A RIS DI SR A o -

AD/A-006 641
A FEASIBILITY STUDY FOR MONITORING
SYSTEMS OF FATIGUE DAMAGE TO
HELICOPTER COMPONENTS
R. B. Johnson, et al

Technology, Incorporated

Prepared for:

Army Air Mobility Research and Development

[Laboratory

January 1975

DISTRIBUTED BY:

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE




- o e B SRS

EUSTIS DIRECTORATE POSITION STATEMENT

This report is considered to provide a reasonable assessment of
the monitorinp concepts evaluated, and establishes the feasitility
of a flipht condiiion monitoring system,

Mr, James P, Waller of the Structures Area, Technolopy Applications
Division served as Project Fnpineer for this effort.

ALCESSION for
LHH] Write Sectlon
peg Buti cxtion O
s amesd 0
JUSTIRICATION e

DISTRISUTION/AYAILABSLITY CODES
TThisl AVAIL aad/or SPECIAL

DISCLAIMERS

The findings in this report are not to be construed as an official Department of the Arm iti
. 08i ti |
designated by other authorized documents. - v e s

When ’.ovgrr_nmom drawings, specifications, or other data are used for any puipose other than in connection
with ._d_c{nmtelv reiated Government procurement operation, the United States Government thereby incurs no
mgomobmty nor any obligation whatsoever; 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
olhorywu 88 in any manner licensing the holder or any other person or corporation, or conveying any rights or
permission, to manufacture, use, or sell any patented invention that may in any way be related thereto.

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

DISPOSITION INSTRUCTIONS

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

L4

W




Unclassjified
SECURITY CLASSIFICATION OF IS FAGE (When Data Entered)

REPORT DOCUMENTATION PAGE

READ INSTRUCTIONS
BEFORE COMPLETING FORM

1. REPORY NUMBER 2. SOVY ACCESSION NO,

USAAMRDL-TR-74-42

3. RECIPIENT'S CATALOG NUMBER

/. / g
y ;

«. TITLE (and Subtitle)

A FEASIBILITY STUDY FOR MONITORING
SYSTEMS OF FATIGUE DAMAGE TO HELI-

S. TYPE OF REPORT & PERIOD COVERED
Final Report: March
1973 to August 1974

COPTER COMPONENTS

6. PERFORMIN': ORG. REPORT NUMBER

7. AUTHOR(s)
R.B. Johnson
G.L. Martin
M.S. Moran

8. CONTRACT OR GRAY™ umoIR(s)

DAAJ0? /3-C-0053

9. PERFORMING ORGANIZATION NAME AND ADDRESS

Technology Incorporated
Dayton, Ohio 45431

- PROGR M ELEMENT, PRCJECT, TASK
AREA 8 WORK UNIT NUMBERS

Task 1F162204A17002

11. CONTROLLING OFFICE NAME AND ADDRESS
Eustis Directorate,U.S. Army Air

. REPORT DATE
January 1975

Mobility Research § Development Lab,
Fort Fustis, Virginia 23604

. NUMAFR OF PAGES

194

. MONITORING AGENCY NAME & ADDRESS(if different from Controlling Office)

. SECURITY CLASS. (of this teport)

Unclassified

18a. DECLASSIFICATION/ DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Keport)

Approved for public release; distribution unlimited.

-

7. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES

Reproduced by

NATIONAL TECHNICAL
INFORMATION SERVICE

US Department of Commerce

Springlield, VA. 2215) b

RICES SUBJECT TO CHANGE

KEY WORDS (Continue on reverae side il necessary and identity by block number)

helicopters

Structural Integrity Program
fatigue-critical components
fatigue damage monitoring

flight

recording systems

condition monitoring

life-cycle costs

20. ABSTRACT (Conltinue on reverse side il necessary and identity by dblock number)

tigated: (1) flight condition monitoring,

ing.

To monitcr and record the in-flight operations of UH-1H and
CH-47C helicopters for the subsequent assessment of the fatigue
damage to their structures, four types of monitoring wese inves-

(2) conponent-load

monitoring, (3) mission-type monitoring, and (4) lJirect monitor-
After the recording systems and correspondiag data process-
ing systems were identified for each monitoring type, each type

FORM
JAN 73

DD , 1473

EDITION OF 1 NOV 88 13 OBSOLETE

Unclassified

'
/

SECURITY CLASSIFICATION OF THIS PAGE (ﬁon Date Entered)




Unclassified
SECURITY CLASSIFICATION OF THIS PAGE(When Deta Entered)

20. was tested for its technical acceptability and cost-

effectiveness. Study results indicated that the flight
condition monitoring is best for the UH-1H and also for
the CH-47C provided that the monitoring of gross weight
for the latter model becomes technically acceptable.

) & Unclassified
SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)




PREFACE

Technology Incorporated, Dayton, Ohio, prepared this report to
document its efforts on a program to investigate and determine
the best type of UH-1H and CH-47C helicopter monitoring for
the subsequent assessment of the structural fatigue damage to
these helicopter models. This program was sponsored by the
Eustis Directorate, UJ. S. Army Air Mobility Research and De-
velopment Laboratory, Fort Eustis, Virginia, under Contract
DAAJ02-73-(C-0053, DA Task 1F162204A17002, entitled "Structural
Integrity Program.'" The project monitor for the Army was

Mr., J. P. Waller.

The principal Technology Incorporated personnel on this pro-
gram were R. B. Johnson, G. L. Martin, M. C. Tyler, L. E.
Clay, R. I. Rockafellow, M. J. Ernst, and M. S. Moran.

Acknowledgement is given to Mr. J. P. Waller (USAAMRDL) whose
assistance in obtaining data was invaluable, Mr. R. Redman
(AVSCOM) for assistance in obtaining reports on the UH-1H,

Mr. J. Perniciaro (AVSCOM) for assistance in the investiga-
tion of the RAMMIT system, Mr. H. H. Steinmann (Boeing-Vertol)
for assistance on the analysis of the CH-47C, and Mr. R. E.
Johnson for his role in the definition and direction of this
effort.



TABLE OF CONTENTS

PREEACE NS g T e = e e e N e S
LIST OF ILLUSTRATIONS . . . . .
LIST OF TABLES

INTRODUCTION . . « . ¢« « .+ « « &
RECORDING METHODS . . . . . . . . .

Recording System Survey Criteria .

Recording System Survey
Survey Results . . . 3
Alternate Recording Method .

MONITORING METHODS

Introduction . .

Flight Condition Monltorlng
Component Load Mon1tor1ng
Direct Monitoring

Mission Type Mon1tor1ng

EVALUATION OF METHODS .
Evaluation Criteria

Technical Acceptablllty
Summary :

DETAILED DESCRIPTION OF CANDIDATE SYSTEM

On-Board Recorder
Retrieval Unit . :
Data Processing Center o

Initial Processing System .

Fatigue Damage Assessment System
Component Tracking Management System

LIFE-CYCLE COST ANALYSIS
SUMMARY AND CONCLUSIONS .
RECOMMENDATIONS . . . . . . .
REFERENCES

Preceding page blank

104
106
107



TABLE OF CONTENTS - Conciuuad

Page

APPENDIX A. Flight Condition and Direct Monitoring
Systems S TR T e P S SISO
APPENDIX B. Discussion of Computer Programs 164
ito

LIST OF SYMBOLS



Figure

10
131
N7,

13

14

15

16

17

18
A-1

A-2

LIST OF ILLUSTRATIONS

Page
Schematic of FCM Recorder . . . . . . . . .. 18
Schematic of Retrieval Unit . . . . . . . . . 19
UH-1H Mission Frequency Distribution . . . . 59
CH-47C Mission Frequency Distribution . . . . 59
Schematic of Filter Comparator Circuit for
Airspeed . . . . 0 0 0 0 0 e e e e e e e e 70
Effect of Secondary Threshold on Recorder
Operation . . . + & v & & ¢ o 4 4 4 4 e e . . 70
Schematic of Counter Access and Operation . . 72
Flow Chart of IPS Processing . . . . . . . . 77
Flow Chart of FDAS Processing . . . . . . . . 82
Modifications to the RAMMIT System . . . . . 86
Report Generation Processing . . . . . . . . 89

Report I, Selected Component Status . . . . . 92

Report II, Selected Component Removal
Projections . . . . . . « ¢ ¢ o ¢ ¢ ¢ 4 e .o 93

Report III, Replacements due in 0-3 Months,
by Component Number . . . . . . . . . . . . . 94

Report III, Replacements due in 0-3 Months,
by Aircraft Serial Number . . . . . . . . . . 95

Report 111, Overdue Replacements, by Component
Namber .« Bl sl 96

Report III, Overdue Replacements, by Aircraft

Serial Number . . . . . . . . . 5 @ 5 0 o o 97
Update Form for Component Removals . . . . . 98
Acoustic Emission and Stress vs. Strain for a

7075-T6 Aluminum Tensile Specimen . . . . . . 146
Acoustic Emission During Crack Growth . . . . 147



Figure
A-3

A-4
A-5

A-6

A-8

A-9
A-10
A-11

Stress Intensity Factor and Acoustic Emission
as a Function of Time for a Crack Propagating
in a Uranium-0.3% Titanium Alloy Immersed in
a 3% Salt-Water Solution . . . . . . . .

Acoustic Emission Response - Fatigue of High
Nickel Steel . . . . . . . + ¢ ¢« ¢ ¢« o o« «

Acoustic Emission from Macrocrack Formation -

Fatigue Test of Center Notch Aluminum Panels .

Acoustic Emission from Carbon Steel Fatigue
Specimen L] o L] L] L] L] - L] . . L] . L] . . . -

Theoretical and Experimental Results of
Periodic Tests with Acoustic Emission from
7075-T6 WOL Fracture Toughness Specimens

Block Diagram - Acoustic Emission Monitor
System [ ] L] (] * L] L] L ] . . . [ ] . L] . . . [ ]

Graphical Presentation of Results, Aluminum
Graphical Presentation of Results, Steel .

Roll Test, Steel Sample 9 . . . . . . .

