SAE AIRx1672 66 EE 8357340 00OL?5L 4 WM

. SAE AIRX1872 83 WH 8357340 000k £-32 -0

AIR 1872

For Advancing Mobility

@ A = 1o Engineering Society - AEROSPACE
“ Land Sea Air and Space g |NFORMAT|ON

200 CommonweALTH pRvE, warrenpaLe, pa1soss. REPORT Issued 2-29-88

Submitied for recognition as an American National Standard

GUIDE TO LIFE USAGE MONITORING
AND PARTS MANAGEMENT
FOR AIRCRAFT GAS TURBINE ENGINES

TABLE OF CONTENTS

DUCTION EEXEEERNEEREEREERE RN AN S NI I NI SRR R I SO & AU BB B I B BRI B BN BN A

P rpose 0 0 00 S EP 0000000000000 9CSECE0CRRORIGESOCOLIOIOIOCEOEUNNICSOEOIIOETOEIEOTDRNTDOSES

S Ope EERXEEEEEEREEEEE RN NI NI NI I SA I L BE BN 0 B B B B R S S 2E I B B BB IR BB K IR IR BB B BB B IR

. GENE AL CONSIDERATIONS SO PE D PO ROORBO ORI NN BRI RNOCTNOLee ey
L fe Usage 006 E S0P PP P00 0200000 ENPGLSRESIOIOLINSGEITPTES
Prts Management 06 0 09 E O PR 0N OGO OO0 LREOOOOOGELESSOOSNOSIPEDNTOS O TOSY

NN N
. e
N

W
.

3

3

3

®S 000 0OB O EOCOEDS 4
4

5

PARTS CLASSIFICATION AND CONTROL REQUIREMENTS .iceeececes 5

FAILURE CAUSES OF LIFE-LIMITED\PARTS .veeveecoscacnscacss
Lbw Cycle Fatigue (LCF) (tevieevsancosasasennasannnnnsns
High Cycle Fatigue (HCF) sveeeeseeesessrennsnccnnncanns
Thermal Fatigue cecebosccseccccsscscaccscsccssscsscans

C eep ' EEEEEEEERERERE NN E NN N B N B B B B B A I B BRI B A I BB B B B B BB YA AN

-h:h-b

.
N -

6
)
7
S 000000000 7
8
8

ENGINE LIFE PREDICTION AND USAGE MEASUREMENT siveevnceces
Design MethodoTOgY seseececscescnssccsssosacacscanccae
Derivation2of Service Life Usage seeeseecoceccscncesnee

ission Profile AnalySiS cecececsscencscscsccensscnncns

Liife OpLimization ceeeceeccsececoccsscccescscssccosens

Liife Usage Measurement sceceececesccccscecececccconnas

DOW CYCle FAatigUe evesesscecsssssssccssssscscsssssshocasscsscee 12

THermal FALTQUE eeececosvcsccssssnssoccsssssssscsssssasnscaascse 17

CrEEP seseasesssansassssssssssssncnsnvasnvcsccscssasssassasssse 17

Limit Exceedance/Incident Recording seveeecececesccesascecasses 18

Parameter RequUirements ..ceeeeeecesssscscssseccscscsccsccssacsanes 18

Read ACross FACtOrS seeesesscsccscosccsssossssscscassscasssssscsss 20

Data Integrity seeeeeccescecscssscssssssssssssccasssccssscaccasces 20

poesossoessess 8

Peosesssscscos ]0

Ppoeccssssse e ]0

P s oes o s e 0000 ]]

Ppeoessocscscees ]]

[ ] L ] L] ® . L]
ONCOMCTCIOTOT P WA~

L] L] - L

W N

mmmmmmm'mmmmmoﬂ P

The use of this report is entirely voluntary, and its applicability and suitability for any particular use, inciuding any patent infringement

SAE Technical Board Rules provide that: “This report is published by SAE to advance the state of technical and engineering sciences.
. arising therefrom, is the sole responsibility of the user.”

