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This report represents a continuing effort to review and analyze
the causes of transmission failures to determine those areas
requiring research to derive the design technology necessary to
produce more reliable helicopter transmission systems, Presented
herein are the results of a comprehensive effort to rvaluate and
analyze two existing Army transmission systems, in overhaul at
USARADMAC, Corpus Christi, Texas., The major contributing factors
which prohibit the continuous use of components are identified
herein,

This directorate concurs with the findings reported herein.
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SUMMARY

This report presents the results of a program of review and
analysis of failed parts rejected during UH-1 and CH-47 trans-
mission overhaul at ARADMAC. The program was conducted to
identify the modes of failure and to reveal areas requiring
additional research or development to improve engineering
design capability.

rejected components were inspected and relevant failure data
entered on log sheets by an on-site inspection team comprised
of BHC transmission design and test engineers. Primary fail=-
ure components as well as the log sheets were forwarded to BHC
for further evaluation.

Log sheet data were keypunched and entered into a computer
storage file. A second file of pertinent operational charac-
teristics and design data was established from analytical re-
view of the detail design drawings. Various interrogative
computer programs were employed for correlation studies be-
tween these two data files.

The review and analysis included: _ E

- The statistical treatment of observed failure rates.

- Metallurgical and metrological examination of failed
components.

- 1Identification of failure modes.

- Correlation testing of failure rates with accepted stress
indices and design techniques.

- The comparison of real failure modes with thcse pre-
dicted by diagnostic methods used at time of non-
scheduled transmission removals.

- The examination of failure modes with respect to tribo=-
logical considerations.

- The evaluation of relative quality control levels as
they influence generic failures.

The study revealed that overhaul life is limited by a small
number of gears, bearings, and spacers whose characteristic
failure rates exceed the mean by over an order of magnitude.
While this fact suggests that longer periods of operation
could be expected after design improvements in these comro=-
nents, it was also shown that conventional design methods
appear inadequate to predict life in these cases. Recommeu-
dations for improving design methods and development testing
techniques are included.

iii
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FOREWORD

This report presents the results of a study conducted by Bell Helicopter
Company {BHC) for the Eustis Directorate, U. S. Army Air Mobility
Research and Developme:nt Laboratory under contract DAAJ02-69-C-0061
(Task 1G162203D14414). The study was based upon investigations per-
formed on selected Bell UH-1 and Vertol CH-47 helicopter transmissions
during overhaul at the U, S. Army Overhaul Facility, ARADMAC,
Corpus Christi, Texas,.

USAAVLABS technical direction was provided by Mr. Wayne A. Hudgins.

Principal investigators at BHC were Mr. L. L. Dyson, Mr. R. D.
Walker, and Mr. (. W. Bowen. Mr. Dyson was project engineer for
the study.

The on-site inspection team at ARADMAC consisted of Messrs. F. A,
Green, C. A. Turner, J. H. Drennan, and D. J. Ward of the BHC Trans-~
mission Design Group.

Metallurgical studies were principally conducted by Mr. P. A. Finn and
Mr., M. L. Marx of the Transmission Process Laboratories of BHC.
Supporting analyses were performed by Battelle Memorial Institute, The
Fafnir Bearing Company, and Wear Check International. Acknowledge-
ment for technical contribution is also due Mr. T. Mundheim of the BHC
Engineering Computing Group.
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INTRODUCTION

Transmission system components represent a major cost item in
the overall life cycle of Army helicopters. Components now
in service have scheduled overhaul pericds (TBO) of from 600
to 1600 hours, with the largest population near the 1100~ to
1200-hour interval. However, the mean time to removal and
hence overhaul (MTBR) for selected units range from several
hundred to near fifteen hundred hours with a probable mean
population in the 900-hour levcl, far short of the airframe
life cycle. Average time on UH-1D airframes undergoing over-
haul at the Army's major overhaul facility at Lake Charles,
Louisiana, is approximately 3300 hours. Since many of the
transmission components undergo complete life cycles of
numerous overhauls, it is not:unreasonable to expect attain- -
ment of several thousand hours MTBR's through improvement of
capabilities in selected areas. Technological improvements
in transmission design which could increase overhaul life
wquld greatly reduce the helicopter life cycle cost to the
Army.

v

Such improvements cannot be accomplished in future helicopters
without access to improved stress-life functicns and design
techniques. These improvements are necessary not only for in-
creased design life capability but to increase the, confidence
levels as well, so that rapid attainment of specified TBO
levels can be implemented.