Page

148
149
150

151

152

153
156
156
158



Table

O 0 N O v & W

10

11

12
13
14
15

16

17
18
19

20

LIST OF TABLES

Component Replacements for a 6600-Hour Lifetime
for the UH-1H Based on Design and Test Spectra .

Saved Component Replacements for a 6600-Hour
Lifetime for the UH-1H Based on the Test Spectra .

Survey Results on Magnetic Tape Recorders

Flight Conditions for the UH-1H . . .

Flight Conditions for the CH-47C . .

Duration of Maneuvers for the CH-47C . . . . . . .
Ranking of Flight Conditions for the UH-1H .
Ranking of Flight Conditions for the CH-47C
Monitoring Parameters for the UH-1H

Monitoring Parameters Versus Damaging Fllght
Conditions for the UH-1H . S .

Monitoring Parameters for Recording System 2CA
fOT the UH'].H . . . . . . e . . . . . . .

System 2CA .
Damage Rates, Cij: for UH-1H FCM System 2CA
Monitoring Parameters for the CH-47C

Monitoring Parameters Versus Damaging Flight
Conditions for the CH-47C e o oK

Monitoring Parameters for Recording System VII for
Hhe 1CH -GG S T T ) e e e e

System VII .
Damage Rates, Cjj, for CH-47C FCM System VII

Results of Component Loads Monltorlng Model (CLMMOD)

for the UH-1H

Results of Component Loads Monltorlng Model (CLMMOD)

for the CH-47C Aft Pitch Link

Page

14

14
16
21
22
28
24
25
26

2

28
29
30
31

32

33
34
38



Table
21
2R

28
24
25
26
27
28
29

30

31
32
33
34
35

36
§7

38
39
40
41

Listing of Functional Assignment of Helicopters

Assignment of Flight Conditions to Mission
Segments . . . . . . . . : S é

Damage Rates, Cij: for UH-1H MTM System MS
UH-1H U:sage Spectra .

CH-47C Usuge Spectra . . . . . . . « . .
Aij for the UH-1H and CH-47C . . . . .- -
Projected Bj for the UH-1H and CH-47C .
Weighting Factors for the UH-1H and CH-47C

Selected Fatigue-Critical Components for the
R N R S N e N R N EE E Dl e :

Selected Fatigue-Critical Components for the
CH-47C . IS .

Upper and Lower Bounds for UH-1H Components .
Upper and Lower Bounds for CH-47C Components
Technical Acceptability Results for the UH-1H .
Technical Acceptability Results for the CH-47C

Technical Acceptability Results for Revised
Monitoring Systems for the CH-47C . g

Description of Flight Condition Categories as
Comparator Outputs 4o 40 cH 1ol o

Contents of Component Removal and Installation
Segments of Composite File SUER S

Contents of Status File A
Monitoring System Costs for the UH-1H . . . .
Monitoring System Costs for the CH-47C

Component Data for the UH-1H Life-Cycle Cost
Anadysiisl &Ll 8wl sl el e Bl Bkl

47
48
52
53
58
60
60

61

61
62
62
65
66

67

71

84
88
100
100

101



42 Component Data for the CH-47C Life-Cyclie Cost
Analysis . . . . . . . . . SRR T B TR 102

43 Effect of Fleet Size on the Life-Cycle Cost
Analysis of the UH-1H FCM System 2CA . . . . . . 102

44 Effect of Usage on the Life-Cycle Cost Analycls
of the UH-1H FCM System 2CA . . . . 103

A-1 Flight Conditions for UH-1H Helicopter . . . . . 113
A-2  Flight Conditions for CH-47C Helicopter . . . . 115
A-3 CH-47C Flight iditions by Gross Weight . . . . 117
A-4 CH-47C Flight Conditions by Altitude . . . . . . 118

A-5 Ranked Flight Conditions by Gross Weight for
the CH-47C . . . . T B X

A-6  Ranked Flight Conditions by Altitude for the
CHISATE B S T S & s L o R R S S e 1

A-7 Syisitem LB L Ll 0 0 e a e . dlal g e - . @ o 120
A-8 System 2C . . . . ¢ ¢ 0 o 0 4 e e e e e e 4 e 121
A-9  SYSEEm 3A .+ 4 e e e e e e e e e e e 122
A-10 System I . . . ¢« « « ¢« ¢ ¢ @ v e v v« e v e w s 123
A-110 SpEstemeTI o 0 5 o 5 Bl g g e g e e B e 124
A-12 System ITA « o v v v v e e e e e e e 126

A-13 System IIIA . . . . .+ « « v v v v o v o o o & 127
A-14 System IVA . . . . « ¢« ¢ v ¢ 0 v 0 v e e e e e 130
A-15 System VA . . . . « ¢« v ¢ v v e e v e e e e e 132

A= {6, System VI 5 i g Bl . Sls B R =B g s a9 Bl R e 154
A-17 FDAM Constants, Cjj, for UH-1H FCM System 1B . . 135
A-18 FDAM Constants, Cjj, for UH-1H FCM System 2C . . 136
A-19 FDAM Constants, Cjj, for UH-1H FCM System 3A . . 137
A-20 FDAM Constants, Cij, for CH-47C FCM System I . . 138
A-21 FDAM Constants, Cjj, for CH-47C FCM System II . 139

9



Table

A-22
A-23
A-24
A-25
A-26
B-1

Page
FDAM Constants, Cjj, for ("i-47C FCM System IIA 140
FDAM Constants, Cij» for CH-47C FCM System IIIA 141

FDAM Constants, C;., for CH-47C 7CM System IVA. 142

i

J
FDAM Constants, Cij» for CH-47C FCM System VA . 143
FDAM Constants, Cij, for CH-47C FCM System VI . 144
Sample Output of FATHIP Program, Design Spec-
trum for the Main Rotor Gr1p of the UH-1H
Helicopter . . . « o o« o« . 166
Cost Classification by Category . . . . . . . . 178

Estimated Costs for UH-1H Component Containers
and Shipping L] L ] L] . L] L] L ] L] [ ] L] L] L] . L] L] L] . 183

Estimated .Costs for CH-47C Component Containers
and Shipping . . . . . . . . R §. 1|

10



INTRODUCTION

U. S. Army Contract DAAJ02-73-C-0053, entitled '"Structural
Integrity Program," was performed to investigate the feasi-
bility of monitoring helicopter usage data for the assessment
of fatigue damage to individual helicopter components. The
study included the investigation of various methods of record-
ing in-flight data, various methods of assessing fatigue dam-
age, the evaluation of both recording and assessment methods,
the selection of candidate monitoring systems, the detailed
development of the selected systems, a life-cycle cost analysis
of the selected systems, and the recommendation of a single
monitoring system for a pilot-test progran.

The investigation of recording methods was conducted to iden-
tify off-the-shelf hardware that could be used to monitor hel-
icopter data. The investigation included a survey of available
analog and digital magnetic tape-recording devices. A target
cost of $2000, the ability to operate reliably in the helicopter
environment, and a computer-compatible output were established
as the selection criteria for the recording device. None of the
off-the-shelf tape recorders surveyed could meet the cost and
performance criteria, so an alternative recording method was
identified.

The investigation of methods for assessing fatigue damage con-
sidered four concepts: flight condition monitoring (FCM),
component load monitoring (CLM), direct monitoring (DM), and
mission-type monitoring (MTM). FCM involves recording flight
parameters to identify flight conditions, such as hover, for-
ward lcvel flight, and maneuvers. CLM involves recording com-
ponent loads either directly or indirectly. DM of phenomena
related to fatigue involves tracking particular phenomena (such
as acoustic emission, annealed foil resistance, and material
inductance levels). MTM involves tracking the mission assign-
ments of the individual aircraft. Since each concept requires
monitoring different information, the assessment of [latigue
damage varies with the concept. Monitoring systems, including
the parameters to be monitored, were identified for each con-
cept and were evaluated for technical acceptability and cost-
effectiveness.

The evaluation of both recording and assessment methods for
technical acceptability and cost-effectiveness was tased on
the concept that fatigue-critical components could be retired
according to the observed usage, if the usage were monitored.
Technical acceptability tested the ability of the monitoring
system to extend component retirement lives, and the cost-
effectiveness tested the economic advantage of doing so. For
technical acceptability, the retirement life of each component
was established by conventional fatigue analysis for the three
test spectra (mild, normal, and severe) identified in this
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study. Thcse retirement lives represented upper bounds on the
retirement of the components. The manufacturer's recommended
retirement life'>? was used as a lower bound. A monitoring
system was then considered technically acceptable if it pro-
jected retirement lives between the upper and lower bounds

for each test usage. The cost-effectiveness compared the
savings generated by extending component retirements and the
costs associated with developing, implementing, and operating
the monitoring system. When savings exceeded cost, the moni-
toring system was considered cost-effective.

The monitoring systems that were technically acceptable and
cost-effective were then selected as candidate monitoring sys-
tems. For the UH-1H, the system was identified as 2CA; for
the CH-47C, as VII. The selected systems were then identi-
fied in greater detail for the life-cycle cost analysis. The
final configuration and operation of the recorder and retriev-
al units were identified and the steps for data processing
were outlined. Costs were then estimated to develop, imple-
ment, and operate the detailed monitoring systems.

The 1life-cycle cost analysis compared the detail costs and sav-
ings, again, generated by extending component retirements. 1If
savings exceeded cost, then the monitoring system was consid-
ered feasible. The effect on the life-cycle cost of two fac-
tors, fleet size and usage severity, was considered. Based on
the results of the life-cycle cost analysis, the candidate
monitoring systems were then ranked and the monitoring system
to be developed in a pilot-test program was recommended.

! Orr, P., Mcleod, G., and Goddell, J., FATIGUE LIFE SUBSTAN-
TIATION OF DYNAMIC COMPONENTS FOR THE UH-1D HELICOPTER
EQUIPPED WITH THE 48-FOOT DIAMETER ROTOR, Bell Helicopter;
Report No. 205-099-135, May 1964.

