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PREFACE

This report presents the results obtained from the debris and
vibration analy sis performed on new and preoverhauled CH—47C
forward and aft transmissions.

The study was conducted under Contract DAAJO2—75—C—002l for
the Eustis Directorate, U. S. Army Air Mobility Research and
Developntent Laboratory, Fort Eustis, Virginia.

USAAMRDL technical direction was provided by Mr. D. Lubrano.

The Project Engineer for the Boeing Vertol Company was Mr. 0.
L. Sandora of Product Assurance Research and Development.
Program management and technical direction were provided by
Mr. D. B. Board, Diagnostics Technology Manager of Product
Assurance. Assistance was provided by Messrs. J. Srantek,
H. Ardinger, R. B. Aronson, and H. Baker.

The author gratefully acknowledges the assistance received
from Mr. R. Lee of ARADW1C, and Captain J. Coyle, USN Retired,
of Villanova University . Mr. R. Lee provided the ASOAP analysis
on the oil samples removed from the transmissions used in
this program. Captain J. Coyle and mem~bers of his staff pro—
vided the analysis on the debris removed from the oil filters.
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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 n raw N 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 anew” 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.
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DATA COLLECTION PROCEDURE

TRANSMISS ION HI STORY

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 unfiltered 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.

15
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TABLE 2. NEW/POS’rOVERHAUL TRANSMISSION HISTORICAL DATA

SERIAL NUMBER PART NUMBER

A7—987 114D1200_7**

A7—1408

A7— 14 17 114D1200—7

FORWARD A7—1418 ll4Dl200—7

~RANSMISSION A7—142l 114D1200—8

A7— 1422 ll4Dl200—8

A7—],423 l1.4D1200—8

A9—1330 114D2200—7

A9— 1337 ll4D2200—9

A9—1339 114D2200— l0

A9—1341 114D2200—9

A9- 1342 114D2200—9

AP’r A9— 1343 114D2200_9*

L’RANSMISSION A9—1348 ll4D2200—9

A9—1349

A9—1355 114D2200—9

A9—1367 ll4D2200—9

A9—1368 l.14D2200—9

A9—1373 ].14D2200—9

A9—1376 114D2200—9

* 10% TORQUE LEVEL ONLY
** POSTOVERHAUL TRANSMISSION - 10% TORQUE LEVEL

~ILL OTHER TRANSMISSIONS COMPLETED FULL LOAD RUNS OF 10%. 50%.
~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 the 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
r~.ice 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 6230148 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 Endevs..o 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—H ite 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 13—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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S

ACCELEROMETER OUTPUT Ai
-~ C

AND BANDPASS FILTER
. — CARRIER FREQUENCY

- BANDPASSFILTER W,OTH
TO - TIME PERIOD BETWEEN DEFECT

CAUSED DYNAMIC EVENTS
- CARRIER MODULATION FREQUENCY

DUE TO DEFECT

ENVELOPE DETECTION
FREQUENCY

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

w ~~(A) 0

k • SPECTRUM ANALYSIS 
________________________

TIME
£
I

I ___ 
_ _ _ _

(C)

A) A CARRIER FREQUENCY IS SELECTED AT A SUFFICIENTLY HIGH VALUE P25 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.

B) THE BANOPASS-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” Nigh—Frequency Vibration Analysis.
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GENERAL DESCRIPTION

The Endevcat Model 6230M8 Acceleromet.r Ii designed to
sense high frequency vibrations caused by d.fects in
bearings, gear trains, and oth er high sp..d rotating equip—
mont. Vibration g.nevat.d by bearings covers a wids
Tong. of fr.qu~ncI.s and any instnrne nt used to meowre
this motion must be small, lightweight, and have a high
resonance frequency.
Th small size of ski 6230MB, Its 5 grain mass, and a
resonance frequency of over 100 000 Hz allow this
occ.I.rcmeter to provide a flat frequency response to - -

20 000 Hz. Charg. sensitivity of 2 pC/g is reasonably -

high resulting in a good signal to nois, ratio over a wide
dynamic rang.. Th. sensor is Insulated from the mounting
sbvctur. reducing th. effect of ground loop voltage.
A dash nunber after th. model nunb.r indicates the length of integral cable, In Inches. The Model
6230M8 is a self-generating plezoelectric transducer and requires no external power far operation.

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

SPECIFICATIONS FOR MODEL 6230MB
(According to ANSI and ISA Standards)

D’VNAMIC
Charge Sensitivity 2 pC/g, nominal
Mounted le.onance Frequency 100 000 Hz, minimun
Frequency Isspasise~ +5% typical at 20 000 Hz,

refere nce 100 Hz
Transverse Sensitivity Designid for 5% maidmum
Amplitude Linearity, Rang. Sensitivity increases appresdmotsly 1% per ~~Oto SOO g.

ELECTRICAL
Tissuducor CapacItance 1400 pP nomInal, with sIx Inch cable
Tresadseur Reuhissee (7O’P) 1000 MO minimum p~, I of 2
I’wuhelless Signal retwn Insulated from case. Ins

Figure 4. Specifications for End.vco Model 6230148
Accslerc eter (Sheet 1 of 2).
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SpeciflcatIo~ for Model 6230MB (ContInued)

Tolerances: .XX(X.X) ~ 0.03 (*0.8) DimensIons in inches and ~niIlim.tr.s
.XXX (X.XX ) - t O.O10 (*0.25 ) ~~~~~~~~~~~~~~~ -