All of the transmissions operating at today's TBO level were
introduced into service at far lower levels and were peri-
odically increased as service experience dictated that ade-
quate confidence levels were attained. The deliberate design
and development of a transmission to achieve the required TBO
at time of introduction has heretofore not been accomplished.

The objectives of this program are to identify failure modes
and to cite specific design technology disciplines which
restrict overhaul lives and are consequently in need of
research-fostered advances in order to permit the attainment
of greatly increased overhaul periods in future generation
helicopters. Additional subtasks involve the identification
of failure modes, the generation of failure rates, and the
testing of those rates for correlation with accepted design
methods.

The task of obtaining documentation for identifying life-
limiting factors was implemented through comprehensive in-
spection of transmissions as received for overhaul at the
Army's overhaul facility, USARADMAC, Corpus Christi, Texas.
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Components considered for this report were Bell UH-1 main
transmissions and Vertol CH-47 forward, aft, and combiring
transmissions. An on-site team from BHC was selected and
trained to conduct this phase of the program. The on-site’
team was familiarized with types of transmissions to, be
studied and the types of failures to be expected i

The team spent five months at the ARADMAC facility col]ectlng
datga and representative failed parts, which were subsequently
returned to BHC for analysis. I
The representative failed parts were selectively distributed
to BHC Process Laboratory, Battelle Institute, and Fafnir
Bearlng Company for detailed failure and metallurglcal analy-
sis for later correlation with analytlcal predictions of
failure modes.

An engineering design analysis of the gear and bearing ele-
ments in each transmission was performed based on operating
power conditions. The resulting stress~life predictions were
then cataloged in the computerized file.

The final task of identifying areas of design technology that
proved to be inadequate for predicting accurate stress-life
relationships was implemerted through statistical analysis of
failure information in comparison to calculated predictions.

The transmissions selected for.review were those used in the
Bell UH-1 (Figure 1) and Vertol CH-47 (Figure 2), since they
alone were available in sufficient sample size to place the
necessary confidence in statistical evaluation of the obser-
vations. The ARADMAC facility, Corpus Christi, Texas, was
selected for the overhaul survey in crder to provide the best
statistical data from the Army-user standpoint. Although the
Bell Helicopter Company and the Vertol Division of the Boeing
Company perform in-house overhaul of these same components,
the data extracted at these facilities must to some degree

be influenced by environmental factors not present at ARADMAC.

Detailed information about the condition of each component
part in each transmission was recorded and cataioged. The
cataloged information subsequently was entered on a comput-
erized file system designed for rapid information retrieval.

A concurrent effort resulted in a parallel computerized file,
which comprised engineering design data relative to each
bearing and gear element involved in the overhaul review.
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Figure 2.

i;' Bell UH-1 Helicopter.

Vertol CH-47 Helicopter.




A third portion of the computer programming effort resulted
in an analytical section designed specifically to extract
statistical information from the overhaul information file

while meeting prescribed criteria established by the engineer-
ing data file.

Utilization of the prograr provided the ability to determine
inadequacies in predictions of operating stress conditions

through observation of failures in comparison to stress life
predictions.