SAE reviews each technical report at least every five years at which time it may be reaffirmed, revised, or cancelled. SAE invites your
written comments and suggestions.

Copynght 1988 Society of Automotive Engineers, Inc. Printed in U.S.A.
Al righta reserved.

Distributed under license from the IHS Archive

r~~ﬁﬁ;:q$s“:»a P s



https://saenorm.com/api/?name=1f42c5e5cb0465fda9c4b5593b9c2a37

SAE AIR*ZLB'?E 88 -7535?)3”0 000L?52 & M

A OO
e o o
N> =

o« oo NN SN NN NN
.
SO Ww N -

.
—

Appendix I

Appendix II
Appendix III
Appendix IV

NOOTPWN -

-2 -

TABLE OF CONTENTS (continued):

METHOU VALIDATION P 0 8 00 Q0 0 0000 0000 G0 REP0POO0CORRREROENIOEOSIEOIOIEOIOIEPRPOIROSIDOPEEOEDOTETDBTTS
A]gor‘ithm Va]idation 0....C.....00...........Ql.......OOCOOQQCCOQO.
System va]idation 9 90 C TSP OOC NPT OSENPIOLENPOOLOCEOERNOCEOEDNOIOEIISIOECOOS

PARTS LIFE USAGE DATA MANAGEMENT 2000000000 0SP 00000000 SISITRNINOISEIDPIPOEOCTES

Management DeCiSTONS seseeeeseseeseovssssssesescssasescsns
Data Acqu‘is’it‘ion L B I B BK BN BE BN B BN BE BN BN BN B BN B BN B BE B BN BB B BN A BN B B N N BN B BN BE BE BN BN BN BN BN BN BN BN BN BN AN J

Data

DatarR

Hard
Info

BENEFIT
Life

Mechani
Typical
Major a

Base Management Systgm teseescessassasesssessesanssnss

l\et'l‘-;eval and ni'ia':“y'S'iS 98006000 00000000000000000000600 0
Mare CharaCter\i Stics O 9 0 0 00 00 0O OO P CO O OGS OO NS OO ESEDN S
ﬂmat’ion Interfaces ® 8000600609 00000 0000000000808 000000000

N
> B 6600060606008 08 06000006000 ¢0006000660000 0000000000060 0000e0e

Usage Tracking for Warranty seceseecsesssselrocscecss

Engine Structural Integrity Program (ENSIP) .........
Life Usage and Parts Management SySte€mS ceeececoscsse
Reliability Centered Maintenance @iceeeeeceocescesees
Terminology and Definitions cecoiceccescoscscscsscsses

LIST OF~FIGURES

:a] LCF A]gorithm 0 00000060000 0000000000000000000s0000
Map Structure ® 08 0 0.8 0000000000000 000000008000000s0000c0e0
1d Minor CyC]eS 200 d 0000000000000 0000000000000 CRRSIRROSCOEES

Ra‘inf]ow Method @ 0 8 00 9 0 0.0 0000 000000000 B OSSO0 H0EEON SN SON OO DSOS

Percent
Engine
ENSIP D

Life Usage Implementation seeeecececessscecaccacecees
btructural _Integrity Program seeeeececccancsccsccececs
Es.ign Ph‘i]osophy G 00 00 2 00 000 200006000 C OO0 RSOPBLRREOESEOPOIOYS

Distributed under license from the IHS Archive

ev 080

o0 0000

0 6 000



https://saenorm.com/api/?name=1f42c5e5cb0465fda9c4b5593b9c2a37

SAE AIR*lEn?F_' 64 W 535?3%1 000L?53 &8 WA

- 3=

1. INTRODUCTION:

The idea of engine monitoring is not new. For years, military and commercial
aircraft have used cycle counters, and pilots in both sectors have manually
recorded cockpit parameters in order to enable maintenance and engineering
personne] to discern signs of trouble. Changes in maintenance philosophies
in the 1970's from hard-time to on-condition, were accompanied by a
requirement for a more sophisticated monitoring capability. Technological
advances made possible by the rapid development of digital electronics have
both paralleled and comp1emented philosophical and technological changes in
military and commercial eng1ne ma1ntenance programs. As e]ectron1c chips
came along.—i as—anatural evolution for automatedmonitering to begin
taking big steps.