2 Thakkar, H., and MacDonald, P., CH-47C DYNAMIC SYSTEM FATIGUF
ANALYSIS--FINAL REPORT, Boeing Vertol Division; Report No.
114-SS-723, March 1970.
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RECORDING METHODS

RECORDING SYSTEM SURVEY CRITERIA

A target cost was established to provide a guide in the selec-
tion of the recording device. The target cost was defined as
the difference between preliminary estimates of the component
savings and the expected system cost except for the recording
device itself. Included in this determination was an estimate
of a desired return on the initial investment. The savings
were estimated on the saved replacements of fatigue critical
components. Ry recording the usage of the helicopter, fatigue
damage may be assessed accordingly and the fatigue life may be
extended rela.ive to the design life. As a measure of the ex-
tension of the service usage, the upper bounds on the fatigue
life of the critical components (see Evaluation Criteria) for
the three test spectra were used. Assuming that the recorder
would be in operation for 10 years, the service life of the
components would be 6600 hours at a rate of 55 hours per month.
By comparing the upper bounds with the 6600 hours, the number
of replacements was determined for each of the test spectra
(Table 1). Similarly, by comparing the recommended replacement
life of the components with the 6600 hours, the number of re-
placements for the current practice was determined. The dif-
ference between the replacements for the upper bounds and for
the current practice was the number of saved replacements
(Table 2). Considering the number of saved replacements, the
spectrum weighting factors (see Evaluation Criteria) and the
estimated component acquisition costs, the total component
savings was computed at $12,500 per unit. Assuming a fleet
of 2000 aircraft, the gross savings amounts to $25 million.
The target cost was defined as the difference between prelim-
inary estimates of the component savings and the expected sys-
tem cost except for the recording device itself. Included in
this determination was an estimate of a desired return on the
initial investment.

The costs associated with implementing a recording program on
a fleet of 2000 units for a 10-year period were also estimated.
Costs included start-up costs (exclusive of recorder hardware
costs) and support costs. On the basis of company experience
on related programs, the start-up costs were estimated at $3
million and the support costs at $8 million for the 10-year
period. In addition, a return to the Army of $10 million on
the initial investment was considered reasonable for a 10-
year program. Subtracting these costs and the return from
the gross savings yields a net value of $4 million as the tar-
get cost for the recorder hardware. For a fleet of 2000 air-
craft, this amounts to $2000 per unit.

In addition to the target cost, the survey criteria included
two technical requirements: that the recorder (1) be capable
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of withstanding the helicopter loadings, particularly shock
and vibration, and (2) that the recorder have a computer-
compatible output.

TABLE 1. COMPONENT REPLACEMENTS FOR A 6600-HOUR LIFETIME FOR
THE UH-1H BASED ON DESIGN AND TEST SPECTRA

Component Replacements
Design Mild Normal Severe

Main Rotor

Blade 2 0 1 2

Drag Brace 1 0 0 0

Yoke 1 0 0 0

Pitch Horn 1 0 0 0

Scissors 1 0 0 1

Stabilizer Bar 1 0 0 0

Retention Strap 2 0 0 1
Swashplate Support 1 0 0 0
Collective Lever 1 0 0 0

TABLE 2. SAVED COMPONENT REPLACEMENTS FOR A 6600-HOUR LIFETIME
FOR THE UH-1H BASED ON THE TEST SPECTRA

Component Saved Replacements

Mild Normal Severe

Main Rotor

Blade 2 1 0
Drag Brace 1 1 1
Yoke 1 1 i
Pitch llorn 1 1 1
Scissors 1 1 0
Stabilizer Bar 1 1 1
Retention Strap 2 2 1
Swashplate Support 1 1 1
Collective Lever 1 1 1

14



RECORDING SYSTEM SURVEY

An industry survey for information on off-the-shelf products
that could be used for a helicopter recording system was ini-
tiated in May 1973. Manufacturers were obtained from selected
categories in the Thomas Register and the Instruments and
Control System's Buyers Guide as listed below:

Source Category No. of Manufacturers
Thomas Register Recorders, Magnetic Tape S8
Thomas Register Recorders, Speed 18
Thomas Register Recorders, Stress and 8

Strain
Thomas Register Recorders, Tape 43
Thomas Register Recorders, Vibration S
Thomas Register Instruments, Aeronautical 78
Thomas Register Instrument Work- 87
Experimental
Thonas Register Recorders, Electronic 41

I1§CS Buyer's Guide Recorders, Analog Tape,
Cassette, and

Digital Tape 90

I§CS Buyer's Guide Transducers, Pressure 103
Acceleration 48

Gyroscopes 19

TOTAL 598

Over 500 survey letters were mailed (some manufacturers were
listed under more than one category), but the response was poor
with over 50 percent not responsive. Most of the responding
manufacturers did not comply with the request for pricing in-
formation. Data concerning environmental capability and relia-
bility was similarly absent. Followup inquiries were made of
several manufacturers in specific areas of interest. Because
of this lack of data, products of similar capabilities could
not be adequately compared.

SURVEY RESULTS

The available recorders were surveyed to find off-the-shelf
hardware that could be used to monitor helicopter usage. Re-
sponses to the questionnaire were evaluated relative to the
criteria defined for the recorder. To facilitate the evalua-
tion, the responses were grouped by recorder type, computer
compatibility, and environmental capability, as shown in Table
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3. 1t became apparent early 13 the study that analog tape re-
corders would not meet the survey criteria primarily because
nf cost. Consequently, digital recorders, capable of discrete
onr-ations, hecame the focal point of the survey.

TABLE 3. SURVEY RESULTS ON MAGNETIC TAPE RECORDERS

Cians® Respondents

AUl Astro Science
Borg Warner
Genisco
Pemtek
Precision Instruments

RYo Bell and Howell
Lockheed Electronics
Sagamo
Teledyne Geotcch
Videa Research

AC3 Dallas Instruments
Teac
DC1 Ampex

Astro Science
Precision Instruments

ne2 Cipher
Daconics
NDigi-Data
lotape
Kennedy
Precision Instruments

pC3 Brush
Chalco
Cipher
Datel
Datum
Hecon
Interdyne
Iotape
Kennedy
Memodyne
Metrodata
MFE
Redaction
Ross Controls
Sykes

DN1 Echo Science
Lockheed Electronics

* (Class Three Letter Codes:

A - Analog ¢ - Format Computer Compatible
D - Digital N - Format NOT Computer Compatible

- Specification Environment Capability
- Limited Environment Capability
- Little Environment Capability

A B9 =

Class DC1 recorders were ideal from a technical standpoint but
were unacceptable in price. The recorders in this group,
which would include the Air Force ASIP recorder, range in
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price from $20,000 to $30,000, which is well beyond the target
cost of $2000. Class DC2 recorders were the second types con-
sidered, but the price range here is $4000 to $5000, making
these recorders unacceptable on cost also. By decreasing the
financial return to the Army, a recorder cost of $5000 could
be met, but the decreased return coupled with the limited op-
erational capability made the Class DC2 recorders undesirable.
Classes DC3 and DN1 were not seriously considered because of
their technical shortcomings. Class DC3 lack environmental
capability, and Class DN1 are not computer-compatible. Typi-
cal environmental limits are 0-50°C and 90 percent humidity
with no condensation. Consequently, the survey of available
recorders revealed that no off-the-shelf tape system could be
used to record the usage data. As a result, an alternative
means of monitoring usage data was investigated according to
the monitoring concepts presented in this report. The survey
indicated that numerous manufacturers produce transducers
which would be satisfactcry for the recording systen.

ALTERNATE RECORDING METHOD

The alternate method of recording in-flight data replaces the
magnetic tape recorder with an electronic memory device. A
complementary metal-oxide silicon (CMOS) random access memory
(RAM) would accumulate the in-flight data in the form of
counts rather than in the real-time, sequential format of the
magnetic tape. The alternative method has three basic advan-
tages over the magnetic tape recorder: cost, data compression,
and a reduction of the data processing task. Overall system
cost is reduced since each aircraft need not have a magnetic
tape drive system on board. Data compression is significant
since data is accumulated in several categories, regardless of
the length of operation. Consequently, the number of tape
cassettes and the required handling are greatly reduced. This
reduction consequently reduces the amount of data processing,
further lowering system operating cost.

Since the memory does not produce output, such as magnetic
tape, a retrieval unit would be required to extract the ac-
cumulated data from the memory. The retricval unit would
contain the magnetic tape recorder which would write the ac-
cumulated data on magnetic tape for transfer to the data pro-
cessing center.

The on-board recorder, shown schematically in Figure 1, con-
tains the following basic elements: parameter transducers,
parameter comparators, a logic network, storage registers
(within the RAM), and a count generator (clock for elapsed-time
counters). Although not shown, a battery is also a gecessary
component, since power must always be applied to the { to
retain the accumulated counts. Since the power requigements
are minimal (about 5 microwatts), the battery size ar‘elife

would not present a problem.
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The retrieval unit, shown schematically in Figure 2, is port-
able and contains the magnetic tape drive and cassette, diag-
nostic equipment, and a rechargeable battery. Getting the in-
flight data on magnetic tape in this manner eliminates the
need for a large number of tape drives qualified for the heli-
copter environment. A single retrieval unit can service a
large number of aircraft, say, at each base of operation.
Since the tape drives need not be qualified for the severe
environment, the unit costs will be lower, further reducing
the cost of getting the in-flight data on magnetic tape (for
data processing). The diagnostic equipment would include
circuitry for a series of tests for the accumulated data (the
tests would be performed automatically and the test results
would be written on the magnetic tape), and a voltmeter for
manual tests of comparator thresholds, transducer outputs,
battery condition (both on-board and retrieval units), and
power supply voltages. The entire urnit would be packaged in
a rugged transit case, complete with hinged cover and handle,
and would weigh less than 25 pounds so as not to be cumber-
some. The accumulated data would be recad on a standard cas-
sette in a format compatible with a computer terminal, al-
lowing direct access for the data processing tasks.

FLIGHT PARAMETER PARAMETER LOGIC NETWORK
TRANSDUCERS COMPARATORS s o= 6 o oo S oeac oo

STORAGE
REGISTERS

Py " =] @

Py T2 > €2

Pa = = “ .

