-3 output
accelerometer was used for the comparison. It is apparent from view-
ing these trend curves that both the matched-filter and geometr ic mean
parameters detect and sustain the main trend that began at about hour
590. The arithmetic mean parameter detects the commencement of
the trend , but at the later plateaus in the data at about the 700th and
850th hours the trend detector output goes much lower than for the
other two parameters, indicating that the arithmetic mean trend is
unstable.

Figures 122 (A), (B), and (C) illustrate the computational algo-
rithms for these three trend parameters. The arithmetic mean has
the simplest computation ; the matched filter is the most complex,
requiring stored reference PSD data.

Table 8 lists the three parameters and their relative grades on
the three factors of trendability, dynamic ranges , and ease of computation.
Grading is on a best low score basis on a range of 3. It is seen that
both the matched-filter and geometric mean parameters score equally.
The matched-filter parameter will be used for failure prediction
modeling because it is the leader in two out of three of the categories.
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GET COMPUTE
CURRENT 

_____ 
AVERAGE ~ ARITHMETICPSD VALUE OF MEAN

SPECTRUM 512 MAGNITUDES a

(A) ARITHMETIC MEAN COMPUTAT ION

GET ~~~~~~~~~~~~~~~~~~~~ T 1  COMPUTE

_ _ _ _  ___  

LOGARITHM 
~~~- GEOMETRIC

512 MAGNITUDES] MAGNITUDES

(B) GEOMETRIC MEAN COMPUTATION

j  
_______________________ __________________________________ _______________________

GET COMPUTE COMPUTE
_____ 

CURRENT RATIO OF AVERAGE HED

PSD EACH P50 SQUARED ER

‘TRUM MAGN ITUDE RATIO• SPE~ TO CORRESPONDING 
_____________

REFERENCE PSD
MAGNITUDE 

____________

GET 4 SQUARE
REFERENCE I ~~~- EACH OF

PSD 512 RATIOS
SPECTRUM

(C) MATCHED FILTER COMPUTATION

Figure 122. Computational Algorithms for Three Trend Parameters.
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TABLE 8. TREND PARAMETER EVA LUATION

Computational

— 
Parameter Trendabilityi Dynamic Range Ease Total

Matched Filter 1 1 3 5

Geometric Mean 1 2 2 5

Arithmetic Mean 2 3 1 6
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WEAR TREND MODELING

/
METHODOLOG Y

Exponential curve-fitting is the method chosen for extrapolating
failure predictions using the data collected from the gearbox tests. A
fairly valid assumption can be made that the rate of change of a fault
or wear in a g earbox component at a par ticular t ime is directly propor-
tional to the magnitude or extent of the fault at that time. This concept
of exponentially inc reasing wear is also apparent in statistical life pre-
dict ion modeling of bea r ing fa tigue life.5’

This assumption of an exponential rise with increasing component
wear appears to have been borne out by an examination of the t rend
parameters of the present data base. All incipient failures were char-
acter ized by this quasi-exponential rise in parameter level. Of all the
vibration tr end parameters considered on this program, the matched-
filter processing has proved to be the most sensitive to early detect ion
of failure modes. Consistently through all the individual g earbox tests,
matched-filter data was characterized by a higher rat e of chang e in its
magnitude. For this reason, this parameter was chosen for exponen-
tial curve fitting .

A review of the least-squares theory of exponential curve-fitting
is pr esented in A ppendix B.

MATH MODEL EVALUA TION

The matched-filter RMS trend parameter was applied to nearly
5000 hours of test data on the six gearboxes , and the trend curves were
examined on those gearboxes that failed in an attempt to derive a
characterizing mathematical model for the wear process. Figures 123
A, B, and C illustrate three such time histories plotted for output
accelerometer data from gea rbox HT-3 and input accelerometer data from

5. “Mechanical Component Failure Prognosis Study,” AiResearch
Manufactur in g Company; USAAMRDL-TR-73 -26 , Eustis
Directo rate , U. S. A rmy Air Mobility Research and Development
Laboratory, Fort Eusti s, Vir gin ia , June 1973 , AD 7710 33.

6. Rothbart , H. A. ,  M echanical Design and Sy stems Handbook,
McGraw-Hill , 1967 , p. 13-52.
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gearboxes HT-4 and BB-5. The matched-filter parameter is plotted
in decibels. The initial matched-filter valu e is always near zero dB .
On the logari thmic scale , the initial wear trend appears to be linear ,
implying an exponential increase in the matched-filter parameter. As
time increases a second order curvature appears. Three different

failur e pr ediction models wer e examined using smoothed matched-
fil ter data from HT-3 output accelerometer. The result s of the HT-3