In recent] years, increasing priority has been given to reviewipg 1ife usage
monitoring by both commercial and military operators., This action has been
motivated by the occurrence of failures and by the need for improved economy
through mpre effective 1ife utilization of engine parts. In mjlitary
operation, the diversity of mission profiles amplifies the need and
complicates the task of life usage tracking. However, the same basic
requirements for monitoring life usage apply..to both commercial and military
operatorsl. Monitoring includes on-board data collection, on-bpard
processing, ground-based processing and data management.

Because of this interest and need, SAE“Committee E-32 has devejoped this
Guide to [Life Usage Monitoring and-Parts Management for Aircraft Gas Turbine
Engines.

1.1 Purpose: SAEL Aerospace Recommended Practice 1587 provides geperal guidance
on the design considerations and objectives of monitoring sysftems for
aircrafi gas turbine engines. A major function of these Engipe Monitoring
Systems [is to monitor the usage of life-limited parts in ordefp to maximize
availablle 1ife and to~“enhance aircraft safety.

The purpose of (this AIR is to review the current approaches tp Engine Life
Usage Mdnitoring and Parts Management. The document also serjes to provide
a summatly of<the many varied requirements of aircraft turbine| engine 1ife
usage mon1tor1ng and parts management (see Appendices I and IfI) and a
description o g means by wi hese vequiTemer anm be achieved more
effectively through the use of engine monitoring systems.

1.2 Scope: The effectiveness of Engine Life Usage Monitoring and Parts
Management systems is largely determined by the aircraft-specific
requirements. This AIR addresses the following areas:

a. Safety.

b. Life-limiting criteria.

c. Life usage algorithm development.
d. Data acquisition and management.
e. Parts life tracking.

f. Design feedback.

g. Cost effectiveness.
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(Continued):

This AIR primarily examines the requirements and techniques currently in

use, including:

a. Parts classification and control requirements.

b. Failure causes of life-limited parts.

c. Engine 1ife prediction and usage measurement techniques.

d. Method validation.

e. Parts life usage data management.

f. Lessons learned.

g, Life psage—trackingbenefits:r—

GENERAL CONSIDERATIONS:

The failure of an engine part may be due, toyinherg

he accumulation of damage due to cyclic and steady-sta
In man

inherent failure causes, the approach generally used
1 design life estimate of an-engine part is to:

For these
the initi

the proposed design to heat transfer and stress anal

t sample parts to rig.testing.
t production standardCengines to full-scale simulated

nce tests.

submi

s are supplemeiited by further analyses in the laborat
t investigations to confirm or modify initial design
sistance and operating environment, respectively.

techniques are widely used to predict the service Ti
ginesparts. The actual 1ife of parts in service shal
ity-0f cyclic or steady-state operation or both. In g

nt causes
te stresses
y cases, the

nable

to determine

yses.

service

ory and
estimates of

fe of gas
1 depend upon
he absence of

quantitatfite'1ife usage data, the initial 1ife usage assumptior
necessari . i
assumptions are later re-evaluated using data acquired primaril
lead-the-fleet sampling programs. This includes, but is not 1i
subjecting service run parts to rig tests.

S are
tial

y from
mited to,

Recommendations for monitoring 1ife usage range from the selective
application of airborne data acquisition systems, which provide complete
usage records for small groups of aircraft, to the fleetwide application of
microprocessor-based Engine Monitoring Systems capable of calculating life

usage in real time.
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2.2 Parts Management:
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During the 1ife of a gas turbine engine,
occasions when it is necessary to remove it from service to
scheduled repair/overhaul and unscheduled repair.