CLOCK

Figure 1. Schematic of FCM Recorder.
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@ CONTROL

LOGIC
MANUAL INPUT INTERROGATE BIT MANUAL TEST
CIRCUITRY CIRCUITRY CIRCUITRY CIRCUITRY
ok %

*BIT=-BUILT.IN TEST

DISPLAY

Figure 2. Schematic of Retrieval Unit.
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MONITORING METHODNS

INTRODUCTION

Four types of in-flight aircraft monitoring--FCM, CLM, DM, and
MTM--were identified, investigated, and evaluated individually
and relatively to define potential means for monitoring the
operational usage of the UH-1H and CH-47C helicopters. The
following section discusses the concepts and associated as-
sumptions of ecach of the four ionitoring types.

FLIGHT CONDITION MONITORING

The FCM collects flight condition data for fatigue damage as-
sessment. Similar to the manufactuiar's fatigue analysis,
where damage is assigned to various flight conditions of a
design spectrum, the fatigue analysis with FCM data is based
on the actual flight time spent in various flight conditions.

The fatigue damage assessment is based on a damage rate per
unit of time for each selected flight condition and the total
time spent in the given flight condition; that is,

D(I) = C(1) - T(I) (1)
where D = damage for a given flight condition
C = damage rate for a given flight condition
T = total time spent in the given flight condition

Therefore, in comparison to the classical method of computing
fatigue damage where applied cycles (n) of specific load
levels are compared with the corresponding number of cycles

to failure (N), the FCM concept is based on the assumption
that the actual time spent in a flight condition can be used
to identify the applied cycles (n) and that the number of cy-
cles to failure (N) can be assumed for the flight condition.
For the number of cycles to failure, the manufacturer's top-
of-scatter load or stress level is assumed for the flight con-
dition. Since the number of applied cycles of the load level
is also assumed, the damage fraction for the flight condition
is another assumption. The damag«: fraction is then divided

by the duration of the flight condition to produce a conserv-
ative damage rate. Since the load level is the top-of-scatter
load for the flight condition, the damage fraction and the
resulting damage rate are both conservative. Finally, to com-
plete the fatigue damage assessment, the flight conditions and
the means of monitoring them must be identified.
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The flight conditions considerecd damaging to the UH-1H and
CH-47C are listed in Tables 4 and 5, respectively.
tables are based on the 100 flight hours specified in the

design spectrum.

TABLE 4.

FLIGHT CONDITIONS FOR THE UH-1H

Flight Condition

It Ground Conditions
I1. Power-On Flight
A Vertical Takeoff
B Hover
C Norm Acceleration
D Norm Deceleration
L Max Acceleration
F Max Deceleration
G Sideward F1t
H Rearward Flt
I Full Pwr Climb
J Fwd Level Flt
K Part Power Descent
L.,M Turns
N,O0 Pull-Ups
p Control Reversals
Q Norm Landing
1. Transition
A Power to Auto
B Auto to Power
IV, Autorotation
A Steady Forward Flight
B 60-Kn Control Reversal
C,D Turns
E Autorotation lLanding/
Power Recovery
F Full Auto Landing
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TABLE 5. FLIGHT CONDITIONS FOR THE CH-47C

Flight Conditions Duration
Level Flight,
Hover 10 Percent
Transition (Hover to Forward Flight) 15 Percent
60 percent VNg* 25 Percent
90 percent VNE 20 Percent
100 percent VNE 20 Percent
110 percent VNE 10 Percent
Maneuvers,
Flare, Landing 4/hr
Turn,
Right 5/hr
Left 5/hr
Pull-Up,
Collective 3/hr
- Longitnudinal 1/hr
Control Reversals,
Longitudinal 4/hr
Lateral 4/hr
Directional 4/hr

Other Conditions

Gross Weight,

27000 1b 50 Percent

33000 1b 25 Percent

46000 1b 25 Percent
Center of Gravity,

Forward 50 Percent

Aft 50 Percent
Altitude,

0 to 6000 ft 50 Percent

6000 to 10000 ft 40 Percent

10000 ft and above 10 Percent

*VNE = velocity never exceeded

In the CH-47C spectrum, the total time is divided among the
level flight conditions and maneuvers which are considered

as discrete events of no duration; in the UH-1H spectrum, the
duration of all maneuvers was considered. Consequently, the
duration of maneuvers® was used (see Table 6) and the flight
condition spectrum was so adjusted.

3 Herskovitz, A., and Steinmann, H., CH-47A DESIGN AND OPERA-
TIONAL FLIGHT LOADS STUDY, Boeing, Philadelphia, Pennsylvania;
USAAMRDL Technical Report 73-40, U.S. Army Air Mobility
Research and Development Labcratory, Fort Eustis, Virginia,
November 1973, AD772949.
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TABLE 6. DURATION OF MANEUVERS FOR THE CH-47C

Maneuver Duration (seconds)
Flare, Laading 30.0
Turn 58.5
Pull-Up 7.1

Control Reversal,

Longitudinal 7.5
Lateral 8.0
Directional 6.4

With this informution and the damage accrued by each fatigue-
critical component, the flight conditions were ranked accord-
ing to their severity in producing damage to the helicopter
as a whole. The results of the ranking procedure are listed
in Tables 7 and 8 for the UH-1H and CH-47C, respectively.

For both helicopter models, the flight conditions producing
the most damage are pull-ups, control reversals, and landings;
some turns and level flight conditions also contribute?damage.
Consequently, the definition of the recording systems concen-
trated on the higher-ranked flight conditions.

The flight conditions are identified by monitoring those pa-
rameters that reflect specific helicopter conditions. Table

9 lists the parameters for the UH-1H. As noted, a collective
pull-up at 90 percent VY (limit forward airspeed) is the most
damaging flight condition. To individually identify the col-
lective pull-ups, the recorder must monitor the indicated air-
speed, the collective stick position, the pitch rate, and the
vertical acceleration. The stick pcsition is monitored to
identify the control input, that is, to differentiate the col-
lective pull-up from other conditions causing similar helicop-
ter responses, such as longitudinal pull-ups and reversals.
The airspeed is monitored to determine whether the maneuver

is performed at 90 percent Vy; pitch rate and vertical accel-
eration are monitored to identify the helicopter response.
Similarly, the other parameters listed in Table 9 were iden-
tified by the damaging flight conditions listed in Table 10.
This latter table presents the 23 flight conditions producing
the most fatigue damage, the parameters required to monitor
each flight condition individually, and the type of monitoring
required.
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TABLE 7. RANKING OF FLIGHT CONDITIONS FOR THE UH-1H

Rank Flight Condition Rank Value
1 Pull-Up at 90 Percent VH,
Collective 80.740
2 Hovering, in Ground Effect,
Control Reversal, Longitudinal 17.000
3 Pull-Up at 90 Percent VH’
Cyclic 10.440
4 Control Reversal at 90 Percent
VH' Lateral 7.740
5 Power Off Landing, with
No Power Recovery 5.6240
6 Control Reversal at 90 Percent
VH' Longitudinal 4,680
7 Landing, Normal at 9500 Lb
Gross Weight 4,650
8 Transition, Power Off to
Power On at 80 Percent VH 4.6
9 Main Rotor Start/Stop Cycles 3.924
10 Power Off, Landing Agproach with
Power Recovery in Ground
Effect at 40 Percent Vy 3.450
11 Deceleration, Maximum Rate 2.536
12 Transition, Power 0ff to Power On
at 60 Percent VH 2.160
13 Landing, Normal at 8500 Lb
Gross Weight 2.075
14 Pull-Up at 60 Percent Vy,
Collective 1.645
'S Tur:.. Right at 90 Percent VH 1.600
16 Turn, JL. -t at 90 Percent VH 1.482
17 Sideward F.ight, Right .852
18 7urn, Left at 60 Percent VH .415
19 Landing, Normal at 7500 Lb
Gross Weight .383
20 Forward Flight, at 20 Percent VNE .271
21 Forward Flight, at 30 Percent VNE .230
22 Turns, Right at 60 Percent VH .130
23 Deceleration, Normal 127
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Cyclic Pull-Up
Longitudinal Reversal
Cyclic Pull-Up
Longitudinal Reversal
Longitudinal Reversal
Exceed Vp

Landing Flare
Longitudinal Reversal
Collective Pull-Up
Longitudinal Reversal
Collective Pull-Up
Cyclic Pull-Up
Collective Pull-Up
Longitudinal Reversal
Lateral Reversal
Lateral Reversal
Lateral Reversal
Lateral Reversal
Transition

Lateral Reversal
Lateral Reversal
Cyclic Pull-Up
Lateral Reversal

Left Turn

Left Turn
Longitudinal Reversal
Longitudinal Reversal
Exceed Vpe

Right Turn
Directional Reversal
Directional Reversal
70% Vne

Directional Reversal
70% Vpe

Directional Reversal
Exceed Vpe

Right Turn

Exceed Vpe

Right Turn

Left Turn

Right Turn

Right Turn

Left Turn

Rotor Start/Stop

Left Turn

Right Turn

Right Turn

Left Turn

Right Turn

Alt/GCross Wt

0-6000 ft/33000 1b
10000 ft-above/27000 1b
6000-10000 £t/33000 1b
0-6000 ft/27000 1b
6000-10000 £t/27000 1b
10000 ft-above/33000 1b
0-6000 ft/46000 1b
0-6000 ft/33000 1b
0-6000 ft/33000 1b
6000-10000 ft/33000 1b
6000-10000 £ft/33000 1b
10000 ft-above/27000 1b
6000 ft-above/46000 1b
10000 ft-above/33000 1lb
6000 ft-above/46000 1b
0-6000 ft/46000 1b
6000-10000 £t/27000 1b
0-6000 ft/27000 1b
0-6000 ft/46000 1b
10000 ft-above/27000 1b
0-6000 ft/33000 1b

6000 ft-above/46000 1b
6000-10000 ft/33000 1b
6000 ft-above/46000 1b
10000 ft-above/33000 1b
0-6000 ft/46000 1b

