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PREFACE
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INTRODUCTION

Helicopter transmission failure prognostic and diagnostic
systems, when properly conceived and designed, can signifi-
cantly increase aircraft flight safety, mission reliability
and availability. At the same time they can reduce aircraft
downtime for troubleshooting, erroneous maintenance, erroneous
or unnecessary part removals and aircraft life-~cycle cost.

The objective of this program was to collect and analyze debris
and vibration data from CH-47C transmissions, and to correlate
this information with component condition.

The types of debris data collected were ASOAP results and oil
filter contents. The tape recorded vibration data consisted
of "raw" accelerometer signals and demodulated high frequency
data.

Data samples were collected from 38 rotor transmissions.
Twenty of them were either newly manufactured (referred to

as "new" transmissions) or recently overhauled (referred to
as "postoverhaul" transmissions). The data samples for these
transmissions were taken during their green runs. The remain-
ing 18 transmissions had been returned to Boeing Vertol for
overhaul (referred to as "preoverhaul" transmissions). The
data samples for these transmissions were collected during
special test runs prior to overhaul. The debris and high-
frequency vibration data collected from these transmissions
was correlated with the findings of the subsequent transmis-
sion teardown inspection. These data were also compared with
the data taken from the new/postoverhaul group.

The flow diagram of Figure 1 illustrates the operational
sequence and data collection activity in each stage of the
Transmission Condition Assessment program. All transmission
testing was conducted in Boeing Vertol's production test cells.

13
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DATA COLLECTION PROCEDURE

TRANSMISSION HISTORY

Each of the CH-47C transmissions received for overhaul had a
log which contained most of the relevant data necessary for
the performance of this program. Included in this data were
items such as transmission serial number, part number, total
time, time since new or a previous overhaul, reason for re-
moval, agency or using activity, aircraft removed from, date
removed from aircraft, and transmission condition as received
at Boeing Vertol. Table 1 provides a detailed description of
the format and the collected data for each preoverhaul trans-
mission.

The historical data required for the new CH-47C transmissions
was not as extensive as that required for the preoverhaul
transmissions. The logs contained only the serial numbers and
part numbers of the transmissions involved. Table 2 is a
listing of the new transmissions monitored in this program and
1 postoverhaul transmission.

VIBRATION ANALYSIS

High-Frequency Vibration Analysis

The terms "low" and "high" frequencies, when referring to
vibration analysis, are the portions of the vibration spectrum
that are monitored. Low-frequency vibration analysis for
rotating machinery will always include that portion of the
transducer signal which contains the unfilcered dynamic event
frequencies of the machinery (the "raw" 0 to 10 kHz band).
Some sort of processing such as spectrum analysis may be per-
formed on the low frequency signal, but the processing tech-
nique will deal specifically with the amplitudes of bands that
include the dynamic event frequencies and their lower harmonic
orders. High-frequency vibration analysis, on the other hand,
utilizes the transducer output signal frequencies several
orders of magnitude above the dynamic event frequencies of

the machinery.

Demodulated High-Frequency Vibration Analysis

The basic premise of high frequency vibration monitoring is
that dynamic events related to the presence of a defect in a
machine will cause amplitude modulation in the time domain
across a relatively broad frequency spectrum. Thus, for
example, each time a bearing's rolling element impacts a spall
on the bearing's outer race it will result in amplitude modu-
lations across a broad frequency spectrum, including frequen-
cies well above the machine's fundamental and lower harmonic
frequencies.
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TABLE 2. NEW/POSTOVERHAUL TRANSMISSION HISTORICAL DATA
SERIAL NUMBER PART NUMBER
A7-987 114D1200-7**
A7-1408 114D1200-8
A7-1417 114D1200-7
FORWARD A7-1418 114D1200-7
[FRANSMISSION A7-1421 114D1200-8
A7-1422 114D1200-8
A7-1423 114D1200-8
A9-1330 114D2200-7
A9-1337 114D2200-9
A9-1339 114D2200-10
A9-1341 114p2200-9
A9-1342 114D2200-~9
AFT A9-1343 114D2200-9*
TRANSMISS ION A9-1348 114D2200-9
A9-1349 114D2200-9
A9-1355 114D2200-~9
A9-1367 114D2200-9
A9-1368 114D2200-9
A9-1373 114D2200-9
A9-1376 114D2200-9
* 10% TORQUE LEVEL ONLY
** POSTOVERHAUL TRANSMISSION - 108 TORQUE LEVEL

LL OTHER TRANSMISSIONS COMPLETED FULL LOAD RUNS OF 10%,

ND 100%.
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A bandpass filter can detect the energy in a relatively narrow
band centered on a selected carrier frequency and monitor the
amplitude modulations of t he carrier frequency as a function
of time (Figure 2A). The time-varying carrier frequency will
be modulated by the impact each time a rolling element impacts
the spall. The impacts will occur at the ball-pass frequency
over the spall, and the ring-down frequency will be a function
of the mounted resonance of the spalled race. Since the race-
mounted resonant frequency is difficult to predict, and not as
easily measurable or clearly characteristic of a particular
bearing and defect as the ball-pass frequency, the bandpass-
filtered carrier frequency is demodulated (envelope-detected).
This converts it to a relatively low-frequency signal whose
frequency is equal to the ball-pass frequency of the outer
race of the particular spalled bearing (Figure 2B). Therefore,
the envelope-detected signal can be spectrum analyzed or band-
pass-filtered at the ball-pass frequency, and the limit ex-~
ceedance can be monitored, to detect bearing surface defects
(Figure 2C).

A good high frequency transducer is mandatory for the demodu-
lation signal processing technique. Engineers working on this
program have recorded vibration data from two different sen-
sors: Endevco Model 6230M8 and Boeing Model 253. The Endevco
and the Boeing sensors have essentially the same response: flat
from 0-10 kHz, a resonance peak around 30 kHz, and a gradual
signal drop-off with several resonances out to 200 kHz. Fig-
ures 3 through 5 provide the general description and perform-
ance specifications for the Endevco and IFD transducers.
Figures 6 through 9 are typical calibration curves for both
transducer types.

The Boeing Vertol Company utilizes three demodulated high
frequency data processing systems. There are two 4-channel
data processors. One is operated in conjunction with four
Krohn~Hite Model 3202 bandpass filters. The other 4-channel
processor contains built-in bandpass filters, thus allowing

it to be extremely versatile and portable. In addition,
Boeing Vertol has a l3-channel processor for data collection
efforts. It requires simultaneous recording of demodulated
vibration data from multiple (more than four) sensor locations.
From the analysis of CH-47 demodulated high frequency data
performed under this contract, a good correlation of processed
data has been obtained from all three systems.
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ACCELEROMETER OUTPUT At

AND BANDPASS FILTER /;‘;
= CARRIER FREQUENCY

f
[
Af, = BANDPASS FILTER WIDTH

70 = TIME PERIOD BETWEEN DEFECT
CAUSED DYNAMIC EVENTS

fo = CARRIER MODULATION FREQUENCY
DUE TO DEFECT

POWER AMPLITUDE

ENVELOPE DETECTION

FREQUENCY f

(5 R IR

M—hm

(A)

POWER AMPLITUDE

SPECTRUM ANALYSIS

TIME

POWER AMPLITUDE

A) ACARRIER FREQUENCY IS SELECTED AT A SUFFICIENTLY HIGH VALUE (> 25 kHz)
THAT IT IS NOT AFFECTED BY NORMAL TRANSMISSION NOISE, BUT AT A LOW ENOUGH
VALUE (< 500 kHz) THAT IT IS AMPLITUDE MODULATED BY PERIODIC DEFECTS.