In order to minimize engine unavailability during repair, pa

there will be
facilitate

rts are often

replaced with spare parts conforming to equivalent or improved design

standards. Parts that are removed for rework or inspection

subsequently re-allocated as spares for subsequent engine repairs.

after several engine rebuilds, the constituent parts can be
from the initial complement supplied by the manufacturer. F
engines, the ability to exchange complete modules tends to ¢

shall be

Thus,
very different
or modular
ompound this

further

This de
managempnt systems to track the utilization of Tife-limited

arts.

ree of interchangeability demands the use of welf orianized asset

The§e

systems| may range from simple card index systems toccomputerrbased

information management systems capable of interfacing with a
monitorfing systems via specialized data transfer equipment.

PARTS CLASSIFICATION AND CONTROL REQUIREMENTS;

Engine p
process.
d eventually fail at some point in time, possibly ca
nt damage to the engine or\airframe.

given service life-limits that aré not to be exceeded in orde
operation. '

A Failu
determi
of the
the failure of a lifé-limited part is likely to affect safety
is then [classified as a "critical life-limited part". Parts

Modes, Effects andCriticality Analysis (FMECA) is

jrborne engine

rts that have finite Tives are idéntified early in the engine design
If these parts were allowed to-continue indefinitely in service,

Ising

These parts are accordingly

r to assure safe

ised to

the sensitivity. of an engine to parts failures. Thjis FMECA is part
liability Centered Maintenance (RCM) process (see Appendix III). If

of flight, it
that rotate and

are subjlect to significant Low Cycie Fatigue (LCF) are generafily classified

as critilcal parts.

Similarly, if the FMECA shows that the fafilure of a

life-limited part does not affect safety of flight but nevertheless is likely
to seridqusly-affect engine performance, reliability or operatling costs or

both, 1Y is then classified as a "non-critical life-limited p

art". Thus,

life-limited parts can be grouped in to these two categories.

Critical life-Timited parts for a particular engine type woul

remain common for single and multi-engine aircraft applications.

parts that are listed as non-critical for a multi-engine airc
listed as critical for a single-engined aircraft.

d generally
However,
raft may be

Most engine parts, life-limited or otherwise, require regular inspection
throughout their service lives to check for signs of damage due to cracks,

impact, corrosion, erosion, etc.
adherence to rigorous control procedures to ensure that no co
continues in service beyond its safe life-limit. For critica
parts, regulations require that each part be traceable throug
life history and that complete inspection records be maintain
each critical life-limited part is marked accordingly with a
number for identification.
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FAILURE CAUSES OF LIFE-LIMITED PARTS:

An engine part is life-limited if it is likely to fail for predetermined

reasons.

failure mode is inherently related to engine usage.

can include one or any combination of the following:

ae
b.
c.

d. Creep.

Low Cycle Fatigue.
High Cycle Fatigue.
Thermal Fatigue.

In additio
premature
resistance
causes are
normally e

Foreig
Engine
Corros
Erosio
Fretti
Wear.

Materi
Manufa

a.
b.
C.
d.
e.
f.
ge
h.

In many ca
component
However, ¢
causes are

Low Cycle

ion.

to these inherent failure causes, other causes can)]
ailure or rejection of a component, either by decCreas
or by introducing new rejection criteria. These non-
mostly random, because they are related to external f
countered by all engines in the fleet. These causes

object damage.
mishandling (that is, overtemperature,‘overspeed).

g.

1 defects.
turing defects.

es, premature failures, can potentially be avoided by
esign, appropriate(condition monitoring and detailed
ndition monitoring. with respect to these non-inherent
not discussed further in this document.

Fatigue (LEF): Low cycle fatigue is normally associa

significa
stress le
strain ha
widely ag
cycle is

t stresshamplitudes caused by repeated cycling betwee
els within the material's elastic 1imit, eventually 1
dening>{or in some cases, strain softening) and faily
eedthat LCF failure occurs in less than 50 000 cyclg
sually defined as an excursion from zero stress to a

stress and back to zero.