pr ediction are illustra t ed in Figure 124. Figure 124(A) illustr ates tim e
histories for three different failure prediction methods. Figure 124(B )
presents the reverse-arrangements trend detector out put for the smoothed
data of Figure 124(C).

Key items to observe on Figurel24 are the following: (1) A
critical level of 12 dB was chosen as the arbitrary failure time. This
level either fell near the peak matched-filter output or in the upper 25%
of the dynamic range on all test data. (2) The trend detection algo-
rithm illustrated in Figure 117 was utilized to begin accumulating data
for failure predictions. All consecutive hours of data were then
accumulated for prediction model curve-fitting, unless the trend
detection level fell below the threshold . In the latter case , all but the
last 12 hourly sam ples of th e data was discarded , until the trend
detector output again rose to the threshold. (3) The first failure pre-
dictions were made after accumulating 96 hours of trendable data.
The predict ed failur e time r epr esents an est ima te by the prediction
model of when the matched-filter data will reach the + 12-dB critical
level.

As can be seen in Figure 124(A) , three diffe r ent predic t ion models
are illustrated. The curve labeled “(3) ’ is obviously the best pre-
dictor , and it evolved from attempt s at models ( 1) and (2) . - A brief
descript ion will be given of all three models :

(a) Model 1

This model was an unrestricted second order polynomial least-
squares curve fit of the data: y(t) B0 + B1 t + B2t2

It is seen that after 200 hours have elapsed , this curve begins to
converge toward the correct failure time. However , even though the
data was rising in a positive fashion up until this time, the rate of
change of the data was erratic. In fact , over a good portion of the time
the best fit was to an inverted parabola because the data rate of change
became lower after the initial trend detection.

It became obvious that restrictions would have to be placed on —

the second order fit to assure a predictable monotonic rise in the data
level.
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Figure 124. Failure Predictions and Trend Detection Using
HT-3 Output Accelerometer Matched-Filter Data.
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(b) Mod el 2

/ Before attempting to place restrictions on the second order poly-
- 

- nomial model, a fi rst order model was examined. Since the data

definitely had a positive slope, the first  order model would not encounter

any of the mathematical difficulties of the second order model , as long

as the average rate ‘f change of the data was positive. The first order

polynomial model ~ y( t ) = B0 + B1 t.

A gain observing Figure 124(A) , the fi r st order (dotted curve)

predictor is seen to always predict mor e “usef ul remaining life” than

• is actually present. This occurs because the best model for this wear

process is more accurately represented by a second order model.
Overall, there will be a near ly constant acceleration of the matched-

• filter parameter , as represented on a dB or logarithmic scale.

(c) Model 3

The restriction that was placed on the second order pr edic tion

model to achieve the prediction curve of Model 3 is reasonable,
and seems intuitivel y correct.  Defining to as the time that
the trend is detected , an earlier time, t., = t0 -at , is assumed
to be the time that the trend actually started. Mathematically, t ,~ is

the tim t that the rate of change of the trend parameter is zero.
Figurel25 illustrates how the data is fit to this model. A second order
least-squares fit is still used , with the restriction that the first data

point occurs at a time ~ t later than the vertex of an upward-opening
parabola . The mathematical expression for this model is the same as

that for Model 1, except that B2 is restricted to be positive and co-
efficients B0 and B 1 are related to to and t&t , both fixed quantities.

With these underlying assumptions , the following mathematical

model was used to predict the time of failure of the component:

tF
_ t

o~~~
L
~t + J”~~~~~ K 

(1 7)

where tF predicted failure time

= tim e that trend was detected
0
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A t = period of undetectable rising trend (fixed)

P . = valu e of tr end parameter at failur e t ime (f ixed)
crit

P0 and K are coefficients of the parabola that best fits the trend a
data in the least-squares sense. These parameters are graphically
depicted in Figure 125 and may be com puted by classical least-squares
polynomial approximation methods.

Because the thi rd model appeared to be the most r ealistic for use
in failure prediction, it was used for the remainder of the gea rbox