DESCRIPTION OF TRANSMISSIONS

Section views representing the transmissions studied in this
program are shown in Figures 3 through 6. Figure 3 1is the
main transmission used on the UH-1, and Figures 4, 5, and 6
are respectively the forward, aft, and combining transmissions
used on the CH-47. The Item No. code shown on these figures
will subsequently be used in this report in the component
failure discussion given in Results. Specifically excluded
from this study are the Bell UH-1 42° and 90° tail rotor
gearboxes, and the Vertol CH-47 engine nose boxes and the aft
pylcn rotor thrust bearing assembly.

The Bell UH-1 has a 1400-hp T-53 gas turbine engine, flat
rated ¢ the transmission design level of 1100 hp. The trans-
mission shown in Figure 3 accepts 1100 hp @ 6600 rpm from the
engine via the input drive shaft and delivers required power
to the single 2-bladed main rotor @324 rpm, to the 2-bladed
tail rotor through the sump case output at 4300 rpm, and to
varicus accessory pads at 4200 to 8000 rpm. The main rotor
specd reduction of 20.384:1 is accomplished by the series
array of a 62:29 90° spiral bevel gear set and two simple
fixed ring, sun input, carrier output spur gear planetary
drives of 3.087:1 each. An overrunning clutch is located
between the input drive shaft and the 29-tooth spiral bevel
pinion.. The first or lower planetary stage uses four planet
idler gears, and the second or upper stage uses eight. The
tail rotor output is taken through a 55:41 spur gear drive
from the lower end of the 62-tooth bevel gear shaft down into
the sump assembly and then out through a 90° bevel set of
27:26 ratio. The transmission cases or housings act as the
primary structural support between the main rotor and the
fuselage.

The Vertol CH-47 employs two 2650-hp T-55 gas turbines, flat
rated at a total power level of 3636 hp at the combining
transmission. The combining transmission drives the two 3-
bladed main rotors through interconnect shaft to the forward
and aft transmissions, which are each design rated at 2170 hp
(60% of the combining transmission output).

Each engine drives through a 43:34 90° spiral bevel gear re-
duction nose box into opposite sides of a combining trans-
mission. The combining transmission input spiral bevel
pinions drive a single gear which delivers power to the for-
ward and aft transmissions. The combining gearbox encompasses
a disengaging mechanism, which is used to mechanically dis-
engage the forward rotor drive from the aft rotor drive. A
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PART NUMBER

204-040-103
204-040-104
204-040-108
204-040-132
204-040-133
204-040-135
204-040-142
204-040-143
204-040-190
204-040-191
204-040-250
204-040-269
204-040-270
204-040-271
204-040-305
204-040-310
204-040-313
204-040-324
204-040-329
204-040-330
204-040-331
204-040-339
204-040-345
204-040-346
204-040-353
204-040-354
204-040-355
204-040-356
204-040-359
204-040-360
204-040-379
204-040-386
204-040-397
204-040-700
204-040-701
204-040-725
204-040-762
204-040-763
204-040-789
GC1669
X-131720

PART NAME

Gear
Pinion
Pinion
Race
Retainer
Bearing
Bearing
Bearing
Race
Race
Sleeve
Bearing
Bearing
Bearing
Sleeve
Bearing
Spacer
Shaft
Gear
Gear
Ring Gear
Manifold
Bearing
Bearing
Case
Case
Case
Sleeve
Case

Planetary Assy

Quill Assy
Case
Spider
Pinion
Gear
Roller Set
Pinion
Gear
Washer
0il Pump
Freewheeling
Clutch
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Figure 4. Vertol Forward Transmission.
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ITEM
NO.