6000 ft-above/46000 1b
0-6000 ft/46000 1b
0-6000 ft/46000 1b
0-6000 ft/33000 1t
6000-10000 £t/33000 1b
6000 ft-above/46000 1b
0-6000 £ft/27000 1b
0-6000 ft/46000 1b
6000-10000 £t/27000 1b
6000-10000 £t/33000 1b
6000 ft-above/46000 1b
0-6000 ft/33000 1b
0-6000 ft/33000 1b
0-6000 £t/33000 1b
10000 ft-above/27000 1b
10000 ft-above/33000 1b
1000C £t-above/27000 1b
0-6000 ft/46000 1b
6000-10000 £t/33000 1b
0-6000 £ft/27000 1b
6000-10000 £t/33000 1b
6000-10000 £t/27000 1b
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TABLE 9. MONITORING PARAMETERS FOR THE UH-1H

Indicated Airspeed

Main Rotor RPM
Longitudinal Stick Position
Lateral Stick Position
Collective Stick Position
Pitch Rate

Roll Rate

Yaw Rate

Vertical Acceleration
Longitudinal Acceleration
Lateral Acceleration
Landing Gear Touchdowns
Engine Torque

Gross Weight

The type of monitoring specifies that the flight condition be
monitored on an occurrence or time basis. For example, rotor
start/stops (#2) are monitored as occurrences where an excur-
sion of rotor rpm from below 25 percent of normal to above 85
percent of normal and to below 25 percent of normal is con-
sidered as a single occurrence of a rotor start/stop cycle.
An example of a flight condition monitored on a time basis is
forward flight at 20 percent Vy (#15) where the flight time
would be accrued when the indicated airspeed was approximately
20 percent Vy and the vertical acceleration was in a level
flight range (typically, 0.8g to 1.2g). The code numbers in
Table 10 define the type of monitoring by specifying how the
parameter is to be monitored. Where more than one code is
shown, the manner of monitoring is optional, depending on the
desired complexity of the recording system.

Monitoring all the parameters listed in Table 9, however,
proved to be too costly. Consequently, the parameters moni-
toring the control stick inputs were eliminated and only those
monitoring the helicopter response were retained.
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TABLE 10.

FLIGHT CONDITION

Collective Pull-up .PVN

Rotor Stop/Start
Full Auto Llanding

Right lurn .OV”

Lett lurn .9\"

Sormal Landing (9500 Ib)
Max.Rate Deceleration
Cyclic Pull-up .9V”

Auto to Power .6V

Left Turn .6V

H
Sormal Landing (8500 1ib)

Lateral Control Keversal
.9V

H
Collective l‘ull-up.b\'“

Auto Ldg.Approach/Pwr
Rec IGL .JV"

torward Flight .2V

ne
Long.lontrol Reversal

.3V

Forward Flight ne

‘uro to-Power .ﬂV"
Sideward flight-Right

Long. Control Reversal-
Hover IGL

Right Turn .6V

H
Sormal Deceleration

Normal Landing (75600 1b)
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As a result, such flight conditions as collective and longi-
tudinal pull-ups could not be differentiated, since the heli-
copter response is similar for both flight conditions. These
flight conditions could, however, still be monitored as elc-
ments of a flight condition category where flight conditions
causing similar helicopter responses could be included in the
same recorded data. Thus, instead of recording collective and
longitudinal pull-ups as separate flight conditions, both
would be recorded in a category where the vertical accelera-
tion and pitch rate exceed specified thresholds. As presented
in Appendix A, the various recording systems for the UH-1H
were based on the reduced set of parameters. As an example,
Table 11 lists the parameters considered for the candidate
monitoring system on the UH-1H, System 2CA, and Table 12 in-
dicates how these parameters are combined to form categories
of damaging flight conditions. Table 12 also lists by number
the design spectrum flight conditions that should be recorded
in each of the categories; the flight condition numbers corre-
late with those presented in Table A-1, and the asterisks de-
note damaging conditions. Note that the recorded time in cate-
gories will include time from damaging as well as nondamaging
flight conditions. The damage rate, however, is based on the
total time in the flight condition category for the design
spectrum. This, again, is a conservative assumption. Table
13 lists the resultant damage rates for each of the flight
condition categories for system 2CA, and Appendix A presents
the same information for the other recording systems consid-
ered for the UH-1H helicopter.

TABLE 11. MONITORING PARAMETERS FOR RECORDING SYSTEM 2CA
FOR THE UH-1H

Indicated Airspeed

Main Rotor RPM

Pitch Rate

Roll Rate

Vertical Acceleration

Landing Gear Touchdown

Engine Torque
A similar development was undertaken for the FCM method of re-
cording data for the CH-47C helicopter. The flight conditions
shown in Table 5 were selected on the basis of producing 1
percent or more of the total damage to any of the fatigue-
critical components. Table 8 lists the flight conditions
ranked according to the severity of damage produced on the
helicopter as a whole. As for the UH-1H, the parameters re-
flecting CH-47C conditions were identified to record primarily

those flight conditions most damaging to fatigue-critical
components.
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Based on the UH-1H FCM development, the parameters to be moni-
tored were restricted to helicopter response and related con-
ditions exclusive of control inputs. Table 14 lists the se-
lected parameters, and Table 15 presents the monitoring re-
quired for each. Among the parameters to be monitored is the
helicopter gross weight. This information has been considered
essential for fatigue damage assessment since the CH-47C has a
flight envelope that is very sensitive to gross weight, as
typified by a reduction in VNE (velocity never exceeded) with
increasing altitude and gross weight.

TABLE 14. MONITORING PARAMETERS FOR THE CH-47C
Indicated Airspeed
Rotor RPM
Pitch Rate
Roll Rate
Yaw Rate
Vertical Acceleration
Landing Gear Touchdowns
Gross Weight
Altitude

Longitudinal Cyclic Speed Trim (LCST) Position
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0f the FCM recording systems considercd for the Cl-47C, System
VII is presented as an example. Table 16 lists the sclected
parameters for System VII, and Table 17 indicates how the pa-
rameters are combined to form categories of damaging flight
conditions. Table 17 also lists by number the flight condi-
tions recorded in the flight condition categories; the flight
condition numbers correlate with those presented in Table A-2,
and the asterisks denote damaging conditions. The resulting
damage rates for System VII are reported in Table 18. The re-
maining FCM recording systems for the CH-47C are presented in
Appendix A.

TABLE 16. MONITORING PARAMETERS FOR RECORDING SYSTEM VII
FOR THE CH-47C

Indicated Airspeed
Rotor RPM

Pitch Rate

Vertical Acceleratioa
Landing Gear Touchdown
Gross Weight

Altitude

Longitudinal Cyclic Speed Trim (LCST) Position
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COMPONENT LOAD MONITORING

With the CLM, flight-measured component loads are used to as-
sess fatigue damage. This method of assessing fatigue damage
is comparable to the manufacturer's analysis where component
loads are related to various flight conditions. In the CLM
concept, however, the recorded loads need not be associated
with flight conditions since th~ loads are recorded on a real-
time basis. Like the FCM, the CLM records elapsed time within
a specified range of the component load. Consequently, the
fatigue damage is again assessed on a rate basis:

D(I) = C(I) - T(I) (1)
where D = damage for a given load range,
C = damage rate for the given load range, and
T = elapsed time spent in the load range.

This damage assessment is similar to the classical method of
computing fatigue damage: The applied cycles (n) of the loads
in the range are derived from T(I), and the damage rate (1/N)
is conservatively based on the maximum load in the load range.
In the ideal recorder, the monitored loads would be the criti-
cal loads of the fatigue-critical components. This, however,
would require instrumentation beyond the scope of a cost-
effective system. Slip rings, multiplexing equipment, and
circuitry to calculate loads from recorded strains would make
the recorder costs prohibitive. Since the ideal component
loads recorder is not practicable, a compromise was made on
the loads to be monitored to simplify the recorder and to
make it feasible.

The compromise consisted of expressing the loads on the dy-
namic components of the helicopter rotor system as a linear
function of the loads in the stationary control system. This
compromise was based on the fact that the Boeing cruise guide
indicator (CGI) monitors the loads on two components (fixed
link and pivoting actuator) in the aft rotor fixed control
system. The higher of the two loads is displayed on a cock-
pit indicator.“ The dial face of the indicator is divided
into three segments representing endurance limits of 0 to 100
percent, 100 to 150 percent, and 150 to 200 percent, respec-
tively. The theory of this monitoring is that the two com-
ponents sense the most critical fatigue loads in the helicop-
ter, and therefore these loads define the allowable structural

* Brown, W.P., and Stienmann, H.H., THE CH-47C CRUISE GUIDE
INDICATOR, Boeing-Vertol Division, Proceedings of the
Annual National Forum of the American Helicopter Society,
Preprint No. 453, presented at the 26th Annual National
Forum of the American Helicopter Society, June 1970.
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flight envelopes. The figures in Reference 4 exhibit a linear
relationship between the percentage of endurance limit dis-
played on the cockpit indicator and that exp:rienced by sev-
eral of the dynamic components.

The CLM refines the CGI data. By recording the magnitude and
occurrence of selected stationary control loads, the magnitude
and occurrence of the loads on the fatigue-critical dynamic
components can be determined. From this, the accrued fatigue
damage to each dynamic component can be calculated. Assuming
the linear relation of component loads, transfer functions
were developed in this study by a computer program which uti-
lized dynamic and stationary loads from the flight load sur-
veys on the test-bed aircraft.®»® A function of the following
form was sought:

A

LR =a,+a LFy + ... ¢+ a, LF, (2)

where LR = approximation t~ ‘he rotating component load

LFn actual fixed - nent loads

o coefficients which define the transfer function

n

The approximated loads were then used by the program to calcu-
late component fatigue lives which were maximized with the
provision that the approximation to the rotating component
load be greater than or equal to the actual rotating component
load; i.e.,

Lp > Lp (3)

The computer program entitled CLMMOD whose technique and proce-
dure are discussed in Appendix B was used to determine the trans-
fer functions. The transfer functions for the UH-1H components
were based on 170 flight conditions repcrted in Reference 5.