8) THE BANDPASS-FILTERED CARRIER FREQUENCY SIGNAL IS AMPLITUDE DEMODULATED
(ENVELOPE-DETECTED) BACK INTO A LOW FREQUENCY (0-20 kHz) SIGNAL.

C) THE DEMODULATED CARRIER IS SPECTRUM ANALYZED AND THE LIMIT EXCEEDANCE IS
MONITORED TO DETECT AND ISOLATE THE DEFECT (VIA ITS CHARACTERISTIC
FREQUENCY IN THE MACHINE).

Figure 2. "Demodulated Carrier" High-Frequency Vibration Analysis,
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GENERAL DESCRIPTION

The Endevco® Model 6230M8 Accelerometer is designed to
sense high frequency vibrations caused by defects in
bearings, gear trains, and other high speed rotating equip=
ment. Vibration generated by bearings covers a wide
range of frequencies and any instrument used to measure
this motion must be small, lightweight, and have a high
resononce frequency.

The small size of the 6230M8, its 5 grom mass, ond o
resonance frequency of over 100 000 Hz allow this
accelerometer to provide a flot frequency response to
20 000 Hz. Charge sensitivity of 2 pC/g is reasonably d )
high resulting in a good signal to noise ratio over o wide !
dynamic range. The sensor is insulated from the mounting

structure reducing the effect of ground loop voltages.

A dash number after the model number indicates the length of integral cable, in inches. The Model
6230M8 is o self~generating plezoelectric transducer and requires no external power for operation.

Figure 3. General Description of Endevco
Model 6230M8 Accelerometer.

SPECIFICATIONS FOR MODEL 6230M8
(According to ANSI ond ISA Standards)

DYNAMIC
O\coo S-umv"y 2 pC/g, nominal
Resonance Frequency 100 000 Hz, minimum
reference lm Hz
Tronsverse Sensitivity Designed for 5% maximum
Amplitude Linearity, Ronge Saulﬂv::y lnermw approximately 1% per 500 g,
h ‘.
ELECTRICAL
Traneducer Capacitance 1400 pF nominal, with six inch cable
Troneducer Resistance (70°F) 1000 MQ minimum Poge 1 of 2
Insulation Signal retum insulated from case.

Y o - e A S——

FPigure 4. Specifications for Endevco Model 6230M8
Accelerometer (Sheet 1 of 2),
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Figure 4.

Specifications for Model 6230M8 (Continued)

Toleronces: XX(X.X) = 4+ 0.03(20.8) Dimensions in inches ond (millimetres)
XXX (X.XX) = 90.0]0 (10025) FEMALE SOCKET TR 19 37

-~ " ’—“‘ R
PHYSICAL
Design Single-ended Compression
Weight 5 grams
Crystal Materiol Piezite® Element Type P-8
Case Material Corrosion resistont steel
Integral Cable Coaxial, 6 inch (15 cm), Teflon dielectric and jacket,

low=noise freated, terminated with 10-32 coaxial

receptacle (EP 189).
Mounting Hole for 6-40 x 1/8 inch stud.

Recommended mounting torque: 7 Ibf~in (0.8 Nm).
Accessory Supplied Model 2984-4 Mounting Stud, adapts 640 to 10-32 threads.
Accessories Availoble Model 3090A or 3090B Low=-Noise Coaxial Coble Assemblies

ENVIRONMENTAL
Acceleration Limit 500 g peak
Temperature ~40°F to 500°F (~40°C to 260°C)
Altitude Not affected
Seal Epoxy sealed

Continued product improvement necessitates that Endevco reserve the right to modify these
specifications without notice.

CALIBRATION: Each accelerometer is calibrated at room temperature for charge sensitivity,
capacitonce (including integral cable), and charge frequency response from 25 Hz to

10 000 Hz. Tempercture response at room femperature, 300°F (150°C), and 500°F (260°C),
and other calibrations are available on special order. See Calibration Service Bulletin 301.

Note: * Base stroin semsitivity may limit the use of this transducer on flexible structures ot
frequencies below 100 Hz. Coble must be tied down as close s possible to accel~
onTom, with one inch diometer service loop, minimum, o reduce the effects of
cable motion.

Coble strain, pyroelectric output, ond minor resonances in test shaker limit our

lity for meosur better thon £10%
Nt e 9

Specifications for Endevco Model 6230M8 Accelerometer
(Sheet 2 of 2).
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IFD MODEL 253 TRANSDUCER

INTERNAL STRUCTURE (SHOWN BEFORE POTTING)

CRYSTAL 22 MQ

GRD

TRANSDUCER SCHEMATIC

Charce Sensitivity: = 55 pC/g
Freauenacy Response: £ ] db from 100 Hz to 10 kHz, + 1db @
20 kHz (Ref. 100 Hz)

Mounted Resonant PFrequency: 1st Resonance @ -z 30 KHz,
numerous additional resonant

frequencies up to 1 MHz
Transducer Capacitance: 650 pF nominal, without cable
Transducer Resistance: >10 M QO
Temperature Limitation: 300°F
Transducer Weight: 38 gm

Figure 5. IFD Accelerometer and Schematic.

22
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or 6230M8 WITH MOUNTING BLOCK ey s ‘Bwix’

SER NO. ABO8 \U / ;:

_10 =
-2 SPARK IMPULSE CALIBRATION
— HP 85538 ANALYZER
— BLOCK MOUNTED WITH
ULTRASONIC COUPLER
o -30r
hel
|
2
=
<
e}
4
E ‘
<
5o} |

-0

G —_—N;SE_——--’- ' ‘

P S T SRR, SRR

=70 1 1 1 1 -
200 400 600 800 1,000

FREQUENCY - kHz

%
E

Figure 8. Response of Endevco Accelerometer Model 6230M8,
Serial Number ABO8--Mounting Block Secured with
Ultrasonic Compliant,
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o
IFD SENSOR A253 NO. 411
-10}F
SPARK IMPULSE CALIBRATION
~ HP 85538 ANALYZER
— MOUNTED WITH ULTRASONIC
COUPLER
_20 -
@®
©
|
Z
o
- |
E !
¥ —%ar
E
< \
o} 1
-60r NOISE
-80p
-70 A A 1 J
0 400 600 + 800 1,000
FREQUENCY — kHz
Figure 9. Response of Boeing Accelerometer Model 253, Serial No.

411--No Mounting Block - Ultrasonic-Compliant Bonded.
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We have found there is good correlation between "raw" data
processed off magnetic tape, within the recorded electronic
frequency limits, and data that is bandpass-filtered and demo-
dulated before taping. Demodulated data from higher carrier
frequencies (100 kHz and higher) was processed before recording
due to tape recorder electronic constraints.

Low-Frequency Vibration Analysis

Low-frequency vibration analysis is performed by spectrum analyz-
ing the output of an accelerometer over a frequency range that
includes the fundamental and lower harmonic frequencies charac-
teristic of a machine in normal operation. (These frequencies
include rolling element pass frequencies over points on bear-
ing races, gear mesh frequencies, and rotational frequencies

of gearshafts, bearing cages, planetary gear carriers, etc.
Thus for low frequency vibration analysis, accelerometer data
above 10 kHz in the frequency spectrum is ignored.) Diagnosis
is based upon pattern changes. A baseline spectrum is recorded
for a good transmission and subsequent spectra are then com-
pared to the baseline for significant deviations that can be
considered indicative of component deterioration. The problems
that arise with this technique are:

1. How to implement simple field recording and storage
of custom baseline data in such a manner that frequent
rebaselining does not occur after fault indication
(similar to cleaning and reinstalling a chip detector)

2. Calibration and maintenance of flat-response accelero-
meters in a field environment.

Since low-frequency vibration analysis has been performed for
a number of years with few conclusive results, Boeing has
little confidence of accurate fault detection in this portion
of the transducer frequency spectrum.