I a N ~I(I~~. a t
CSU SS4I I~~$VMIUI

•~~V44
’<

~ ~~~~~~~~~~
S ~~~~~~ 

S

-~~~ ~~~~~~~ •~r,. - --+ —-- —
~~~~~~~~~~ 

-

PHYSICAL
Design Sinèie-ended Compression
WeIght 5 grams
Crystal Materiel Piezit~~ Element Type P—B
Case Material Corrosion resistant steel
Integral Cable CoaxIal, 6 Inch (15 cm), Teflon die lectric and jacket,

low-noise treated, terminated with 10-32 coaxIal
receptacle (~ 189).

Mounting Hole for 6-40 x 1,4 inch stud.
Recommended mounti ng torque: 7 lbf-in~).8 Nm).

Accessory Supplied Model 2984-4 Mounting Stud, adapts 6-40 to 10-32 threads.
Accessories Avollabie Model 3090A or 30908 Low-Noise Coaxial Cable Assemblies

ENVIRONMENTAL
Acceleration Limit 500 g p.ak
Temperature -40’F to 5OVF ( 40’~ to 2WC)
Altitude Not affected
Seal Epoxy sealed

Continued product Improvement necessitates that Endevco reserve the right to modify the,,
specifications without notice.
CALIBRATION: E.ch acceleromet.r Is calibrated at room temperature far charge sensitivity,
capacitance (including Integral cable), and diorge frequency response from 25 Hz to
10 ~~ Hz. Temperatur. respons. at roan temperature, 300’F (150~ ), and 500 ’F (2WC),
and other calibration, ore availabl, on special order. See Calibration Service Bulletin 301.

Note: ~ Base stvoln sensltlvhy any limit the use of this transducer on flexib le structure, at
fr.quenci.s below 100 Hz. Cable nest be tied down as close as poss ible to occal-
erometer, with one Inch ~ amater service loop, minimum, to reduce lb. effects of
cable motion .

Cal. strain, pyreel.cttic output, and minor resonances lii test alioker lImit our
— 2 cspablllty for .ccviet.ly measuring frequency respore. to no better then * 10%

f,om 2S Hz to lOkHz.

Figur e 4. Specifications for Endevco Model 6230MB Accelerometer
(Sheet 2 of 2).
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IFD MODEL 253 TRANSDUCER

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

I l j  Il ’ IIt ~J lI l1Js I1~~~ [1 lt$5 II$$f It s

INTERNAL STRUCTURE (SHOWN BEFORE POTTING)

+

CRYSTAL 22M~l

GRO

TRANSDUCER SCHEMATIC

C1~~rce sensitivity: ~~ 55 pC/gFreauenny Response : ± 1 db from 100 Hz to 10 kHz, + 1 db @
20 kHz (Ref. 100 Hz)

Mounted Resonant Frequency: 1st Resonance @ 
~~ 30 KHz,numerous additional resonant

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

Figure 5. IFD Accelerometer and Schematic.
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0 - 

6230M8 WITH MOUNTING BLOCK UNIT (BLOCK)

SER NO. ABO8 U, 
_____

—10 - 
SPARK

20 - 
SPARK IMPULSE CALIBRATION

— HP 8553B ANALYZER
— BLOCK MOUNTED WITH

ULTRASONIC COUPLER

m -30 -

.5

z
0

-50 -

NOISE

—70 I I 1 
.‘

200 400 800 800 1.000

FREQUENCY — kHz

Figure 8. Response of Endevco Accelerometer Model 6230MB ,
Serial Number ABO 8—-Mounting Block Secured with
Ultrasonic Compliant.
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0

IFD SENSOR A253 NO. 411

—10

SPARK IMPULSE CALIBRATION

— HP 8553B ANALYZER
— MOUNTED WITH ULTRASONIC

COUPLER
-20 - 

-

.5

Z
0

~40

— —

—70 I I I

0 200 400 600 .800 1.000
FREQUENCY — kHz

Figure 9. Response of Boeinq 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 of f magnetic tape, within the recorded electronic
frequency limi ts, 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 norma]. 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 6230148 vibration
data has been recorded from 0-75 kllz. 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 ii 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 kRz
response) at 15 inches per second. Endevco signals were not
bandpass-filtered or envelope—detected prior to recording, and
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I
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 RI4S.

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 kRz, and 250 kllz center frequency respectively.
Due to tape track limitations, data was recorded from two groups
of accelerometers in sequence. For the early configuration:

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

For the later configration:

• Bank 1 comprised IFD transducers 1, 2, 3, and 4
• 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.

5
- Table 3, Magnetic Tape Index, tabulates the Boeing Vertol

Diagnostic Test Number (BVD) and the tape reel assigned to
each transmission.

TRANSMISSION TESTING

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

Preoverhaul Transmissions

V Twenty CH—47C transmissions being inducted into the overhaul
program at Boeing Vert~o1 under an AVSCOM Contract were selected
for vibration analysis. The project involved 16 aft (1l4D2200)
end 4 forward (114D1200) transmissions.f 
_ _ _ _  

_ _  
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v - —

~,— IFD #1
IFD *2

ENDEVCO *1
END EVCO #2 

-

IFD *5 IFD #7

ENDEVCO *3 ENDEVCO #7

lED #4 IFD #3

IFD *6

OIL PUMP

VIEW LOOKING D(~~N

TRANSDUCER LOCATIONS (7) TRANSDUCER NUMBER

Stationary Ring Gear IFD #2, *3, #4, Endevco #2
Lower Housing IFD #7 . Endevco #4
Oil Pwnp IFD *6
Input Pinion lED #1, Endevco #1
Upper Housing IFD #5, Endevco #3

TRANSMISSIONS UTILIZING THIS CONFIGURATION

PREOVERHAUL TRANSMISSIONS NEW TRAN SMISSIONS

S/N A9—728 S/N A9—1330
S/N A9—962 S/N A9—1337
S/N A9—734 S/N A9—l339
S/N A9-1l33 S/N A9—1341
S/N A9—87l S/N A9—1342

S/N A9~ l343*

* TED & ENDEVCO #1 & *7 ONLY

Figure 10. First Configuration of Transducer Locations on CH—47C
Aft Transmissions.
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IFD #2 f L ~~~~~~’— IFD #l

ENDEVCO #1
ENDEVCO #2

0
IFD #4 IFD *3

ENDEVCO *4 ENDEVCO #3
AGB

OIL PUMP

VIEW LOOKING DOWN

TRANSDUCER LOCATIONS (4 ) TRANSDUCER NUMBER

Input Pinion lED & Endevco *1
Stationary Ring Gear lED & Endevco #2, #3, #4

TRAN~JS~ IONS UTILIZING THIS CONFIGURATION

PREOVERRAUL TRA~ZXISSIONS NEW TRANSMISS IONS

S/N A9—97 1 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—l083
S/N A9—918 

- - -

S/N A9—1245

Figur. 11. Second Configuration of Transducer Locations on CH-47C
Aft Transmissions.
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r
IFD #2

ENDEVCO #2 lED #1

IFD #7 ENDEVCO #1

ENDEVCO #4

IFD *5
IFD #3

ENDEVCO #3
OIL PUMP

lED *4 lED #6

VIEW LOOKING DOWN

TRANSDUCER LOCAT IONS (7) TRANSDUCER NUMBER

Input Pinion IFD & Endevco *1
Stationary Ring Gear lED #2. #3, #4, Endevco #2
Lower Housing IFD *7, Endevco *4
Upp.r Housing lED #5. Endevco *3
Oil Pump IFD *6

TRANSMISSIONS UTILIZING THIS CONFIGURATION

PREOVERHAUL TRANSMISS IONS NEW TRANSMISSIONS

S/N A7_ l040* S/N A7_987**
S/N A7_896* S/N A7-].408
S/N A7_878* S/N A7—14l7
S/N A7—827

* THIS INSTALLATION DID NOT UTILIZE ENDEVCO TRANSDUCERS
** POSTOVER}LAUL TRANSMISSION

Figure 12. First Configuration of Transducer Locations on CH—47C
Forward Transmissions.

1 
_ _ _ _ _ _  
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•1

lED #2

• ENDEVCO #2 
~~~~~~~~~~~~~~~~ ~.J IFD #1

ENDEVCO #1

IFD #3

ENDEVCO #3
lED *4

OIL PUMP
ENDEVCO *4

VIEW LOOKING DOWN

TRANSDUCER LOCATIONS (4) TRANSDUCER NUMBER

Input Pinion lED & Endevco *1Stationary Ring Gear IFD & Endevco *2, #3, #4

TRANSMISSIONS UTILIZING THIS CONFIGURATION

NEW TRANSMISSIONS

S/N
S/N A7—142l
S/N A7—l418
S/N A7—1422

Figure 13. Escond Configuration of Tran sducer Locations on CH-47C
Forward Transmia. ions.
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4 CHANNEL lED - — KROHN-HITE MODEL 3202
SIGNAL CONDITIONER ADJUSTABLE BANDPASS
“HOUSTON BOX” FILTERS