The 170 flight conditions were selected because they produced
fatigue damage on at least one of the components. Similarly,
the transfer functions for the CH-47C components were based on
217 flight conditions reported in Reference 6. Since only the

5 Garrison, J., LOAD LEVEL TEST OF UH-1D HELICOPTER IN 48-
FOOT DIAMETER MAIN ROTOR CONFIGURATION, VOLS III AND IV,
Bell Helicopter; Report No. 205-099-049, April 1964.

® Hartman, L.J., CH-47C STRESS AND MCTION SURVEY, Boeing-
Vertol Division; Report No. 114 FT-708, April 1969.
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maximum load for each component was reported, it was assumed
thgt the reported loads occurred simultaneously durii:g the
flight condition.

After the transfer functions were established, the rotating com-
ponent loads were approximated for the respective loads, and re-
tirement lives were computed from the approximated loads. The
resulting retirement lives, however, were not acceptable for
most of the components analyzed. The acceptability of the com-
puted retirement lives was determined by the function error (E)
computed as follows:

approximate retirement life (4)

E =1 - = ctual retirement 1ife .

The function error for the unacceptable retirement lives was
close to unity, indicating a large error in the computation.
A function error of zero indicated very small errors in the
computation.

The results of the CLMMOD analysis for the UH-1H helicopter
are presented in Table 19. The components considered were the
main rotor blade, main rotor grip, main rotor drag brace, main
rotor yoke, main rotor stabilizer bar, main rotor pitch horn,
swashplate support, and collective lever. The constants, ap,
are shown in the table along with the value of the function
error. Only the swashplate support and collective lever show
function errors of zero, indicating acceptable fatigue lives.
Since the actual retirement life of each component was based on
the collective lever loads, the transfer function was unity.
Therefore, the approximate and actual loads and retirement
lives were the same.

The results of the CLMMOD analysis for the CH-47C are shown in
Table 20. Only the aft rotor pitch link was selected for
analysis because this component was expected to yield the best
results. Good results were also expected because of the Ref-
erence 4 correlation of pitch link loads and several stationary
component loads. In addition, the reported linear relationship
agrees with the previously stated assumption. Six tests of
pitch link load versus stationary component loads were run, in-
cluding the combination of the component loads cited in Refer-
ence 4. In all tests, the function error was nonzero, indicat-
ing that the approximate retirement lives are unacceptable.

Accordingly, since it was concluded that the CLM technique
would not produce acceptable retirement lives for any of the
UH-1H or CH-47C components, the technique was judged techni-
cally unfeasible and its further study was curtailed.
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TABLE 20. RESULTS OF COMPONENT LOADS MONITORING MODEL (CLMMOD)
FOR THE CH-47C AFT PITCH LINK

Test Error

Case 20 l | 3 o3 -Eunerion
1 .296E+04 .238E-00 .000E-00 .000E-00 .929E-00
2 .301E+04 .000E-00 .542E-00 .000E-00 .949E-00
3 .489E+04 .000E-00 .000E-00 -.154E-00 .983E-00
4 . 250E+04 .219E+02 .160E-00 .000E-00 .894E-00
5 .123E+04 .812E+02 .000E-00 -.296E-00 .944E-00
6 . 348E+04 .000E-00 .343E-00 .102E-00 .955E-00

The load approximation for each test case has the form:
Pitch Link Load = ay + oy (Swiv Act Load)
*a, (Fixed Link Lcad) + as (Pivot Act Load)

DIRECT MONITORING

The DM method uses data gathered on various fatigue-related
phenomena to assess fatigue damage. The phenomena include the
change in metal conductivity due to cold-working, the acoustic
emission of metals under stress, and the change in magnetic
field strength as a result of fatigue loads. Unlike the FCM
and CLM methods, the DM method empirically associates the moni-
tored data with the accrued fatigue damage. This association
would therefore be determined through tests of full-scale com-
ponents measuring both the monitored data and the accrued com-
ponent fatigue damage. From these tests, the criteria for re-
tirement life projection and component removal would be estab-
lished in terms of the monitored data.

Since the DM methods require empirical definition, they cannot
be evaluated in terms of extended retirement lives for the
components of the test-bed aircraft. However, the applicabil-
ity of the DM methods for assessing component fatigue damage

is discussed in Appendix A for all the DM methods - resistance
change (as typified by the annealed foil fatigue gage), acous-
tic emission, and inductance testing - and is summarized in the
following paragraphs.

The annealed foil fatigue gage has shown promise as a passive
fatigue damage indicator. However, since currently available
gages lack consistency in their responses, a given percentage
of resistance change cannot be correlated with the actual
fraction of the fatigue life expended for a component outside
the controlled laboratory environment.
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The monitoring of acoustic emission during periodic proof
stressing provides a means of detecting the presence and
growth of fatigue cracks. Good results have been obtained
in controlled situations where the damaging loads and the
proof loads are applied similarly. However, to proof-load
components of a helicopter rotor system equivalent to the
complex loads experienced during flight could require new
hardware or disassembly of the system. Additionally, im-
pending fatigue failure has been successfully detected only
for materials exposed to low-cycle fatigue and not for high-
cycle fatigue typically encountered in helicopter components.

Inductive sensing was shown to be capable of detecting micro-
cracks in metals. Wherever cracks propagated normal to the
surface of beam specimens were detected early, cracks propa-
gated parallel to the surface of roll specimens were detected
much later. Although the tests have indicated that an induc-
tive sensing system is of some value in detecting metal fa-
tigue during vibratory beam tests, a model has not been de-
veloped to analytically predict signal amplitudes as a func-
tion of either the number of fatigue cycles or the crack
propagation rate. Additionally, the degree of uncertainty is
high whenever the first signal encountered is of high ampli-
tude. It is therefore difficult to predict the remaining
fatigue life by comparing such laboratory data with that
taken by relatively continuous monitoring. Therefore, in-
ductive sensing cannot be considered a satisfactory means of
monitoring the fatigue life of helicopter components.

MISSION TYPE MONITORING

With the MTM concept, the functional assignment of each heli-
copter is used to assess the fatigue damage to the fatigue-
critical components. Table 21 lists the functional assignments
for Army helicopters in the alphabetical order of their three-
letter codes. The functional assignment of each aircraft is
monitored in the Reliability and Maintainability Management Im-
provement Techniques (RAMMIT) Reporting System by aircraft
serial number. The assignments are reported monthly in the
Chronological, Historical Aircraft Ownership Summary (CHAOS)
report. The fatigue damage to the fatigue-critical components
is assessed according to the flight time spent by the aircraft
in each functional assignment (FA). This time is also reported
in the CHAOS report. The damage would be assessed similarly as
in the FCM method; that is, damage is computed as the product
of flight time and a theoretical damage rate for the functional
assignment under consideration:

D = TN . CN (5)
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where D = damage to the component under consideration
T
C

N time spent in the functional assignment N

N

theoretical damage rate for the functional
assignment N

TABLE 21. LISTING OF FUNCTIONAL ASSIGNMENT OF HELICOPTERS

Tvpical bistribution
o boof Fleet

Conde Functional \ssignment -1 CI- 171
WA Combat Mission - Active Army 1701 13
AGE Direct Combat Training - Active Army 1.0 1.1
G Combat Mission - Reserve Forces 3.1 -
\G Direct Combat Training - Reserve lorces 2

BoC Direct Combat Support - Active Army 13.8 SN
Bun Direct Combat Support - Reserve Forces 1.3

Bl Direct Combat Training - ARADCOM . -
B Direct Combat Support - ARADCOM 0.6 :
LB Indirect Logistical Support 2 -
cIe Lxecutive Transport .5

cih Proficiency Flight Time R -
QN Weather Service .

ClG Photographic and Survey . s
Cid \eromedical ob] 2
¢ Intelligence and Classified Projects 5

CIK Attaches, Missions and MAGG .l %
Wl Special Missions 1.9 3
DELA Flight Training T.b 1.1
AR A Technical Operations and Maintenance A 1.0

Training

D3N Training Support ! -
ILTL Test and Evaluation .0 LI
L Test Support 1.4 a

This damage assessment requires that a theoretical damage rate
be determined for each of the functional assignments identified
in Table 21. To determine the theoretical damage rates re-
quires such information as the definition of typical mission
profiles for each functional assignment, the frequency of oc-
currence of flight conditions for the mission profiles, and
the corresponding component loads. Since information on mis-
sion profiles and flight condition frequencies for each func-
tional assignment was not available, the theoretical damage
rates for the functional assignments were not calculated. Ra-
ther, an alternative means of gathering mission-type informa-
tion was considered where theoretical damage rates could be
determined.

The alternative MTM method was based on the mission segment
(MS) concept which assumes that the mission profile can be
subdivided into several segments, for example, ascent, steady
state, maneuver, and descent. Fatigue damage to the compon-
ents, therefore, can be assessed for the flight time spent

in the various mission segments:
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D= CA * Ty CS 8 TS + CM 0 TM + CD 0 TD (6)

where D = fatigue damage to the component under consideration

Ci = theoretical damage rate for the ith mission segment
Ti = flight time in the ith mission segment
A,S,M,D = mission segment ascent, steady state, maneuvers,

descent

As in the FCM method, the theoretical damage rates can be de-
termined by considering the flight cond:.ions that the mis-
sion segments would include. A single test case was developed
by using the manufacturer's design data (Reference 1). The
flight conditions were assigned to the mission segments as
shown in Table 22. The resulting theoretical damage rates aie
presented in Table 23.