1F
2F
3F
ur
SF
6F
7F
8F
9F
10F
11F
12F
13F
14F
15F
16F
17F
18F
19F
20F
21r

PART NUMBER

114DS143
114DS144
114DS145
114DS240
114DS241
114DS243

114DS244

114DS250
114D8255
114D8258
114D8262
114D1043
114D1050
114D1053
114D1072
114D1074
114D1079
114D1088
114D2077
114D2084
114D2184

PART NAME

Bearing
Bearing
Bearing
Bearing
Bearing
Bearing
Bearing
Bearing
Bearing
Bearing
Bearing
Gear
Retainer
Gear
Retainer
Lubricator
Retainer
Support Assy
Gear
Gear
Retainer




Figure 5. Vertol Aft Transmission.
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ITEM

NO . PART NUMBER PART NAME
1A 114DS240 Bearing
2A 114DS242 Bearing
3A 114DS243 Bearing

I A 114DS 244 Bearing

SA 114DS247 Bearing

6A + 114DS249 Bearing

7A . 114DS250 Bearing

| 8A °  114pS251. Bearing

ve ) %A 1140S253 Bearing

== 10A 11403256 Bearing

:’E%?_Vo 11A 114DS257 Bearing

= 12A 114DS258 Bearing

13A 114DS262Z Bearing

16A 14A 114DS265 Bearing

15A 114DS274 Bearing

| 16A 114D2045 Pinion

17A 114D2062 Gear

18A 114D2084 Gear

1SA 114D2086 Gear

20A 114D2093 Shaft

21A 114D2105 Shaft

22A 114D2106 . Gear

23A 114D2107 Gear

206A 114D2116 Shaft

2Z5A 114D2145 Lubrieator

26A 11£p2178 Gear
27A 114D2184 Retainer
28A 114D2191 Spacer

23A ——-/

SECTION THRU ACCESSORY
DRIVE ASSEMBLY




Vertol Combining Transmission.
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Figure 6.
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PART NUMBER

11408541
11408542
114DS542
114DS544
114DS545
114DS549
114D5045
114D5047
114D5063
114D5110

PART NAME

Bearing
Bearing
Bearing
Bearing
Bearing
Bearing
Support
Gear
Lubricator
Baffle

“T1
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speed reduction of 56:33 is accomplished at the combining
gearbox. The forward and aft transmissions each have the
same overall reduction: 51:29 spiral bevel set driving into
the lower sun gear of a 2-stage planetary reduction assembly.
The lower sun drives the carrier through the planet idlers
with a reduction of 4.78:1, and the lower carrier drives the
upper sun gear. The upper sun gear drives the upper carrier
through six planet idlers with a reduction of 3.65:1. The
upper carrier drives the mast at 230 rpm at an engine output
speed of 15,160 rpm.

15
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METHODS EMPLOYED

All too often M & R programs yield statistical data which
cannot be correlated to real-life cause and effect. Although
the acquisition of numerous statistical 51gnatures and generic
failure rates does indeed provide useful information when
viewed In a broad context, the identification of phy51cal wear
phenomena viewed from an 1nterdlsc1p11nary approach is pre-
requisite to establishing sigffificant areas for needed re-
search and development effort.

The principal method employed to achieve the program objec-
tives was the detailed visual examination and meanlngful re-
porting of the condition of parts replaced dering overhaul of
the Army's UH~1 and CH-47 transmissions at ARADMAC. This in
turn requlred on-site monltorlng of the disassembly of failed
transmission units by skilled scientists well versed in the
arts of failure analysis.

Past experience by the Contractor on in-house M & R programs
has served to highlight the extreme 1mportance of witnessing
disassembly. The determination of primary and secondary
failure modes and causes cannot be effectively made without
this witness. Often, additional factors such as improper
initial assembly, improper field maintenance methods, or im-
proper dlsassembly techniques can materlally distort functional
failure statistics.

