-

ADA 028414

USAAMRDL-TR- 75-57  , . g
33"

HELICOPTER DRIVE SYSTEM ON-CONDITION
MAINTENANCE CAPABILITY

Sikorsky Aircraft Division

United Technologies Corporation
Stratford, Conn. 06602

July 1976

E

Approved for public release;
distribution unlimited.

Prepared for

EUSTIS DIRECTORATE
U. S. ARMY AIR MOBILITY RESEARCH AND DEVELOPMENT LABORATORY

Fort Eustis, Va. 23604




¢

EUSTIS DIRECTORATE POSITION STATEMENT

This report presents an assessment of the capability of CH-53 and CH-54 helicopter drive
system components to operate without the necessity for mandatory scheduled overhaul
periods. Achievement of an on-condition maintenance policy is recognized as offering
significant life-cycle cost savings over the establishment of ‘‘Time-Between-Overhauls” (TBO)
periods. The conclusions and recommendations contained herein are concurred in by this
Directorate.

This report is one of a series dealing with the subject of helicopter drive system component
scheduled overhaul periods. ‘’Analysis of Criteria for On-Condition Maintenanc: for Heli-
copter Transmissions” (USAAMRDL Technical Report 73-68) provides a methodology for
performing an on-condition assessment and applies that methodology to the CH-47. ‘“Heli-
copter Drive System On-Condition Maintenance Capability (UH-1/AH-1)" applies a similar
methodology to the UH-1/AH-1. These efforts indicate that the UH-1, AH-1, CH-47,
CH-53, and CH-54 aircraft transmissions and gearboxes are capable of operating without
mandatory scheduled overhaul periods. This Directorate plans to develop a drive system
reliability and maintainability design guide that will incorporate the findings of this effort.
The design guide will address, among other issues, the design concepts and procedures that
most significantly enhance on-condition operation.

Victor W. Welner of the Military Operations Technology Division served as project engineer
for this effort.

DISCLAIMERS

The findings in this report are not to be construed ss an official Depertment of the Army position uniess so
designated by other suthorized documents.

When Government drawings, specifications, or other dats are used for any purpose other than in connection
with s cefinitely related Government procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsosver; and the fact that the Government may have formulated, furnished,
or in any way supplied the said drawings, specifications, or other data is not to be regarded by implication or
otherwise as in any manner licensing the holder or any other person or corporation, or conveying sny rights or
permission, 10 manufacture, use, or sell any patented inventicn thst may in any way be related thersto.

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

DISPOSITION INSTRUCTIONS

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




TN Du-A-F-2, 20°-AH-86 |

/

Unclassified
_!!CUMTV CLASSIFICATION OF THIS PAGE (When Date Enlered)

READ INSTRUCTIONS
DOCUMENTATION PAGE BEFORE COMPLETING FORM
3. GOVT ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER

4. TITLE (and Subtitle)

~HELICOPTER DRIVE SYSTEM 8N-§ONDITION @
‘MAINTENMCE CAPABILITY, - ©
¥ ConTRACT O Y NURBENG)

’0 -B.ﬁ'\wtel @ KJ;I:':-'-n:-c-jjz)h57T [MU/

oy

9. PERFORMING ORGANIZATION NAME ANDC ADDRESS . ::ggl.l=°l.|.'(¢=zrfﬂ“'ul.°.) k.‘l’. TASK
Sikorsky Aircraft Division of
United Technologies Corporation 62203A 1F262203AHB6 03

006 EX

Stratford, Connecticut 06602
11, CONTROLLING OFFICE NAME AND ADDRESS
Eustis Directorate
U. S. Army Air Mobility R&D Laboratory

Fort Eustis, Virginia 23604
. MONITORING AGENCY NAME & ADORESS(i dillerent from Centrelling Ollice)

Unclagsified
gg“ &DAUlE:ICATION DOWNGRADING

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

1—F-202 205-AH-707 3]

I

19. XEY WORDS (Centinue or reveree aide If y and ity by bleck ber)
Helicopter Reliability
Drives Hazards
Gearboxes

On-condition maintenance

%Iﬂ- ABSTRACT (Contl on olde if and § by Meck beor)

This report presents the results of a study that was conducted to determine the
feasibility of operating CH-53/54 gearboxes without any scheduled removals for
overhaul, that is, being maintained on-condition. A reliability analysis
technique was developed to establish gearbox hazard functions, which express
the relationship between the equipment failure rate and its operating time,

Furthermore, design concepts and procedures were identified which enhance on-
condition maintenance for CH-53/54 gearboxes, ——>>

P

DD oy W73 EBuox o7/ToY AATRICReOLETE Unclassified
aapAeRste el SECURITY CLASSIPICATION OF THIS PAGE (When Dats Barorsd)

323500

B B A e L




——linclaagified

A LURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

M aer]

20. (Continued)

All CH-53/54 gearboxes are capable of heing maintained without any specified
overhaul period (on-condition) on the basis of their projected hazard
functions at 5000 operating hours. Certain design changes and procedures
are recommended before an on-condition maintenance policy is initiated.
While many of these are not essential, they are desirable to improve product
reliability. These improvements are practical and feasible with virtually
no increase in the weight of any CH-53/54 gearbox. Current inspection
techniques and diagnostic devices are adequate for implementing an on-condi-
W,pdﬁ.cy? Concurrent with the initiation of an on-condition

ntenance policy, it {s recommended that field and depot maintenance of
on-condition gearboxes be monitored. The fact that data for this study was
obtained from aircraft that flew in Vietnam where they saw overtorque
situations reinforces the practicality of an on-condition maintenance
philosophy for the transmission system.

The relisbility analysis technique developed by this study used hazard
functions of individual generic component failure modes as building blocks
to construct the gearbox level hazerd function for each category of failure
mode. The method permits evaluation of current design practices. Its real
benefit is that it will allow future gearbox reliability requirements to
be evaluated by the designer so that reliahility is understood and designed

in. \\‘

A

Unclagssified
SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)




PREFACE

'his study was conducted for the Eustis Directorate, U.S. Army Air Mobility
lesearch and Development Laboratory (USAAMRDL), Fort Eustis, Virginia, under
‘ontract DAAJO2-TL-C-00LS5.

JSAAMRDL technical direction was provided by Mr. V. Welner and Mr. T. House.

fhe Sikorsky Aircraft personnel involved in performing or assisting in this
study were:

Mr. A. A. Wolf, Supervisor of Reliability and
Meintainability

Mr. P. Fitzgerald, Supervisor of Transmission
Design and Development

Mr. B. L. Trustee, Reliability/Maintainability Engineer,
Program Task Manager

Mr. H. Frint, Transmission Design Engineer

Mr. A. Angelovich, Relisbility Engineer

Mr. G. Geffert, Reliability Engineer




TABLE OF CONTENTS

PREFACE . & & o ¢ ¢ o ¢ ¢ o o ¢ ¢ o o s « s o o o

LIST OF ILLUSTRATIONS . . ¢ & & + ¢ o o o o o o o s o =

LIST OF 'TABLES' + o 4 & = % o o s o s s s (6 8 o @ 6 % o
1.0 INTRODUCTION & & ¢ & o o o s o s s o s o s s o o o o

1.1 Background . . . ¢ ¢ ¢ ¢ 0 v v e b e 0 e 0 e e e

1.2 Approach . . & ¢« ¢ ¢ v v ¢ 0 b i s e e e e e e

1.3 CH-53/54 Transmission System Description . . . .

1.b Data Base . . v « v ¢ ¢ 4 0 0 e 0 e e e e e e e
2.0 OSTUDY FINDINGS . & & o & ¢ o & « s o o o o o o s o

2.1 Failure Mode and Effect Analysis (FMEA) Results .

2.2 Inspection Effectiveness . . . . . ..

2.3 Experience Failure Mode Hazard Functions . . .
Bearings . . + ¢« ¢« ¢« v 4 4 0 4 e 0 e e
Ly H = A O O e G 5 e
SpIHNes. W o s ) s 0 B s s e o e a8 e
NOESH SN RSN CE B G chel 9 o,
Housings o/ o & o 5 6 6l 6 @ e 2 e %@ s s
Pumps . . . clcl oliclo o b b B b B kb Id
Freewheel Unlts o oopoolBMBERBS L L

Seals . . . . 0BT ELEBL o
Clips and Bearlng Retainers .

PP MPPPPNODND DN
WWwwwwwwwww
« . « o o s e e e
H\O o3 0\ & -

o

rotation Groove . . . . . . .. . .

2.4 Gearbox Reliability . . . . « « v v v ¢ o o « &
3 2.4.1 Gearoox Hazard Functions . . . . . . . . .
3.0 IMPLEMENTATION OF ON-CONDITION MAINTENANCE POLICY . . .

3.1 Design Improvements . . . « « 4 o« o o o+ o o o

3.3

3.1.1 Splines . . ¢ ¢ ¢ ¢« « ¢ ¢ 6 s ¢ o s 4 s
3.1.2 Housings . « + « « & o ¢ s 4 o o s « o s
3.1 Freewheel Units . . « ¢« ¢« ¢ v o ¢« ¢« « o« &
3.1

3
A Bearings . . . v v v b e v e e e e e e e

Se ot anin Ll
N

PRECEDING PAGE ELANK-NOT FILMED

Bushings and Pitch Change Control Rod Antl-

PAGE

10
11
11
12
13
24
33
33
48
48
61

64
73
73
73
78
78
78
82

82
91
91
144

144

144
149
149
153




4.0

3.1.5
3-1.6
301.7

TABLE OF CONTENTS (Continued)

PAGE

Pitch Change Control Rod Antirotation
Groove . + « « &+ & o & o 5 080 00 o a ol 154
Clips, Bearing Retainers, and Locking
Assemblies . . . ¢ « ¢ ¢ v 4t e b 4 e e e e 154
Improvement Impact . . . .« . + ¢« « ¢ & ¢ o o & 156

3.2 Life-Limited Components . . . « « « ¢ ¢« & o & o« + o & 156

3.3 Data Collection « « v v ¢ ¢ ¢ ¢ ¢ o ¢ o o« o o o « o = 156

3.4  Analytical Techniques . . . « « « ¢ « + « &« o« « « « . 181

CONCLUSIONS AND RECOMMENDATIONS . . . . « . « ¢« « o « & « & 182

APPENDIX A:

APPENDIX B:

Analytical Technique for Establishing
Hazard Functions . . . . « « . ¢« + ¢« ¢« + + & 183

Probability Density Function Used by
Interference Theory . « « ¢ ¢ o ¢« ¢« o o o o 211



i

FIGURE

(o)) Vi Ew -

-

O\ @

11
12
13
1k
15
16
17

18

19
20
21
22
23
2k

25
26

2T
28
29

30
31
32
33
34
35
36

i
38

LIST OF ILLUSTRATIONS

CH-54 Main Drive Train Schematic . « o« « « o« ¢ o o + &
CH-54 Main Gearbox Cross-Sectional View . . . . .

CH-54 Intermediate Gearbox Cross-Sectional View . . . . .
CH-54 Tail Rotor Gearbox Cross-Sectional View . e e
CH-53 Nose Gearbox Assembly - Cutaway (Left-Hand Shown -

Right-Hand Opposite) . « « v ¢ v ¢« 4 & o ¢ o o o o o o o &
CH-53 Nose -Gearbox - Front View (Left-Hand Shown - Right~
Hand Opposite) . . . . . BNt T B
CH-53 Nose Gearbox - Detalls (Left Hand Shown - Right- Hand
OPPOSite) v v v v v it e e e e e e e e e e e e e
CH-53 Main Gearbox - Top View . . « + ¢ « ¢« ¢ ¢ ¢ « +v « &
CH-53 Main Gearbox Cutaway . « « « . + « &« o« & e 3
CH-53 Main Gearbox Input Freewheel Unit and Bevel Gear
(Left Shown - Right Similar) . T el ..
CH-53 Main Gearbox Accessory Tekeoff 0 P 00 00 0 QO
CH-53 Accessory Drive Schematic . . . . « ¢« « « ¢« « o .
CH-53 Accessory Gearbox Rear View . . . . .. . . . . .
CH-53 Intermediate Gearbox Assembly . . . . . « +« + . .
Bearing Cage Fracture Hazard Function . . . . . . « « .« .

Bearing Spalling Hazard Function . . « « « « ¢+ + &+ + « « &
Bearing Spalling (Infant Mortality Failures) Hazard

Function . . . . .. 0 13 B o 4 e e e e s « o
Bearing Spalling (Minimal Lubrlcation Impact) Hazard
Funetion .+ ¢« ¢ « & ¢ ¢ ¢« & o o ¢ s o ¢ o 0 4 s 0 e w0 s e
Bearing Smearing Hazard Function . . . . . . ¢« « « + « . .
Spur Gear Excess Wear Hazard Function . . . . . . . « ¢« .