TABLE 22. ASSIGNMENT OF FLIGHT CONDITIONS TO MISSION SEGMENTS

Fli

cht Condition

Mi: ion Segment

I tiround Conditions Ground
Il Power-Nn Flipht
A Vertical T/0 Ascent
B Hover Hover
C Norm Accel Ascent
D Norm Decel Descent
L Max Accel Ascent
F Max Decel Descent
G Sideward Flt Steady
H Rearward Flt Steady
1 Full Pwr Climb Ascent
J Fwd Level Flt Steady
K Part Pwr Des NDescent
L,M Turns Maneuver
N,0 Pull-ups Maneuver
p Control Rev Maneuver
0 Norm Land Descent
IIl Transition
A Power to Auto Descent
B Anto to Power Ascent
v Autorotation
A Steady Forward Flight Steady
B 60 Kn Control Reversal Maneuver
C,D Turns Maneuver
E Autorotation Landing/Pwr Rec Descent
F Full Auto Landing Descent
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Each of the MTM methods presented here has its advantages and
disadvantages. The functional assignment technique is an ex-
tremely simple monitoring method. Since the CHAOS report of
the RAMMIT system already monitors the functional assignment
and flight time of each aircraft, the functional assignment
method requires no on-board recording. Rather, a system which
interfaces with the RAMMIT system is all that is necessary to
monitor the fatigue damage. The interfacing system would call
out the appropriate information (functional assignment code
and flight time), apply the theoretical damage rates (once de-
termined) to the flight time, and report the assessed fatigue
damage to the appropriate serialized components. The flight
time for the aircraft and the fatigue damage to the serialized
components would be correlated in a component status file.
This file would be maintained by the composite 2410/2407 file
of the RAMMIT system, which monitors component change infor-
mation. The entire system, therefore, could be developed by
interfacing a new file with the current RAMMIT system. The
disadvantage of the functional assignment method is the iden-
tification of theoretical damage rates for the functional as-
signments. A detailed recording progran on sample aircraft
would be required to identify the mission profile of each
functional assignment. The theoretical damage rate would
then be calculated according to the sample data, and then ap-
plied to all the aircraft in the particular functional as-
signment. Consequently, the theoretical damage rate will be
a function of the missions flown by the sample aircraft and
will only be ns representative of the functional assignment

as these missions allow.

The mission segment method requires an on-board recorder to
identify the flight time accrued in each of the mission seg-
ments. Although the resultant monitoring will be more complex
than that in the functional assignment method, the recording
will provide better information for fatigue damage assessment.
In addition, theoretical damage rates can be identified for

the mission segment method, as previously discussed. The def-
inition of theoretical damage rates permits evaluating this
method for technical acceptability; this evaluation capability
gives the mission segment method an advantage over the func-
tional assignment method. The disadvantage of the mission seg-
ment method is its increased complexity and, therefore, its in-
creased cost.
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EVALUATION OF METHODS

EVALUATION CRITERIA

To test the technical acceptability of the various monitoring sys-
tems, a usage spectrum which represented the composite fleet op-
eration was derived. Because of the difficulty in formulating a
single composite spectrum representative of the entire fleet op-
eration, and because of the difficulties of trying to vary fleet
operations to determine the monitoring system sensitivity to
spectrum variations, three representative spectra were defined.
These spectra portrayed a mild, normal, and severe utilization of
the two helicopter models; for both models, these spectra were
defined not as the worst-case usage, but rather as representative
of a severe or mild utilization which might be expected to occur
with some regularity. Weighting factors, which approximate the
distribution of the usage spectra among the fleet, were also de-
fined. Consequently, each spectrum and its weighting factor
form an approximation of the utilization of each fleet of heli-
copters.

This approach (using three usage spectra of varying degrees of
severity and associated weighting factors to approximate average
fleet usage) allowed for an estimate of the sensitivity of each
candidate monitoring system to usage spectrum variations.
Therefore, a candidate monitoring system which is technically
acceptable for the average fleet usage could also be tested for
the severe usage without forming a separate spectrum by simply
varying the weighting factors. In this manner, the monitoring
system could be evaluated for the entire range of usage.

The three spectra for each helicopter class were generated
similarly by using data obtained from various operational
surveys’*®»®, Since both the UH-1H and CH-47C helicopters
are used in the direct combat support function for a large
percentage of their operational life, the data from these
references provide a representative base from which to de-
rive the required test usage spectra. The test .usage spec-
tra were developed by distributing the flight time from the
operational surveys in various flight conditions.

Johnson, Raymond B., Clay, Larry E., and Meyers, Ruth E.,
OPERATIONAL USE OF UH-1H HELICOPTERS IN SOUTHEAST ASIA,
Technology Incorporated, Dayton, Ohio; USAAMRDL Technical
Report 73-15, U.S. Army Air Mobility Research and Develop-
ment Laboratory, Fort Eustis, Virginia, May 1973, AD764260.
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The distribution of thc flight time was based on the assumption
that each flight conditiun can be described as having a parti-
cular combination of flight-measured parameters such as air-
speed, altitude, rate of climb, torque, and normal acceleration.
Since References 7 through 9 present tables of time in concur-
rent ranges of measured parameters, the tables could be divided
so that time in each block was related to a flight condition.

As an example, the tables of rate of climb versus torque per-
mitted determining the time in steady level flight, acceler-
ated flight, full-power climb, partial power descent, and de-
celerating flight. By cross-referencing with tables of air-
speed versus torque, a further division can be made into hover
and forward flight. By working such a division among the times
in each flight parameter table and performing all multiple cor-
relations as necessary to obtain fine divisions, a flight spec-
trum was derived. This spectrum was defined as the severe
spectrum. The normal and mild spectra were derived by modify-
ing the severe spectrum so that those conditions which would
contribute significant fatigue damage were reduced in occur-
rence. In general, the normal and mild spectra reflected
larger cruise times and less maneuvers. It should again be
noted that the terms ''severe spectrum" and "mild spectrum"

are not intended to convey the impression of the worst or

best usage to which the particular fleet might be exposed.
Rather, these terms are used in this study to describe the

two extremes to which a reasonable percentage of the fleet
might be exposed.

Tables 24 and 25 present the three test spectra and the de-
sign spectrum for the UH-1H and CH-47C helicopters, respec-
tively. The three representative spectra will be used to es-
tablish upper bounds on component life for various selected
critical components.

® Giessler, F. Joseph, and Braun, Joseph F., FLIGHT LOADS
INVESTIGATION OF COMBAT ARMED AND ARMORED CH-47A HELI-
COPTERS OPERATING IN SOUTHEAST ASIA, Technology Incorpo-
rated, Dayton, Ohio; USAAVLABS Technical Report 68-1,
U. S. Army Aviation Materiel Laboratories, Fort Fustis,
Virginia, March 1968, AD671672.

® Giessler, F. Joseph, and Braun, Joseph F., FLIGHT LOADS
INVESTIGATION OF CARGO AND TRANSPORT CH-47A HELICOPTERS
OPERATING IN SOUTHEAST ASIA, Technology Incorporated,
Dayton, Ohio; USAAVLABS Technical Report 68-2, U.S. Army
Aviation Materiel Laboratories, Fort Eustis, Virginia,
April 1968, AD672842.
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1.

I11.

TABLE 24.

Ground
A, Normal Start
B. Normal Shutdown

Power-On Flight
A, Vertical Takeoff
B. Hover I.G.E.

1. Steady
2. Right Turn
3F; Left Turn
4, Control Reversal
a. Longitudinal
b. Lateral
c. Rudder
C. Normal Acceleration
D. Normal Deceleration
E. Max. Rate Acceleration
F. Max. Rate Deceleration
G. Sideward
1. Right
2. Left
H. Rearward
I. Full Power Climb
J. Fwd Level Flight
1. 0.2 Vpe
2. 0.3
3. 0.4
4, 0.5
5. 0.6
6. 0.7
7. 0.8
8. 0.9
9.  Vne
K. Partial Power Descent
L. Right Turn
1. 0.3 Vy
2 0.6 VH
3. 0.9 Vi
M. Left Turn
1. 0.3 Vy
2. 0.6 vy
3. 0.9 Vy
N. Cyclic Pull-Up
1. 0.6 vy
2, 0.9 Vy
0. Collective Pull-Up
1. 0.6 vy
2. 0.9 vy

P. 0.9 V4 Cont. Reversal
1. Longitudinal
2. Lateral

3. Rudder

Q. Normal Landing
1. 6500 1b
2. 7500 1b
3, 8500 1b
4. 9500 1b

Transitions

A. Power to Auto
1. 0.3 Vy
2. 0.6 Vy
3. 0.9 Vy

UH-1H USAGE
Design

. 500
.500

. 400

3.290
.100
.100

010
.010
.010
1.000
1.000
.250
.250

. 250
.250
.250
4.000

1.000
1.000
2.000
3.000
7.000
8.000
15.000
25.000
15.000

1.000

.500
1.000
.500

.500
1.000
.500

. 200
.050

. 200
.050

.050
.050
.050

.100
.300
.450
.150

.100
.200
.050
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SPECTRA

Mild

.250
.250

1.000

2.000
.080
.080

.005
.005
.005
.500
.500
.150
.150

.100
.100
.050
4.000

.300
.500
1.200
4,600
19.500
32.500
20.500
4.460
.400

3.000

.200
.500
.200

.200
.500
.200

.030
.010

.030
010

.005
.005
.005

.200
.250
. 300

015
.030
015

Normal

.500
.500

1.500

2.500
.230
. 240

.010
.010
.010
1.000
1.000
.200
.200

.200
.200
.250
5.000

.500

. 800
1.200
3.800
13.500
26.300
21.000
9.100
1.200

3.000

. 200
. 800
.350

. 200
. 800
.350

.070
.015

.070
.015

.010
.010
.010

.300
. 300
. 350
.050

.050
.100
.050

Severe

.75
.75

1.000

1.000
.500
. 500

.020
.020
.010
1.500
1.500
. 500
.500

.250
.250
.300
$.000

.500
.500
1.000
4.000
6.000
13.3
22.800
16.200
10.000

3.000

. 200
.900
.400

. 200
.900
.400

.150
.030

.150
.030

.015
015
.020

.200
.350
.550
. 100

.070
. 140
.070



Iv.