UA-500

____ J SPECTRUM ANALYZER

~~~~

I
’ 

~~~~~~~~~~~~~~~~~~~_ -

i~~ ~~~~~~~~~~~

_ _ _ _  

OSCILLOSCOPES

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

ENDEVCO 6230M8—’ ~~~~~HONEYWELL 5600C
ACCELEROMB’rER 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 oil 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:

• 15 minutes at 10 percent load to stabilize temperatures
• 30 minutes at 50 percent load
• 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
oil 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. In 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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TRANSMISSION

~~~SN OIL
I FILTER
(~4~+tICRONf

HEAT [ 1 STAND FILTER
EXCHANGER I 40-MICRON

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 CLEAN ING

Preoverhaul Transmission Oil Filters

Prior to the load rui. ,f ear’ ‘H—47C preoverhaul transmission ,
the oil filter was removed the housing and stored in a
sterilized plastic bag. Th~ ~~~- ~ris retained on these oilfilters was the debris the ti~*nsmissions 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 preoverhau3. transmission oil filters were removed
and retain ed for cleanin g and analysis .
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New Transmission Oil 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 f i r st f i lter was

V 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 1-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)

V 
and retained for cleaning and analysis.

Oil Filter Cleaning Procedure

The removed CH—47C transmission oil filters were all cleaned
manually by the following procedure.

1. 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 brictled 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 5—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 actiofl
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 con taining 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 flui d 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 fitter 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 oil 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 USAAI4RDL. Thc~ ?ASOAPresults obtained from ARADMAC were then tabulated antI 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 forwarde d to the Quality
Control area. Each component of the tran smission 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 pro cess was collected and categorized
by transmission.
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A Boeing Verto l overhaul discr epancy tag was affixed to all
rejected components, reworkable and scrap. The basic informa-

r •

- 
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. Transmission Removed From.

6. Transmission Total Time/Time Since Overhaul.

7. Part Discrepancy.

8. Part Disposition.

Copies of all the overhaul discrepan cy tag s 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 remove d 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 analysi s.

-: 
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DATA ANALYSIS AND CORRELATION

COMPONENT CONDITION AFTER DISASSEMBLY V

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 , magnaflux1 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 in pection. 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 l3lE 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 spectra l frequency 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
provid es resolution to 0.4 H z, 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 Analysis

Essential to the recognition of part degradation is the ability
to identify the characteristic frequencies associated with the
various rotating elements in the transmissions. Table 5 lists
the excitation frequencies associated with the vario us 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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Figure 17. Spalled Inner Race of the 114DS282 Planet Assembly.
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Piqure 18. Spa].led Inner Race of the 114DS282 Planet Assembly.

j Figure 19. Spelled Inner Race of the ].].4DS281 Planet Assembly.
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Figure 20. 114DS274 Bearing.
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Figure 21. 114DS256 AGB Bearing .
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Figure 22. 114D2184 Planet Assembly Retainers.
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Figure 23. l].4D2101 Retainer .
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Figure 24. ll4D2l].9 Retainer.
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The analysis process essentially consisted of the following
three approaches (given prior data reduction to produce theappropriate PSD plots described above) :

1. 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 bediscrepant f rom 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

Particle counts on the debris extracted from the oil filterswere 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 themillipore P1 MC particle measurement computer system (seeFigure 30). Particles f rom 250 to 2 ,000 microns were visuallymeasured and counted with a microscope.

P1 MC Particle Counting Procedure — Particles < 150 Microns

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

1. 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 extra cted was determin ed bythe cleanliness of the fluid . Sample volumes rangedfrom 10 milliliter s 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 debrisfrom being deposited on the millipore filter paper.If this were to occur , the P1 )~~ particle counter
would be unable to distinguish between overlappingparticles.
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4. The manufacturer ’s recomiended 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 extractedsample 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:

TO~~~~L ~~TXCLI COUIPZ’ • z iii~e ’:xaw ~~~ 
x X P1 MC couvr

The millipore P1 MC particle measurement computer system util-
izes a TV microsco pe , 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 horizontall y , the particles were counted by
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
jeop ardize the integrity of—the particle counts .

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

Lar ge Particle Counts (Parti cles 100 Microns and Gr.ate~L
Particl•s larger than 100 microns were filtered through a sieve.

• These particles were then placed on a 5—micron ai]lipore filter
and weighed. Following the weighing, the millipore filter was
placed under a microscope and th. 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. 

V

particle size was detsrmin d by the longest dimension. (ABP598
describes 0A Gravimetric Sampling Procedure for Making a Statis-
tical Particle Coun t Using A Millipor e Filtering System” .)
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Exceptionally dirty filters which did not provide a homogeneous
V 

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 P1 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
many 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.
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Particle ConglQmerations

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 ~~uld 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
CII—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 EOAPA Form SF—i (4-71).
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RESULTS AND SUMMARY

PHYSICAL TEARDOWN INSPECT ION

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:
V 

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

2. Of the acceptable units removed for debris—related
symptoms (A9—9l0 for SOAP and A9-l035 for metal on
the magnetic plug), both must be considered erroneous
removals.

3. 0! the acceptable unite 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 tr ansmission A7-1040 was incapable of runnin g
at loads in excess of 10% because the ro tor shaft th reads which
secure to the tor quing 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 oil 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 1-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 oil 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

V approximately the same t ime that the larger particle size
ranges were added , the 200—micron count was dropped to balance V

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 relationsnip 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 V

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
Xox the new tranamjssjtns 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) .

V 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 t ime 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 assoc tated 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 ±1-sigma
distributions f rom 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 ±1—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
CALCULAT IONS FOR ACCEPTABLE/UNACCEPTABLE
PREOVERHAUL TRANSMISS IONS

NUMBER OF PARTICLES IN 1.75-HOUR EXPOSURE
TRANSMI SS ION 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-4’7C transmission population based
on the available data. Figure 40 can be used as follows:

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