data base. A flow diagr am of the failur e prediction algorithm using
this model is illustrated in Figure 126.

Various values were used for At in curve fits of data from gear-
boxes HT-3 , HT-4 , and BB-5. These gearboxes wer e selec ted because

all thr ee test runs wer e r easonably long and resulted in gear or bear-
ing failure. A value of A t  = 500 hours appeared to be a reasonable

compromise using the limited amount of data. Using lower values of

A t results in failure times that are too low, initially. Likewise, using
larger values of At results in too high values of predicted failure time
during the first 200 hours of predicting.

Table 9 tabulates the results of applying the prediction algorithm
(using A t  = 500 hours) to the three gearboxes. It is seen that rapid

convergence to the true failure times results after accumulation s of 100 -

200 hours of trendable data.
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1. Gather N failure prediction data pairs: 
~~ 

t0)~ (p 19 t 1)~ - --

(~~N . 1, tN l )

2. Compute time location of parabola vertex: t = t - A t —

V 0

3. Pe rform second order least-squares curve-fit to data , constraining

parabola vertex to occur at t
V

4. Compute P and K , the least-squares curve-fit coefficients of the

parabola : P = 
~v + K (t - t )2

5. Compute predicted failure time:

tf - tv +

(Note: P . and At are assigned constant va lues of + 12 dB and
c n t

500 hours)

Figure 126 . Failure Prediction Algorithm.-
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TABLE 9. FAILURE TIME PREDICTIONS FOR THREE GEARBOXES

- 
MADE AT 100, 150, AND 200 HOURS AFTER TREND
DETECTION.

Time (Hours)

- 
earbox liT-: Gearbox BB-5 Gearbox hT-4

Trend Detection Hour, to 
590 24 175

Actual Failure Hour, tF 1301 273 488

Time of Prediction: Z//~ / / / /I  // / / /
t + 100 Hour s 1398 359 1070
0

t + 150 Hours 1438 335 519
11

t + 200 Hours 1324 309 487
- • 0

I
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APPLICATION OF TEST CELL DATA TO SMOOTHING ,

•1~ DETECTIONI AND PREDICTION ALG ORITHMS

CRITERIA FOR SENSOR DATA SELECTIO N

It became obvious during the testing phase of this program
that signs of wear wer e being detected in differing degrees from the
input and outpu t shaft accelerometers. This becomes clear when we
consider that one of these two acceler ometer s will be physically closer
to the center of wear intensity. If one were to decide to select th e
better of the two locations for a single sensor condition monitor , it
would be a ve r y difficult choice and one that was not made in our
analysis. Rather , certain criteria were established whenever a de-
cision was made whether or not to make a failur e pr edic tion based on
the data from a particular accelerometer data base. Three criteria
were established as follows:

(1) Both sensor data outputs were processed in parallel
(t rend parameter computation , compensation, smoothing,
trend detection).

(2) Whenever either sensor had collected 96 hours of trend-
able data, the question was asked: Is its latest trend
parameter level greater than + 0. 5 dB? If not, the
trend is probably a very weak one and the resultant
failure prediction will probably have questionable accu-
racy. Therefore , keep trending but make no failure
predictions yet.

(3) However , if the parameter level was greater than
+ 0. 5 dB a check was made to dete rmine if data from the
other accelerometer had passed criterion No. 2 above.
If it had , the tren d parameter levels from the two data bases
were compared. That data base ha ving the highest trend
parameter level was then selected for fa ilure prediction
computation.

If only one of the data bases passes criteria 2 and 3, it is the
obvious choice for basing failure predictions . However , LI at any
hourly sample the other data base proves superior in the criteria 2
and 3 tests , then failure predictions will be based upon its data .

These data selection decision criteria are illustrated in flowcha rt

form in Figure 127.
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FAILURE PREDICTION RESULTS

Using the sensor data selection criteria outlined in the previous
section , the trend detection and failure prediction algorithms of
Figures 117 and 126 were applied to smoothed matched-filter PSD data
from both input and output accelerometers of the six gearboxes.
Figures 128 throug h 133 illustrate the resulting fai lure pr edictions. Each
figure consists of four graphs , all plotted against the same horizontal
time axis. The (A) graph illustrates the smoothed data from each
accelerometer , the output data being plotted on a dashed line. The
12-dB critical level is indicated on the data plot. The corresponding