Spiral Bevel Gear Excess Wear Hazard Function . . . . . .
Spiral Bevel Gear Tooth Fracture Hazard Function . . . . .
Typical Gear Tooth Fracture Hazard Function . . . ..
Spline Fretting Wear Hazard Function (Grease Retentlon
Impact) . « ¢« « « & ¢« . : g 56 o A2 Hb
Locking Assembly Hazard Function (Shaft Vibration Impact -
Lo;king Assembly Hazard Function (Shaft Vibration Impact -
T ) S & IS RS U S G e S S i S B R R S e G R S
Gearbox Housing Hazard Function . . . . . . + ¢« « &« « « &
0il Pump Hazard Function . . . . . « e v e v e e
Freewheel Unit Roller Excess Wear Hazard Function (Minimal
Lubrication Impact) .« « « ¢ ¢ ¢ 4 o ¢ 0 0 0 0 00 . ..
Typical Freewheel Unit Roller Spalling Hazard Function . .
Face Seal Hazard Function . . « . ¢ o ¢« ¢ v ¢« o ¢ ¢ o o &
Shaft Seal Hazard Function . . . « . . « ¢« + & ¢« ¢ ¢« + o &
Lip Seal Hazard Function . . . . « « ¢« v ¢« v ¢ ¢ o ¢ o &

Lock Ring Hazard Function . « « ¢ ¢ ¢ ¢ ¢ ¢ ¢ o o o o o &
Clip Hazerd Function . . . . . do d B e e e e e
Pitch Change Shaft Antirotation Groove Fretting Hazard

Funetion . . . « « « .« & “ e s e e JdE T 3

Bushing Excess Wear Hazard Functlon ( OAP Impact) Sl
Bushing Excess Wear Hazard Funetion . . . . . ¢« + « .+ + &

PAGE

15
16
19
20

21
22

23
25
26

27
27
29
30
31
32
33

65

66
67
68
69
71
72

74
75

76
77
79

80
81
83
84
85
86
87

88
89
90

e R




FIGURE

LIST OoF ILLUSTRATIONS

CH-53 Main Gearbox Dynamic Component Removal Hazard Function
CH-53 Intermediate Gearbox Dynamic Component Removel Hazard

mction L] . . L] L] . . L] . L] . . . L] . L] . . L] . L[] . . . . L]
CH-53 Tail Rotor Gearbox DUynamic Component Removal Hazard
Function . . . . e s 8 s e s e e s e s e

CH-53 Nose Gearbox Dynamic Component Removal Hazard Function
CH=53 Accessory Gearbox Dynamic Component Removal Hazard
Funetion . . v & & o o & 4 % W el @ el e W T s 2 e 6 s s s s s
CH-54 Main Gearbox Dynamic Component Removal Hazard Function
CH-54 Intermediate Dynamic Component Removal Hazard Function
CH-54 Tail Rotor Dynamic Component Removal Hazard Function .
CH-53 Main Gearbox Mission Reliability Hazard Function . . .
CH-53 Intermediate Gearbox Mission Reliability Hazard
Funection . . . . . 5 . . g 3o
CH-53 Tail Rotor Gearbox Mission Reliabllity Hazard Functlon
CH-53 Nose Gearbox Mission Reliability Hazard Function . . .
CH-53 Accessory Gearbox Mission Reliability Hazard Function
CH-54 Main Gearbox Mission Reliability Hazard Function . .
CH-54 Intermediate Gearbox Mission Reliability Hazard
Function . . . . e e s o« e o e e e
CH-54 Tail Rotor Gearbox Mission Reliabllity Hazard Function
CH-53 Main Gearbox Safety-of-Flight Hazard Function . . . .
CH-53 Intermediate Gearbox Safety-of-Flight Hazard Function
CH-53 Tail Rotor Gearbox Safety-of-Flight Hazard Function .
CH~54 Main Gearbox Safety-of-Flight Hazard Function . . . .
CH-54 Intermediate Gearbox Safety-of-Flight Hazard Function
CH-54 Tail Rotor Gearbox Safety-of-Flight Hazard Function .
Grease Lubricated Spline Lubrication Retention Improvement .

Polygon Spline Shapes . « & ¢ & o s 4 o o o s o s s s o o o
Polygon Spline Shaft Replacement . . « « « v o o« o & o s «
Principle of Operation, Spring Overrunning Clutch . . . . .
Spring Overrunning Clutch . . . . . . 0 00 g 0 g 0 g

Pitch Change Control Rod Antirotation Groove Improvement q o
Improved CH=-53 Main Gearbox Dynamic Component Removal Hazard
EURCEIOR ol 0 el ol | sl 1o s sl ohish el el W) sls W L P bl e ]
Improved CH-53 Intermediate Gearbox Dynamic Component
Removal Hazerd Function . . . . . . 0 o o d dd do oo
Improved CH-53 Tail Rotor Gearbox Dynamlc Component Removal
Hazard Function . . ¢ ¢« ¢ ¢ ¢ ¢ ¢ v 4o ¢ s o s o o o s s o« &
Improved CH-53 Nose Gearbox Dynamic Component Removal Hazard
Function . « . + + ¢« 4« ¢« ¢ ¢« 4 & S om0 0 0o o ddd Fo o
Improved CH-53 Accessory Gearbox Dynamic Component Removal
Hazard Function . « ¢« ¢ ¢ ¢ & o ¢ & s ¢ o o s o o o o o s
Improved CH-54 Main Gearbox Dynamic Component Removal Hazard
Function . . « . « . . . . . S s e 4 e e e e s e e e
Improved CH-54 Intermediate Gearbox Dynamic Component
Removal Hazard Function . . « ¢ & ¢ o ¢ o o o o o o o o & &
Improved CH-54 Tail Rotor Gearbox Dynamic Component Removal
Hazard Function . . « ¢ &+ ¢ o & o o o ¢ o s s o s o o s o

PAGE

9%
95

96
97

98
99
100
101
127

128
129
130
131
132

133
134
135
136
137
138
139
140
145
147
148
151
152
155

159
160
161
162
163
164
165

166

g
o A
+

sy A



FIGURE

LIST OF ILLUSTRATIONS

Improved CH~53 Main Gearbox Mission Reliability Hazard
Function . . . « « v . « « . & 5 d dl o dlo
Improved CH-53 Intermediate Gearbox Mission Reliability
Hazard Function . . . M 5 o B bl i bl o dliol ol of ol A
Improved CH-53 Tail Rotor Gearbox Mission Relisbility
Hazard Function . . . . . o e s
Improved CH-53 Nose Gearbox Mission Reliability Hazard
Function . Al B o o
Improved CH-53 Accessory Gearbox MisSion Reliability Hazard
Function 0 5 0 g “ e e e 0 g
Improved CH—Sh Main Gearbox Mission Reliability Hazard
Function . R . .
Improved CH-SM Intermediate Gearbox Mission Reliability
Hazard Function . . . . d do oK
Improved CH-54 Tail Rotor Gearbox Mission Reliability Hazard
Function o MddrFo BE "% o E
Improved CH-53 Main Gearbox Safety-of-Flight Hazard Function
Improved CH-53 Intermediate Gearbox Safety-of-Flight Hazard
Funection 0 . sl el S I .
Improved CH 53 Tail Rotor Gearbox Safety-of-Flight Hazard
Function ¢ e s e s e e e e e s .
Improved CH-Sh Main Gearbox Safety-of-Flight Hazard Function
Improved CH-5U4 Intermediate Gearbox Safety-of-Flight Hazard

Function . 3 G G 04 0l 91 94 Q@ O ¢ g oo .
Improved CH-Sh Tail Rotor Gearbox Safety.of.Flight Hazard
Function 0 bl Il ol ol Ol O ol 0 Al I o APl OO AAololo 0 Qo
Typical FMEA MAclo 0 o o oldlo dldl o0 0 000 0 ¢

Typical Weibull Plot . . . . « « « « « « &

PAGE

167

168

169

170

171

172

173

174
175

176

177
178

179

180

185
189




TABLE LIST OF TABLES PAGE
1 Failure Mode Categorization Criteria . . . . . . . . + « . . 13
2 CH=54 Main Gearbox Generic Component Failure Modes . . . . . 34
3 CH-54 Intermediate Gearbox Generic Component Failure Modes . 36
N CH-54 Tail Rotor Gearbox Generic Component Failure Modes . . 37
5 CH-53 Nose Gearbox Generic Component Failure Modes . . . . . 38
6 CH-53 Main Gearbox Generic Component Failure Modes . . . . . 40
1 CH-53 Accessory Gearbox Generic Component Failure Modes . . 42
8 CH-53 Intermediate Gearbox Generic Component Failure Modes . 44
9 CH-53 Tail Rotor Gearbox Generic Component Failure Modes . . 45
10 Relative Mission Reliability Occurrences . . . . « « « + + & 47
11 CH-53 Maintenance Inspection and Fault Detection/Warning

System Evaluation . . ¢ « ¢« v ¢« ¢ ¢ 4o 0 0 0 0 e 0w e s s 49
12 CH-54 Maintenance Inspection and Fault Detection/Warning

System Evaluation o o o s o s s s s 8 8 8 ¢ 8 5 8 8 s @ = 55
13 Malfunctions Not Detected By Current Maintenance Inspections

and Fault Warning Systems . « + ¢« « ¢« ¢« ¢+ ¢« ¢« ¢ ¢ ¢« s « o « 59
14 Significant Potential Safety-of-Flight Failure Modes . . . . 60
15 Mean Time Between Dynamic Component Removal Failures

SUMmMBYY + o o ¢ o o o s ¢ s o ¢ ¢ o 2 5 s+ 5 s v v s s 4 s a 92
16 Current CH-53/54 Gearbox TBO'S + « + v o ¢ ¢ & o 4 s o o o o 92
17 Significant Dynamic Component Removal Failure Modes . . . . 93
18 Dynamic Component Removal Failure Hazard Function Parameters 104 i
19 Significant Mission Reliability Failure Modes . .. .. . . 115
20 Mission Reliability Hazard Function Parameters . . . . . . . 116
21 Significent Potential Safety- of-Flight Failure Modes . . . . 126
22 Safety of Flight Hazard Function Paremeters . . . . . . . . 141
23 Recommended Improvements to CH-53/54 Gearboxes . . . . . . . 157

10




1. INTRODUCTION
1.1 BACKGROUND

Contract No. DAAJO2-T2-C-0068's analysis of criteria for on-condition
maintenance for helicopter transmissions resulted in a methodology for
assessing the capability of helicopter dynamic components to operate with-
out the need for scheduled removals and an application of that methodology
to the CH-47. The conclusions reached under that effort reflect the
operutional experience of the CH-47. Analysis of the CH-53/54 transmission
systems was undertaken to gain the experience of other helicopter systems
and to formulate a clear position concerning on-condition maintenance for
helicopter drive systems and to identify those design concepts and pro-
cedures which would significantly enhance this approach.

The work done under Contract No. DAAJ02-T2-C-0068 and documented in
USAARMDL TR T3-581 resulted in an evaluation of on-condition maintenance
criteria from estimated hazard functions that describe the relationship
between a gearbox's operating time and its failure rate. Research of
other existing reliasbility analysis techniques was undertaken to develop
a preferred analysis concept for establishing gearbox hazard functions.

The notion of hazard functions is not new to reliability analysis. The
.classical "bathtub" curve is familiar to everyone for describing an
equipment's failure rate as a function of operating time. The term hazard
function is synonymous with instantaneous failure rate. Hazard functions
developed in this study for each failure mode describe only one section of
the "bathtub" curve. Thus, it would be necessary to combine three hazard
functions to completely describe the "bathtub" curve: one describing
infant mortality failures, one describing random failures, and one
describing wearout failures. While this study concentrates on determining
which section of the "bathtub" curve best described the failure mode's
behavior, the approach developed is sensitive enough to know when two or
more different hazard functions are needed. The shaft seals of the

CH-53 tail rotor gearbox, for example, were found to exhibit an infant
mortality type hazard function as well as a wearout type hazard function.

1Dougherty, J. J., and Blewitt, S. J., "Analysis of Criteria for On-Condi-

tion Maintenance for Helicopter Transmissions", USAARMDL Technical Report
73-58, Eustis Directorate, U.S. Army Air Mobility Research and Development
Laboratory, Fort Eustis, Virginia, September 1973.
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1.2 APPROACH

The reliability analysis technique for establishing gearbox hazard functions
is based upon the reliability distribution defined by the Weibull reli-
ability function. The Weibull distribution defines the cumulative
reliability, R(t), as follows:

(&)8
R(t) = e ©

where B is called the shape parameter and ® the size parameter. The
hazard function, h(t), which is defined as thz instantaneous failure rate
at any time, is given as follows:

B-1
h(t) = % (%)

The relationship between reliability and the hazard function is

t

R(t) = e'c{ n{#as

where § is used as an integration variable to permit evaluation of the
integral.

The reliability analysis technique establishes gearbox hazard functions
for safety-of-flight failure modes, mission reliability failure modes,
and dynemic component removal failure modes. The analysis starts by
defining and categorizing generic device failure modes in terms of their
worst possible effect on aircraft performance from the criteria given in
Table 1. The impact of current gearbox inspection techniques and
diagnostic systems is then evaluated to determine their ability to
alleviate the risk associated with the occurrence of a failure mode or

to classify a failure mode, for example, from safety of flight to mission
reliability. Once the worst-case categorization has been established,
the others easily follow. Hazard functions are then established for each
generic device failure mode either from experience data or from various
estimation methods when no experience data are available., Finally, all
the hazard functions of a particular category (safety of flight, mission
reliability, dynamic component removal) are combined and the resultant
hazard function is plotted.

The details and the derivation of the complete technical approach employed
in this study are given in Appendix A.

12



TABLE 1. FAILURE MODE CATEGORIZATION CRITERIA

Category
Safety-of-Flight A failure mode that causes either
Failure Mode immediate forced landing, injury to
the crew, or catastrophic loss of the
vehicle.
Mission Reliability A failure mode which prevents
Failure Mode commencement or completion oi a
mission, either by rendering the
system incapable of performing the
primary function of the mission or
by exposing the vehicle occupants
to unacceptable flight risk if
the mission is begun or continued.
Dynamic Component A failure mode that causes the removal
Failure Mode of a component and replacement with a
like item.
1.3 CH-53/54 TRANSMISSION SYSTEM DESCRIPTION

This study examines the CH-54 and the CH-53 Transmission systems. The
CH-53 transmission system is comprised of five gearboxes: (1) nose
gearbox, (2) main gearbox, (3) intermediate gearbox, (U4) tail rotor
gearbox, and (5) accessory gearbox. The CH-54 has three gearboxes:
(1) main gearbox, (2) intermediate gearbox, and (3) tail rotor gearbox.

1.3.1 CH-54 MAIN GEARBOX

The CH-54 main gearbox changes the angle of drive from the engines to the
main rotor and reduces rpm. (see Figures 1 and 2.) It supports and drives
the main rotor and accessories, and provides power through the tail rotor
drive shaft driving the tall rotor. Accessories are driven from the tail ]
takeoff gear. A rotor brake stops rotor head rotation after both engines
are shut down. The rotor breake is spline coupled into the second-stage
pinion gear shaft. Lubrication is accomplished by self-priming wet sump
system., The oil pump, attached to the main gearbox sump, circulates

0oil for the main gearbox lubrication and cooling. The gearbox is equipped
with an oil filter and oil strainer. A magnetic chip detector in the sump
is part of the chip detector system., A transmitter sends oil pressure
readings to an indicator on the instrument panel, while a temperature bulb
in the oil strainer transmits oil temperature readings to an indicator on
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the instrument panel. Freewheel units isolate engine torque from the main
gearbox when a reduction in an engine's input speed causes the second-strge
pinion gear to rotate faster than the first-stage bevel gear. The auxilia-
ry power plant may be used for operating the main gearbox accessories with-
out turning the rotors by a freewheel unit located on the tail rotor take-
off pinion gear shaft.