In general, safe life-limits are imposed across the fleet if the
Inherent failure causes

ead to the
ing failure
inherent
actors not
include:

better
inspections.
failure

ted with

n different
eading to

re. It is

s, where a
maximum datum

LCF stresses can be caused by centrifugal loads, torsional loads, gas

pressure loads and thermal gradients; each can act independently or in
combination with one another, thereby increasing or decreasing the net

stresses depending upon the specific engine operating condition.

The

majority of rotating parts, in particular shafts and discs, are subject to

LCF L]

LCF stresses also arise from recurring loads due to pressures and
maneuvers/inertia and affect the 1ife of non-rotating parts such as pressure
vessels, mounts and airframe structures.
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(Continued):

For most rotating parts, the predominant 1oad is centrifugal and, therefore,
RPM dependent. Because centrifugal load is proportional to RPMZ, the

stress change due to an RPM change at or about the take-off rating is
substantially greater than that due to an equal RPM change at or about
engine idle. Correspondingly, throttle movements in higher RPM bands are
substantially more damaging than comparable throttle movements in lower RPM
bands. Consequently, military engines usually exhibit higher LCF usage
rates than commercially operated engines because of the relatively large
number of high-power throttle movements required for military aircraft.

High Cyclle Fatigue (HCF): High cycle fatigue is caused by ,.To

amplitudes than those that cause LCF., Failure due to HCFOusu
more thajn 50 000 cycles. A HCF stress (possibly due to.vibrati
some circumstances be superimposed on a LCF stress apndpaccoun
of a percentage factor applied to the LCF damage, thus reduci
life. This type of fatigue is difficult to predict in the in
stage and may not appear either in development testing or ini
a produgtion engine. Understanding this failure mode require
knowledge of component stresses (both steady-state and cyclic
and material properties. Although HCF iswell recognized as

it is dilfficult to measure, and a means=of implementing this

engine monitoring systems has not, as-yet, been adopted.

g the overall
itial design
ial service of
a thorough

» temperatures
failure mode
apability in

Thermal [Fatigue: Thermal fatigue-stresses are induced by the
and difﬂerentia] expansions. Accels and decels are the prime
toward thermal fatigue, because'in these conditions the rate
the gas [temperature is rapid, and generates high thermal gradi
particullarly in hot sectijon parts.

mal gradients
contributors
f change of
nts,

Many endine parts directly experience high gas temperatures,
immersign in the gas stream as in the case of turbine blades
vanes, qr locally)through partial immersion as in the case o
compresdor and (turbine discs. In either case, thermal gradi
which cduse thermally induced stresses. This is because the
configunations of many engine parts cause different heating
rates that;' in turn, cause differential expansions within th

ither by total
nd exit guide
high pressure
nts will occur,
geometric

nd cooling
part.

Thermal fatigue is similar to LCF in that relatively large stress levels can
be induced, which can augment or negate the mechanically originated stresses
in a part. The largest thermal stresses usually occur during transient
temperature conditions as, for example, during engine start-up or rapid
power changes.
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creep can become a more life-limiting criterion than LCF,

For aircraft that fly mission profiles with Tong cruise segments,

Under application of a sustained load at elevated temperatures, metals can

show a gradual dimensional change.

This is the result of slip

occurring

along crystal structures in the crystal itself, together with flow of the

grain boundary material.

The ramification of this process is the possible

change in dimensions of a turbine component, to the point where the load
bearing area of the component can no longer withstand thé peak operating
If allowed to continue unchecked, this condition will result in

stresses.

failure.

It is gef
operating
temperaty
operating
maximum 1§
the remai
the creej
only 15°(
due to cy

ENGINE LIR

erally agreed that when plastic strains are introduCe
1ife of the component depends on the plastic strain
res in which these strains are experienced. However,
temperature is the single most important variable.
emperature for a given temperature range wiH- signifi
ning life to failure. For example, at elevated metal
1ife of a part can be halved for a metal temperature
. The second parameter that is most.influential on r
eep is time duration at the maximum. temperature.