time of the data that reaches this critical level first is the defined
failure time of the gearbox. Graphs (B) and (C) are trend detector
outputs for the two data sets. A cross-hatched shading is indicated
during the times that the particular data set is used for failure pre-
diction . The two horizontal lines are average decision thresholds for
accumulating smoothed data for prediction. The upper one corres-
pond s to a trend detector output of 0. 5 (the 99% trend probability point
for 12 data samples) . The lower level correspond s to a trend detector
output of 0.25 (the 99% trend probability point for approximately 48
hourly samples). Graph (D) is a plot of the resulting failure time pre-
diction made f rom applying the sensor data selection criteria of the
previous section together with the failure prediction algorithm.

Complete failure pr ediction tabulations are presented in the soft-
ware supplement to this report. Table 10 lists failure prediction times
made at 100, 150, and 200 hours af t er the tr end was fi r st detected, where
a pplicable. Referring to Table 10 , let us examine the results of each of
the gearbox failure predictions. First of all, gearbox BB-4 failed almost
immediately. The data reached the l2-dB level at the 88th hour. The
first failure prediction was made 100 hours after the detection of a trend
at hour 24, rendering it of dubious value in this anomalous case.

Gearbox BB-5 also began failing immediately. It eventually
failed at hour 273, and the initial failure prediction was hour 359 made
124 hours after start of test.

Gearbox HT-2 experienced several “false-alarm” trend detec-
tion s during its 1519 hpurs of testing. All but one of these “fa lse ”
trends was sustained for only a period of 100 hours or less. The
trend starting at hour 915 was sustained until hour 1272 , and failure
predictions made during this interval are fairly conservative (in the
3000-hour range). - -
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Gearbox HT-3 failure predictions relied entirely on the output
accelerometer data and were most impressive. After “ false “

trend detections at hours 391 and 484, a valid tr end was detected at
the 590th hour. SuJ~sequent failure predictions made at hours 

690,
740 , and 790 were extremely close to the actual fa ilure hour of 1301.

Gearbox HT-4 data experienced a wear trend detection at the
175th hour of test. This trend , fairly weak at first , was sustained
throughout the remainder of test and resulted in extremely close
fai lure predictions after 150 hours of trend data collection.

Gearbox HT-5 test was terminated 596 hours after its start
due to a test cell failure. Two trends were detected , however ,
during this test period. The initial trend was detected at the start of
test (6 1st hour) and was sustained for less than 200 hours. Another
trend was detected near the end of the test period. All failure pre-
diction times were greater than 1000 hours. Since the test was
terminated prematurely, no conclusions can be drawn from these pre-
dictions other than to note that the mechanical ins pections after the
test revealed that bearing wear was developing.

I
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SUMMARY

Because of the wide variety in the initial conditions and the testing
times of the individual gea rboxes , it might be well to summarize
the failure prediction results from a diffe r ent perspective. Since
the information that is most coveted by operations and maintenance
g roups is the useful remaining life of the component, the predi ction
da ta of Table 10 has been rearrang ed in Table 11 to present gea rbox
p redict ed r emaining life versu s the actual remaining life in the com-
pon ent, still defined as the time tha t the t rend parameter reached the
12-dB level. Three categories can be defined to encompass all tested
gea rboxes on this program: (a) Gearboxes that were in a failure
mode at the start of the test - - thi s inclues BB-4 and BB-5. Since
BB-4 failed before a prediction could be made according to the
algori thm , it will not be included in this synopsis. (b) Gea rboxes
tha t failed during the test - - this includes HT-3 and HT-4. (c) Gear-
boxes that did not fail during testing - - this includes HT-2 and
HT-5.

Table 11 shows tha t all predic tion errors are less than 150 hours ,
with the exception of two : (a)  false “healthy ” prediction for HT-4
tha t was quickly up dated 50 hours later and (b) a false “failin g
prediction for HT-2 that also was quickly abandoned. The predictions
of HT-3 condition are  particularly impressive, since fairly accurate
predictions were made app roximately 600 hours in advance of failure.

It should be stat ed that con siderably more collected data should be sub-