Not all aircraft accessories are driven by the main gearbox. The second-
stage hydraulic pump is directly driren from an engine. This prevents any
single gearbox malfunction from causing the complete loss of accessory
power.

1.3.2 CH-54 INTERMEDIATE GEARBOX

The CH-54 intermediate gearbox transmits torque from the tail drive shaft

to the pylon drive shaft, changing the angle and direction of drive (see
Figure 3). The gearbox consists of an input housing, center housing, and
output housing. The input and output housings contein input and output
spiral bevel gears and flenges. The center housing contains the idler gear,
oil pump, sight gage, and chip detector. The gearbox is air cooled while
the oil pump circulates the oil for lubrication.

1.3.3 CH-S4 TAIL ROTOR GEARBOX

The Ci'-54 tail rotor gearbox serves as the point of attachment for the tail
rotor, transmits torque from the pylon drive shaft to the tail rotor, and
changes angle of drive 90 degrees. The gearbox consists of a horn asssembly,
and of input, center, and output housings (see Figure 4). The gearbox is
splash lubricated and air cooled. The input housing contains the chip
detector plug, and the output housing contains the filler plug and oil level
sight gage. The tail rotor tandem servocylinder, installed through the
gearbox, is controlled by the directional flight controls and operates the
pitch beam which in turn is connected by links to the sleeve of each tail
rotor blade and changes blade pitch.

1.3.h CH-53 NOSE GEARBOX

The CH-53 has two nose gearboxes mounted on the exterior of the main fuse-
lage over and outboard of the forward cabin section. Each gearbox is
mounted at the forward section of an engine and serves as a forward engine
mount. The nose gearbox transmits engine torque to the main gearbox through
the main gearbox input drive shaft (see Figures 5 through 7). Each gearbox
provides the initial rpm reduction and changes the angle of drive from the
engine to the main gearbox. Each gearbox consists of a front cover assem-
bly, center housing linear and stud assembly, input housing and gear
assembly, output housing and gear assembly, oil pump, oil dipstick, strainer
and filter, electric chip detector, oil pressure switch for the oil pressure
indicating system, and a plugstat for the 0il temperature indicating system.
Each gearbox provides a drive pad for the fuel control flex drive,
tachometer-generator, and speed-sensing switch, and a driver pulley to drive
the ‘engine and nose gearbox oil cooler assembly. Lubrication of the gearbox
is accomplished by a wet sump system. A gear type
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lube pump circulates the oil through an external oil cooler for nose
gearbox lubrication and cooling.

1.3.5 CH-53 MAIN GEARBOX

The CH-53D main gearbox couples the two input drive shafts from the nose
gearboxes and provides output power for the main rotor, the tail rotor,
main gearbox oil cooler and blower, and accessory gearbox during engine
operation (see Figures 8 through 11). The two main inputs incorporate a
freewheel unit which automatically disengages both engines during auto-
rotation or one engine for single-engine operation due to an engine mal-
function. The gearbox also drives the first-stage hydraulic pump, a
tachometer-generator, and an oil pump that provides lubrication for the
gearbox by a wet sump type pressure Jjet lubrication system. The main oil
pump circulates oil from the sump through a filter into an external oil
cooler and to the lubrication jets to lubricate gears and bearings of the
gearbox. An oil level dipstick is incorporated to measure the oil level.
Indicating and warning systems are incorporated for main gearbox oil
pressure and oil temperature.

1.3.6 CH-53 ACCESSORY GEARBOX

The accessory gearbox transmits auxilliary power plant power during ground
operation to the No. 2 generator, and the utility, winch, and second-stage
hydraulic pumps, and transmits main engine power to these same accessories
plus the No. 1 generator during rotor operation (see Figures 12 and 13).

The gearbox consists of a front cover and liner, housing and liner, free-
wvheel unit, APP and accessory drive gears, oil level sight window, oil
pressure switch, strainer, and chip detector. An oil monitor is installed
at the base of the gearbox. An additional electric chip detector, installed
on the oil monitor, detects metal particle contamination from the APP clutch.
A plug-stat is installed on the oil monitor for the accessory gearbox oil
temperature system. A filter assembly is also installed.

1.3.7 CH-53 INTERMEDIATE GEARBOX

The CH-53 intermediate gearbox transmits torque from the tail drive shaft

to the pylon drive shaft, changing the angle of drive (see Figure 1L4).

It consists of an input housing and gear, center housing, and output :
housing and gear. The center housing has an oil level sight window, a i
filler plug, an electrical chip detector, and a plugstat. The gearbox is 1
splash lubricated and alr cooled.

1.3.8 CH~53 TAIL ROTOR GEARBOX

The CH-53 tail rotor gearbox has a configuration almost identical to
that of the CH-5l4 tail rotor gearbox.

1.k DATA BASE

The historical data base used for this analysis covers the 1969 - 1971
time frame. Many of the aircraft in the data sample saw action in
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Vietnam. Their gearboxes were subject to overtorque. As a result, generic
components such as gears and bearings were subjected to many more cycles
of high stress than they might ordinarily have been during peacetime
operation.

The CH-54 data consists of approximately 50,000 flight hours of CH-5LA
field data collected under Contract DAAJ01-68-C-0512, corresponding
Disassembly and Inspection Summaries which provide overhaul data, and
Sikorsky Field Representative's "Field Service Reports". CH-53 data con-
sists of field data reported by Sikorsky Field Representatives, Sikorsky
Field Representative's "Field Service Reports", and overhaul data for the
CH-53D between January 1969 and December 1971.

The CH-54 data had the benefit of on-the-spot engineering failure analysis.
The majority of the CH-53 data relied on field service findings of depot
maintenance. Such data could be misinterpreted since only the best engi-
neering judgement can be applied secondhand. Thus, it is possible that
inadvertent biases could have been injected even though every precaution
was taken to avoid them.




2.0 STUDY FINDINGS

With minor modifications, the gearboxes studied are suitable for "on-
condition". Improvements to the CH-53/5l4 gearboxes that enhance "on-condi-
tion" are discussed in Section 3.0. Current inspection techniques and
diagnostic devices are generally adequate in terms of detecting potential
safety~-of-flight and mission-aborting failure modes. A relatively few key
failure modes are significant in affecting gearbox reliability.

2 FAILURE MODE AND EFFECT ANALYSIS (FMEA) RESULTS

The worst effect of many gearbox failure modes which is possible consider-
ing the impact of maintenance inspections and diagnostics is a mission
reliability failure. Many failure modes that are potentially safety-of-
flight failures were recategorlized due to the beneficial impact of current
inspection techniques and diagnostics devices. Many of these are at worst
a mission reliability failure. However, field experience reveals that many
such failure modes often only result in dynamic component removals.

The FMEA was conducted, as explained in Section 1.2, to define drive system
failure modes. The effect on aircraft reliability performance, considering
the benefit of maintenance inspections and diagnostic systems, wes deter-
mined to properly allocate the failure modes that comprise the safety of
flight and mission reliability categories. Tables 2 through 9 contain the
most serious effects of drive system failure modes on aircraft reliasbility
performance.

Each of the tables indicates the worst effect of generlc component failure
modes for a particular gearbox. The term generic component indicates a
family of gearbox components, for example, spiral bevel gears. The reason
for introducing it is that much of the work of estimating hazard functions
is predicated on the premise that similar components have identical shapes
for their hazard functions. Strictly speaking, this is true only if the
applications in the service environment are similar.

Tables 2 through 9 were constructed by indicating the number of generic
components in each gearbox which have as their worst effect the category
of failure mode indicated by the column heading. The general criteria
used to evaluate each mode, as previously indicated, are given in Table 1.
Failure modes resulting in the loss of either main rotor power or tail
rotor power or all electrical and hydraulic power were categorized as
safety-of-flight failures. The criteria for safety-of-flight failure modes
employed in this study are somewhat more encompassing than those employed
in previously conducted FMEA's. Those failure modes which cause an
immediate forced landing but which do not result in injury to the crew or
catastrophic loss of the vehicle are not considered as serious as the term
safety of flight might imply. Failure modes which activate fault detection
systems, such as the chip detector system, were categorized as mission
reliability failures. The remaining gearbox failure modes that resulted in
gearbox removal were classified as a dynamic component removal failure.

Tables 2 through 9 should not be construed as indicating that many gearbox
failures are mission reliability failures. They do indicate, however,
that many drive system failures are no more severe than a mission abort.

33




I8aYs *3}osa)
3In3ovIg

IBIY SSI0XF
Suixeaug
Burreds

aan3o8ly %)

J83M S830XT
Jurreamg
Burtreds

aanj3ovay 9dev)

I89M SS30XT
Fuixeaug

JuyiTeds
aanjouvry 938D

KCETY

¥oBI) qBM
aIn3o8Id Y300%
Butgoog
Buryreds

183N SS20XF

}OBID Q9N
aani3oBId Yool
Butaoog
Burtreds

I8aM SSadXY

Jautejay Furaesg

Suty %207

Butasag
Z9TToy paxade],

Butaeag ISTTM

Suraeag 1Ted

surtdg

X839 JIndg

J830 TaAag Teatrdsg

SOPOW SINTIBY

Teaoway juauodwmo) OTwBuUAg

Jo Iaqumy

SIpOW IINTTBY

£ITTIQRTTSY UOTSSTN

Jo Iaqumy

SIPOW aINTTBJI

IYBTTI-Jo- £393%8g

Jo Jaqumy

9POW aaInTTBd

SIAOW FHOTIVL INANOAWOD OJIHANTD XOHMVID NIVW #S-HO "2 FIdvl

EGEDTT iG]
B3 £ 1 EY)



= - & ¥o8I) A1quassy 3381d

o1 - - yova) Sutsnoyg

- T T aanssaad TTQ MO dung aqng

S 8 = a¥Byea] 183§ 3JBUS

- n - (TBUX33UT)

e > - (Teuzsixz) Furyea Buty 0,

= 8Tl 4 95007 ny

o 9 - aamiydvag Butadg

- 89 = Burrrautag

- 89 - JBOM SS39XJ SIaTTod 3TUn

- 89 - ButTredg TeagAaaI ]

_ ¢ - saniovIy afey JTup

- S - IB3M SSa0Xy EC L LEET EY u....

- € - aamnj3oea] q8ag Jutadg e 3TUn

- € - JeoM auttde Taagaaaxlg

- 6$ - XBIM SS3OXT daysey JETLILL

JuawadreTuy

T = - 9TOH aIBNbg

= € = TeaM suiTds

i £ = Buryova)

T e Z aamiloerg 1J8Us

2 - T oBID af3ueTyg

S3PON SINTIBL S8pOW aLnTTBd SIPON SIMTTBL SPON aLnTTBJ juauoduo)
TeAOWaY 3juauodwmo) o1urBuig £3ITIQBTITAY UOTISSTH IYB1TI-Jo- £3938g OTJIUIH

Jo Jaquny Jo Ia3qumy Jo Jaqumy

(pSnuIiu0)) SHAOW FUNTIVY INANOJWOOD OINENID XOGHVEAD NIVW 4G-HD °2 TI4VL



N

[ B B ] [QVRNo R N a Vo]

mMmmnm g

¥oBI)

amssaxg nding oN
3IN3IBIL
aanj3oery
JBayg

adeiBa]
sfexea]

25007

IB3M

IBaM SSI0XF
Futasaug
Burrreds
aanj3oBId 3%s)
JIBIM SSaOXY
Buixsauwg
BurtTedg
aImi3osIy ads)
yoBID

sxngoeId Y3oo],

Fuiaoog

Furtreds
JB9M SSa0Xx3

Buisnoy

dmmd 110

Buty dsug
Tautesay drTd
s37od 3JFeyg JB3)
s3uty 0,

sTeag dr]

sany

aurtdg

JZ9TToY pagade],

Butaeag JII3TTOH

T899 Taasg T[BATdS

SODPOW aINT1TI8j
Teaoway 3jusauodwo) >TWBULQJ
JOo zequmy

SoPON odN[ 184
A3TTTQBITOY UOISSTH
3o gsqumy

SIQOW FUNTIVY LNANOJWOD OIHINED XO€HVID JLVICIWHALNI tS5-HO

SOpOR osan{1i8d
Y31 TI-3o-£3838S
Jo Iaqumy

9PO| |JnTTey

*€ TTEVL

Fuauoduo]
d1I2uUan

36



[ e N | NS [ N M |

NN

o)

Burilsag
afeyea]
adeBY]

38007
}oBJID
Fo-ETY
aanjoexd

IBaM SS90XY
Furaeaug
BuryTeds

axnjosad 838)

JIB3M SS39XT
Jutxsamg

Burireds
axnjosay afe)

JIBaM SS30XT
Butaeaug

Burrreds
axnjowva] ads)

}ora)
aanqovad Y3jooJ,
Futaoodg
Butreds

JIB3M SE3IXF

Juysnoy

@A001p
UOTIWIOITIUY 3JBYS
TOI3U0) Yo3Td
steag d1]

dutd ,0,

N

IJeus

surtds

Jautrelay Jurasag

Butasag JI9TTOY

Butasag

J9TTOY poaaadsy],

Jurasag TTed

J8ap Taasg TeaIdg

Sapol aJInTTe4
TeAcuay ausauodwo) O Tweulg
Jo Jaqumy

SIPOY AInTIvd
£3TTTQRITAY UOTSEIW
JO IXaqumy

S8pO aaniTed
IYB1TA~Jo-£33J8g
JO Jaqumpy

SpO aaInTTBS

STAOW FINTIVA ININOJWOD OIYANID XOHHVED HOIOH TIVLI 7S—HO “f TIAVL

quauoduo)
91I3uU3n

37



(141 o~ m ~

[QURQVIR eV AT

poJIBayg
Burijzaxg surrdg

afeyea]
adexsory
sanioeay
395007
IBaM

IBOM SS89XT
Jurreawg
Burrreds

2an308I4 8%8)

IBaM SSadXy
Juixsaug
Burtreds

aamioeay ads)