~2. The probability of cal1in~ an una ccapt~~ 1.~ t r ansmission
unacceptable is i~~, and 27% for *.~aa.1ing ~~~~~~ ~ ~~ran 3—

mission acc. table.

3. Th, probability of calling an acceptable transimission
acceptable ii 78%, end 22% for calling this transmission
unacceptable.

-

, 

_ _
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Figure 39. Standard Deviation 1-Sigma Plots for Acceptable
and Unacceptable Prsovsrhaul Transmissions.
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p
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 f rom 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 V

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 t ime 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 transmission 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
ten transmissions are presented in Appendix C (Figures Cl
through d O ) . Detailed examination of these thirty PSD plots
shows that the 250—kH z 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/rev and its
harmonics, with the 1/rev and the four associated sidebands
showing up in only one of ten new aft transmissions (A9—l368).
Figures 43 , 44 , and 45 are 50—kHz, lOO—kHz, and 250—kH z PSDs
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8 showing the amplitudes of the first—stage planet carrier 2/rev
t 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 trangmi s-
sion baseline commonality is to apply them to other aft trans- V

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 PSD8 for three carrier fre-

V 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

r system.
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
PSD5 which adhere to 1. through 3. above and display
no peaks which exceed the generic baseline envelope

V by 10 db or more.

V ~~ 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 peak. generated by the second-stage
planetary systeni? 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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r 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—6lA 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 Ca~abil~~y

To evaluate the fault detection capability of the high fre-
quency vibration technique, 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

V 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 cages, 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

V 
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 senBor 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
T 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—lO—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
PSD5 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 Cil through C36.

Defect Case No. 1, second—stage Carrier Thrust Bearing1
Transmission A9—734 (Figure 20)

This bearing had severely spalled inner and outer races,
but the cage and balls were in acceptable condition.
Looking first at the input pinion transducer PSD (Figure 58)
and comparing it to the appropriate PSD generic baseline
(Figure 42), the following exceedances (greater than 10 db)
can be observed in the 0— to 500—Hz Machine Frequency
Range:

Machine Frequency (Hz) Exceedance (-db)

47 11
256 10
289 10

• 303 15
350 15

Since this bearing is located in the transmission upper
housing, IFD No. 5 is the transducer closest to the defect.
Therefore, special case PSDs were made with the output of
IFD No. 5 from 0-100 Hz (Figure 59). The inner and outer
race defect frequencies for this bearing are 59.2 Hz and
53.3 Hz respectively. The only exceedance greater than
10 db in this PSD, with its corresponding four-tranamis-
sian baseline (Figure 56), is at 66,4 Hz. This exceedanCe
appears to be a ‘sideband” formed in this transmission by
the outer—race-defect frequency, 53.1 Hz, and the 1/rev of
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I NOTE : Compare to Figure 42

IFO NO. I • BVO 5-020. TK 2. 0600 lIz. 100% TORQUE. PREOVERIIAUL
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J Figure 58. PSD Plot , Defective Transmission A9—734 (0— 500 Hz),

104

___________  :~ ~ —



NOTE: Compare to Figure 56
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the first—stage planet carrier , 13.3 Hz.  Thus , although
both the outer race spall and the carrier 1/rev are within
their normal bounds , their sideband is 10 db above the
baseline enve lope . Figure 60 shows the second and third
harmonics of the 53.1-Hz outer race defect frequency (106.2
Hz and 159.3 Hz respectively) . However , when superimposed
on the appropriate baseline data (Figure 57), it is found
that although these harmonics exceed the baseline envelope ,
they do so by less than 10 db and therefore cannot (by
themselves) be considered as fault indicators.

Additional evidence of sideband formations causing envelope
exceedances is illustrated by the input pinion transducer
PSD5 (IFD No. 1, Figure 58) and their associated baseline
envelope exceedances. The first exceedance greater than
10 db is at 47 Hz and three of the four remaining exceed-
ances, 256 Hz, 303 Hz, and 350 Hz , are each separated by
exactly 47 Hz (although none are harmonics of 47 Hz). (The
fourth exceedance is another sideband formed by 303 Hz
minus the first—stage carrier 1/rev , 13.3 Hz.)  Similar
distinctive peaks of lesser amplitudes are apparent at 47—
Hz intervals from 115 Hz to 491 Hz. The question is:
“What is the source of the 47—Hz vibration?”

Returning to the 0— to 100—Hz PSDs from IFD No. 5 (Figure
59) ,  it is apparent that the difference between the nor-
mally present 57.8—Hz peak and the outer race defect peak
of 53.1 Hz is 4 .7  Hz. Whether or not this fact can be
related to the 47—Hz exceedance in the 0— to 500—Hz plot
of data from IFD No. 1 (Figure 58) is not known since the
47—Hz exceedance is not present in the 0— to 100—Hz PSDs
of IFD No. 5. In addition, it is not well understood to
what degree the sideband phenomena illustrated in this
analysis are related to machine/transducer dynamics or
spectrum analyzer operation/accuracy. However, in this
and other defect case analyses, the influence of the
“sideband phenomenon” in producing baseline envelope ex—
ceedances is seen repeatedly.

Defect Case No. 2, Input Pinion Outboard Thrust Bearing
(Blower Drive Attachment), Transmission A9—856 (Figure 25)

This bearing had a severely distorted and worn cage,
severely spalled balls, and moderate spalling all around
the inner and outer races. Since the input pinion trans-
ducer (IFD No. 1) was closest to the defect, no data from
other transducer locations was analyzed. Comparison with
the exceedances of the 0- to 500-Hz, ten-transmission
baseline envelope in Figure 42 shows two l0-db exceedances
at 51.1 Hz and 60.6 Hz (Figure 61). These are the funda-
mental rotational frequencies of the cage relative to outer
and inner races respectively. Looking at a 0— to 100—Hz
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r NOTE: Compare to figure 57
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NOTE : Compare to Figure 4a

IFD NO. 1 • IVO 5043. 1K 2.0-500 Hz, 100% TORQUE, PREOVERHAUL
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Figure 61. PSD Plot, Defective Transmission A9—856 (0—500 Hz).
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NOTE: Compare to Figure 52
IFO NO. I • BVD 5-043.1K 2.0-100 Hz, 50% TORQUE. N 4
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Figure 62. PSD Plot, Defective Transmission A9—856 (0—100 Hz).
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PSD (Figure 62) and comparing it to its corresponding four-
transmission baseline envelope (Figure 52), the exceedances
are :

Hz db

9.8 13
50.9 23
60.9 17

The 9.8-Hz exceedance is probably a sideband formed by the
difference between the two cage/race frequencies.

Looking at a 0- to 200—Hz PSD (Figure 63) , the baseline
envelope exceedances (Figure 53) are :

5O:~t 60.9 14
102.2 10
153.0 10

The 102.2—Hz and 153—Hz exceedances are the second and
third harmonics of the cage relative to outer race fre-
quency. Special case PSDs were not made for the ball and
race spalling because the spalling on these bearing ele-
ments was uniformly distributed and would not generate
energy in a periodic manner that would be apparent by
spectr~sn analysis.

Defect Case No. 3, Accessory Drive Bearing, Transmission
A9—748 (Figure 21)

This bearing had a severely worn and distorted cage, broken
balls, and light spalling aroun d the inner and outer races.
This bearing is installed in pairs on each of five differ-
ent gears in the accessory gearbox of the aft transmission.
For this reason , the input pinion transducer PSD (Figure
64) (which, on this transmission, is the farthest point
from the accessory gearbox) showed no baseline envelope
exceedances when compared to Figure 42. However , special
case PSD were made from lTD No . 3. which is located on the
rear of the stationary ring gear of the planetary gear
system (there were no transducers mounted on the accessory
gearbox) . Comparison of this data (Figure 65) with its
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NOTE: Compare to Figure 53

IFD NO. 1. BVO 5-043, TK 2.0-200 Hz. 50% TORQUE. N6
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Figure 63. PSD Plot, Defective Transmission A9—856 (0—200 Hz).