jec ted to the prediction algorithms bef ore any definitive or statistical
judgments can be made on these techniques. Also, the defined failure
time corresponding to a 12-dB matched filter level may not be the best
operational criteria. Useful remaining life may be considerabl y shorter
than the defined failure time utilized in the investi gation , when opera tional
standards are applied. This definition has , however , provided a stringent
test for the predicition algo rithms, and the overall revilts, from a
failure p rognosis viewpoint, are promising.
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CONCLUSIONS
/

1. Data Base Integrity

A strong data base has been collected on this program for
analyzing the prognosis problem. The set of gearboxes exhibited
a good “spread” with regard to (a) variety of initial wear condition,
(b) longevity of test time, and Cc) final failure mode.

The use of the lower mass B & K model 4344 accelerometers on
the program greatly contributed to a higher data base integrity. Since
the frequency response of the accelerometer was flat to 50 kHz , useful
ultrasonic data was collected in addition to the energy from the lower
DC -Hi kHz band.

The addition of a 14-bit analog-digital converter for sensor data
digitization allowed greater dynamic range to be achieved (nearly
80 dB), which in turn aided early wear trend s in being detected by the
more sensitive trend parameters, notably, matched filtering and geo-
metric mean processing.

The use of a 1024 point last Fourier transform for data process-
ing allowed finer frequency resolution ( < 2 0  kHz), which permitted a
truer representation of the energy frequency distribution in the vibration
signals.

2. Applicability of Test Data to Long Term Failure Prediction

Though most of the gearbox test run s (BB — 4 , BB-5 , HT-4 , and
HT-5) were less than 700 hours duration due to varying degrees of pre-
test wear caused by flight operation, two gearboxes (HT-2 and HT-3)
were tested over 1400 hours each.

The test results from gearbox HT-3 were very encouraging.
This gearbox ran 1437 hours, with the first 700 hours producing little

• change in the sensor signals. At the beginning of the final 700 hours of
testing, both SOAP analysis and the Tedeco Chip Detector indicated that
large amounts of small metal particles were present in the gearbox oil.
Supporting evidence of wear was also supplied by the oil temperature
monitor , the ultrasonic energy, and the SKF peak shock value. 

- .- -
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Gearbox HT-2 ran a total of 1519 hours with no signs of impend-
ing failure indicated by either the computer-collected data or physically
observable data. This was subsequently verified by using HT-Z gearbox
in a test evaluation of polymer-film accelerometers (a separate report-
addition to this contract) . An additional 1460 hours of testing were
accumulated on that evaluation with still no signs of failure!

From the standpoint of component wear prognosis , the testing of
HT-2 served to verily that the sensors used were valid trend indicators
because of the correlation between “stead y” data and the post-mechanical
inspection and later testing of this gearbox.

3. Processed Ultrasonic Energy as an Aid to Failure Prognosis

Another significantly encouraging result during the testing of
gearbox HT-3 was the data produced by envelope-detecting broadband
10 kHz-wide amplitude modulation on the output accelerometer ultra-
sonic spectrum (20 kHz - 50 kHz). This was accomplished using the
Shaker Envelope Detector supplied by Ft. Eustis near the end of the
testing. It appears that simple RMS processing is suf ficient on this

energy to produce prognostic data of equivalent value to matched filter-
ing or geometric mean processing of the low frequency energy. Since
this processing was only performed during the latter half of the HT-3

test, further examination of this technique seems necessary and
desirable.

Unfortunately, peak detection of the ultrasonic signals did not
produce consistent results. The trend data was very erratic during
most gearbox tests , especially the peak-detected output ultrasonic
energy. Step discontinuities were present and have not been fully
accounted for.

4. Sensitivity of Sensor Placement to Trend Detection

Another relevant observation in this series of tests has been a
definite correlation between accelerometer placement and the localized
vicinity of the fault. A review of the individual gearbox tests will bear
out the fact that the sensor (either input or output lateral accelerometer)
located furthest from the region of intense wear activity exhibited a
slower response time to this failure mode initiation than the sensor