EQUIPMENT INSTALLATION AND DATA RECORDING PROCEDURES

Whenever high-frequency vibration data has been obtained in
the Boeing Vertol test cells, Endevco Model 6230M8 vibration
data has been recorded from 0-75 kHz. This data can be
analyzed by the demodulated high frequency technique by
processing the signal from the magnetic tape for carrier fre-
quencies through 50 kHz.
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Eighteen preoverhaul and 18 new/postoverhaul transmissions were
instrumented and then monitored during the duration of the
load runs. Endevco Model 6230M8 and IFD Model A253 accelero-
meters were installed on the exterior surfaces of the trans-
missions as indicated in Figures 10, 11, 12 and 13. As noted
in these figures, two configurations were utilized for both
the forward and aft transmissions. The transmissions used
for each configuration are recorded by serial number under
the applicable configuration. The discussion pertaining to
the configuration change is noted in the latter section of
the report.

Various epoxy compounds were tested in an effort to determine
which would be the most suited as an agent to bond transducers
to the transmission surfaces. Dental cement was found to

be the most suitable bonding agent for all the transmission
surfaces, except the stationary ring gear, in that it provided
acceptable adherence qualities and signal transmission
ability, ease of use, and fast curing time. On the signif-
icantly smoother stationary ring gear surface, a five-minute
epoxy provided better adherence characteristics but reduced
temperature capabilities. Dental cement in this application
did not provide the adherence qualities desired.

IFD accelerometers were bonded directly to the transmission
surfaces. Endevco accelerometers were stud mounted to 3/4-inch
aluminum cubes which were bonded to the transmission surfaces.
This procedure was necessary for two reasons:

1. It was not feasible to drill and tap the CH-47C
transmission housings to accomodate the Endevco
transducer studs

2. The much smaller Endevco transducers were too delicate
to be removed (if glued directly onto the transmission
housing) by a sharp blow with a hammer and drift (as
were the larger IFD sensors).

The Boeing IFD Model 253 high frequency vibration sensors were
used extensively because they have a very high signal output
(nominally 55 pC/g) which eliminates the need for charge
amplifiers. They also have a resonant frequency range which
allows the routine use of carrier frequencies up to 500 kHz.

The bandpass-filtered and envelope-detected output of the IFD
signal conditioning equipment is essentially 0 to 15 kHz and
hence is satisfactory for recording on FM channels at 15 inches
per second. In addition, on several IFD transducers, "Broad
Band" data (amplified but not bandpass-filtered or envelope-
detected) was recorded on "Direct” channels (150 Hz to 75 kHz
response) at 15 inches per second. Endevco signals were not
bandpass~filtered or envelope-detected prior to recording, and

28
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were always recorded on "Broad Band". Each Endevco pickup
signal was fed to a direct channel to cover the frequency range
from 0 Hz to 20 kHz. The results was 0 Hz to 75 kHz coverage
for the Endevco accelerometers. Direct tape channels were
capable of handling in excess of 5 volts RMS, while FM tape
channels would saturate for voltages in excess of 1 volt RMS.

Accordingly, Endevco charge amplifiers were adjusted to prevent
voltages in excess of 1 volt RMS from being applied to the tape.
Similarly, the variable amplification in the Boeing IFD signal
conditioning equipment was adjusted to keep the envelope-
detected signal voltages below 1 volt RMS to avoid FM tape
saturation. Broad band IFD signal voltages recorded on direct
tracks were maintained below 5 volts RMS.

For each of the 3 torque levels encountered (10%, 50%, 100%),
the IFD bandpass filters for each IFD transducer were adjusted
to 50 kHz, 100 kHz, and 250 kHz center frequency respectively.
Due to tape track limitations, data was recorded from two groups
of accelerometers in sequence. For the early configuration:

e Bank 1 comprised IFD transducers 1, 2, 3, and 4
® Bank 2 comprised IFD transducers 4, 5, 6, and 7.

For the iater configration:

® Bank 1 comprised IFD transducers 1, 2, 3, and 4
e Bank 2 comprised IFD transducer 1 and the combined
voltages (on 1 tape track) from transducers 2, 3, and 4.

Endevco accelerometers were not banked and their signal con-
ditioning remained constant for a particular level of torque,
since bandpass filtering was not involved.

Table 3, Magnetic Tape Index, tabulates the Boeing Vertol
Diagnostic Test Number (BVD) and the tape reel assigned to
each transmission.

TRANSMISS1I TESTING

The vibration and debris data collected in this program were
obtained from the load runs performed on new and preoverhaul
CH-47C forward and aft transmissions. Figure 14 depicts the
components used for collecting the vibration data.

Preoverhaul Transmiasions

Twenty CH-47C transmissions being inducted into the overhaul
program at Boeing Vertol under an AVSCOM Contract were selected
for vibration analysis. The project involved 16 aft (114D2200)
and 4 forward (114D1200) transmissions.
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IFD #1

IFD #2
::::::>>——-1 _ ENDEVCO #1
ENDEVCO #2

IFD #5 IFD #7
ENDEVCO #3 ENDEVCO #7
IFD #4 IFD #3

AG

4 e —— IFD #6
OIL PUMP ‘

VIEW LOOKING DOWN

T a—

TRANSDUCER LOCATIONS (7) —_TRANSDUCER NUMBER
4 Stationary Ring Gear IFD #2, #3, #4, Endevco #2
3 Lower Housing IFD #7, Endevco #4

0Oil Pump IFD #6

Input Pinion IFD #1l, Endevco #1

Upper Housing IFD #5, Endevco #3

TRANSMISSIONS UTILIZING THIS CONFIGURATION

PREOVERHAUL TRANSMISSIONS NEW_TRANSMISSIONS

i S/N A9-728 S/N A9-1330
; S/N A9-962 S/N A9-1337
; S/N A9-734 S/N A9-1339
S/N A9-1133 S/N A9-1341

S/N A9-871 S/N A9-1342

S/N A9-1343+*
* IFD & ENDEVCO #l & #7 ONLY

J Figure 10. PFirst Configuration of Transducer Locations on CH-47C
; Aft Transmissions.
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IFD #2 IFD #1

ENDEVCO #1
ENDEVCO #2
IFD #4 IFD #3
ENDEVCO #4 ENDEVCO #3
AGB
OIL PUMP —————L
VIEW LOOKING DOWN
TRANSDUCER LOCATIONS (4) TRANSDUCER NUMBER
Input Pinion IFD & Endevco #1
Stationary Ring Gear IFD & Endevco #2, #3, #4
TRANSMISSIONS UTILIZING THIS CONFIGURATION
PREOVERHAUL TRANSMISSIONS NEW TRANSMISSIONS
S/N A9-971 S/N A9-1348
S/N A9~748 S/N A9-1349
S/N A9~1035 S/N A9-1355
S/N A9-724 S/N A9-1367
S/N A9-856 S/N A9-1368