I8aM SS30xT
Buiasaug

Buiireds
aan3oBI] 838D

}o8ID
aIn3oBIg Y00
Butaoog
Burrredg

IBIM SSaOXg

HoBID

2IN308I4 Y300],
Butaoog
Burireds

JIB9M S830X7

T NPT e & AT

JI9ATIq ASTIng
(33%4S sATxq) aBusTy

sTe3s uny ,,0,
T8sS 3I8YS
loute3ay Juraeayg
my

surtdg

Butaeag

9110y paxade]

Butasag J9TTOH

Butaeag Tled

839 andg

Je3y Taaeg Tea1dg

SIpOR SN 184
T8Acuway juauodwo) oruweulg
Jo Jaqumy

Sapop IJINTIBL
£31T198ITaY UOTSSIN
JO xaqumy

SIPOR SaInTivY
PR A E gl Al CER T
Jo Jaquny

SPO SanTreq

SZAOW FYNTIVA ININOJWOD OIMANID XO€YVID ISON £6-HO °S FIEVL

quauodmoy
oT1I3UIn

e

38



[aV]

(oY) S 332

o NN N

~ o~

1

-autdus ay3 JO IpIS 3JOT 2Y3 woay Fuijeurdiio a1qed paads augdua

Buryovad
Fuytyyaxy BuITds

98007

IBIM SS30XY
Fuireaug

BurTTeds
2anyo8I 838D
IB3M
Furyoeva)

2an3o8I] Y300
JutI0dg
Surrreds

TBaM sSSa0XF

JusuadxeTuld
FudIo1d

JuamBIBTUIT
BuidBo1)

WoBI)
noTd A0

Furyosa)
Buriizead durtds

quamadreTuld

IBaM

U3 Y3TA 979w 03 JJOaym3 SuIioej 3JaT B 01 JJooyel 9[qed paads Supoey-4uda
ay3 sfusyo 03 X0qJead Iscu 3JST Y3 O3 PIPP8 SBM IS Juod Taaaq TBUOILLIPPE UVg

3Jeys TLI0

N

Furasag JITIOd pagadeg

surtdg

Ie3n Taseg TeaTdg

aqn Iaqn]

s3ar 110

Fuisnoy

dmg aqn]

3Jeys TIIMY
ammixady axenbg

£aTIng wed

SapO} 2aINTTBA
Teaomay 3usuodmo) dTwWsUAQ
o0 <RGuUnNy

SapOj 9JnITBed
£31T1qBIT9Y UOTSSIH
Jo J3qumy

SapO aJnTTIBd
IUBT T4~ JO- £33J8S
JO Jaqumy

9pOW SanTIed

(PonuT3lu0)) SIAAOW FMATIVA ININOJWOD DIMANZO XOHdMVAD FSON €6-HO °S HTEVL

auauodmo)
g TIau3)

39



n o
LAV

o
N

- A
LR YR

VYOV Nnm

JI89M SS90XT
JIBaYg *}oBI)
JBaM

I83M S590XT
Jutaeaug
Buyryredg

3anj3o8Iy 838)

IBaM SS8oxd
Buixsamg
Buiireds

aan3ovxy 83B)

SurgTauUTAg
I839M SSadXy
Furreaug
Burrreds
aanijosxy adw)

}oBID
8iIn3oBvId U300
Juraoog
BuriTeds

IBaM SSIOXY

}oBID
2an3081d Y3zo0]
Buixoog
Burreds

JB3M S5530Xq

X3ysey 3snayg

13ureqay Juiaesg

auttdg

Suiaeag IITIOY pazade],

Furaeayg I2TTOH

Butxeaqg TT®d

J8an Jndg

Te3n T2asg TeLI1dg

S3POW 3INTTRL

TeACmaY 3uauodwo) O Tweul]

Jo Zaqumy

S3pON 2aNTIBL

A1TTTIQRTITAY UOTSSTW

Jo Jaquny

SOPON 2INTTBJ

IYITTI-Jo- £3978g

J0 Jaqumy

SPOW SanITBL

SIAOW TINTIVA LNANOWOD OIYANID XOHdVID NIVW £S~HO °9 TI4VL

juauodumo)
o1I9uUan

40



41

= T - 3507 aanssaad 110 dung aqu]

- = 2 ¥oBID ATquassy 238T1d

k4 e 3 1o8ID Fuisnoy

= € 2 amm3ourd 3Jeys

" - - aanjosxd Buiadg

- 2 - am3oeLy

- 2 - JBaM SS0XY a8e) nMJ

= we = Burrrautag

- 72 - J83M SSaOXF

= 12 = BurrTedg SI3TT0d M

= 4 - p LR ] FuTSnoH NMJ

= € 1 NoBID aBuetd

T 8 - sFeyuwa] T®aS 3JBYS

. n - (Teuxajul)

- ne = (Teuxayxg) s8eiea] 8ury ,0,

SOPON IJINTIBY SIPOW BINTTIBA SIPON INTT8S SPO) SanTIv L jusuodmo)
TeAcway 3juauodwmo) TWeRUAQ A3TTTIQBITAY UOTSSTH IYBITI-Fo-£33388 OTIauan

30 Jaquny Jo Iaquny Jo Jaqumy

(P3nUTIUC)) SACOW TUNTIVA INANOJWOD OIHANED XOHUVID NIVH €6-HO 9 TIGVL



S o

aanjoeag
TeaM

san3o8ag
I83M SSI0XH

Jurrautag
JBOM SSIIXY
Burrreds

afeyea] TBUIalXY

adeyea]

aanj3o08Ly

98007
JBaM

JIB3M SSaoxyg
Jutrevaug
Butrrredg

aanjovxy ade)

X8aM SS80XT
Futreaug
Buriredg

aamjoray a#ev)

}ovaD
aIn3o8Id Yioog
Butaodg
AurTeds

I83M §S3IXY7

Butadg

JaYseM 3ISnJayl
a%e) NMd
I3TT0Y nMd
Buty 0.,

Te3s 110 IIBUS
Futy Woo7

N

surgds

Butaeag I3TTOH

Buyxeag 1Teg

I83H Jndg

S3pOW 2anTTeRd

TBAOWaY juauocdmo) dTureulg

Jo Jaqumy

SIpOy sanTIvd

A3TTTQBTTOY UOISSTW

JO JI3qumy

SITON FUNTIVA INANOJWOD OIHANID XO€MVID XHOSSIOOV E€S~HO L JTAVL

S3apoy Ianyred
I 1Td-Jo-£333eg
Jo xasquny

3POW aInTTBA

quauoduwo)
FR&E1 T

42



- 2 - HoBI) Jursnoy
- € - JuswadIeTU
= € = BurdFod 390 TT0
= T - aamssaag Mo dung agng
- T = JuTyosa Weys
SIPOW oauTlBA S3POW SJnTIBA S9PON aInNTIBL SPOW aanTI8d ausuodmo)
TeAOmay juduodmo) OdTweuAg £3TT1qBIT3Y UOTSSTH IYBTTI-Jo-£3338S d1a3uln
Jo zaqumy Jo xaqumy JO xoqumy

(panuIjlu0)) SHAOW FUMNIIVA ININOJWOD JIHINAD XOH¥VID XHOSSIOIV

eS-HD L TI4VL

43



g3 !

NN

paxoBdI)
3388
afeBl
25001

JBapy SSIOXF

IBapM SSAIXI
FUuTIBIWS
furreds

saniosag 938D

RoBID
aam3oead YIOOL
FutIOOS
gurrreds

JeoM SS30XH

BulsnoH
steeg 411
s3utyd ,0u

InN

autTds

Fuaead X9TIOH pagade],

Jesp ToAed TeX1ds

sapcp SAnTTEL

Teaoway quauodwo) stueuid

Jo Jaqumy

sapOj 2INTT8d

A3TTIQRTT2Y UOTSSTH

Jo Iaqumy

SAAON TUNTIVA ININOAWOD OTHANED XOSIVID FLV IAENIEINT €¢-HO ‘g FEAVL

sapo 2aNTIBd

149114 ~-30-K1238S

JO Jaquny

SpOW IMTTBd

auauodwo)d
2TIOUSD

44



= - }oBID Buisnoy
= - Juiliagd BA00IH UOTIBIOITIUY
HBUS TOIIUO) UDIT4
= € a3eywa] steag dr1
- 8 a9ByEBa] Buty ,,0,,
ctl c 8s8007] N
- = ¥ova) 348YsS
- - By-ETY sutdsg
- - 8an30B8Ig JI9uTBl8y Jurasaeg
- T JIBSM SSIaOXY
- 1 Juirssmg
- T Burrredg
= - aanjoBId 838D fButrasag asTTOY
v
- q IBaM SS230XT &
= q Butrsawg
- L Sutrreds Butaeag
- 2 aanjorvxy ade) JaTT0Y patadsy
= T JIB3M SS99Xg
- 1 Sutreaug
- T Burrredg
- - 3Inj3oB8I 8%¥8) Jutasag TTBL
- - ¥oBJID
= 2 2an308Id Y3o0]
- FA Butraoog
- e Burrreds
- 2 JI89M SSaoXy dua Taasg Telpdg
Sapoy aanTIisg SSPOR oINTIBAL SapPOR aInTIBL SpOW 3INTIBYJ Juauodao g
Teaowsy jusuodmo) Orweulq £3TTIGBITAY UOTISSTH IYBTTI-Jo-£33J83 apdaualn

JO Jaqumy 30 asqumy JO Jaqumy

SHAOW THNTIIVA LNINOJIWOO. DIHANAD XO€HVID HOLOY TIVI £S-HO 6 ATAVL



The fact that many gearbox failures are not mission aborts can be seen
from Table 10. Table 10 indicates the percentage of observed dynamic compo-
nent removals that were also mission aborts. The term dynamic component
removals now includes those failure removals which just resulted in gear-
box replacement and those which also resulted in a mission abort. The
fact that most gearbox failures do not result in mission aborts indicates
the way in which gearbox failure modes propagate. Many failure modes do
not suddenly cause catastrophic failure. Bearing spalling, for example,
begins as a subsurface crack, which propagates to the surface, causing a
small pit. The pits begin to grow in size and in number to where many
chips are generated and bearing performance is seriously compromised. The
entire process from when chips are first detected to when the gearbox is
finally removed can take many missions. In fact, at least one additional
hour of gearbox operation is advised by the CH-54 mainteneance manual? for
most cases where the serviceability of a gearbox is doubted due to metal
contamination.

20rganizatiorial Maintenance Manual, Army Model CH-54B Helicopter, T™M 55-
1520-217-20-2-1, Headquarters, Department of the Army, 16 April 1973.




TABLE 10, RELATIVE MISSION RELIABILITY OCCURRENCES

Mission Abort Percentage

Aircraft Gearbox of Dynamic Jomponent Removals
CH-53 Main Gearbox 23

Nose Gearbox 9

Accessory Gearbox 2

Intermediate Gearbox 17

Tail Rotor Gearbox 3
CH-5k Main Gearbox 16

Intermediate Gearbox i

Tail Rotor Gearbox o

8No mission aborts were recorded in data sample.
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2.2 INSPECTION EFFECTIVENESS

The potential effects of many gearbox failure modes are not realized due

to the early warning of inspections and diagnostic devices. Tables 11 and
12 summarize the aims, benefits and shortcomings of CH-53 and CH-5.
transmission system maintenance inspections and fault detection/warning
systems. The CH-53 and CH--54 generally have comparable types of inspection
techniques and fault detection/warning systems.

Current inspections and fault detection/warning systems can detect most
commonly experienced failures. They can provide a warning for many
failure modes which could progress to a potential safety of flight mal-
function if they were allowed to degrade for a sufficiently long time.
This study has generally assumed that when ample notice of a potential
safety-of-flight malfunction is provided by an inspection or fault warning
device, recategorization is Justified. Examples of this are wear and
spalling failures of critical bearings, such as the main thrust bearings
(see Figure 2), that are detected by the chip detector to prevent their
complete failure; or fretting wear of the pitch change control rod anti-
rotation groove that is detected by oil analysis to prevent its complete
failure.

Table 13 summarizes the potential safety-of-flight malfunctions that are
not detected by current inspections or fault warning systems. These
failure modes exhibit virtually a constant hazard function for each of the
CH-53/5kU gearboxes (see Section 2.4 for a complete discussion of safety-of-
flight hazard functions and generic failure modes that comprise the safety-
of-flight category). Table 14 summarizes the highest contribution of
increasing hazard function failure modes to each gearbox's safety-of-flight
hazard function. Generally, the hazard functions of major items can be
more effectively reduced by the design improvements recommended in Section
3.1 than by developing a fault warning system. On this basis, current
inspections and fault warning systems are adequate for implementing an
on-condition maintenance policy.

2.3 EXPERIENCE FAILURE MODE HAZARD FUNCTION

Hazard functions of failure modes with experience data indicate that only
a few failure modes would significantly increase if gearboxes were main-

tained on-condition. Their behavior shows how previous design procedures
influenced current gearbox failure modes. They indicate whether current

reliability problems reflect design problems and quality control problems
or are things that are inherent in the generic component's application.

Three estimates of the hazard function are plotted for each failure mode
as follows: (1) the upper 98% confidence limit, denoted on the plot
legend as "HU98"; (2) the maximum likelihood estimate, denoted on the
plot legend as "HMLE"; (3) the lower 98% confidence 1imit, denoted on
the plot legend as "HL98". The confidence limits apply to the entire
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TABLE 13. MALFUNCTIONS NOT DETECTED BY CURRENT
MAINTENANCE INSPECTIONS AND FAULT
WARNING SYSTEMS

Generic Component(s) Failure Mode
Spiral Bevel Gear, Spur Gear Web/Shaft Fracture
Ball Bearing, Roller Bearing, a
Tapered Roller Bearing Cage Fracture
Shaf't Fracture

Internal Gearbox Housing Fracture

Grease Lubricated Splines Wear, Fretting
Nuts Looseb

Bearing Retainer Fracture

Upper/Lower Planetary
Plate Assermbly Fracture

Mounting Lug or Flange Fracture®

%Fault detection sensors warn of impending cage fracture from lubrication
failure or secondary damage from metal contamination.

bCh:lp detector indicates secondary damage.