closest to the wear action. In many cases, considerable hours elapsed
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before the more distant sensor began a noticeable trend. For this
reason, the matched-filter data from the sensor closest to the physical
location of highest determined damage was utilized for failure prog -
nosis. This has resulted in a fairly balanced examination of both input
and output sensor response, since three of the failures (BB-4 , BB-5 ,
and HT-4) were due to damage to input bearings or gears , two (HT-3
and HT-5) occurred in the output region, and the sixth (HT-2) test
produced no failure after .15 00 hours of testing.

5. Temperature Sensors

The ambient air and gearbox oil temperature sensors were use-
ful on some, but not all, of the gearbox wear trends. On gearbox HT-3,

- - during the final hours of testing an observable rise in temperature was
noted as metal chip generation accelerated. Good temperature data
correlation was obtained with the following mechanical problems that
occurred during test cell operation: pulley belt slippage, cooling water
shutdown, and addition of cooling fans.

6. RPM and Torque Sensors

For the most part , rpm remained steady throughout the testing.
During a period when pulley belt slippage was occurring, the rpm
sensors provided information to shut down the test cell. The addition
of the two torque sensors allowed continuous monitoring of gearbox
loading and efficiency. This feature was not in use until after the test
cell failure occurred during the testing of gearbox HT-5. The collected
torque data provided many insights as to when wear processes were
occurring as step or gradual changes in gearbox torque and efficiency
were observed during various phases of the testing.

7. Oil Analysis

The oil analysis provided by the Army’s oil analysis group at
ARA DMAC was useful in correlating wear information obtained from

• other sensors. While the oil analysis does not appear to be the earliest
detector of wear , it serves as a detector of failure and is’ useful’ in deter-
mining causej and location of the wear regions.
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8. Shock Pulse Analyzer

The shock pulse analyzer also provided corroborating data to the
B & K accelerometer data. The shock profiles , however , exhibited
quite a degree of erratic behavior whenever oil samples were taken
or when the oil was changed. For this reason the shock profiles shown
in this report represent the condition before an oil sample or oil change
was initiated.

9. Documentation of Bearing Wea r

The pre-and post- test bearing inspection reports , in conjunction
with the SEM bea ring photographs , were useful in corrobora ting info r-
mation obtained from oil analysi s and other sensor data . Particula rly
on gearbox HT — 2 , which ran for over 1500 hours withou t signs of failure
from othe r sensors , the bearing reports indicated that little problem
would be encountered in continuing to test this gearbox. As in the
pr evious pro gram , it was not possible to obtain any quantitative info r-
mation (only visual) on gear wear.

10. Tedeco Chip Detector

This instrument was made available during testing of the last two -

- - gearboxes: HT-3 and HT-4. Its information correlated well with the
oil analysis; but like the oil analysis, it does not appear to be the ea rliest
detector of the commencement of a failure mode.

11. Vibration Trend Parameters

Of the twelve trend parameters investigated, three were finally
selected as best characterizing the vibration energy spectrum by a
single meaningful number to indicate the current wear condition of the
gearbox. These were- (a) matched-filter R.MS level, (b) geometric
mean level, and Cc) arithmetic mean level. The matched-filter parameter
is the most sensitive of the three , but also r equires more computational
complexity than the other two. Because of its sensitivity and trendability,
it was chosen for failure prediction modeling.
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12. Trend Detection

- 
/ The reverse-arrangements trend detection algorithm was selected

for use in this analysis effort. It is extremely sensitive to detection of
trend s and requires a low computational burden . Its trend decision
levels are not arbitrary, but have a statistical foundation, since the
probability of the trend data being random and stationary has a near-
Gaussian distribution.

The problem of verifying that a data trend corresponds to a valid
wear trend requires a sufficient waiting period. For the present
analysis, 96 hours of sustained trend detection was utilized . This
proved to be adequate for all but a few exceptions. In a practical
application, it may well be that various levels of information are