S/N A9~1082
S/N A9-1083
S/N A9~918
S/N A9~-1245

JE————_E R R

Figure 11, Second Configuration of Transducer Locations on CH-47C
Aft Transmissions.
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IFD #2
ENDEVCO #2 IFD #1
IFD #7 ENDEVCO #1
ENDEVCO #4
IFD #5
IFD #3
ENDEVCO #3
OIL PUMP
IFD #4 IFD #6
VIEW LOOKING DOWN
SDU LOCATIONS (7 TRANSDUCER NUMBER
Input Pinion IFD & Endevco #1
Stationary Ring Gear IFD #2, #3, #4, Endevco #2
Lower Housing IFD #7, Endevco #4
Upper Housing IFD #5, Endevco #3
0il Pump IFD #6
SMISSIONS LIZI S CONFI TION
PREOVERHAUL TRANSMISSIONS NEW TRANSMISSIONS
S/N A7-1040* S/N A7-987**
S/N A7-896* S/N A7~1408
S/N A7-878* S/N A7~1417
S/N A7-827

* THIS INSTALLATION DID NOT UTILIZE ENDEVCO TRANSDUCERS
*#* POSTOVERHAUL TRANSMISSION

Pigure 12. PFirst Configuration of Transducer Locations on CH-47C
Forward Transmissions.
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IFD #2
ENDEVCO #2 IFD #1
ENDEVCO #1
IFD #3
ENDEVCO #3
IFD #4
ENDEVCO #4
VIEW LOOKING DOWN
TRANSDUCER LOCATIONS (4) S BER
Input Pinion IFD & Endevco #1
Stationary Ring Gear IFD & Endevco #2, #3, #4

TRANSMISSIONS UTiLIZINQ THIS CONFIGURATION

NEW_TRANSMISSIONS

] S/N A7-1423
E S/N A7-1421
S/N A7-1418
S/N A7-1422

FPigure 13. Second Configuration of Transducer Locations on CH-47C
Porward Transmissions,
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KROHN-HITE MODEL 3202
ADJUSTABLE BANDPASS
FILTERS

4 CHANNEL IFD
SIGNAL CONDITIONER
"HOUSTON BOX"

UA-500
SPECTRUM ANALYZER

DUAL BEAM
OSCILLOSCOPES

ENDEVCO 6230M8 HONEYWELL 5600C
ACCELEROMETER TAPE RECORDER
CHARGE AMPLIFIERS

Figure 14. Components Used for Vibration Data Collection.
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Load runs were performed on the preoverhaul transmissions in

the condition they were received at Boeing Vertol. Prior to
installation in the test cell, each transmission was examined

to determine run worthiness. The examination consisted of
removing the transmission sump and examining the oil for water
contamination or excessive particulate debris. The sump removal
provided an excellent vantage point for a visual inspection of
most of the internal gears.

The transmission sumps were cleaned in a vapor degreaser prior
to reinstallation. This cleaning method was used in lieu of
other cleaning solvents in an effort to limit the amount of
particulate debris exposed to the transmission oil system.

The purpose of this procedure was to assure the consistency

of the debris collected in the o0il filters during the load runs.

In most of the sumps removed prior to load run, a substantial
amount of residue field debris was found. The elimination

of this debris provided a consistent starting point from which
all subsequent analyses were performed. Of the 20 preoverhaul
transmissions examined, only 2 aft transmissions did not pass
this run-worthiness examination. They were not used in this
program. (See Table 1.)

The 18 preoverhaul transmissions that passed the examination
were then installed in the load stands. They were run as
follows:

e 15 minutes at 10 percent load to stabilize temperatures
e 30 minutes at 50 percent load
e 1 hour at 100 percent load

New/Postoverhaul Transmissions

Twenty CH-47C transmissions were involved in this phase of the
program. They were run at the same increasing load levels and
time duration as the preoverhaul transmissions except as noted
in Table 2.

Associated Information Related to Data Collection

The forward and the aft test stands used in this project are

of closed-loop configuration. Figure 15 shows a typical
installation. In this type of stand the torque is locked
within the closed loop, which provides the capability of running
high horsepower within the loop without using high applied
horsepower.
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Figure 15 Typical Test Stand Installation,

Test data such as transmission oil pressure, temperature, and
0il flow were monitored and documented during each load run.

Every transmission utilized for this program successfully
completed the load runs within the required specifications.

New or recycled MIL-L~23699 oil was used in all of the trans-
missions tested. The recycled oil was filtered through a
liquid control system which has 10-micron filtration and water
removal capabilities.

The transmission oil was cooled by heat exchangers installed
on the test stands. To prevent any debris associated with

the cooling system from entering the transmission, a 40-micron
absolute filter was installed in the transmission oil return
line on the test cell. 1In addition, each transmission was
protected by its own filter with a 40-micron nominal and a
64-micron absolute rating. These filters were a stacked,
wafer-type construction capable of being cleaned.

Figure 16 illustrates the transmission lubrication system
involved in testing the CH-47C forward and aft transmissions.
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Figure 16. CH-47C Forward and Aft Transmission
Lubrication System.

The test stand lubrication system is independent of the trans-
mission lubrication system. Test stand lubrication is provided
from a separate oil reservoir which lubricates the stand's
drive components.

TRANSMISSION OIL FILTER REMOVAL AND CLEANING

Preoverhaul Transmission 0il Filters

Prior to the load run #f eac’ "H-47C preoverhaul transmission,
the oil filter was removed the housing and stored in a
sterilized plastic bag. The  .oris retained on these oil
filters was the debris the transmissions generated prior to
removal from the aircraft. A cleaned oil filter was installed
in place of the one removed. At the completion of the load
run, the oil filter was once again removed in the same manner
as stated above. The debris retained on these oil filters was
the debris generated during the preoverhaul load run.

Thirty-four preoverhaul transmission oil filters were removed
and retained for cleaning and analysis.
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New Transmission 0il Filters

The only requirement for oil filter removal on the new CH-47C
transmissions was after the load run. The oil filter removal
procedure was the same as stated above for the preoverhaul
transmissions.

Since new transmissions initially generate an abnormal quantity
of debris, which is caused by normal cleanup, an effort was
made to determine what the normal debris generation would be
after cleanup. This was accomplished by using two oil filters
instead of one during the load run, The first filter was
removed at the conclusion of the 50% load (approximately 45
minutes of run time) and replaced with a cleaned oil filter,
which was removed at the conclusion of the l-hour, 100% load
cycle. Four new aft transmissions were used for this effort.
The first 45 minutes provided the required cleanup and the
last hour provided the normal debris generation level.

Twenty-three new transmission oil filters were removed (15
under normal conditions and 8 from the dual filter installation)
and retained for cleaning and analysis.

0il Filter Cleaning Procedure

The removed CH-47C transmission o0il filters were all cleaned
manually by the following procedure,

l. The oil filter assembly was disassembled in order to
remove each oil filter wafer.

2. These wafers were then individually cleaned by using
a stiff bristled brush and isopropyl alcohol (anhydrous
99%). The brush was cleaned in isopropyl alcohol prior
to use.

To assure maximum cleanliness, the isopropyl alcohol
agent was filtered through a S5-micron millipore paper
prior to the cleaning process. Since the outer
surfaces of the wafers retained the collected debri-,
only these surfaces were cleaned. A brushing action
was applied to these surfaces using the precleaned
brush and filtered alcohol until the desired clean-
liness was obtained. The debris was brushed into a
beaker containing approximately 400-milliliters of

filtered alcohol. At the conclusion of the cleaning
process, each wafer was viewed under a microscope to

assure cleanliness. If acceptable, the brush was
cleaned into the same solution by using a hand
pressure laboratory fluid dispensing bottle.
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3. The fluid was then transferred into a precleaned
sample bottle and retained for particle size dist-
ribution. Each sample bottle was labeled with the
pertinent transmission and filter removal data.