®Fine cracks or those cracks which occur between airframe and gearbox
mounting may not be visually detected.
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TABLE 14. SIGNIFICANT POTENTIAL SAFETY-
OF-FLIGHT FAILURE MODES

Generic Component Percentage Contribution b
Alrcraft Gearbox Failure Mode? to Gearbox Hazard Function
CH-54 Main Spline Fretting,
Wear 67
Intermediate Spline Fretting,
Wear 15
Nuts Loose 8
Housing Crack 1l
Tail Rotor Spline Fretting,
Wear L6
Housing Crack 41
CH-53 Main Spline Fretting,
Wear 12
Housing Crack b
Intermediate Housing Crack 1
Spline Fretting,
Wear 84
Tall Rotor Housing Crack 25
Spline Fretting,
Wear Lo

§ a'Only failure modes with increasing hazard functions are listed.

bAt 5000 hours.
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hazard function, not just to the shape and size parameters. As a result,
the statistical significance associated with a hazard function should not
be construed as indicating the statistical significance associated with
the size and shape parameters of the Weibull distribution.

Representative hazard function plots are shown in the following section.
2.3.1 BEARINGS

Bearings in this study were divided into three generic types: (1) ball
bearings, (2) cylindrical roller bearings, and (3) tapered roller bearings.
The failure modes predicted for each bearing were cage fracture, smearing,
pitting or spalling, and excessive wear. Pitting and spalling failures
usually originate as subsurface cracks, which result from Hertzian stresses
that occur between the rolling elements and the inner race. These propagate
to the surface and form pits. Excess wear represents surface damage
resulting either from intermittent skidding of the rolling elements or from
abrasion caused by foreign particles present in the 0il. Smearing usually
results from the lubricant being unable to sustain a film, which causes an
alternating welding and tearing of the rolling elements.

Figures 15 through 19 show some hazard function of CH-53/54 bearing failures
that have been experienced. Figure 15 is the hazard function for cage
fracture failures that were experienced by the CH-53 nose gearbox's main
thrust bearings (see Figure 5). The shape of the hazard function suggests
that the cage is subject to fatigue. Usually cages are overdesigned in
terms of stresses that are applied in normal operation. As a result,
infinite life and constant hazard functions are expected. However, failures
of the outer race bearing retainer, the bearing retention nut, and its lock-
nut that were experienced on other occasions by the nose gearbox suggest
other fallure mechanisms may be responsible. While the data indicates that
fracture of machined cages were responsible for gearbox failure, it is
suspected that either debris from inner race rotation or machining of the
cage by the outer race bearing retainer is the true failure mechanism.

Figures 16 through 18 show the hazard functions for pitting and spalling
failures. They clearly represent different failure mechanisms. The shape
of the hazard function shown in Figure 16 is what should be expected when
quality control and lubrication are adequate for AISI 52100 bearings. This
result is confirmed by the hazard function of the CH-54 intermediate gearbox
tapered roller bearings for spalling failures (B = 1.21) and by testing

done outside of Sikorsky, such as by Chevalier et al.3

3Chevalier, J. L., Zaretsky, E. V., Parker, R. J., "A New Criterion for

Predicting Rolling Element Fatigue Lives of Through Hardened Steels",
Journal of Lubrication Technology, July 1973.
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The shape of the hazard function shown in Figure 17 is indicative of a
quality control problem. While the exact mechanism could not be determined
from the data, the fact that the problem area can be defined is useful if
product improvement is desired.

Figure 18 is indicative of spalling failures that result from minimal
lubrication. Similar results were observed for CH-53 intermediate gearbox
tapered roller bearings. The major problem shown in Figure 18 is attribut-
able to marginal lubrication of the planetary roller bearings. The bearings
operate at temperatures much higher than are generally recommended for
AISI 52100 steel bearings. The high operating temperatures cause a reduc-
tion in the material hardness, which in turn eggravates spalling. The
effect of operating temperature on 52100's hardness is well documented

by Chevlier et al. As a result, Figure 18 shows that either a better
lubrication method or a material capable of operating higher temperatures
is needed.

Figures 16 and 18 demonstrate that even when bearings are made from the
same materials and processes, the specific application must be evaluated
before estimating hazard function parameters.

Figure 19 is representative of the few smearing failures that have been
experienced. As can be seen from Figure 19, B's are typically close to
unity for this mode, while the ©'s are larger than those for spalling.
While the data did not allow identification of the specific mechanism, it
is suspected that they are related to lubrication problems known to exist
for input tapered roller beering.

None of the failure modes discussed affect safety-of-flight. As a result,
no corrective action is essential to implement on-condition maintenance.
However, corrective action is desirable to improve product reliability for
the failure modes shown in Figure 18. Corrective action was taken for the
failure modes depicted in Figures 15 and 19 during the design of RH-53D
helicopter. Section 3 will further discuss what corrective action is
desirable for implementing on-condition maintenance.

2.3.2 GEARS

Relatively few failures of gears have resulted in there being no significant
hazard functions for thos CH-53/54 generic modes with experience data.

Tooth wear and tooth fracture were the only failure modes recorded in this
study's data bank.

Figures 20 and 21 are hazard functions for wear failures that were observed
on accessory gearbox spur gears and nose gearbox spiral bevel gears. While
they represent hazard functions of different types of gears, it is inter-
esting to note that both have approximately the same shape. The fact

that both hazard functions are increasing is indicative of cumulative sur-
face damage. Many wear mechanisms could be responsible, such as corrosion,
abrasion, adhesion, and delamination. Without examining the gears, it is

USuh, N. P., "The Delamination Theory of Wear', WEAR, Volume 25, 1973,
pp. 111 - 124,
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not possible to determine which mechanisms might be responsible. However,
foreign particle abrasions and normal sliding that occurs when gear teeth
mesh are likely candidates. The amount of surface wear from abrasion
depends on the relative hardness of materials involved and the rate of
buildup. The amount of material removed by sliding is a function of the
normal loads, the sliding distance, and the surface hardness. Either of
these mechanisms could result in comparable hazard function shapes. As a
result, the significance of a common shape for the hazard functions is not
known. Nevertheless, wear is seen to be a very high time failure mode by
the values of "theta". Certainly these failure modes can be tolerated since
they do not affect safety-of-flight.

Figure 22 is the only CH-53/54 spiral bevel gear or spur gear hazard
function for tooth fracture or pitting that is increasing. All Sikorsky
gears are designed for infinite life by AGMA methods.’s 6, 7, 8, 9, 10
Figure 23, which is typical of tooth fracture hazard functions, seems to
confirm this result. The fact that "theta" is greater than 10,000 hours,
which is equivalent to about 1010 cycles, indicates that damage is not
incurred every cycle since steel's S/N curve is generally flat after 107
cycles.ll As a result, it is suspected that damage cycles are the result
of transient loads that mey exist on the gear shaft from time to time. This
case shows why it is important to know the dynamic response of the drive
train and the stress distribution of gear tooth loads. No life limit is
needed because safety of flight is not affected, nor does the hazard
function significantly affect the nose gearbox hazard function.

> "Design Procedure for Aircraft Engine and Power Take-Off Bevel Gears",
AGMA Standard 431.02, March 196kL.
6 "Design Procedure for Aircraft Engine and Power Take-Off Spur and
Helical Gears", AGMA Standard 411.02, September 1966.
T "Surface Durability (Pitting) of Spur Gear Teeth", AGMA Standard 210.02,
January 1965.
8 "Surface Durability (Pitting) Formulas for Spiral Bevel Gear Teeth",
AGMA Standard 216.01, January 196k.
9 "Rating Strength of Spur Gear Teeth", AGMA Standard 220.02, August 1966.
s "Rating the Strength of Spiral Bevel Gear Teeth", AGMA Standard 223.01,
January 1964.
11

AGMA Standard 411.02's life factors infer that the S/N _curve has the
same shape slope after 107 cycles as it does before 107 cycles for spur
gears. However, AGMA Standard 431.02 indicates the S/N curve is flat
after 107 cycles for spiral bevel gears. Why one curve has a knee and
the other does not is not clear.
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2.3.3 SPLINES

All spline failures that have been recorded in this study's data bank were
of grease lubricated splines. Most of the problems result from the grease
not being retained. When grease is lost, fretting causes the spline to wear
rapidly. Eventually spline teeth will shear. Figure 24 shows the impact
of this failure mechanism on the hazard function of CH-53 accessory gearbox
spline couplings.

All spline couplings that have potential safety-of-flight failures are
firmly held together with retention nuts so that relative motion is mini-
mized, Furthermore, these shafts rotate at low rpm's so that the effect
of grease moving away from mating surfaces due to centrifugal force is
minimized. As a result, it is not surprising to find that no failures of
these splines have occurred in over 660,000 flight hours of combined CH-53/
54 experience.

Even though the failure modes of Figure 24 do not affect safety of flight,
product improvement is desirable. Spline improvements will be discussed
in Section 3 of this report.

2.3.4 NUTS

Locking assembly failures are usually expected to have a constant hazard
function, Exceptions are when the shaft vibration causes the locking
assembly to wear and the nut to subsequently back off, or when the shaft
experiences a transient loading that causes the locking device to shear
and the nut to subsequently back off. The hazard functions shown in
Figures 25 and 26 are for locking assemblies which consist of a nut and a
serrated washer with tangs that fit into slots on the nut. Serrations on
the shaft and washer restrict the nut from backing off. Tangs insure
synchronization of nut and lock washer movement. Most of the failures
that were observed were caused by wear of the shaft serrations. The
others were caused by fracture of the lockwasher. While these hazard
functions do not significantly affect either gearbox hazard function,
improvements can be made (See Section 3).

2.3.5 HOUSINGS

Housing crack hazard functions have generally been found to be increasing.
Most failures were observed in the mounting lugs or bolt holes where the
loads are the most concentrated. The other failures were primarily caused
by housing corrosion. The CH-53 tail rotor gearbox's hazard function,

vhich is shown in Figure 27, is the most significant one for housing cracks.
Generally, most gearbox mountings are sufficiently redundant to permit loss
of one load path from a fracture so that safety of flight is not adversely
affected. Nevertheless, product improvement is desirable for implementing
on-condition maintenance.

73



FRIL-AATE (F /HAJ

.0 1000 2000 3000 4000

GENERIC DEVICE HAZRRD FUNCTION -

)
10.' I “-.
0l 10"® CH-53
ACCESSORY GEARBOX
SPLINE COUPLINGS
! WERR, SPLINE FRETTING
0l 410~ DYNRMIC COMPONENT REMOVAL
{1 FAILURE CODE « 420
] BETR « 3,07  THETA =
“I'-' ; ﬁ-.
ol |
T =T

3
- J_é

w'g Jw®
- 3 LEGEND
- ] SYMBOL
(o} HMLE
10" $o0* @ HUSE
3 > HLO8
%0 2 : , . -
el - 1000 2000 3000 4000 8000

TINE (HOURS)

Figure 24. Spline Fretting Wear Hazard Function (Grease
Retention Impact).

74

~1701E O




1000 2000 3000 4000 8000

b

GENERIC DEVICE HAZARD FUNCTION -

beebnd i d ]

FRIL-RATE (F/HR)

Aol iidlid

40 CH-53
RCCESSORY GERRBOX
NUTS
LOOSE
DYNAMIC COMPONENT REMOVAL
FRILURE CODE = 810
BETA = 1,62 THETR = .7338E O4

3
p

<10
3
410
410”7
E 10..
E LEGEND
3 SYNBOL
e o} HMLE
<10 a HUSE8
E -4 HLO8
]
" 2 ' e qﬂ‘”
1000 2000 3000 4000 5000

TIME (HOURS)

Figure 25. Locking Assembly Hazard Function
(Shaft Vibration Impact - I).

75



FRIL-ARTE (F/HA)

9 We __sp_ s aps e
GENERIC DEVICE HAZARD FUNCTION
w0’} A
w0} u
w0} o® CH-53
NOSE GEARBOX
NUTS
- LOOSE
w0 4 DYNRMIC COMPONENT REMOVAL
FAILURE COOE = 810
BETA = 1,73 THETR = 1350E 05
I
|
w0 i 5“
n"g 410
“-Tb Eﬂt’
Hf.L 410"
- E LEGEND
i : SYMBOL
(0] HMLE
10 +0* ) HUS8
] 2 HLE8
0 N . |
' 1000 2000 8000 4000 3008
TIME (HOURS)
Figure 26. Locking Assembly Hazard Function

(Shaft Vibration Impact - II).

76







2.3.6 PUMPS

Pump hezard functions reflect infant mortality failures. The pumps used
in the CH-53/5k4 gearboxes are four-bladed vane axial positive-displacement
pumps. They are usually driven by a quill shaft. This type of pump has
virtually no wearout failure modes that cause loss of oil pressure. The
only parts that might exhibit wearout failure modes are internal support
bearings and a positioning spring. However, due to the light loading of
internal support bearings, there are no significantly increasing hazard
functions. As a result, it is not surprising to see the pump hazard func-
tion shown in Figure 28 reflecting infant mortality failure modes.

2.3.7 FREEWHEEL UNITS

Conventional freewheel units (FWU's) possess failure modes similar to

those of bearings, even though their operation is quite different. Their
hazard functions generally reflect damage incurred during the time when

they are overrunning, even though the actuel failure may occur during direct
coupling operation. Lubrication must be supplied adequately during over-
running and direct coupling operation. Figure 29 shows the impact of
gravity oil feed to the lower members during the time when the FWU is over-
running. Clearly, product improvement is desirable to reduce the impact

of this failure mode on the CH-54 main gearbox's dynamic component hazard
function. FWU improvements are discussed in Section 3 of this report.

When adequate lubrication is supplied to FWU rollers during all phases of
operation, their hazard functions are similar to those of beerings. A
comparison of Figure 30 and Figure 16 illustrates this point.

2.3.8 SEALS

Most seal failure observed on the CH-53/5L4 are repaired by seal replace-
ment rather than gearbox removal. The hazard functions shown in Figures 31
through 33 are only for those seal failures that resulted in gearbox
removal. These failures include those where seal replacement could not
stop excessive leakage due to impressions left on the shaft by the oil seal
or those which failed in flight and caused secondary failures to the
gearbox, Examples of the latter are failures that are caused by seal blow-
outs in flight or excessive external foreign particle contamination that
severely damages the seal and internal gearbox components. A complete
discussion of seal failure mechanisms, including those which can be repaired
by seal replacement is contained in the "Design Guide For Helicopter
Transmission Seals".l?