E PREDICTION AND USAGE MEASUREMENT:

Since the
certain mi
effective
methodolog
to derive
be removed
probabilit

probabilit

parts are

failure of certain engine parts is at least hazardous
litary applications, potentia]]y catastrophic, the ap
failure prevention methods is imperative. A traditio
y is to correlate engihe life usage with time in norm
the Time Before Overhaul (TBO). At overhaul, some en
| for cause, while others may be removed because of th
ty that failure-will occur before next overhaul. Thes
jes are necessarily weighted for safety reasons; and
often removed-with useful 1ife remaining. Thus, for

maintaini
monitorin
of the re
justifica

Design M

g safety-and improving economy, the development of Ti

systems)incorporating accurate algorithms is justifi
eatability of some civil application flight profiles
jon.becomes less clear.

4, the

bnd the high
the maximum
[ncreasing the
cantly reduce
temperatures,
increase of
pmaining life

and, in
plication of
nal

1 operation
gine parts may
p statistical
b statistical
therefore,
reasons of

fFe usage

bd. Because
Lhis

facturers to

verify the 1ongev1ty of a life-limited part for a new engine design includes:

Accurate definitions of material properties.

Stress and heat transfer analyses of the proposed design using computer

modeling techniques having various degrees of sophistication, including
the estimation of pressure and temperature environments and the stresses

a.
b.
they
data
C.

confirm 1ife estimates.

impose.
to produce an initial life prediction.

These data are then used together with correlated test

Bench, rig and spin pit tests to verify the stress analysis data and to
However, the difficulty of simulating real

engine conditions and the lack of statistical significance places more
reliance on analysis methods.
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5.1

(Continued):

d. Instrumented bench and flight development engine testing

verify the estimated environmental conditions and stress

The safe Tife of a critical life-limited component is the es

are used to
levels.

timated life to

first measureable crack or to a proportion of the 1ife to a critical crack

size. The data provided by stress analysis are combined wit

h empirical

Stress/Cyclic (S/N) data, range-mean relationshps and cumulative damage laws

to produce an estimate of life to first crack. Rig and engi

?e¥pf¥1 in validating fatigue life-limits and in determining
1te=-11Mm .l_ nen

'a 2 s 2 [ d.lld Q.0 a

ne testing is
whether
s after an

engine fis in production so that parts 1ife data are accrued)ahead of service

experiepce.

This woprk has been put on a more quantitative basis, through t

science| of fracture mechanics.

The fact that all alloys cont

the use of the
ain impurities,

flaws aphd defects to some extent forms the basis{for fracture¢ mechanics.

The thepry of fracture mechanics is that these impurities ca
cracks that grow as a function of repetitive.stress fluctuat
type of|crack.

A crack|in an engine part is stable up:to a certain critical
point it propagates to failure. The.critical length depends
particullar material, but is always . dinversely proportional to
the strpss. Thus, for an increase in stress, there is a cor
decreasg in critical length.

A stresls intensity factor isused to relate the gross area o
field tp the physical geometry of the crack. Using the stre
factor,| the material properties are generated which give the
growth [for each applied cycle. This growth can then be summ
calculation of crack-size at any time in the life of an engi
criticall condition'occurs when the stress intensity factor r
fracture toughness value or the vibratory threshold value, a
the crack wilkl become unstable and propagate through the par

FracturgCmechanics relies on Non-Destructive Examination (ND
cracks beforeengine 3 and during engineg 1nspe OT

defect size and distribution, quantification of sub-surface
before engine development. Quantification is generally dest

CIND TV

The application of fracture mechanics in the design of an en

n develop in to
ons and the

length, at that
on the

the square of
responding

r overall stress
5s intensity
amount of crack
bd to permit a
ne part. The
baches the

L which point

E.