4. The oil filter was then sonically cleaned, reassembled,
and retained for future use.

5. Each oil filter used in this program was cleaned
by the same engineer in an effort to eliminate a
variable that could exist between individuals.

ASOAP SAMPLES

Two 120-milliliter ASOAP samples were taken at the conclusion
of each load run. Samples were taken in accordance with TB55-
6650-300-15, Section III, Paragraph (c) (Drain Samples). The
drain plug was opened and a pint of oil was permitted to drain.
The samples were taken without flow interruption after the pint
of 0il was drained.

Each of the oil samples was taken within 5 minutes of shutdown.

The sample bottles were labeled with the transmission serial
number, part number, when taken, and sequence taken. The
samples were then sent to ARADMAC via USAAMRDL. Ths ASOAP
results obtained from ARADMAC were then tabulated and retained
for analysis.

All ASOAP samples were taken by the same engineer who was
present during each load run.

TRANSMISSION DISASSEMBLY

At the completion of the load run, each transmission was for-
warded to the disassembly area. If during disassembly a
discrepancy was encountered, the author was immediately noti-
fied. This procedure assisted in evaluating the specific
mechanism of the failure mode detected. Each transmission
was completely disassembled with each component identified

to denote the transmission from which it was removed.

These components were then cleaned and forwarded to the Quality
Control area. Each component of the transmission was inspected
in accordance with Work Requirements 55-1615-116 and =117 with
one exception; i.e., the life-limited components which are
normally rejected with only superficial inspection were examined
thoroughly (visually and dimensionally) to obtain the detail
data required for this program. All of the data recorded by
Quality Control in this process was collected and categorized

by transmission.

40




A Boeing Vertol overhaul discrepancy tag was affixed to all
rejected components, reworkable and scrap. The basic informa-
tion included on this tag was:

1. Part Number.

2. Part Name,

3. Part Serial Number (if applicable).

4. Part Total Time/Time Since Overhaul.

5 5. Transmission Removed From.

; 6. Transmission Total Time/Time Since Overhaul.
§ 7. Part Discrepancy.

: 8. Part Disposition.

Copies of all the overhaul discrepancy tags were collected and
catalogued according to the transmission from which they were
removed.

The reworkable, rejected components were reviewed by the author.
In the event any of these components were of potential value

to the data analysis, the noted discrepant part was photographed
prior to rework. The photographs were then retained and cata-
logued by transmission.

The scrap components remcved from the transmissions were
retained by the author and photographed as necessary. These
scrap components are secured in a bonded area and are available
for review. Photographic documentation was compiled only on
the scrapped components, along with a notation about defects

of potential value to the analysis.
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DATA ANALYSIS AND CORRELATION

COMPONENT CONDITION AFTER DISASSEMBLY

The individual component discrepancies as noted on the overhaul
discrepancy tags were catalogued by transmission serial number.
These tags indicate the noteworthy discrepancies detected

during visual, dimensional, magnaflux, and zyglo inspection.
Photographic documentation of the major discrepancies found

is provided and noted with the applicable transmission. Table 4
is a listing, by transmission serial number, of the discrepancies
found during inspection. Figures 17 through 29 are photographs
of the failed components referenced in Table 4.

DATA REDUCTION OF VIBRATION SIGNATURES

Data Reduction

Data reduction was accomplished by using a UA500 Spectrum
Analyzer and a Model 131E X-Y Plotter. Magnetic tape was
played back at 15 inches per second using the same equipment
that had been used earlier to record the signals.

Power Spectral Density (PSD) plots were made of the signal
amplitude displayed logarithmically (db scale) versus a selected
frequency range of 0 to X Hz displayed linearly. For this
program, the most used spectral freguency ranges were 0 to

200 Hz, 0 to 500 Hz, and 0 to 5,000 Hz. As a general rule,
selection of PSD spectral range represented a trade-off involv-
ing maximum frequency content versus required degree of resolu-
tion to allow precise identification of spike frequencies. It
should be recognized that in the absence of a range translation
unit, the same degree of resolution is not available over the
entire frequency range. For example, the 0- to 200-Hz scale
provides resolution to 0.4 Hz, while the 0- to 500-Hz scale
provides resolution to 1.0 Hz. With the current equipment,
there is no way of obtaining 0.4 Hz resolution between 200 Hz
and 500 Hz.

Data Analxsis

Essential to the recognition of part degradation is the ability
to identify the characteristic frequerncies associated with the
various rotating elements in the transmissions. Table 5 lists
the excitation frequencies associated with the various gear,
shaft and bearing rotating elements of the CH-47C forward
transmission while operating at its test speed of 223.7 rotor
shaft rpm. Table 6 lists the excitation frequencies associated
with the CH-47C aft transmission at its operating test speed
of 217.7 rotor shaft rpm.
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N. WEAR STEP

= EXCESSIVE WEAR
= FLANGES CRACKED

= SPLINES WORM
SPLINES WORN
11402089 - RETAIMER - EXCESSIVE WEAR ON

O RETAIMNING FACE (PIGURE 24)

RETAIMER - .065~1
RETAINER (4)

ON FACE
RETAINING FACE

O PLANGES
114D2009 - RETAINER - EXCEASIVE WEAR ON
RETAINING PACE
- GEAR
- GEAR -
RETAINING FACE
AND WORN

114D2184 - RETAINER (4)
114D2088 - HOUSING - WEAR STEP ON BEARING

114D2184 - RETAIMER (4)

114D2110
11402093

~ TOML TR/
120
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47/umn
196/

. SUMMARIZATION OF MAJOR TRANSMISSION DISCREPANCIES - CONTINUED

PLUG LOOSE IN INFUT
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EXCESSIVE BACKIASH

'ABLE 4
NETAL CONTANIWATION
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= RETAINER - PLANGES CRACKED AND SEE REMARKS
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114D2139 - MOUSING (AGB) ~ .006-IN.
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EXCESSIVE BACKIASH $28/wew
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Figure 17. Spalled Inner Race of the 114DS282 Planet Assembly.

Figure 18. Spalled Inner Race of the 114DS282 Planet Assembly.

Figure 19. Spalled Inner Race of the 114DS281 Planet Assembly.
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Figure 20. 114DS274 Bearing.

Figure 21. 114DS256 AGB Bearing.
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Figure 22. 11402184 Planet Assembly Retainers.

Figure 24.

114D2119 Retainer.
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The analysis process essentially consisted of the following
three approaches (given prior data reduction to produce the
appropriate PSD plots described above):

l. Comparison of spectra from various acceptable
transmissions to determine commonalities and
differences (i.e., establishment of the degree
of commonality in baseline signatures).

2. Searching for significant spikes at the frequency
characteristic of the rotating elements found to be
discrepant from the results of the transmission
teardown analyses (i.e., inner race ball-pass
frequency for a bearing with a spalled inner race
or a shaft rotational-speed frequency and harmonics
for a gear with spalled teeth).

3. Comparison of signatures obtained with IFD and
Endevco accelerometers (subsequenly bandpass-filtered
and envelope-detected) to ascertain the degree to
which the Endevco accelerometers could detect
encountered faults.

DATA REDUCTION OF DEBRIS SIGNATURES
M

Particle counts on the debris extracted from the oil filters
were made at the following levels: 10, 25, 50, 100, 150, 250,
375, 500, 750, 1,000, 1,500, and 2,000 microns. The range
from 10 to 150 microns was measured and counted with the
millipore PI MC particle measurement computer system (see
Figure 30). Particles from 250 to 2,000 microns were visually
measured and counted with a microscope.