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NOTE : Compare to Figure 42
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NOTE : Compare to Figure 55
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corresponding four-transmission baseline envelope (Figure
55) showed the following exceedancea:

Hz db

43.6 10
65.5 - 13
87.3 1].
109.1 10

Since this bearing is used in multiple locations within
the accessory gearbox, there are four different sets of
fundamental bearing frequencies that it can generate (see
Table 18). From these frequencies it appears that the
bearing in this defect case was probably associated with
either the 2108 or 2109 gear. The defect frequencies
appear to be closest to the 2108 gear application with a
small allowance for the skidding that is likely to occur
in a bearing with bi~oken balls. At any rate, the 43.6—Hz
and 65.5—Hz exceedances are cage—relative to the outer and
inner race frequencies. The 87.3—Hz exceedance is the
second harmonic of the cage/outer race frequency and the
109.1-Hz exceedance appears to be the sideband formed by
the summation of the cage/inner race and cage/outer race
fundamental frequencies.

Defect Case No. 4 Accessory Gearbox Zerol Drive Gears,
Transmission A9—7~8 (Figures 2Uand 27)

The retainer which holds the driven gear of this set in
its proper position came loose so that the gears did not
mesh properly. This resulted in the loose retainer
dangling on the aplined accessory gearbox drive shaft and
the teeth of both gears being damaged with deep impres-
sions. The input pinion transducer P8D (lTD No. 1, Figure
66) showed one exceedance 10 db above the ten—transmission
baseline envelope (Figure 42) at a machine frequency of
258 Hz. This frequency is very close to the drive gear
4/rev (253.6 Hz) and the driven gear 2/rev (260.6 Hz) and• may be a combination of both of these harmonics. (Due to
resolution limitations of the spectrum analyzer and plotter
on the 0— to 500—Hz scale this assumption could not be
verified.) Comparison with the 0- to 200—Hz PSD of the
same transducer (Figure 67) shows four exceedances of the
corresponding four-transmission baseline envelope (Figure
53). These exceedances are:

Hz_ db

4 10
53 10
79 11
84 11
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NOTE : Compare to Figure 42
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NOTE: Compare to Figure 53

IFO NO. 1. BVO 5-013,1K 10. BANK I, 0-200 Hz, 60% TORQUE, N-8
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None of these frequencies correspond to fundamental fre-
quencies or harmonics of the discrepant gears. It is
assumed that they represent sideband formations associated
with this defect .

Defect Case No. 5, Oil Cooler Blower Drive Gears,
Transmission A9—l245 (Figures 28 and 29)

Upon transmission disassembly, all the teeth on both of
these gears were found to be spalled on both the drive and
coast sides. It is assumed that this could only be due to
zero backlash in the gear set. The input pinion transducer
location was closest to the defect so data from other lo-
cations was not analyzed. PSDs from 0—500 Hz (Figure 68)
and 0-100 Hz (Figure 69) showed no baseline envelope ex-
ceedances when compared to Figures 42 and 52 , respectively;
but the 0— to 200—Hz spectrum (Figure 70), when compared to
its PSD generic baseline, Figure 53, had the following four
exceedances:

Hz db

44.0 10
48.5 11
79.6 10
132.6 10

The 79—Hz exceedance appears to be the 1/rev of the driven
gear, but the other three exceedances do not correspond to
fundamental frequencies or harmonics of the discrepant
gears. They are assumed to represent sideband formations
associated with this defect.

Defect Case No. 6, First-Stage Planet Gear Bearing,
Transmission A9—962 (Figure 19)

Upon teardown inspection, this planetary be8ring was found
to have a spalled area of approximately 180 around one of
the two inner race roller paths (see Figure 19). The 0—
to 500—Hz PSDs from the input pinion lTD sensor (Figure 71)
showed no exceedances more than 10 db above the baseline
envelope (Figure 42). However, the 0- to 500-Hz PSD from
IFD No. 3 (Figure 72), which was a stationary ring gear
mounted transducer, showed a 10-db exceedance of the base-
line envelope at 159.8 Hz (Figure 55). This frequency
happens to be the 12th harmonic of the first—stage planet
carrier 1/rev. Looking at lID No. 5, another stationary
ring gear transducer, and at the (normally slightly less
active) 50 kHz carrier frequency (Figure 73), there are six
250—kliz baseline envelope exceedancee in the 0- to 100-Hz
spectral range, when compared to Figure 56.

118

L



NOTE : Compare to Figure 42
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NOTE : Compare to Figure 52
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NOTE : Compare to Figure 53
IFO NO. 1 , BVD 5-047. TI( 2,0-200 Hz. 50% TORQUE. N - B
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NOTE : Compare to Figure 42

IFD NO. 1. BVD 6-014. TK 10. 0-500 Hz. 100% TORQUE, PREOVERHAU(.
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, 1 Figure 71. PSD Plot, Defective Transmission A9—962 , IFD No. 1.
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NOTE: Compare to Figure 55, page 101
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WOTE : Compare to Figure 56
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- 

Cause 

-

13.3 10 1st—Stage Carrier 1/rev
39.9 13 1st—Stage Carrier 3/rev
44 .7  13 Sideband : 66. 5 — 21.9
66.5 17 1st—Stage Carrier 5/rev
79.8 17 1st—Stage Carrier 6/rev
97.9 10 Sideband: 66. 5 and 31.3

Four of these six exceedances, 13.3 Hz, 39.9 Hz, 66.5 Hz,
and 79.8 Hz , are the first, third , f i f t h , and sixth har-
monics of the first—stage planet carrier . The remaining
two exceedances appear to be sidebands formed by the f irst-
stage planet carrier harmonics and the normally high ampli-
tude peaks at 21.9 Hz and 31.3 Hz.

Defect Case No. 7, Second—Stage Planet Bearing~Transmission S/N A~—724 (Figure 17)

Upon teardown inspection, this planetary bearing was found
to have two spalled areas: one approximately 180° around
one of the two inner race roller paths, and one approxi—
mately 450 around the other inner race roller path (see
Figure 17). The input pinion IFD data (Figure 74) showed
no significant baseline exceedances when compared with
Figure 42. Neither were there any abnormalities in data
from tht stationary ring gear transducers (Figure 75 for
IFD No. 2 is typical) when compared to Figure 54. With
respect to high frequency vibration data, this transmission
appeared to be in good condition .

VIBRATION SUMMARY

Detection Capability

Six out of the seven defects (85.7%) examined by high frequency
vibration analysis were detectable. Of the six detectable de-

• fects, three produced baseline envelope exceedances of more
than 10 db at fundamental defect frequencies, and all six pro-
duced similar amplitude baseline exceedances at what have been
referred to as sideband frequencies. The failure of the 2nd-
stage planet bearing (Case No. 7) was not detected.

Endevco Sensor Data

To illustrate that signals from other comeercially available
transducers can also be processed by the high frequency vib-
ration analysis technique, data was obtained from Endevco
6230M8 transducers mounted in the same general areas as the
lID sensors. The data from the Endevco transducers was re-
corded (without bandpass-filtering or demodulation) directly
onto tape running at 15 ips. This data was then post-processed
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NOTE: Compare to Figure 42
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NOTE: Compare to Figure 54
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through the same bandpass f i l ter  and demodulation circuitry as
had been used for the IFD sensor data . Due to the frequency
response limitations of the tape recorder, only 50 k}Iz carrier
frequency data could be obtained from the direct-recorded
Endevco data. Figures 76, 77, and 78 are the 0— to 100—Hz,
0- to 200—Hz, and 0— to 500—Hz baseline envelopes of the
Endevco No. 1 transducer located on the aft transmission input
pinion near IFD No. 1 (refer to Figure 5) .  Thus , these Endevco
baseline envelopes correspond most closely with the IFD base-
line envelopes of Figures 52, 53, and 42 respectively , although
the IFD envelopes were for 250—kHz carrier frequency data.
However, the best comparison of IFD and Endevco data is for a
discrepant condition such as the bearing in defect case No. 2.
Figures 79 and 80 are comparison PSDs over the 0— to 100—Hz and
0- to 200—Hz spectral ranges for both the Endevco and IFD trans-
ducers that were located on the input pinion. All this data is
at a 50—kRz carrier frequency and 50% torque level with the
same bearing defect present. It is obvious from an inspection
of these PSDB that both transducer types produced significant
peaks of roughly the same relative amplitudes at the funda-
mental defect frequencies (50.9 Hz and 60.9 Hz), their har-
monics (102 Hz, 122 Hz, 153 Hz, and 182 Hz), and at the 9.8—Hz
sideband (60.9 — 50 .9) .
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ENDEVCO NO. 1 AND IFO NO. 1, BVD 5-043. PROCESSED THROUGH P1,

0-100 Hz, N - 4, 50 kI4z FILTER. 50% TORQUE  

I . 
. - .

I 
I 

31.3

~. i  —