E) to find

To verify
defects is done
ructive.

gine part

enables the calculation of 1ife based on the part having a defect just below

the level that can be readily detected with accurate NDE tec

cycles remaining to the critical value can then be calculated.

this calculation and verification by test, the re-inspection
retirement of a part can be scheduled. Records must be kept
in service. '

= aconthaii

hniques. The
Based on
and/or

of cyclic usage
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Derivation of Service Life Usage: A widely used method of dete

rmining the

service life of lTife-Timited parts is based on theoretical estimates of

engine usage rates for mission type and mission mix. Because i
possible to detect or measure cracks in most parts while instal
engine, the crack propagation phase is usually not included in
of fatigue 1ife. The fatigue 1ife of critical parts must there

t is not
led in the
the estimate
fore be

reliably established in order to avoid both uneconomical premature

retirement and failure during engine operation. This is accomp
evaluation of high time parts and refinement of analytical tech

lished by
niques.

These parts are taken from bench development engines, accelerated service

test engines, and product1on eng1nes and are somet1mes tested to
3 : - g stpport of

destructier
14 fe~11imi

recommendat1ons that are rev1ewed per1od1ca11y and,
appropriate, adjusted accordingly. With analytical support; fa
and servig¢e experience may lead to Tife extensions. Conversely
experienc¢ indicates that life-limits are too high, they)may be

specific éngine parts. Such data banks enable.the assessment a
correlation of 1ife prediction with actual engine usage. This
usually imvolves the recording and analysiscof engine usage dat
service operation. This can result in theadjustment of servic
inspection intervals. This procedure istalready practiced for
engines and provides a monitor on fleet trends should service u

Recent adyances in analytical techniques, coupled with the adve
lightweight on-board computers,.‘have created the conditions for
accurate and individual treatment of engine life usage predicti

Mission Profile Analysis+ Missions are composed of common basi

including|engine start~up, taxi, take-off, climb, cruise, landi
shut-down{ Other elements may also be considered if the engine
VTOL or thrust reversing. Engine life usage must be determined
flight mode by mission analysis. The 1ife usage during each of
modes will depend on the type of aircraft and whether it is per
military qr cemmercial role.

if

vorable test
, if
reduced.

ed to

iles for

nd

approach

a during

e Tives and
military
sage change.

nt of
a more
DN,

C modes

ng and

is used for
for each
these flight
forming in a

Mission profTile analysSis 1S pertormed by:

a. Recording the relevant in service engine and aircraft parameters to
refine the initial theoretical mission profile.
b. Reconstructing the mission profile analytically until it has a high

statistical probability of fitting a large percentage of actual mission

profile data.

The collection of data for different classes of aircraft can have additional
benefits including the establishment of design goals for new engine types.
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Life Optimization: WMost engine manufacturers have service life extension

programs for life-limited parts. This is achieved by re-analysis of stress
data, inspection of high-time service parts and sampling and testing of
parts from lead-the-fleet engines parts where available.

The initial Tife of a particular engine part is declared when the predicted
safe 1ife has been substantiated through detailed analysis, rig testing or
service sampling programs or both. If life increases are established, the
manufacturer shall amend his overhaul manual to reflect this.

Commercial operators, in add1t1on to the genera1 "Tife growth' program of
the engine—manufac 31 . : i here engine
operatign is 1ess severe than that on wh1ch the 1n1t1a1 life4limits are
based. |Both hourly and cyclic 1ife benefits can be realized [for the
componenpts that reach their peak stress levels during take-offf. By using an
appropriate 1ife factor, agreed to by the manufacturer)for the specific
engine power level, extended use of critical life-limited parfts can be
achieved. Conversely, where an engine is subjected to high dtress levels,
for example, crew training or operating above maximum rated power, the
critical part life usage must be increased in _accordance with the rules of
the engine manufacturer and appropriate regulatory agencies.

Examples of the application of 1ife adjustments for commercigl airline
operators of one particular engine type are:

a. MWhen take-off power is limited to between 90% and 95% of [normal take-off
rated power, a rotating component 1ife factor of 0.93 may be applied to
both the cyclic usage and(the hourly usage.

b. When the actual take-off power used is greater than the normal take-off
power rating, it jstnecessary to record this flight as bging equivalent
to $ix cycles at—nermal take-off power rating.

c. When rotor speed or temperature limits are exceeded, opepators are
obljgated to) remove the engine for dimensional or metallygrgical
inspections Further usage of affected parts is dependant on the degree
of ]imit.exceedance, duration of event and inspection fdeings. Parts

may | be)'returned to service at a decreased life rating or|scrapped
depending on the manufacturer s recommendation.