12Hayden, T. S., and Keller, C. H, Jr., "Design Guide For Helicopter
Transmission Seals", NASA Contractor Report CR 120997, NASA Lewis
Research Center, National Aeronautics and Space Administration.
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Two types of seals are employed in CH-53/54 gearboxes. Figures 31 and 32
primarily show the hazard functions of face seals used on high speed shafts.
Figure 33 is a typical hazard function for lip seals. The fact that hazard
functions in Figures 31 and 32 have significantly different shapes could be
due to the distortion created by the effect of seals being replaced in lieu
of a gearbox being removed when seal failures occur. No attempt was mede to
track operating times of individual seals that were replaced. Figures 31
through 33 only reflect high time failure modes. Failures caused by damage
to the seal on installation or to the gearbox as a result of an improper
installation generally result in a decreasing hazard function (infant
mortality failure mode). While Figures 32 and 33 indicate that product im-
provements are desirable, none are foreseen that would radically alter the
shape of the hazard function. Recommended seal design practices that
enhance vn-condition maintenance are contained in the "Design Guide For
Helicopter Transmission Seals."

2.3.9 CLIPS AND BEARING RETAINERS

Hazard function behavior for clips and bearing retainers is similar to that
for locking assemblies discussed in Section 2.3.4. Figure 34 is a typleal
hazard function for retainers which fail from occasional transient loadings
that appear on a shaft. However, Figure 35 shows the impact of wear on
CH-53 main gearbox sun gear clips. These clips restrain axial movement of
the sun gear with respect to the main bevel gear shaft (see Figure 9).
Shaft vibration causes the end of the clip to wear from rubbing against the
main bevel gear shaft. While sun gear clip failures do not affect safety-
of-flight, and contribute, at most, only 13% to the main gearbox's removal
rate, improvements can be made to reduce clip wear (see Section 3).

2.3.10 BUSHINGS AND PITCH CHANGE CONTROL ROD ANTIROTATION GROOVES

Bushings and the pitch change control rod antirotation groove are inter-
facial hardware between the drive and flight control systems of the CH-53/
54 tail rotor gearbox. Those components have wear failure modes resulting
from the relative linear motion between the pitch change control rod and
the output drive shaft. Hazard function shapes of these two are not ex-
pected to be the same since different materials are involved. The anti-
rotation groove involves steel rubbing against oil lubricated titanium, and
“he bushing involves titanium rubbing against oil lubricated bronze.
Figures 36 and 37 are resultant hazard functions. The significant increase
by the antirotation groove's hazard function indicates that improvement 1is
desirable. '

The failure modes of Figures 36 and 37 were detected by oil analysis
(Spectrum 0il Analysis Procedure). As a result, they are as valid as the
test and criteria allow. Differences in criteria for rejection can lead to
differences in what is called a failure. This point is clearly illustrated
by comparing Figures 37 and 38, which reflect the difference between
Sikorsky and service procedures. Furthermore, they illustrate why good
working thresholds must be established for a SOAP program.
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2.k GEARBOX RELIABILITY

Before discussing hazard functions of CH-53/54 gearboxes, their reliability
will be presented in more conventional terms. This is done not only to
permit reliability to be expressed in more familiar terms, but also to allow
comparison of CH-53/54 gearboxes with others. Table 15 summarizes each
gearbox's reliability by its 99% confidence interval and observed value for
the mean time between dynamic component removals for material failures.
Both estimates reflect the time on failed components as well as the time

on surviving ones. They assume tha% reliability is defined by the expo-
nential distribution of the form e-B' .

The number of safety-of-flight malfunctions observed in CH-53/54 experience
indicate the practicality of on-condition maintenance. In 445,000 flight
hours, no safety of flight malfunctions were attributable to material
failures of the H-53 drive train gearboxes. In 208,000 flight hours, only
two safety-of-flight malfunctions occurred for which H-54 drive train mal-
functions were a contributing factor. The fact that CH-53/54 experience
includes aircraft that flew in Vietnam where situations required overtorque
operation makes the above record more impressive.

2.4.1 GEARBOX HAZARD FUNCTIONS

Section 2.3 discussed how previous design practices impacted generic
component hazard functions of CH-53/54 gearboxes. A feel for which failure
modes are significant was developed. In this section, these results will
be summarized to indicate where product improvement is necessary to imple-
ment an on-condition maintenance policy and where it is desirable to further
enhance on-condition maintenance. Areas that are targeted for improvement
will be those which have significantly increasing hazard functions. Failure
modes with no experience data will be included to provide a complete
accounting of failure modes that might occur if gearbox TBO's were

extended from their values listed in Table 16 to 5000 hours. Hazard func-
tions of fallure modes with no experience data were estimated by methods
described in Appendix A.

Very few failure modes have a significantly increasing hazard function.
Figures 39 through 46 show the dynamic component removal hazard functions
for CH-53/54 gearboxes. Table 17 shows the failure modes which signifi-
cantly affect each hazard function at 5000 hours. This table shows that
generally three failure modes account for more than T5% of the failure rate
at 5000 hours. In all cases, there is one failure mode that is responsible
for about 50% of the failure rate at 5000 hours. With the exception of the
CH-53 nose gearbox, the significant contributors are failure modes with
experience data. This indicates that most failure modes which would affect.

a decision for on-condition maintenance are currently known.

The CH-53 nose gearbox spur gear hazard function for excess wear was
estimated from gearboxes that survived to the scheduled TBO which had parts
removed at overhaul that indicated failure was possible before their next
scheduled overhaul. Such failure modes, as discussed in Appendix A, are
incipient failure modes. Admittedly, engineering judgement had to be used
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TABLE 15.

MEAN TIME BETWEEN

DYNAMIC COMPONENT REMOVAL

FAILURES SUMMARY

99% Confidence Interval

Observed Mean

Aircraft Gearbox (Hours) (Hours)
CH=53 Main Gearbox 504 - 1hbb 820
Nose Gearbox 2531 - 5494 3646
Accessory Gearbox 947 - 2093 1376
Intermediate Gearbox 1219 - 3297 1932
Tail Rotor Gearbox 1215 - 3409 1957
CH-5k Main Gearbox T4 - 1513 1018
Intermediate Gearbox 962 - 2700 1550
Tail Rotor Gearbox 19k2 - 11188 4156
TABLE 16. CURRENT CH-53/5L4 GEARBOX TBO's
Aircraft Gearbox TBO (Hours)
CH-54 Main Gearbox 800
Intermediate Gearbox® On~Condition
Tail Rotor Gearbox 1200
CH-53 Main Gearbox 2000
Intermediate Gearbox 2000
Tail Rotor Gearbox 2000
f Nose Gearbox 2000
Accessory Gearbox 2000

8When instelled on CH-SMA aircraft, the intermediate gearbox is operated

on=-condition.

1200 hovrs.

92

However, when installed on the CH-SWB, the TBO is

Trmoas

et

oot o

=



TABLE 17. SIGNIFICANT DYNAMIC COMPONENT
REMOVAL FAILURE MODES

Percentage Contribution

Aircraft Gearbox Generic Failure Mode to Gearbox Hazard Function®
CH-54 Main FWU Roller Excess Wear 60
FWU Cage Fracture 10
Shaft Seal Leakage 10
Thrust Washer Excess Wear 5
Intermediate Lip Seal Leskage 46
| Housing Cracks L6
Tail Rotor Bushing Excess Wear 9
Housing Cracks 35
Antirotation
Groove Wear Lo
CH-53 Main Roller Bearing Spalling T0
Clip Excess Wear p)
Ball Bearing Excess Wear 10
Intermediate Tapered Roller Bearing 50
Spalling 25
Tail Rotor Housing Crack 30
Antirotation Groove Wear 25
Bushing 48
Nose Spur Gear Excess Wear 85
Accessory Spline Wear, Fretting 90

87t 5000 Hours.
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Figure 39. CH-53 Main Gearbox Dynamic Component
Removal Hazard Function.
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to distinguish between parts where subsequent failure is likely. Results
could be very conservative. In fact, it is possible that parts deemed to
have incipient failures could have continued to the next scheduled overhaul
without any failure. Nevertheless, improvements can be made to substan-
tially reduce this failure mode's impact if the gearbox were placed on-
condition. Certainly, this is an area that should be monitored to see the
impact of TBO extension.

Table 18 summarizes the generic ccmponent failure mode hazard functions
that comprise each gearbox's dynamic component removal hazard function.
Each hazard function is described by its shape and size parameters, B andég .
Failure modes that are significant generally have shape parameters greater
than one and size parameters in the thousands of hours.

Failure modes which significantly affect aborts are generally the same ones
vhich affect dynamic component removal failures. Figures 47 through Sk
show the mission reliability failure hazard functions for the CH-53/3L
gearbox. A comparison of these with the corresponding hazard function for
dynamic component removal shows that curve shapes are generally the same.
Table 19 shows the failure modes that significantly affect each hazard
function at 5000 hours. Although percentages may change, there are very
few new contributors over the ones given in Table 17. A notable exception
is splines in the CH-54 main gearbox. The main reason for it is that some
of the mission reliability failures were field repairable. As a result,
additional failures were included in the mission reliability category that
vere not in the dynamic component removal failure category. The spline
couplings responsible for the additional failures are those of the engine
inputs. This coupling, unlike most of the other couplings, is not rigidly
secured with a locknut, so floating allows for normal thermal expansion
of the drive shaft.

While the CH-54 data allowed tracking of mission reliability failures that
were field repairable, the CH-53 data did not. Mission reliability failures
reported for the CH-53 were those that also resulted in dynamic component
removal. As a result, hazard functions for mission reliability failures
such as of shaft seal leakage may be optimistic.

Table 20 summarizes the generic component failure mode hazard functions
that comprise each gearbox's mission reliability hazard function. Each
hazard function is described by its shape and size parameters, B and 8
Failure modes that are significant generally have shape parameters that
are greater than one and size parameters in the higher thousands of hours.

Safety-of-flight hazard functions are generally relatively constant.
Figures 55 through 60 show the safety-of-flight hazard functions. One or i
two failure modes are usually responsible for the increase that exists, as
shown by Table 21. The hazard functions shown should be viewed as con-
servative. No attempt was made to satisfy the boundary conditions implied
by the safety recoru. mentioned in Section 2.4 since there was inadequate
information on gearbox operating times. Housing cracks and spline wear
are the only failure modes which significantly affect gearbox safety-of-
flight hazard function. Most housings are redundant structures, yet this
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analysis has conservatively assumed that a safety of flight malfunction

cen occur with one crack. Furthermore, those housings where cracks have
been observed are frequently inspected to further reduce the possibility of
a critical fracture. Critical splines are well secured with a pretorqued
locknut, which in turn is prevented from loosening and backing off of the
shaft by another locking device. While it may be questionable as to why
these modes have remained in the safety-of-flight category, further improve-
ments are suggested in Section 3 which make these failure modes more remote,

Table 22 summarizes the generic component failure mode hazard functions that

comprise each gearbox's safety-of-filight hazard function. Each hazard
function is described by its shape and size parameter.
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TABLE 18. DYNAMIC COMPONENT REMOVAL FAILURE HAZARD FUNCTION PARAMETERS
Gearbox Generic Component Failure Mode B 6 (Hours)
CH-54 Main Spiral Bevel Gear Excess Wear 1.40  .1928 x 106
Spalling 1.00 .8176 x 106
Scoring 1.00 .L4886 x 106
Tooth Fracture 1.00 .4886 x 106
Web/Shaft Crack 1.00 .4886 x 106
Spur Gear Excess Wear 1.30 .5516 x 10°
Spalling 1.00 .2393 x 107
Scoring 1.00 .2393 x 107
Tooth Fracture 1.00 .2393 x 107
Web/Shaft Crack 1.00 .2393 x 107
Spline Wear, Fretting 1.33 .6143 x th
Ball Bearing Cage Fracture 1.00 .6700 x th
Spalling 1.30  .1172 x 10°
Smearing 1.00 .1196 x 108
Excess Wear 1.10 .2231 x 107
Lock Ring Fracture 1.00 .1895 x 107
Bearing Retainer Crack, Shear .98  .2165 x 10°
Shaft Crack 1.00 .6182 x 107
Spline Wear 1.50 1979 x lO6
1.20 .2964 x 10°
Roller Bearing Cage Fracture 1.00 .4088 x 107
Spalling 1.30 .6895 x 10°
Smearing 1.00 .4088 x 107
Excess Wear 1.10  .1116 x 107
Tapered Roller Cage Fracture 1.00 .3490 x 107
Bearing Spalling 2,40 .1021 x 10°
Smearing 1.00 .3959 x 10°
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TABLE 18.