PI MC Particle Counting Procedure - Particles < 150 Microns

Particles smaller than 150 microns were counted by the follow-
ing procedure:

l. The total volume of the sample's fluid was measured.

2. The fluid was then hand agitated for a minimum of
1 minute.

3. Three samples were drawn from the fluid with a burett.
The volume of the sample extracted was determined by
the cleanliness of the fluid. Sample volumes ranged
from 10 milliliters for a clean sample to 5 milliliters
for a dirty sample. Smaller volumes had to be used
with the dirtiest samples to prevent too much debris
from being deposited on the millipore filter paper.
If this were to occur, the PI MC particle counter
would be unable to distinguish between overlapping
particles,
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4. The manufacturer's recommended procedure for the
' extracted sample's preparation and use with the PI
MC counter is listed in Appendix B.

5. Twenty-five fields from each of the three extracted
samples were counted. The average of the three
samples was used for particle count in each size range.

The filtration area of the mi%lipore filter on which the extracted
sample was placed is 9.6 x 10° square micrometers. Since the
volume counted, total volume, and measured field areas counted
were known, the total particle count could then be derived

from the formula:

8
TOTAL PARTICLE COUNT = 55 REASURED FIELD S3IR X SANPLE VOLAE X PT MC COUNT

» The millipore PI MC particle measurement computer system util-
= izes a TV microscope, from which the output from the TV is

: transmitted to a TV monitor and to a computer that automatic-~
ally counts and sizes particles in the range selected. The
microscope was equipped with a 40X power which magnified the
particles projected on the TV monitor. Since a TV monitor
§ can only scan horizontally, the particles were counted by

i their longest horizontal dimension. The maximum effective
» size range of this apparatus is 250 microns. Particles greater

than 250 microns when magnified and projected onto the TV

monitor saturate the field of vision. Another inherent problem
with larger particles is that they tend to cover smaller
particles which consequently would not be counted and could
jeopardize the integrity of-the particle counts.

R T T e

Note: Particles larger than 150 microns were too large to be
accurately counted by this statistical technique, and
such large particles covered so many smaller particles
that small particle counts would have been distorted
by the particles larger than 150 microns.

Large Particle Counts (Particles 100 Microns and Greater)

Particles larger than 100 microns were filtered through a sieve.

: These particles were then placed on a S-micron millipore filter
i i and weighed. Following the weighing, the millipore filter was
placed under a microscope and the particles counted manually.
The gravimetric weight and particle counts were individually
recorded and logged by transmission serial number. The large
particle counts were made in accordance with ARP598; that is,
particle size was determined by the longest dimension. (ARP598
describes "A Gravimetric Sampling Procedure for Making a Statis-
tical Particle Count Using A Millipore Filtering System".)
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Exceptionally dirty filters which did not provide a homogeneous
distribution on the millipore filter were counted by the repre-
sentative sample procedure described in ARP598. Approximately
20% of the filters analyzed in this program required the
representative sample procedure. All particles were counted
(i.e., metal, dirt, etc.) in all particle size ranges primarily
because the millipore PI MC counter was unable to discriminate
particle structure during the counting process.

Problems Encountered

Lint

The presence of lint inhibits automatic or manual counting
because metallic particles can be hidden and retained by
the lint.

Static Electricity

The movement of fluid has a tendency to create a charge
of static electricity, which causes metallic particles

to cling together. This problem is realistic in that
automatic particle counters cannot distinguish the differ-
ence between a single particle and particles that have
been grouped together. Manual counting is also inhibited
since it is a very difficult task to disperse the parti-
cles that have grouped together.

Magnetic Particles

The same condition exists with magnetic particles as is
noted above for static electricity.

Problem Impact on Results
Lint

Although lint particles were present in several particle
size ranges above 750 microns, visual examination of the
debris indicates that the lint particles represent a sig-
nificant percentage (30% or more) of total counts for
particles larger than 2,000 microns. Thus, counts for
particles over 2,000 microns could be significantly reduced
if lint could be eliminated. However, since lint particles
would be "seen® by optical particle counters, and since
u::{ small metallic particles tend to adhere to the lint
(making it detectable by magnetic chip detectors and
indicating screens), the large lint particles may well
be indistinguishable from metallic particles through
conventional debris monitoring devices.




Particle Conglomerations

Particle conglomerations were minimized by sample agitation
prior to making a particle count. However, since conglom~
eration of particles occurs naturally in a machine, these
conglomerates would also be sensed by debris-monitoring
devices as single large particles.

ANALYSIS OF ASOAP DATA

The ASOAP analysis performed on the samples taken from the
CH-47C transmissions was accomplished at ARADMAC with the

Baird Atomic Emission Spectrograph. The results of these
analyses were forwarded to Boeing Vertol. A comparison was

then made between the ASOAP data and the transmission disassembly
data. The results of this comparison are noted in the following
section. Twenty elements of the oil samples were analyzed

and recorded, by transmission, on the standard oil analysis
record D.D EQAPA Form SF-1 (4-71).
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RESULTS AND SUMMARY

PHYSICAL TEARDOWN INSPECTION

Based on the results obtained from the teardown inspection,

the overhaul transmissions were categorized as either acceptable
or unacceptable. Acceptable meant the discrepancies found

were minor and that the transmission would be flightworthy

for at least 100 additional flight hours, or the failure was

of a nature which would not produce debris (such as external
leakage or stripped external threads). Unacceptable meant the
deterioration found on one or more of the transmission's internal
components warranted sufficient consideration to doubt the
integrity of the transmission withstanding an additional 100
flight hours.

Based on the data provided in Table 4, the CH-47C transmissions
were categorized as either acceptable or unacceptable. Table 7
lists the transmissions by serial number in their appropriate
category.

An unacceptable transmission is exemplified in the photographic
documentation provided in Figures 17 through 29 in the preced-
ing section. The unacceptable category is not an indication

of a catastrophic state, but is only an indication of a failure
that should be detected. The acceptable/unacceptable categories
were arbitrarily selected as a means of discrimination for

the purposes of this program. Admittedly, there will be differ-~
ences of opinion in what could be called acceptable or unaccept-
able.

The following conclusions are evident from Table 7:

1. All unacceptable (from a debris-related standpoint)
units were detected with the existing diagnostic
systenms.

2, Of the acceptable units removed for debris-related
symptoms (A9-918 for SOAP and A9-1035 for metal on
the magnetic plug), both must be considered erroneous
removals.

3. Of the acceptable units removed for non-debris reasons,
all were considered to be valid removals except for
A7-827, which was removed for a vibration symptom.

Of the transmissions itemized in Table 7, there are three debris
and vibration data points missing from two CH-47C overhaul trans-
missions. Forward transmission A7-1040 was incapable of running
at loads in excess of 10% because the rotor shaft threads which
secure to the torquing mechanism were stripped. Hence, the
particle counts derived from this test run were not comparable
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with those obtained from the other transmissions. On this

same transmission, the sample bottle containing the particles
removed from the oil filter prior to the load run was accident-
ally broken; therefore, this data is not available. Forward
transmission A7-896 was found to have water contamination in
the sump 0il during the examination prior to the load run.

The transmission's oil system was flushed prior to the load
run. It soon became evident from the excessively high particle
counts obtained from the oil filter after this run that the
flushing procedure had not been adequate.