~~~~
. I : 

j I 1 . 1  

L:
4 1_ . . —  ~~~I . - .

I I.. : . ,. . I • .

52$ 609
ENDEVcO NO. 1  • 

- 
— . •~ • •~

- 
L .  . ~~. - 

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

Figure 79. Endevco/IFD PSD Correlation, Transmission A9—856
(0—100 Hz).
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• . • . ENDEVCO NO. I AND IFO NO. 1. BVD ~~ 43, PROCESSED THROUGH P1,

0-200 Hz, N - 8, 50 kHz FILTER , 50% TORQUE 
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Figure 80. Endevco/IFD PSD Correlation, Transmission A9—856
(0—200 Hz).
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CONCLUS IONS

DEBRIS

1. The data sample acquired in this study appears to be
too small for a sufficiently high level of confidence
in absolute debris generation rate values. However,
particle size distribution data is consistent enough to
justify certain generic conclusions about the size
distribution of particles to be found in healthy and
unhealthy transmissions.

2. Particles 750 to 2000 micrometers in size are generated
at significant rates (several, to several dozen per
hour) iii all transmissions or the type tested.

3. For the failure modes examined, no significant discrim-
ination between acceptable and unacceptable trans-
missions was possible through the analysis of oil borne
particles below 1000 micrometers in size.

4. Based on the fact tha t during identical 2-hour runs all
38 transmissions generated particles larger than 1000
microns , discrimination via particles greater than 1000
microns in size must use debris generation rate (number
of particles per hour) rather than the discreet presence
of debris (1-particle) .

5. For particle sizes that provide the best possible
component condition discrimination, this data indicates
that high false failure indication rates (54%) will
result from the debris generation rate thresholds that
are 85% accurate in detecting valid transmission
discrepancies.

6. ASOAP readings are not related to the particulate oil-
borne debris above 10 micrometers (high ASOAP readings
are not equal to higI~ particle counts).

HIGH-FREQUENCY VIBRATION

1. A generic baseline (one b.. m e  for all LRUs of the
same part number) is practicable for condition monitor-
ing of components that are as dynamically complex as
the CH-47C aft rotor transmission.

2. Although the number of test cases analyzed in this
study (four acceptable and seven unacceptable) does not
allow high level of confidence estimates of diagnostic
accuracy values, initial estimat.s are good: 85.7% of
the unacceptable test cases were detected, and there
were no false failure indications.
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3. For the limited amount of comparative data analyzed,
the fault discrimination capability of the high fre-’
quency vibration analysis technique appears to be
essentially equivalent for both IFD Model 253 and
Endevco Model 6230M8 transducers.

4. The design anomolies of the planetary gear system in a
CH—47C rotor transmission contribute significantly to
the dynamic signature complexl4.ty and to the frequent
occurrence of high amplitude PSD sidebands.

5. For the lID sensor, the 250—kHz carrier frequency ap-
pears to be the best of the three carriers evaluated
for diagnosing the condition of the CH-47C aft rotor
transmissions. However, the 50—kHz and l00-kHz data
appears to indicate that these carrier frequencies could
also be used effectively for high frequency vibration
analysis.

I

— - - . . -  
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RECOMMENDAT IONS

DEBRIS

Conduct a filter collection debris analysis proyram using
filters with a minimum of 10 hours of operation, preferably
50 hours. Debris analysis should be performed on both
failed and unfailed transmissions. This can be accomplished
in three ways.

1. A dedicated test stand utilizing a known acceptable
transmission. Implants could be installed and run
for a desired interval. Conditions in the test
stand environment can be closely controlled and
monitored.

2. Monitor in-service transmissions with filter
removals at the time the transmission’s filter is
due for inspection (50 hours). The activity
selected would have to be one which has close
aircraft monitoring, preferably a test activity
(Ft. Rucker). After removal, the transmission’s
teardown evaluation would have to be monitored and
correlated with the debris results.

The selection of the number of components mon-
itored is discretionary but should include a
minimum of 10-20 transmissions.

3. Select an activity which will have the capability
of providing at least 100 transmissions for a
program similar to this program. Test stand time
should be increased to a minimum of 10 hours per
transmission. Component disassembly should be
monitored and correlated as above.

The debris analysis should be performed with the following
considerations.

1. Only metallic particles should be quantified.

2. All debris should be recovered for future shape
and composition analysis as required.

3. Particle size distribution above 2500 micrometers
should be quantified (up to 10,000 micrometers at
a minimum).
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4. ASOAP analysis should be performed only on those
I aircraft where finer filtration levels (less than

10 micrometers) have not been or will not be
incorporated.

5. Filter cleaning procedures should be carefully
documented and standardized.

The objectives of such a program would be to continue the
definition of the particle size distributions of “failed”
and “unfailed” units. At this point it appears that it is
more important to define the distributions of unfailed
transmissions rather than of failed transmissions. This is
because the high degree of scatter (wide distributions) of
debris revealed by this study suggests that the ultimate
effectiveness of debris as a diagnostic’s tool lies more in
controlling the erroneous signals rather than in its ability
to detect failures. Therefore, the debris signatures of Un-
failed boxes should receive higher attention.

Nevertheless, most of the recommended programs would , in the
course of their bxecution, encounter failures which would also
allow failure distribution characteristics to be defined.

VIBRATION

Conduct a vibration analysis program as follows:

1. The same analysis that was conducted for the detec-
tion capability of the high frequency technique with
IFD sensors should be conducted for the Endevco
transducers (only one discrepancy case was analyzed
for comparison purposes during the course of this
study).

2. An analysis of the sensitivity of high frequency
vibration results to transmission torque levels should
be carried out. The raw data for such an analysis has
been collected in the course of this program.

3. The forward transmission data should be reduced and
analyzed for its similarity to aft transmission data.

4. The sensitivity of high frequency fault detection
capability to øarrier frequency should be assessed by
a full analysis of the 50-kHz and 100 kHz demodulated
carrier data.