Gearbox Geperic Component Failure Mode

CH-54 Main

Tapered Roller
Bearing
Thrust Washer

FWU Cam

FWU Roller

Spring

Nut

"0" Ring
Shaft Seal

0il Pump
Housing

Plate Assembly

FWU Cage

0il Lets
Bolts

Flange

(CONTINUED)

8 0 (Hours)
Excess Wear 1.30 .1310 x 106
Excess Wear 2.70 4235 x 1oh
Spline Wear 1.20 .1204 x 10°
Spring Seal 1.00 .8176 x 107
Fracture
Spalling 1.60  .7633 x 10°
Excess Wear 2.64 .1596 x th
Brinnelling 1.00 .T778 x 10
Fracture 1.00 .4088 x 107
Loose 1.70 L49k6 x 105
Leakage .79 .2848 x 10°
Leakage 1.95 .1854 x th

.63 .2480 x 108
Crack 2.38 .2352 x lO5
Crack 1.00 .1197 x lO7
Cage Failure 1.76 .2094 x th
Excess Wear 1.10 2231 x 107
Clogging .6l 4359 x 10°
Shear 1.00  .3031 x 10°
Fracture 1.00  .8176 x 107
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TABLE 18. (CONTINUED)
Gearbox Generic Component Fallure Mode B 6 (Hours)
CH-54 Inter- Spiral Bevel Gear Excess Wear 1.40 9473 x lO6
SRS Spalling 1.00  .2991 x 10°
Scoring 1.00 .2991 x 106
Tooth Fracture 1.00 .2991 x lO6
Web/Shaft Crack 1.00 .2991 x 106
Tapered Roller Cage Fracture 1.00 .2991 x lO6
Bearing Spalling .21 .1276 x 10°
Smearing 1.00 .2991 x lO6
Excess Wear 1.10 «9793 x 106
Spline Wear, Fretting  1.50  .596L4 x 10°
Nut Loose 1.10 .2849 x 106
"0" Ring Leskage JTh .2600 x 108
Lip Seal Leskage 1.h0 .2289 x 10h
Housing Crack 1.59 L2TUT x lOh
Roller Bearing Cage Fracture 1.00 .2105 x 108
Spalling 1.30  .2417 x 10°
Smearing 1.00 +1551 x 107
Excess Wear 1.10 .4985 x 107
Clip (Bearing) Re- Fracture 1.00 2770 x lO7
tainer

Snap Ring Fracture 1.00 2770 x 107
Bolts Shear 1.00  .3324 x 107
0il Pump Zero Outlet 0.63 .2480 x 10°

Pressure
Roller Bearing Cage Fracture 1.00 .2105 x 108
Spalling 1.30  .2%7 x 10°
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TABLE 18. (CONTINUED)
Gearbox Generic Component Failure Mode 8 8 (Hours)
Roller Bearing Smearing 1.00 .1551 x 107
1
(Cont'q.) Excess Wear 1.10  .4985 x 107
CH-54 Tail Spiral Bevel Gear Excess Wear 1.50  .1930 x 10°
Botor Spalling 1.00  .8053 x 10°
Scoring 1.00 .8053 x 106
Tooth Fracture 1.00 .8053 x 106
Web/Shaft Crack 1.00 .8053 x 106
Ball Rearing Cage Fracture 1.00 .5107 x 108
Spelling 1.30 <3557 x 106
Smearing 1.00 .5304 x 107
Excess Wear 1.10  .1649 x 107
Tapered Roller Cage Fracture 1.00 «3732 x lOT
Bearing Spalling 1.30  .3755 x 10°
Smearing 1.00 .3732 x 107
Excess Wear 1.10 .8391 x 107
Roller Bearing Cage Fracture 1.00 4911 x 107
Spalling 1.30 .6188 x 10°
Smearing 1.00 4911 x 107
Excess Wear 1.10 .6286 x 106
Bearing Retainer Fracture 1.00  .bo11 x 107
Spline Wear, Fretting 1.50 .6188 x 10°
Shaft Crack 1.00 1911 x 108
Nut Loose 1.00 .6285 x 108
"O" Ring Leakege 0.7%  .1231 x 10%°
Lip Seal Leakage A4 L3273 x 107
1.ko .1930 x 10

107




!

TABLE 18. (CONTINUED)

Gearbox Generic Component Failure Mode B ® (Hours)
Pitch Change Con- Fretting 2.86 .7365 x 101‘
trol Shaft Anti-
rotation Groove
Bushing Excess Wear 1.04  .2286 x 10°
Housing Cruck 1.29 .6932 x 10“

CH-53 Main Spiral Bevel Gear Excess Wear 1.%0 .8921 x 105
Spalling 1.00 2792 x 106
Scoring 1.00 .1673 x 107
Tooth Fracture 1.00 .1673 x 107
Web/Shaft Frac- 1.00 .1673 x 107
ture
Spur Gear Excess Wear 1.30 .2055 x 105
Spalling 1.00 .6920 x 1o6
Scoring 1.00 .6920 x lO6
Tooth Fracture .71 .3883 x 105
Web/Shaft Crack 1.00 .6920 x 106
Ball Bearing Cage Fracture 1.00 .2991 x lO7
Spalling 1.30 .3585 x 10°
Stearing 1.00 .2991 x 107
Excess Wear 1.84 .2654 x 10"
Brinnelling 1.00 .2991 x 107
Roller Beering Cage Fracture 1.00 .1434 x 107
Spalling 2.54 .1337 x th
Smearing 1.00 .143%4 x 107
Excess Wear 1.10 .4332 x 106
Tapered Roller Cage Fracture 1.00 .143k4 x 107
Bearing Spalling 2.50 .7254 x 10"
Smearing 1.00  .1434 x 107
Excess Wear 1.30 .6537 x 105
Spline Wear, Fretting 1.33 .5918 x 10°
108
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TABLE 18. ( CONTINUED)
Gearbox Generic Component Failure Mode B o (Hours)
Bearing Retainer Crack Shear 1,32 .299h4 x lOu
Clip

Thrust Washer Excess Wear 2,70 .bh23% x 10h
"o" Ring Leakage b .158k x 10°
Shaft Seal Leakage 0.66 .5531 x 10°
1.08 .1k82 x 106
Flange Crack Loo .1267 x 107
FWU Housing Crack 1.00 .1669 x lO7
FWU Roller Spalling 1.60 .3616 x 106
Excess Wear 1.10 .2332 x 107
Brinnelling 1.00 2hk2 x 106
FWU Cage Excess Wear 1.10 .8510 x 106
Cage Fracture 1.76  .1330 x 106
Spring Fracture 1.00 .1262 x 107
Shaft Crack 1.00 .9970 x 105
Housing Crack 2.83 .1236 x 10°
Plate Assembly Crack 1.00 .2Lk2 x 106
0il Pump Zero Outlet 0.63 .2480 x 108

Pressure
0il Jets Clogging 0.6k L4875 x 107
Nuts Loose 1.70  .1h2k x th
CH-53 Inter- Spiral Bevel Gear Excess Wear 1.h0 .8852 x lO6
mediate spalling 100 4116 x 107
Scoring 1.00 .2706 x 106
Tooth Fracture 1.00 .2706 x :Lo6
Web/Shaft Crack  1.00 .2706 x 106
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TABLE 18. (CONTINUED)

Gearbox Generic Component Failure Mode 8 6 (Hours)
Tapered Roller Cage Fracture 1.00 .2640 x 106

Begring Spalling .68 L1498 x 10°

Spalling 2.43  .2609 x 1oh

Smearing 0.84 .5348 x 10°

Excess Wear 1.26  .9905 x th

Spline Excess Wear 1.50 .3107 x 10°

Nuts Loose 1.10 .1683 x 106
"0" Rings Leakage T4 L1046 x 1010
Lip Seal Leakage .19 .1848 x 1010

1.37 .3349 x 1oh

Housing Crack 1.60 .4613 x 106

CH-53 Tail Spiral Bevel Gear Excess Wear 150 .2743 x 10°
Sotor Spalling 1.00 .1318 x 107
Scoring 1.00 .1318 x 107

Tooth Fracture 1.00 .1318 x 107

‘Web/Shaft Crack  1.00 .1318 x 107

Ball Bearing Cage Fracture 1.00 .8355 x 108

Spalling 1.30 .5194 x 105

Smearing 1.00 .8355 x 108

Excess Wear 1.10 .1317 x 108

Roller Bearing Cage Fracture 1.00 .6106 x 107

Spalling 1.30 .5483 x 1o6

Smearing 1.00 .6106 x 107

Excess Wear 1.10 .1313 x 108 i

Bushing Excess 3.09 .2240 x 10h

Bearing Retainer Fracture 1.00 .8033 x 107

Spline Wear, Fretting 1.50 .8591 x 105
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TABLE 18. (CONTINUED)

Gearbox Generic Component Failure Mode B o (Hours)
Tapered Roller Cage Fracture 1.00 .8355 x 106
Bearing Spalling 1.20 .2343 x 107

Smearing 1.00 .8676 x 107
Excess Wear 1.00 .2579 x 107
Shaft Crack 1.00 .8033 x 107
Nuts Loose 1.10 .7501 x 106
"0" Ring Leakage Th L2170 x 108
Lip Seals Leakage .68 2777 x 10°
fruch Change CON°  pretting 2.86 .2631 x 10°
Rod Antirotation
Groove
Housing Crack 2.19 .1737 x th
CH-53 Nose Spiral Bevel Gear Excess Wear 1.43  .2272 x 10°
Spalling, Pitting 1.00 .4115 x 10°
Scoring 1.00 .6272 x 108
Tooth Fracture 1.84 .16k x 10°
Web/Shaft Crack 1.91 .6841 x 10°
Spur Gear Excess Wear 3.19 .1954 x lOh
Spalling, Pitting 1.00 .6278 x 1o8
Scoring 1.00 .6278 x lO8
Tooth Fracture 1.00 .6278 x 108
Web/Shaft Crack  1.00 .6278 x 108
Ball Bearing Cage Fracture 1.64 .8795 x 10h
Spalling 0.69 .6275 x 106
Smearing 1.00 .2466 x 106
Excess Wear 0.75 2292 x 106
Spalling 1.30 .3046 x.106
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TABLE 18, (CONTINUED)
Gearbox Generic Component Failure Mode B8 6 (Hours)
Roller Bearing Cage Fracture 1.00 .6278 x 108
Spalling 3.12  .1492 x 10°
Smearing 1.00 .6278 x 108
Excess Wear 1.20 .3355 x 108
Tapered Roller Cage Fracture 0.99 .2221 x 105
Bearing Spalling 3.12  .2527 x 10°
) Smearing - 0.65 1001 x 100
Excess Wear 1.17T .1325 x 107
Spline Wear, Fretting 1.54  .1940 x th
1.23  .6000 x 107
1.15 .2900 x 10lo
Nuts Loose 1.73 .1350 x 105
Bearing Retainer Fracture 1.56 .1135 x 10°
Clip Fracture 0.98 .6910 x 108
Shaft Seal Leakage 1.08 AT727 x 105
"o" Rings Leakage 0.7T4 .3200 x lO5
Pulley Drive Crack 1.00 .6278 x 108
Fan Pulley V Groove Wear 2.7T7 .1695 x lO5
Square Aperture Excess Wear 1.67 .4208 x 106
Quill Shaft Crack 1.00 6278 x 108
Excess Wear 1.24  .1416 x 10%°
0il Pump Zero Outlet 8
Pressure 0.63 .2k80 x 10
Housing Crack 2.34  .3617 x 10°
0il Jets Clogging 0.67 .1656 x 10%°
Flange Crack 1.00 .6278 x 108
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TABLE 18. (CONTINUED)

Gearbox Generic Component Failure Mode B 8 (Hours)
CH-53 Spur Gear Excess Wear 1.33  .6041 x 10h
HEeeanony Spalling 1.00 .h433 x 10°
Scoring 1.00 .4hk43 x ]06

Tooth Fracture 1.00  .L44h3 x 106

Web/Shaft Crack 1.00  .Lhih3 x 106

Ball Bearing Cage Fracture 1.00  .L8TT x 107

Spalling 1.26  .1029 x 10°

Smearing 1.00 .4877 x 107

Excess Wear 1.10 .2375 x 107

Spline Wear, Fretting 3.07 L1701 x th

Nut Loose 1.62  .7338 x th

Lock Ring Fracture 1.01 L1987 x lO5

Shaft Seal Leakage 1.1k L1922 x lO5
"0" Ring Leakage 0.74  .L186 x 1010

FWU Roller Spalling 1.60 .T7526 x 10h

Excess Wear 0.79 .36L1 x 10°

Brinnelling 1.00 L1897 x lO7

Excess Wear 1.10 3770 x 107

FWU Cage Excess Wear 1.10 L3770 x 107

Fracture 0.91 .2869 x lO5

Thrust Washer Excess Wear 3.00 .9082 x th

Spring Fracture 1.00 .6502 x 108

» Shaft Crack 1.00 .48hk2 x 10h
Roller Bearing Cage Fracture 1.00 .2059 x lO8

Spalling 1.13 .2003 x lO5

: Smearing 1.00 .2059 x 1o8
Excess Wear 1.10 .k4900 x 108
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TABLE 18. (CONTINUED)
Gearbox Generic Component Failure Mode B 8 (Hours)
0il Pump Zero Outlet 0.46 .1542 x 107
Pressure
0il Jet Clogging 0.64 .2201 x 108
Housing Crack 1.60 .2719 x 1oh
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TABLE 19. SIGNIFICANT MISSION RELIABILITY FAILURE MODES
Percentage
Aircraft Gearbox Generic Failure Mode Contribution
to G/B HZD FN.%
CH-54  Main Spline Coupling Fretting Wear 31
FWU Roller Excess Wear 30
"0" Ring Leakage 6
FWU Roller Spalling 5
FWU Cage Fracture L
Interme- No Significantly Increasing
diate Failure Mode.
Tail Rotor Housing Crack 21
Pitch Change Control 28
Rod Antirotation Groove Wear
Lip Seal Leakage 9
Bushing Wear 9
CH-53 Main Clip Wear 58
Bolts Shear 32
Interme- No Significantly Increasing
diate Failure Mode.
Tail Rotor Pitch Change Control 2L
Rod Antirotation Groove Wear
Bushing Wear 70
Nose Spur Gear Wear T9
Tapered Roller Bearing Spalling 10
Accessory Spline Coupling Wear 55%
, Housing Crack 26%

¥ At 5000 Hours.
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TABLE 20. MISSION RELIABILITY HAZARD FUNCTION PARAMETERS

Gearbox Generic Component Failure Mode 8 o (Hours)
CH-54 Main Spiral Bevel Gear Excess Wear 1.%0 .1928 x 10°
Spalling 1.00 .8176 x 106
Scoring 1.00 ..4886 x 107

Tooth Fracture 1.00 .L886 x lO7
Web/Shaft Crack 1.00 .4886 x 107

Spur Gear Excess Wear 1.30 .5516 x 10°
Spalling 1.00 .2393 x lO7
Scoring 1.00 .2393 x 107

Tooth Fracture 1.00 .2393 x 107
Web/Shaft Crack 1.00 .2393 x 107

Spline Wear, Fretting 1.76 .2881 x th
Ball Bearing Cage Fracture 1.00 .134k4 x 10°
Spalling 1.30 1172 x 106

Smearing 1.00 .1196 x 107

Excess Wear 1.10 .2231 x 107

Lock Ring Fracture 1.0 .1895 x 107
Bearing Retainer Crack, Shear 0.98 .1092 x 106
Shaft Crack 1.00 .6182 x 107
Spline Wear 1.50 1979 x 106