DEBRIS RESULTS

Particulate

Total particle counts in the various size ranges noted were

made and tabulated by transmission serial number. The results
of these particle counts are listed in Table 8 for the unaccept-
able preoverhaul transmissions and in Table 9 for the accept-
able preoverhaul transmissions. The results listed in Tables

8 and 9 were derived from those filters removed after the load
runs. Likewise, the results of the particle counts derived

from the new transmissions after the load run are tabulated

in Table 10. In Tables 8 through 10, all particle counts are
from the l-hour and 45-minute run.

As previously noted, there were four new aft transmissions

that utilized two oil filters during the load run. The results
of the particle counts after the first 45 minutes and the

last hour are listed in Table 11. The particle count results
of the o0il filters removed from the CH-47C preoverhaul trans-
mission prior to load run (as received from the field) are
tabulated in Table 12,

At the beginning of this program it was assumed that 750
microns would be the maximum limit of particle-size analysis.
After the first particle counts were received, it became
apparent (because of the large number of particles encountered)
that the maximum size to be analyzed would have to be increased.
Particle counts were then increased to the 2000-micron level.
Those transmissions which do not have any particle counts
above 750 microns fell into this "early data" category. At
approximately the same time that the larger particle size
ranges were added, the 200-micron count was dropped to balance
the particle counting workload; due to the apparently low
significance of this particular analysis point.
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DEBRIS SUMMARY

From the debris data in Table 8 and 9, a comparison was made

to establish the difference between an acceptable versus an
unacceptable transmission. This comparison was accomplished
by plotting the relationship between the size of the particles
and the number of particles. Figures 31 through 34 illustrate
the plots made using basic least-squares regression. Figures
31 and 33 are the regression plots from 10 to 250 micrometers
and Figures 32 and 34 are the regression plots from 250 to 2,000
micrometers. Overlays of these regression plots are illus-
trated in Figures 35 and 36. In Figure 35 (10-250 micrometers)
it is evident that the difference between an acceptable and an
unacceptable transmission is impossible to distinguish since
the two lines almost overlap. However, in Figure 36 (250-2000
micrometers) there is a significant difference between accept-
able and unacceptable transmissions starting at approximately
700 micrometers, with the difference increasing up to the 2000-
micrometer range.

Least-squares regression plots, Figures 37 and 38, were made

for the new transmissiuns from the debris data noted in Table
10. Figure 37 plots the 10- to 250-micrometer range and

Figure 38 the 250- to 2000-micrometer range. These plots are
also illustrated in Figures 35 and 36, together with the accept-
able and unacceptable preoverhaul regression plots. It should
be noted that the new transmission particle counts in the size
ranges below 250 micrometers are significantly higher than

those of the preoverhaul transmissions. This is primarily
attributable to the normal wear-in associated with new trans-
missions. The particle counts from the larger size ranges,
greater than 250 micrometers, are relatively consistent with
those of the preoverhaul transmissions; however, it is expected
that these counts will also drop after wear-in has occurred.
This assumption is based on the particle counts derived from

the dual filter installation on new transmissions (Table 11).
The particle counts after the last hour of the load run were
significantly lower than those collected after the first 45
minutes of the load run. The exact position of the new trans-
missions regression line after cleanup cannot be defined due

to dissimilar durations and load settings. It is expected to
fall below the line for acceptable preoverhaul transmissions.

An extension to the load run time of the new transmission

would have been desirable; however, scheduling, cost limitations,
and contractual authority restricted any additional running time
or filter replacements.

Unfortunately, the historical field data associated with oil
filters removed from the preoverhaul transmissions prior to load
run was not available. The number of particles per the interval
could not be established. Therefore, any comparisons or con-
clusions that could be derived from the debris from these filters
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cannot be accomplished at this time. In the event this data
becomes available, it can readily be utilized with the particle

counts listed in Table 12 for an additional, and perhaps more
meaningful, analysis.,

Figure 39 is a standard deviation plot indicating the t1l-sigma
distributions from 750 to 2,000 micrometers for the acceptable
and unacceptable transmissions. The 1,500-micrometer range

has the minimum overlap and would provide the highest confidence
point in predicting a transmission's acceptability or unaccept-
ability. The tl-sigma calculations in addition to the mean for
the 1,500-micrometer range are listed in Table 13.

TABLE 13. 1,500-MICROMETER RANGE STANDARD DEVIATION
CALCULATIONS FOR ACCEPTABLE/UNACCEPTABLE
PREOVERHAUL TRANSMISSIONS

NUMBER_OF PARTICLES IN 1,75-HOUR EXPOSURE
TRANSMISSION STANDARD
CONDITION MEAN +1-SIGMA -1-SIGMA DEVIATION
ACCEPTABLE 14.50 18.68 10.32 4.18
UNACCEPTABLE 24.25 34.37 14.13 10.12

Based on the calculations from Table 13, the cumulative normal
distribution lines for the acceptable and unacceptable trans-
missions were plotted (Figure 40). The intention of the cumu-
lative normal distribution line is to provide some insight

into the selection of a particle count threshold and the asso-
ciated confidence level with which this selection would dis-
criminate between good and bad transmissions. This curve then
can be used on a selected particle count threshold to determine
the probability that an acceptable transmission would be called
acceptable and an unacceptable transmission would be called
unacceptable. The compliment or probability of calling an
acceptable transmission unacceptable and vice versa can also

be determined from this plot. The cumulative normal distrib-
ution views the entire CH-47C transmission population based

on the available data. Figure 40 can be used as follows:

1. Assuming 18 particles to be the particle count
threshold, then

2. The probability of callinj an unaccepta~l~ transmission
unacceptable is 75+, and 27% for caaling “'.i< trans-
mission accegtable.

3. The probability of calling an acceptable tranemission
acceptable is 78%, and 22% for calling this transmission
unacceptable.
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Hence, the confidence levels for each of the variables involved
are dependent on the particle count threshold which is chosen.

Figure 41, which is similar in form to Figure 40, represents

the best possible diagnostic accuracy of debris particle size
distribution that can be statistically inferred from the data
collected during this study. However, it must be understood
that for estimating realistically achievable diagnostic accuracy,
the mean value curves of Figures 40 and 41 should be used.

The data in Tables 10 and 11 conclude that newly manufactured
transmissions initially generate abnormally high quantities
of debris particles in all size ranges. However, after the
first hour of load running, most of the high generation is
complete.
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ASOAP RESULTS AND SUMMARY

Tables 14, 15, and 16 list the results derived from the oil
analysis (ASOAP) performed by ARADMAC.

Since a comparison of the results from the two oil samples
revealed near duplication, the results from the No. 1 oil
sample will be used in the following figures. Only those
elements which recorded greater than 5 ppm are noted.

Those parts per million counts which exceeded the established
abnormal limit for the CH~47C forward and aft transmissions
are enclosed in a rectangle in Table 16.

The ASOAP results obtained after the load runs were inconsis-
tent and inconclusive in that the preoverhaul transmissions,
both acceptable and unacceptable, listed in Tables 14 and 15
indicate that these transmissions would have passed the ASOAP
test since all of the elements monitored were below the estab-
lished abnormal limit., The results listed in Table 16 for the
new transmissions, however, indicate that five of the trans-
missions analyzed failed the ASOAP test. One of the five
transmissions approached the Fe abnormal limit while the other
four considerably exceeded the Fe abnormal limit.

The above statements do not imply that the ASOAP is incapable
of detecting a failure. Since the preoverhaul transmissions
were run for only 1 hour and 45 minutes, the time element
involved may have precluded ASOAP from providing an accurate
diagnosis of the existing condition, especially with respect
to the unacceptable preoverhaul transmissions. It must be
remembered that the normal ASOAP field inspection interval is
25 hours.