weighed together: number of trends , length of unsustained trend s,
trend parameter level, etc.

13. Wear Trend Modeling

Three math models were investigated as possible wear trend
models.

An upward-constrained second order exponential mathematical
model was finally chosen to extrapolate failure prediction information
from the trendable data . This decision had a twofold basis: (a) all

- 

- 
incipient gearbox failures were characterized by a quasi-exponential
positive rise in parameter level, and (b) a fairly valid assumption can be
made that the rate of change of a fault or wear in a rotating machinery
component at a particular time is directly proportional to the magni-
tud e or extent of the fault at that time. Mathematically, this implies
an exponential traj ectory. The second-order term introduces an
increased severity factor if the test time has been sufficiently long.

14. A pplication of the Test Cell. Data to Trend Detection and Failure
Prediction Algorithms

In spite of a wide variety of initial wear conditions associated with
the six gearboxes , all failure predictions made at least 150 hours after
a detected and sustained wear trend were within 150 hours of the defined
failure time. In the case of those gearbozes that did not fail, unsus-
tam ed trend s longer than 150 hours were detected, and corresponding
failure prediction times were  consistent with the test results in that they
were substantially longer tha n the individual gearbox test time.
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There may be a better criterion for failure time than the time
corresponding to the 12-dB tren d parameter level. The component

- 
- ‘ useful remaining life may be considerably shorter than the defined

failure time when operational standards are applied. However, this
definition has provided a stringent test for the fa ilure prediction algo-
rithm, and the overa fl results are encouraging.

RECOMMENDATIONS

Further experimental work in this emerging field of failure
prognosis is encou raged. From the perspective of thi s analysis

effort , research effort in the following three areas is recommended:

a) A pplication of the algorithms to other rotating machinery com-

ponent s tested under similar controlled conditions.

b) Application of the algorithms to on-line equ ipment using exist-

ing ground instrumentation.

c) Deselopment of a portable processing unit to monitor opera -
- tiona l equipment.
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APPENDIX A

SOFTWARE DATA COLLECTION SUBROUTINE
FLOW DIAGRAMS

Data Collection Subroutines

Three of the data collection subrou tines illustrated in Figure 20
fr om the main body of this report are expanded here because they
significantly bea r the brunt of the data processing accomplished
in the gearbox testing. The software for each of these subroutines
was developed in the Lockheed Electronics “MAC-JR” assembly
langua ge to provide a hi ghe r p rocessing speed, thu s allowing more
statistically significant data to be collected.

Figure A-l  is a flow diagram of the subroutine DCMEAS that
collects and averages an ensemble of 128 groups of da ta fr om each
addressed DC channel. Each group contains 1024 samples of data
from that particular sensor , resulting in 128 , 000 samples of data
bein g collected, averaged , and stored in approximately 15 seconds .

Figure A -2  illu strates the operation s performed in obtaining a
power spectral density of each vibration channel. In this subrou-
tine SFFT, 128 separate fast Fourier transform opera tions are
performed . The RMS value of each computed frequency bin value
is determined by squaring and accumulating real and imaginary
frequency bin values and performing a double-precision square
root on each accumulated gum . Included in the subroutine is a

— branch to another data collection subroutine: RTADC , illustrated
in Figure A-3. This subroutine is similar to DCMEAS (Figure A - i )
except that it collects only one group of 1024 vibration channel
samples for each FFT process. Each vibration channel power
spectral density computation , which represents a statis tical
ensemble of 128 individual fast Fourier transforms, is
accomplished (collection , computation, and tape storage) in
approxima tely 2 1/2 minutes.
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Figure A-i. A-D Converted and Averaged DC Data
Collection Subroutine.
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Figure A-2. Sorted FFT Subroutine.
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ENTRY FROM
SF FT SUBROUTINE

A M ~~~~S I COLLECT / f  ~~~~AR D 1ST 10

TO I 
SAMPLE FOR

SUBR OUT I NE I A/D SETTLING

_ _ _  I
INITIALIZE 1 I DATA YE 

RE-TRY DATA
CHANNELSELECT 