1.20  .296k4 x 10°

Square Hole 6

Enlargement 1.70 .5995 x 10

Roller Bearing Cage Fracture 1.00 .4088 x 107
Spalling 1.30 .6395 x 10°

Smearing 1.00 .,4188 x 107

Excess Wear 1.10  .1116 x 107

Tapered Roller Cage Fracture 1.00 .3490 x 107
Bearing Spalling 2.1 .1021 x 10°
Smearing 1.0 «3959 x 10S
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TABLE 20. (CONTINUED)
Gearbox Generic Component Failure Mode 8 © (Hours)
Tapered Roller Excess Wear 1.3 .1310 x 106
Bearing
Thrust Washer Excess Wear 2.7 5475 x 10h
FWU Cam Spline Wear 1.2 .1204 x 10°
Spring Seat 1.0 .8176 x 107
Fracture
FWU Roller Spalling 1.6 7633 x 10h
Excess Wear 2.64  .4127 x 10h
Brinnelling 1.00 .T778 x 107
Spring Fracture 1.00 .6182 x 107
Nut Loose 1.70 .L9L6 x 105
"0" Ring Leakage 1.27 .636L4 x th
Shaft Seal Leakage 0.77 .1089 x lO6
0il Pump Zero Outlet 0.63 .2480 x 108
Pressure 5
Housing Crack 2.38 .2352 x 10
Plate Assembly Crack 1.00 .1197 x lO7
FWU Cage Cage Fracture 1.76  .9981 x 10h
Excess Wear 1.10 .2231 x 107
0il Jets Clogging 0.64 .1819 x 107
Bolts Shear 1.00 .6092 x 10°
CH-S4 Spiral Bevel Gear Excess Wear 1.40 .9473 x 10°
Lotezued ats Spalling 1.00  .2991 x 10°
Scoring 1.00 2991 x 106
Tooth Fracture 1.00 .2991 x 106
Web/Shaft Crack 1.00 .2991 x 106
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TABLE 20. (CONTINUED)
Gearbox Generic Component Failure Mode 8 e (Hours)
Tapered Roller Cage Fracture 1.00 .2991 x 106
Spalling 1.21  .1276 x 10°
Smearing 1.00 .2991 x 106
Excess Wear 1.10 .9793 x 106
Spline Wear, Fretting 1.5 .5964 x 106
Nut Loose 1.1 .9793 x lO6
"O" Ring Leakage 0.7%  .2600 x 108
Lip Seal Leakage 1.5 .2129 x 10°
Housing Crack 1.59 .2500 x 108
Roller Bearing Cage Fracture 1.00 .2105 x 108
Spalling 1.30 .2hQT x 10
Smearing 1.00 .1551 x 107
Excess Wear 1.10 .h4985 x 107
Clip (Bearing) Fracture 1.00 .2770 x 107
Retainer
Snap Ring Fracture 1.00 .2770 x lO7
Bolts Shear 1.00 .2959 x lOS
0il Pump Zero Outlet 0.63 .2L480 x 108
Pressure
CH-54 Tail Spiral Bevel Gear Excess Wear 1.40 .1930 x 106
Rptor Spalling 1.00 .8053 x 10°
Scoring 1.00 .8053 x 106
Tooth Fracture 1.00 .8053 x 106
Web/Shaft Crack 1.00 .8053 x 106
Ball Bearing Cage Fracture 1.00 .510T7 x 108
Spalling 1.30 .3557 x lO6
Smearing 1.00 .5304 x 107
Excess Wear 1.10 .1649 x lO7
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TABLE 20. (CONTINUED)

Gearbox Generic Component Failure Mode 8 e (Hours)
Tapered Roller Cage Fracture 1.00 .3732 x 107
Bearing spalling 130 .3755 x 10°

Smearing 1.00 .3732 x 107
Excess Wear 1.10 .8391 x 107
Roller Bearing Cage Fracture 1.00 .1911 x 107
Spalling 1.30 .6188 x 10s
Smearing 1.00 .b911l x 107
Excess Wear 1.10 .6286 x 106
Bearing Retainer Fracture 1.00 .bO1l1 x 107
Spline Wear, Fretting 1.50 .6188 x 105
Shaft Crack 1.00 .L491l x 108
Nut Loose 1.00 .6285 x 108
"O" Ring Leakege o7k .1231 x 10°°
Lip Seal Leakage 0.bh  .5437 x 107
1.0 L4650 x 107
pitch Change Control Fretting 2.86 .1280 x 10°
Shaft Antirotation
Groove
Bushing Excess Wear 1.0  .TL85 x 105
Housing Crack 1.29 .2728 x 105
CH-53 Main Spiral Bevel Gear Excess Wear 1.k0  .8921 x 10°
Spalling 1.00 2792 x 106
Scoring 1.00 .1673 x 107
Tooth Fracture 1.00 .1673 x 107
Web/Shaft Fracture 1.00 .1673 x 107 !
FWU Housing
Fracture 1.00 .1669 x 107
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TABLE 20. (CONTINUED)

Gearbox Generic Component Failure Mode ] o (Hours)
Spur Gear Excess Wear 1.30 .2055 x 105
Spalling 1.00 .6920 x 10(
Scoring 1.00 .6920 x lO6
Tooth Fracture 0.71 .388k4 x 105
Web/Shaft Crack  1.00 .6920 x 106
Ball Bearing Cage Fracture 1.00 2991 x 107
Spalling 1.30 .3985 x 10°
Smearing 1.00 .2991 x 107
Excess Wear 1.84 .5198 x th
Brinnelling 1.00 .2991 x 107
Roller Bearing Cage Fracture 1.00 .143k4 x 107
Spalling 0.86 .1816 x 10°
Smearing 1.00 .11k43 x 107
Excess Wear 1.10 .4332 x 106
Tapered Roller Cage Fracture 1,00  .143k4 x 107
Bearing Spalling 2.40 .9688 x 10"
Smearing <m = 1,00 143k x 107
Excess Wear 1.30 .6537 x 105
Spline Wear, Fretting 1.33 .5918 x 105
Bearing Retainer Crack Shea. 1.32  .4318 x 10h

Clip
Thrust Washer Excess Wear 2.69  .1T4T x 10°
"O" Ring Leakage 0.74  .1584 x 10°
Shaft Seal Leakage 0.66 .5532 x 105
1.08 .1u482 x 106
Flange Crack 1.00 .1262 x 107
FWU Rollers Spalling 1.60 .3616 x 107
Excess Wear 1.10 .2332 x 107
Brinnelling 1.00 .24k42 x 106
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TABLE 20. (CONTINUED)
Gearbox Generic Component Failure Mode 8 © (Hours)
FWU Cage Excess Wear 1,10 .8510 x 106
Cage Fracture 1.76  .1330 x 10°
Spring Fracture 1.00 .1262 x 107
Shaft Crack 1.00 .9970 x 105
Housing Crack 2.38 .1206 x 10°
Plate Assembly Crack 1.00 2uk2 x 106
0il Pump Zero Outlet 0.63 .2980 x 108
Pressure
0il Jets Clogging 0.64 4875 x 107
Nuts Loose 1.70  .1k24 x th
CH-53 Spiral Bevel Gear Excess Wear 1.4b0 .8852 x 106
intexmed ate Spalling 1.00 .4116 x 10°
Scoring 1.00 .2706 x 106
Tooth Fracture 1.00 .2706 x 106
Web/Shaft Crack  1.00 .2706 x 106
Tapered Roller Cage Fracture 1.0 2640 x 106
Bearing Spalling 0.68 .2498 x 10°
Spalling 2.43 .2670 x th
Smearing 0.84 .2329 x 106
Excess Wear 1.26  .1734k x 10°
Spline Excess Wear 1.50 .3107 x 105
Nuts Loose 1.10 .1683 x 106
"0" Rings Leakage 0.7  .1046 x 10tC
Lip Seal Leakage 0.19 .2633 x 107
1.37  .3436 x 10°
Housing Crack 1.60 .1259 x 10
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TABLE 20. (CONTINUED)
Gearbox Generic Component Failure Mode 8 6 (Hours)
CH-53 Tail Spiral Bevel Gear Excess Wear 1.40  .2743 x 107
Rotcx Spalling 1.00 .1318 x 107
Scoring 1.00 .1318 x 107
Tooth Fracture 1.00 .1318 x 107
Web/Shaft Crack 1.00 .1318 x 107
Ball Bearing Cage Fracture 1.00 .8355 x lO8
Spalling 1.30 .519h4 x 10°
Smearing 1.00 .8355 x lO8
Excess Wear 1.10 .2579 x 10T
Roller Bearing Cage Fracture 1.00 .6106 x lO7
Spalling 1.30 .5483 x 107
Smearing 1.00 .1313 x 108
Excess Wear 1.10 .8591 x lOS
Bushing Excess 3.09 .3350 x 10h
Bearing Retainer Fracture 1.0 .8033 x 107
Spline Wear, Fretting 1.5 .8591 x 105
Nuts Loose 1.1 .26L45 x 107
"O" Ring Leskage 0.68 .2170 x lO8
Pitch Change Control Fretting 2.86 .4625 x 1oh
Rod Antirotation
Groove
Housing Crack 2.19 .T643 x lOu
CH-53 Nose Spiral Bevel Gear Excess Wear 1.k3  .537k x 105
Spalling, Pitting 1.00 .8275 x 10°
Scoring 1.00 .6272 x 108
Tooth Fracture 1.3 .2272 x 10°
Web/Shaft Crack  1.91 .6841 x 10°
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TABLE 20. (CONTINUED)

Gearbox Generic Component Failure Mode 8 6 (Hours)
Spur Gears Excess Wear 3.19 .2435 x 10"
Spalling, Pitting 1.00 .6278 x 108
Scoring 1.00 .6278 x 108
Tooth Fracture 1.00 .6278 x 108
Web/Shaft Crack  1.00 .6278 x 108
Ball Bearing Cage Fracture 2,11 .8696 x 10%
Spalling 0.69 .3719 x lO7
Smearing 1.00 .4951 x 106
Excess Wear 0.75 .1893 x 107
Spalling 1.30  .TT765 x 106
Roller Bearing Cage Fracture 1.00 .6278 x 108
Spalling 3.12 L1475 x 105
Smearing 1.00 .6278 x 108
Excess Wear 1.20 .3355 x 106
Tapered Roller Cage Fracture 0.99 .279T7 x 106
Bearing Spalling 3.12  .h680 x 10"
Smearing 0.65 .6780 x 108
Excess Wear 1.17  .1625 x 107
Spline Wear, Fretting 1.54 .3186 x 10h
1.24 .1108 x 10°

1.15 .5280 x 10™°
Nuts Loose 1.73 2750 x 105
Bearing Retainer Fracture 1.56 .3700 x 10°
Shaft Seal Leakage 1.08 .1765 x 106
"0" Rings Leakage 0.74 .36L40 x 10°
Pulley Driven Sheared 1.00 .6278 x 108
Fan Pulley V-Groove Wear 2.77 .1695 x 105
Square Aperature Excess Wear 1.67 .6458 x 107
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TABLE 20. (CONTINUED)
Gearbox Generic Component Failure Mode 8 6 (Hours)
Quill Shaft Crack 1.00 .6278 x 108
Excess Wear 1.2 2475 x 1010
0il Pump Zero Outlet 0.63 .2480 x 108
Pressure
Housing Crack 2.38  .3617 x 10°
01l Jets Clogging 0.67 .1656 x 1020
Flange Crack 1.00 .6278 x lO8
CH-53 Spur Gear Excess Wear 1.33 .21kl x 10°
Recegsory Spalling 1.00 .h4b93 x 10°
Scoring 1.00 .4u493 x 106
Tooth Fracture 1.00 .4493 x 106
Web/Shaft Crack 1.00 .h44o3 x 106
Ball Bearing Cage Fracture 1.00 .4877 x 107
Spalling 1.26 .3620 x 10°
Smearing 1.00 .L877 x 107
Excess Wear 1.1 LL476 x 107
Spline Wear, Fretting 3.07 .4100 x th
Nut Loose 1.12 .2228 x lO5
Lock Ring Fracture 1.01  .9572 x lO5
Shaft Seal Leakage 1.1k 5674 x 105
"0" Ring Leakage 0.7Th  .1418T7 x 106
FWU Roller Spelling 1.60 .1621 x 10°
Excess Wear 0.79 .3778 x 106
srinnelling 1.00 .1897 x 107
Excess Wear 1.10 .3770 x 107
FWU Cage Excess Wear 1.10 .3770 x 107
Fracture 0.86 .16u46 x 106
Thrust Washer Excess Wear 3.00 .9082 x 10h
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TABLE 20. (CONTINUED)

Gearbox Generic Component Failure Mode B 6 (Hours)
Spring Fracture 1.00 .6052 x 108
Shaft Crack 1.00 .h8k2 x 10°
Roller Bearing Cage Fracture 1.00 .2059 x 108

Spalling 1.13  .5962 x 10°
Smearing 1.0 .2059 x 1).08
Excess Wear 1.10 .4900 x 107
0il Pump Zero Outlet 0.63 .hh9o x 10°
Pressure
0il Jet Clogging 0.64 .4360 x 10°
Housing Crack 1.6 .3659 x 10h
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Aircraft Gearbox

TABLE 21.

Generic Component

Failure Mode®

SIGNIFICANT POTENTIAL SAFETY-
OF-FLIGHT FAILURE MODES

Percentage Contributio
to Gearbox Hazard Functio

CH-5h Main

Intermediate

Tail Rotor

CH-53 Main

Intermediate

Tail Rotor

Spline Fretting,
Wear

Spline Fretting,
Wear

Nuts Loose
Housing Crack

Spline Fretting,
Wear
Housing Crack

Spline Fretting,
Wear
Housing Crack

Housing Crack
Spline Fretting,
Wear

Housing Crack
Spline Fretting,
Wear

67

L6
41

12

84
a5
L2

80nly failure modes with increasing hazard functions are listed.

bat 5000 Hours.
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Figure 47. CH-53 Main Gearbox Mission
Reliability Hezard Function.
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Figure 48. CH-53 Intermediate Gearbox Mission :
Reliability Hezard Function.
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FAIL-RATE (F/HR)
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Figure 49. CH-53 Tail Rotor Gearbox Mission
Relisbility Hazard Function.
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Figure 50. CH-53 Nose Gearbox Mission i

Reliasbility Hazard Function.
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Figure 51. CH-53 Accessory Gearbox Mission
Reliability Hazard Function.
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Figure 52. CH-54 Main Gearbox Mission
Reliability Hazard Function.
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Figure S54. CH-54 Tail Rotor Gearbox Mission
Reliability Hazard Function.
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Figure 55. CH-53 Main Gearbox Safety-of-

Flight Hazard Function.
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Figure 57. CH-53 Tail Rotor Gearbox Safety.
of-Flight Hazard Function.
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Figure 58. CH-54 Main Gearbox Safety-
of-Flight Hazard Function.
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