TABLE 24 -

B. Auto to Power

1. 0.4 Vit
2. 0.6 Vy
3. 0.8 vy
Autorotation
A. Steady
1. 0.4 V“
Z. 0.6 V"
3. 0.8 Vy
B. 60 Kt. Control Rev.
1. Longitudinal
2. Lateral
3. Rudder
C. Right Turn
1. 0.4 Vy
2% 0.6 VH
3. 0.8 Vy
D Left Turn
1. 0.4 VH
2. 0.6 Vy
3. 0.8 Vy
E Auto Landing Appr.
with Pwr Recovery
l. 0.4 Vy
2. 0.6 Vy
3. 0.8 Vy
F Full Autorotation Ldg.
TABLE 25.
GWw: 27,000 1b
Flight Condition
Hover

Transition

308 Voo

9% Vpe

100% Vpe

Exceed Vpe

Landing Flare

Left Turn

Right Turn
Collective Pull-Up
Longitudinal Pull-Up
Longitudinal Reversal
Lateral Reversal

Directional Reversal

Concluded
Design Mild Normal Severe
.100 .015 .050 070
.200 030 .100 .140
.050 015 .050 .070
. 800 .100 . 250 .500
1.000 .300 . 500 1.000
.200 .100 . 250 .500
.010 .00S .008 .010
.010 .005 .008 .010
.010 .005 .008 010
.200 ,030 .090 .150
.250 .090 .150 .250
.050 020 .040 .050
. 200 .030 .090 .150
.250 .090 .150 .250
.050 .020 .040 .050
.080 .005 .026 .050
.100 .020 .050 .080
.020 010 .015 .020
.250 .050 .075 .100
CH-47C USAGE SPECTRA
Alt: 0-6,000 ft
Percent Flight Time
Design Mi1d Normal Severe
1.980 920 1.310 1.110
2,970 2,310 2.630 2.640
4,950 14.770 10,650 9.140
3.960 3.230 3.720 3.510
3.060 1.150 2.190 2.990
1.980 690 1.100 1.410
1 s 320 290 . 370 .510
1.610 1.350 1.420 1.430
1.610 759 1.391 1.430
120 045 042 .043
040 042 043 .043
170 030 070 .090
180 020 .050 065
140 .020 .N20 .035
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GW: 27,000 1b

Flight Condition

Hover

Transition

70% Vpe

90% Ve

100% Vype

Exceed Vpe

Landing Flare

Left Turn

Right Turn
Collective Pull-Up
Longitudinal Pull-Up
Longitudinal Reversal
Lateral Reversal

Directional Reversal

GW: 27,000 1b

Flight Condition

Hover

Transition

70% Vpe

90% Vpe

100% Vpe

Exceed Vpe

Landing Flare

Left Turn

Right Turn
Collective Pull-Up
Longitudinal Pull-Up
Longitudinal Reversal
Lateral Reversal

Directional Reversal

TABLE 25 - Continued
Alt: 6,000 ft-
10,000 ft
Percent Flight Time
Design Mild Normal Severe
1.670 . 740 1.050 1.120
2,510 1.850 2.100 2.110
4.180 11.820 8.760 7.310
3.350 2.580 2.980 2.810
3.350 .920 1.750 2.390
1.670 .550 . 880 1.120
.000 . 230 .290 .410
1.360 .600 1.140 1.140
1.360 .600 1.105 1.140
. 100 .036 .035 .036
.030 .035 .035 .036
.140 .020 .050 .060
.150 .020 .040 .048
.120 .010 .090 .100
Alt: 10,000 ft +
Percent Flight Time
Design Miid Normal Severe
.429 .180 . 260 .230
.630 .460 .530 .530
1.1n50 2.950 2.190 1.830
. 840 .650 . 740 .700
. 840 .230 . 440 .600
. 420 .140 .220 .280
.000 .060 .070 .100
. 340 . 150 .280 . 290
. 340 .180 .157 .218
.020 .009 Lun9 .012
.010 .005 .009 .012
.030 .010 .010 .030
,040 .004 .010 .030
.030 .003 010 .020
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GW: 33,000 1b

Flight Condition

Hover

Transition

70% Vpe

90% Vo

100% Vpe

Exceed Vpe

Landing Flare

Left Turn

Right Turn
Collective Pull-Up
Longitudinal Pull-Up
Longitudinal Reversal
Lateral Reversal

Directional Reversal

GW: 33,000 1b

Flight Condition

Hover

Transition

70% Vpe

90% Vpe

100% Vpe

Exceed Vpe

Landing Flare

Left Turn

Right Turn
Collective Pull-Up
Longitudinal Pull-Up
Longitudinal Reversal
Lateral Reversal

Directional Reversal

TABLE 25 -

Design

.990
1.490
2.480
1.080
1.980

.990
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Continued

Alt: 0-6,000 ft

Percent Flight Time

Mild Normal Severe
460 .660 .700
1.150 1.310 1.320
7.380 5.480 4,570
1.620 1.860 1.760
. 580 1.100 1.490
.532 . 880 . 895
. 140 .180 .260
. 380 1.313 .710
. 380 L7158 . 710
023 .022 .030
.011 .022 .036
.010 .030 .035
010 .020 .080
o1n .020 .030
Alt: 6,000 ft -
10,000 ft
Percent Flight Time

Mild Normal Severe
370 530 .560
.920 1.050 1.050
5.910 4,380 3.650
1.290 1.490 1.410
.460 . 880 1.190
280 440 .560
.120 .150 .210
. 300 570 .570
. 300 .559 .570
.018 017 .041
.009 017 .039
.010 030 .060
.010 .020 .060
.010 n40 .044



TABLE 25 - Continued

GW: 33,000 1b Alt: 10,000 ft +
Percent Flight Time
Flight Condition Design Mild Normal Severe

Hover .210 .090 .130 .140
Transition .310 .230 . 260 . 260
70% Vpe .520 1.480 1.100 .910
90% Vpe .420 . 320 .370 . 350
1008 Vype .420 .120 .220 .300
Exceed Vpe .210 .070 122 217
Landing Flare .000 .030 .040 .050
Left Turn .170 .080 .140 .140
Right Turn .170 .N80 .110 . 140
Collective Pull-Up .010 .005 .004 .006
Longitudinal Pull-Up .004 .002 .004 .006
Longitudinal Reversal .020 .002 .010 010
Lateral Reversal .020 002 .005 .020
Directional Reversal .010 .001 .002 .010
Gw: 46,000 1b Alt: 0-6,000 ft

Percent Flight Time

Flight Condition Design Mild Normal Severe
tiover 1.010 .810 1.150 1,233
Transition 1.520 1.497 1.858 2.050
708 Vpe 2.530 10.926 6.227 8.000
90% Vpe 2.030 2.830 3.260 3.080
100% Vpe 2.030 1.010 1.920 2.610
Exceed Vpe 1.010 .610 .624 1.230
Landing Flare . 390 . 250 . 320 . 360
Left Turn .820 .660 1.240 1.250
Right Turn . 820 .660 .930 1.250
Collective Pull-Up .060 .040 .038 .053
Longitudinal Pull-Up .020 .020 .031 .047
Longitudinal Reversal .080 .030 078 .078
Lateral Reversal .090 .020 .040 .140
Directional Reversal .070 .010 .090 .110
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TABLE 25 - Concluded
GW: 40,000 1b Alt: 6,000 ft - 10,000 ft

Percent Flight Time

Flight Condition Design MiTd “Normal Severe
Hover 1.050 .120 .160 .180
Transition 1.570 . 200 .330 . 330
70% Vpe 2,620 1.840 1.192 2,052
908 Vpe 2.0890 .400 .460 .440
1003 Vpe 2.090 .110 .270 .370
Exceed Vpe 1.050 LU90 .140 .180
Landing Flare .000 .040 .050 .060
Lett Turn . 850 .090 .180 . 360
Right Turn . 850 .090 .130 .135
Collective Pull-Up .060 .006 .00Ss .008
Longitudinal Pull-Up 020 .003 .005 .008
Longitudinal Reversal .090 .003 .010 .020
Lateral Reversal .090 No2 .010 .020
Directional Reversal L070 L002 L0035 .020

Having developed test spectra for each helicopter, weighting
factors were derived to account for the variability of usage
within the fleet. These weighting factors approximate the
fraction of the fleet which experiences any one of the three
spectra. In developing these factors, two considerations were
included: first, the knowledge of helicopter assignment among
the various usage categories, and second, a knowledge of the
distribution of usage severity within each category. From
these two considerations, a weighting factor for each usage
category may be derived according to the following equation:

EIR=RIRA, SRES (7)
J
where Fi = weighting factor for the ith sp- ctrum
A.. = proportion of time in the ith spectrum for

1) helicopters in the jth mission

B.
J

proportion of helicopters in the jth mission
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Values of the Aj; factor were obtained from a survey of the
usage of helicop%ers in each mission category. The values
were estimated from a review of operational data presented in
various documents, including References 7 through 9. The Aij
for each spectrum for the general mission category of combat
assault, direct combat support, training and testing, and
miscellaneous are presented in Table 26 for the UH-1H and
CH-47C helicopters. For any given mission category, the sum
of the values equals one.

TABLE 26. Aij FOR THE UH-1H AND CH-47C

Mission
Direct Training
Usage Combat Combat and

Helicopter Severity Assault Support Testing Misc.

UH-1H Mild 0.20 0.30 0.20 0.70
Normal 0.50 0.60 0.60 0.20
Severe 0.30 0.10 0.20 0.10
CH-47C Mild 0.16 0.31 0.08 0.20
Normal 0.45 0.56 0.67 0.60
Seversa 0.39 0.13 0.25 0.20

The Bj factor was obtained from fleet assignment infor-
matioh'®»!!., The distribution of fleet assignment for the
last 6 years was plotted and then projected into the future
to determine approximate values for Bj. The frequency dis-
tribution for the Bj's by year and the future projection
are presented in Figures 3 and 4 for the UH-1H and CH-47C
helicopters, respectively. The projected values of Bj for
each helicorter are presented in Table 27.

The weighting factor, Fj, was calculated from the Aj; and Bj
factors for each of the test spectra by using Equat1gn i %he

resulting weighting factors for each helicopter are presented
in Table 28.
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