Consequently, the success of this study in producing useful
information depended upon intelligent failure mode determina-
tions and the exercise of sound judgment in definition of

the roles of cause and effect. :

ORGANIZATION OF PROGRAM

The program was initiated by the selection and training of an
engineering team to collect data. Detail drawings were re-
viewed to familiarize this on-site review team with the design
of each of the four transmissions. In-house component over-
haul was witnessed to establish monitoring procedures and to
gain €amiliarity with component records and failure types. A
glossary (compatible with American Gear Manufacturers Associa-
tion and Anti~Friction Bearing Manufacturers Association
terminology) of common failure modes was compiled and associ-
ated with examples taken from overhaul components, to aid in
achieving uniformity in reporting. This glossary appears as
Appendix I to this report. ’

16
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Work sheets for logging and reporting failure data were de-

 veloped. Gearbox failure analysis sheets (GFAS) (Figure 7)

were designed to record component historical data and compo-
nent condition. It was also used to record other information
noted during disassembly that might be helpful later in
analyzing detail part failures. Detail failure analysis
sheets (DFAS) (Figures 8, 9, and 10) were used to record
failure data of a detail part. Because of the difference in
failure modes of gears, bearings, and general parts such:as
cases, housings, or shafts, a different type of DFAS sheet was
prepared for each. Both GFAS and DFAS sheets were designed
to permit ease of transfer of collected data to computer
storage files. Complete instructions for use and identifica-
tion coding of these sheets are included in Appendix II.

The on-site team at ARADMAC spent five months monitéring
transmission overhaul and inspecting failed components during
the data-collection phase of this study. A total of two
hundred and fifty-one transmissions were 1nspected, yielding
over 1600 DEAS sheets.

DATA COLLECTION

Data collection methods were designed to minimize interference
with normal overhaul component processing at ARADMAC. Figure
11 clearly shows the delineation between ARADMAC and BHC on-
site inspection team functions. It should be emphasized that
the on-site team did not participate in any way with the com-
ponent repla:ement decisions made by ARADMAC personnel nor did
they furnisn any additional :failure criteria. However, it
must be conceded that due to the necessity of identification
tagging the detail parts at disassembly, some intensification
of inspection level may have followed. Although the individual
failure rates may be slightly influenced by this factor, the
validity of the failure mode observations and analytical con-
clusions were not compromised.

The evaluation of a transmission for suitability for use in
this study began with the review of the 634 form historical:
records. Definitive records which were sufficiently complete
to exclude the inclusion of battle or accident damaged com-
ponents were the sole requirement. In the event that more
transmissions became available than could be satisfactorily
monitored at disassembly on any given day, preference was
given to first-time overhaul units. First-time overhaul units
were far more desirable since the total time on any co., nent
was, with great certainty, simply that of the transmission
assembly; the additional variables of prior overhaul criteria,
skills, and methods were eliminated from the study.

17
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. Periodic file updatlng was accomplished

The chosen transmission was then assigned a GFAS number, and
the approprlate historical data were transcribed. An immedi-
ate visual inspection was made for external evidence of
failure, field damage, or field repair. An oil sample was
collected and identified by GFAS number. he oil filter, pump
inlet screen, and magnetic chip detector wepe inspected during
dlsassembly, and the observed condition was \noted and compared
with the reason for removal stated on the h1stor1cal records
or failure reports. All parts were identified with wired-on
embossed metal tags for subsequent traceabllrty to the proper
GFAS. Parts having multiple application in the transmission
were identified by location c~des to aid in failure identifi-
cation relative to specific operating stresses, e.g., UH-1

upper and lower planet idler gears. Copies of the GFAS were
forwarded to BHC for project review. -

The subject transmission components were then processed
through normal overhaul procedures. All parts reJected by
ARADMAC Quallty Control (except standard replacement items
such as O-r1ngs, seals, etc.) were held for final on-site
team inspection and disposition. These parts were each
assigned a DFAS number, and the failure information was re-
corded therein. The DFAS number coding assured traceability
to the proper GFAS (see Append1x II, File Operating Instruc-
t1ons) Parts awarded a primary fa1lure classification were
forwarded to BHC for further analysis. Secondary failure

parts were discarded. Copies of the DFAS were then forwarded
to BHC for project review. _

DATA;PROCESSING

The failure analysis sheets, GFAS and DFAS, were forwarded to
the dHC computer data processing center for keypunch trans-
cription to computer cards. These wer<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>