5. Some on—aircraft field data should be collected in-
f light and during ground run, then analyzed to assess
its similarity to the test cell baselines contained
in this report.
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6. The undemodulated high frequency data contained on
p. tape from the transmissions in this study should be

analyzed to assess the fault detection capability of
aperiodic spikes and the ruts level of high frequency
energy (which were eliminated by demodulation and
spectrum analysis in the data-reduction procedure
employed herein).
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APPENDIX A

CH-47C FORWARD AND AFT TRANSMISSION

BEARING AND GEAR FREQUENCY DERIVATION

GEAR MESH FREQUENCIES

The gear frequencies noted in Tables 5 and 6 were derived
as follows:

Simple Gear Trains

F — N x Z

where N ~ speed of rotation of driver (driven gear)z — number of teeth of driver (driven gear)

Planet and Sun Gears

f —  (N 1 — N 2 )  x Z

whsrs Ni — speed of rotation of sun gear
N2 — speed of rotation of planet gear about the

center of the sun gear
Z - number of teeth of sun gear

Planet and Fixed Ring Gear

f — ( N 2 + N 3 ) x Z

where N2 - speed of rotation of planet gear about the center
of the sun gear

— speed of rotation of planet gear about its own
center

Z — number of teeth of planet gear

140

I

; 

~~~~~~~~~~~~~~~~~~~~~~~~ 
- I



—

r BEARING FREQUENCIES1

The bearing frequencies noted in Tables 5 and 6 were derived
as follows:

Cage Frequency Relative to Outer Race

Fco — 
Ni - Ne (1 - col B)

Outer Race Ball Pass

Fo= ZFco

Cage Frequency Relative to Inner Race

Fcs Ni-Ne (1 + cos B)

Inner Race Ball Pass

Fi — Z Fcs

Ball Spin Frequency

Fs = Dp (Ni - Ne) (1 — 

~~~j 2  cos2 B)

Ball Defect Frequency

F5 = 2F~

Spherical Roller Bearing

~~ — (S.D. — d) cos B

where Nj — speed of rotation of inner raceway
Ne — speed of rotation of outer raceway

t Z — number of rolling elements
I d — diameter of rolling element

D
~ 

- bearing pitch diameter
B — contact angle
S.D. — spherical diameter

]Harri., Tedric, ROLLING BEARING ANALYSIS, John Wiley &
Sons Inc., 1966. Palagr.n, Arvid, Dr. Eng., BALL AND ROLLER
BEARING ENGINEERING, Third Edition, S.H. Burbank & Co., Inc.,
1959.
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APPENDIX B

PROCEDURE FOR THE PREPARATION

OF A FLUID SAMPLE USING THE

MEMBRANE TECHNIQUE

1.0 OUTLINE OF METHOD:

A fluid is filtered through a 0.8 micrometer millipore
filter disc or equivalent using vacuum to impinge the
contamination particles upon the surface of the filter.
The filter disc is then rendered transparent by dis-
solution and the particles are observed using
transmitted light microscopy.

2.0 APPARATUS

2.1 Pyrex Filter Holder, which includes:

A glass base with stainless steel support screen and
rubber stopper
A holding clamp
A 250 ml Pyr.x glass funnel

2.2 Q.8iim Membrane,Filter, white plain, 47mm diameter

2.3 Vacuum Flasks, 1 liter or larger

2.4 Vacuum Source, capable of 66cm of mercury or more

2.5 Glass Slides, 5cm x 7.5cm or larger

2.6 Forceps, unserrated tip

2.7 Sample Container, at least 100 1 capacity.

2.8 Stainless Steel Pressure Vessel
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2.9 Eyedroppers with rubber bulbs

2.10 Solvent Filtering Dispenser v/stainless cone spray nozzle

2.11 Stainless Steel Unit with Luer_Lok® fittings, 25mm for
filtering clearing solution.

2.12 Glass Syringe, large volume hypodermic

2.13 0.5)lm or less Membrane Filter, Teflon® 25mm diameter

3.0 REAGENTS:

3.1 Anhydrous Isopropyl Alcohol, acetone free, reagent grade

3.2 Freon® TF or Petroleum Ether Solvent

3.3 Clearing Solution A

33 ml Hexane, Technical grade
33 ml 1,2 Dichloroethane, Technical grade
33 ml P-Dioxane, Technical grade

3.4 Clearing Solution B

15 ml Hexane, Technical grade
15 ml 1.2 Dichloroethane, Technical grade
70 ml P—Dioxane, Technical grade
2.5 ml Distilled or dionized water

4 • 0 CLEANING METHOD FOR APPARATUS AND SAMPLE BOTTLES:

4.1 Each item of filtration apparatus will be cleaned
before each run of samples, and each sample container
will be cleaned before each use by the following method :

4.2 Rinse with two successive rinses of solvent.

4.3 Wash thoroughly in a solution of liquid detergent and
hot water, rinse twice with hot tap water.

4.4 Rinse twice with distilled or deionized water.

4.5 Rins. with filtered isopropyl alcohol to remove all
water.

4.6 Rinse with filtered solvent.

4.7 After rinsing with filtered solvent, hold in an in- ~
verted position for 30 seconds to allow drainage and
evaporation of most of the solvent.
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5.0 SAMPLES

5.1 Sample Size: 100 ± 1 ml sample is normally used for
this procedure, although it must be remembered that
the limiting factor of the membrane technique is the
total contamination of the filter surface (e.g., 100
ml at 1 mg/i is equivalent to 10 ml at 10 mg/l).

5.2 Sampling Procedure for Blanks: A blank sample should
be prepared before each run using 100 ± 1 ml of f ii-
tered suspension fluid . It should be run according
to the following filtration and clearing procedure.
The cleared membrane shall have no more than 300 par-
ticles greater than 10 micrometers on the effective
filtering area.

6.0 FILTRATION PROCEDURE

6.1 Using unserrated forceps, remove one filter disc from
its container. Rinse both surfaces, with filtered
solvent , and immediately place the filter on the
precleaned filter base.

6.2 Immediately lower the precleaned filter funnel onto the
filter base which has been prewet with solvent, secure
with the holding clamp, and place a clean cover on top
of the filter funnel. Do not slide the funnel on top
of the filter disc. Add 20 ml of filtered solvent to
completed assembly.

6.3 Thoroughly agitate the sample to assure that all solid
particles are in suspension.

6.4 Pour measured sample into the filter funnel

6.5 Add 100 ml of filtered solvent into the sample container;
agitate and proceed as in 6.4.

6.6 Apply vacuum to the filtering apparatus. When the fil-
tration volume is down to approximately 20 ml, release
the vacuum.

6.7 using the spray from the solvent dispenser, carefully
wash the sides of the funnel with filtered solvent

• (approximately 50 ml). Proceed as in 6.6.

6.8 Repeat 6.7 twice. If free water is observed in the
final 50 ml rinse, add 20 cc of filtered isopropyl

~~ alcohol , followed by an additional rinse with 50 ml of
filtered solvent.
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6.9 Apply vacuum and allow to operate until the filter disc
is completely dry. Do not rinse the funnel walls
further after the filteFEas become dry, as this may
change the distribution of particles on the filter

• surface.

7.0 Filter Clearing Procedure:

7.1 Filter clearing solutions A and B , using apparatus
specified in clauses 2.11, 2.12, and 2.13 into pre-
cleaned containers.

7.2 Using an eyedropper, freshly rinsed with filtered
solvent, dispense sufficient clearing Solution A to
thoroughly wet a cleaned microscope slide.

7.3 Carefully place the test filter, particle side up, onto
the prewetted glass slide . Immediately roll the wet• filter onto a clean, dry glass slide and cover with
glass petri dish.