Since each new transmission is unique with respect to varying
tolerances of the internal components, the wear-in patterns
exhibited during run-in are also expected to vary. It is not
considered unusual for a new transmigssion to generate an
abnormally high iron count; however, after the first oil change,
which occurred after the load run, the iron count is expected
to drop to a normal level.
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VIBRATION ANALYSIS RESULTS

As previously mentioned in the section covering data reduction
of vibration signatures, the analysis of vibration data was
structured towards resolving three issues:

1. Baseline Commonality
2. Fault Detection Capability
3. Endevco and IFD Sensor Comparison

During the course of this program, vibration data was acquired
from 24 aft transmissions, but only 10 forward transmissions.
Therefore, the detailed vibration analysis was restricted to
the aft transmissions.

Baseline Commonality Analysis

Baseline vibration data was recorded broad-band and at three
carrier frequencies for each of three load conditions on each
of the ten new aft transmissions. To keep the scope of the
baseline analysis within program cost constraints, it was
necessary to consider only the 100% torque load condition
and the input pinion sensor location.

Figure 42 is the Power Spectral Density (PSD) envelope which
contains all the baseline data at all the carrier frequencies
of all ten new aft transmissions. Figure 42 was constructed
by superimposing the individual PSD plots for each of the
three carrier frequencies for each of the ten new aft trans-
missions, and tracing the envelope of the maximum observed
amplitude at each frequency. The individual plots for the
cen transmissions are presented in Appendix C (Figures Cl
through Cl10). Detailed examination of these thirty PSD plots
shows that the 250-kHz carrier frequency consistently contains
the highest peaks.

The envelope of Figure 42 constitutes the "Generic Baseline"
(a common baseline for all LRU's of the same part number). It
is used as a comparison reference for the defect cases studied.

It is important to note that for all carrier frequencies on all
new transmissions, all the significant peaks (those more than
15 db above the baseline reference) occur at the same machine
frequencies. Closer analysis of this data reveals that all
these peaks are related to the first-stage planet carrier of
the two-stage planetary gear systems in this transmission. The
predominant planet carrier frequency is the 2/rey and its
harmonics, with the 1/rev and the four associated sidebands
showing up in only one of ten new aft transmissions (A9-1368).
Figures 43, 44, and 45 are 50-kHz, 100-kHz, and 250-kHz PSDs
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showing the amplitudes of the first-stage planet carrier 2/rev
and its harmonics for the ten new aft transmissions with all
other frequencies removed. It is clear from an examination of
these figures that even with abnormally high and low data points
removed from consideration, the amplitude variation from one
transmission to another of certain first-stage planet carrier
frequencies can be on the order of 10 to 15 db.

The obvious test of the above observations about new transmis-
sion baseline commonality is to apply them to other aft trans-
missions in similarly good condition. This can be done by
superimposing the baseline envelope of Figure 42 on the PSDs

of each of the individual transmission PSDs of Figures 46
through 49. These are four of the transmissions which were
returned for overhaul, but upon teardown inspection were found
to have no significant defects and were judged to be acceptable
for continued use. The comparison of the baseline envelope
from new transmissions with the 12 PSDs for three carrier fre-
quencies on each of four preoverhaul (used) transmissions shows
no peaks which exceed the baseline envelope by 10 db or more,
with the largest exceedance at about 6 db.

In summary then, we can state the following with regard to
baseline commonality for the CH-47C aft rotor transmission at
100 percent load as seen by a transducer attached to the
external surface of the input pinion barrel.

1. Machine frequencies at which significant peaks occur
are the same for all transmissions operating at the
same speed and torque.

2. All machine frequencies at which significant peaks
occur are related to the first-stage planetary gear
systenm.

3. Certain first-stage planetary gear system peaks can
display amplitude variations of up to 15 db from one
transmission to another.

4. Used transmissions in acceptable condition generate
PSDs which adhere to 1. through 3. above and display
no peaks which exceed the generic baseline envelope
by 10 db or more.

It is appropriate in this baseline commonality analysis to ask
the question: "Why is the baseline signature so completely
dominated by the first-stage planetary gear system, with no
significant amplitude peaks generated by the second-stage
planetary system?" This question is even more appropriate in
light of data from the YUH-61A UTTAS main transmission which
shows no such planet carrier peaks.
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The answer starts with the fact that the first-stage CH-47C
planetary system has four gears in two directly opposed pairs
as shown in Figure 50. Due to a design anomoly of the first-
stage planetary gear system, there is an angular offset in the
relative position of the two opposed planet gear pairs. This
results in unequal loading of the two planet gear pairs. Thus,
the two planet gears of the heavily loaded pair generate a high
signal level at a twice-per-planet-carrier-revolution rate,
relative to a stationary transducer on the external surface of
the transmission. Although this type of design anomoly is also
present in the CH-47C second-stage planetary system, the planet
gear loading disparity is far less due to (1) an offset angle
that is only 60% as large as that of the first stage, and (2)
three planet gear pairs (six gears total) to share the load
disparity. In the YUH-61lA UTTAS planetary gear system there

is no offset angle, and all gears are sequentially loaded. (No
two gear pairs enter mesh at the same point in time.) Loads
are shared equally by all planet gears and no large planet
carrier peaks are generated.

Fault Detection Capability

To evaluate the fault detection capability of the high fre-
guency vibration technigue, seven defect cases were selected
from the CH-47C aft rotor transmissions that were returned for
overhaul and subsequently, during teardown inspection, were
found to have defects which rendered them unacceptable for
continued use. The defect cases considered included the two
gear pairs and five bearings (two of which were planet bear-
ings) listed in Table 17. The discrepant parts involved in
each defect case can be located within the transmission by
referring to the CH-47C aft rotor transmission drawing of
Figure 51. In order to determine the detectability of the
individual defect cases, the following analytical procedure
was employed.

1. The 0- to 500-Hz PSD from the defect case input pinion
IFD sensor at a 250-kHz carrier frequency was overlaid
with the generic baseline envelope of the ten new
transmissions (Figure 42). Any exceedances that were
more than 10 db above this baseline envelope were
tabulated to display their amplitude and the machine
frequency.

2. Additional special case PSDs were generated from the
defect case data over the spectral ranges which gave
the best resolution of the machine frequencies charac-
teristic of the discrepant conditions and from the
IFD sensors that were closest to the discrepant parts.
Special case generic baseline envelopes were then
generated from each additional sensor location and
spectral range using four of the new transmissions
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(S/N A9-1337, 1339, 1341, and 1342). The special case
PSDs from defect data were then overlaid by the appro-
priate four-transmission generic baseline envelopes,
and the exceedance tests of 1. above were applied.

3. The greater-than-10-db exceedances of 1. and 2. above
were then compared to the fundamental machine frequency
characteristics of the discrepancies. This was done to
establish the degree of correspondence between these
fundamentals and the significant baseline envelope
exceedances.

4. In certain defect cases some additional special case
PSDs were generated without corresponding baselines to
identify the presence or absence of higher harmonic
content or certain gear mesh and bearing frequencies
not included in the spectral ranges of 1. and 2. above.

The special case generic baselines are shown in Figures 52
through 57. The associated individual new transmission PSDs
from which these generic baselines were constructed are shown
in Figures Cll through C36.

Defect Case No. 1, Second-Stage Carrier Thrust Bearing,
Transmission A9-734 (Figure 20)

This bearing had severely spalled inner and outer races,
but the cage and balls were i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>