~~~~ E R R OR 
S TRA NSFE R —

AND 1 I FS TILL BAD,
:IRST DATA TRANSFERI PRINT ERROR ON TTY

AN D EXIT

~2<~
1

~~> I HAMM~~~~~G WEIGHT

f AND STORE

PRINT ERROR~~~~

AND EXIT i
I YES

RETURN 1 SHUT OFF
TO DATA INPUT

I AND TURN ON
RTADC LEVEL

L__ EXIT
LEVEL

Figure A-3. A-fl Converted , Hamming-Weighted
Vibration Data Collection Subroutine.
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APPENDIX B

THEORY OF LEAST-SQUARES EXPONENTIAL CURVE-FITTING OF DATA

It is assumed that the set of data points can be represented by a single
exponential

= A exp{y 3(t)], t 0, 1, 2 , — — — , T (Bl)

where 2 3
y3(t) = a 1t + a

2t + a3
t

and A is a scalar constant.

To find the a ’s and A, the natural logarithm of each side of the equation
is obtained:

Ln (A) +y 3(t) (B2)

or Ln [Pt (k)) a +y 3(t), where a = Ln (A) (B2a)

Then the mean-square error criterion is formed:

T

Xk
(a , a l , aZ ,a3

) = 
~~~~~ {Ln [P~(k)} - a0 - y3(t)}

2 ( B3)

For Xk, the mean-squared error , to be a minimum, the partial deriva-
tive of Xk with respect to each coefficient aL is set equal to zero;

T

= 2 
~~~~~ {Ln [P

~(k)) - a0 
— y3

(t )}t
L 

= 0 (B4)

for L = 0, 1,2,3

The resul ting equations are

~~~~~ 

Ln[P~(k)]tL 
= a~~~~ tL + a 1 

~~ 

t~’~~ + a 2~~~ t~~~
2 

+ a3 
~~ 

t~~~
3(B5)

forL O,l,2,3

This represents four equations (L’ s) in four unknowns (a’s) which can -

be solved for the unknown coefficients : aL.

3923-79
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