7.4 After 1 minute, remove the glass petri dish and dis-
pense sufficient filtered clearing Solution B to cover
the top surface of the filter. After 10 seconds, drain
the excess clearing solution and replace the glass
petri dish.

7 , 5  Allow the filter to dry for 2 to 5 minutes at room
temperature.
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APPENDIX C

HIGH FREQUENCY VIBRATION

POWER SPECTRAL DENSITY

DATA

This Appendix contains the following groups of illustrations:

Figures Cl through dO. PSD plots, New Transmissions
Figures Cli through C36. Special Case PSD Plots, New Trans-

missions

I
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Pigur. Cl. PSD Plot, Transmission A9-l368 (New).

147

4 - _ _ _ _ _ _ _ _ _ _



IFD NO. 1. BVL) 5-051. TK 2.0-500 HZ, 100% TORQUE
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Figure C2. PSD Plot, Transmission A9—l367 (New).
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IFD NO. 1. BVD 5-039,1K 2.0.500 Hz. 100% TORQUE
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Figure C3. PSD Plot, Transmission A9—1355 (New).
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IFD NO.1 . BVD 6-037.1K 2. 0 500 Hz. 100% TORQUE
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Figure C4. PSD Plot, Transmission A9—1349 (New).
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IFD NO. 1. BVD 5-031, TK2,0.500 Hz. 100% TORQUE
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Figure cs. PSD Plot, Transmission A9—l348 (New).
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IFD NO. 1, BVDS-023. 1K 10,0.500 Hz. 100% TORQUE
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Figure C7. PSD Plot, Transmission A9-134l (New).
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Figure CS. PSD Plot, Transmission *9—1339 (New).
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r IFO NO. 1, BVD 5-019. TK 10,0-500 Hz. 100% TORQUE
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Figur. C9. PSD Plot, Transmission *9—1337 (New).
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IFO NO.1 . RVD 5-006.1K 10,0 500 Hz. 100% TORQUE
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Figure Cli. Special Case PSD Plot, Transmission
*9— 1337 (New ) (0—100 Hz) .
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Figur. C12. Special Case PSD Plot, Transmission
*9—1339 (New) (0—100 Hz).
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lED No. 1. BVD 5-023, 1K 10. SANK 1, 0-100 Hz, N4 , 50% TORQUE
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Figure C13. Special Case PSD Plot, Transmission
*9—1341 (New) (0—100 Hz).

159

- 

~~~~~~~~~~~ 
-
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Figure CiS. Special Case PSD Plot , Transmission
*9—1337 (New) (0—200 Hz).
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Figure C17. Special Case PSD Plot, Transmission
• *9—1341 (New) (0—200 Hz).
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fF0 NO. 1, BVO 5-024, 1K 10, BANK 1. 0-200 f-fz, N-4, 50% TORQUE
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Figure CiB. Special Case PSD Plot, Transmission
*9—1342 (New) (0—200 Hz).
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lED NO.2, BVD 5-019,11( 12. BANK 1.50% TORQUE, 0.60 Hz. N-2
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Figure C20. Special Case PSD Plot , Transmission
*9—1337 (New) , IPD No. 2 (0—50 Hz).
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lED NO. 2. BVD 6-021. TK 12, BANK 1. 60% TORQUE 0.60 Hz, N 2
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• Figure C2l. Special Case PSD Plot, Transmission
*9—1339 (New), IFD No. 2 (0—50 Hz).
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IFO NO. 2. BVO 5-023, TIC 12. BANK 1. 50% TORQUE 0-50 Hz, N . 2.
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Figure C22 special Case PSD Plot , Transmission
*9—1341 (New), IFD NO. 2 (0—50 Hz).
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lED NO. 2. BVO 5-024.1K 12. BANK 1,0-50 Hz. N - 2, 60% TORQUE

26.47
260 kHz CARRIER

- , - 
- : 13.2 

. 
- • 31.12 -

- 
h 100 kHz CARRIER I

£ — —  ... I • .1  . ‘ . : . - .  
- 

- - • 
-

~~~~~~~ I~ I°
~~

—

~~

- j . .  ~~~~~~~~~~~ 
- -

~~~~~:~~ -
- _ - . :. .~~: : v..; -

~~ 
I _ I:: ~: : 26.47 . - - :  : j I; : ~i ‘; _~ ! 

1 
~~~

I 
31 12 

I

-_  — ._ . .  . 4.~ _~~..4.,. 5o kHz cARRIER:~~ .:: ~~~~~~~~~~~~~~~~~~~~~~ ~~
- : 

- : : . . .  : :. ; .  . I : 21 72 : :. , - :
- - 

_ - - p . - . - - 43.5
- - - - I- - - _  - I - -  

- . . .  I . .  . -
- 

13.2 
- 

~~~~~~~ 31 12 -

-t -
~~~ — 

. - 

~~~~__ - -I 
- - - -‘- 

*— A. A. ~~~ J

• Figure C23. Special Case PSD Plot, Transmission
*9—1342 (New), IFD No. 2 (0—50 Hz).
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Figure C24 . Special Case PSD Plot, Transmission
*9—1337 (New), lTD No. 3 (0—500 Hz).
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Figure C25. Special Case PSD Plot, Transmissi)fl
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lED NO. 4 (IN PLACE OF fF0 NO. 3). BVO 5-023. -1K 13. BANK 1, 0.500 Hz. N - 16, 50% TORQUE
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Figure C26. Special Case PSD Plot , Transmission
*9— 1341 (New) , IFD No. 3 (0— 500 Hz).
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Figure C27. Special Case PSD Plot , Transmission
*9—1342 (New), IFD No. 3 (0— 500 Hz).
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fF0 NO. 6, BVO 5-019. TX 10, BANK 2. 0-100 Hz, N - 4. 50% TORQUE
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Figure C28. Special Case PSD Plot, Transmission
*9—1337 (New), IFD No. 5 (0—100 Hz).
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IFO NO. 5. BVD 5-021. 1K 10, BANK 2, 0-100 Hz. N 4. 50% TORQUE
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Figure C29. special Case PSD Plot , Transmission
*9—1339 (New), lTD No. 5 (0—1 00 liz),
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Figure C30. Special Case PSD Plot, Transmission
*9—1341 (New) , LTD No. 5 (0— 100 Hz ).
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Figure C3l . Special Case PSD Plot, Transmission
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lED NO. 5. BVD 5-024. TX 10, BANK 2, Q.100H2, N-4, 50% TORQUE
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Figure C32. special Case PSD Plot, Transmission
*9—1342 (New) , lTD No. 5 (0— 100 Hz).
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P~gure C33. Special Case PSD Plot, Transmission
*9—1337 (New), lTD No. 5 (0—200 Hz).
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IFO NO. 1, BVD 5.021. TIC 10, BANK 2, 0-200 Hz, N-B. 50% TORQUE
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Figure C34. Special Case PSD Plot, Transmission

*9—1339 (New), IFD No. 5 (0—200 Hz).
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Figure C35. Special Case PSD Plot , Transmission
*9—1341 (New), lTD No. 5 (0—200 Hz).
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Figure C36. Special Case PSD Plot, Transmission
*9—1342 (New), lTD No. 5 (0—200 Hz).
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