To benefit from using reduced power take-offs, it is necessary to keep
detailed records of the power used for each flight. This can be an enormous
task for any records system, but lends itself readily to analysis using an
engine monitoring system. This approach requires the agreement of the
engine manufacturer,

Life Usage Measurement: With present technology, it is feasible to measure

engine life usage with engine monitoring systems in a sufficiently reliable
and accurate manner. This section shall discuss the requirements for
computing engine 1ife usage during flight in real time or post-flight in a
ground station using recorded flight data.
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Low Cycle Fatigue:

It is recognized that any discussion of LCF 1ife usage

monitoring would be incomplete without at least a mention of the stresses

caused by thermal gradients and differential expansions as wel
stresses due to centrifugal Toads.

1 as

Currently, work in the area of

thermally induced LCF represents a major part of routine stress and life

analysis of rotating parts. However, for simplicity, this doc
concentrates on mechanical LCF.

ument

If it is assumed that the most damaging stress levels in an engine part

are primarily due to mechanical effects (that is, centrifugal

forces due

to rotor speed), then the main 1ife usage parameter for that part is

ag N NO d_Dhe 2 0 an_di Al

mechanicg induc S 5
effects jare negligible in comparison to centrifugal stresses:

shows a [schematic of the process used to determine the 1life‘us
engine part that is subjected to mechanically induced LCF.~ TH
requires| the use of an appropriate mathematical function that
speed cycle to fatigue and a cycle counting technique-that sel
major and minor speed cycles. The equivalent reference count
calculated.

A reference cycle is usually defined as an excursion from zerg
RPM and pack to zero as depicted in Fig. 25 ~The reference lirn
defines [the relationship between equivalént usage in reference
peak rotpr speed for a given zero-max-zero rotor speed excursi
lines deffine the usage count in equivalent reference cycles fq
minimum yotor speeds. The usage count for any one cycle can,
computed,

In the very simple rpm/stress,profile shown in Fig. 3a, it is
extract [the major and minor.cycles (Fig. 3b) in terms of equiV
reference cycles (Fig. 3c).

here thermal
Fig. 1

age of an

is procedure
relates a
ects the

is then

to maximum
e in Fig. 2
cycles and
on. Other

r non-zero
thus, be

necessary to
alent

There arp several methods for extracting the cycles from a LCH stress
profile,| but the most widely accepted and successful method ig the
Rainflow| Methods“Success of the Rainflow Method evolves from[its ability
to count| all cyeles, identifying the minimum and maximum stregses and
strains for.®ach cycle. The variation of mean stress as well |as the
variatiohCof the stress/strain range must also be identified. | This is
convenie Feved—wie rctes—are—defined—according—to—the Rainflow

Method, where the mean of each cycle is simply the average of
and Towest peaks of each cycie.

To understand the principle of the Rainflow Method, the time-h

the highest

istory

stress or strain profile is turned through 90 deg so that the time axis is
vertically downwards (see Fig. 4). The profile is now imagined to be a
series of pagoda roofs, falling to the ground, except that if the peak
where rainflow begins is a maximum then it must stop if it falls opposite
a max peak that is more positive than that from where it began.

Similarly, if the rainflow begins at a peak that is a minimum it must then
stop when it falls opposite a minimum peak that is more negative. The
rainflow must also stop if it meets the rain from a roof above.
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FIGURE 4 - Rainflow Method
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(Continued):

For mechanically induced LCF, rotor speed is all that is required. It
should be noted however, that cycle counting methods more sophisticated
than the Rainflow Method are needed to deal with thermally induced LCF
because of the possibility of negative stresses. Although suitable for
mechanically induced LCF, evidence indicates that more sophisticated cycle
counting methods need to be developed to operate in conjunction with
thermally induced LCF because of the likelihood of negative stresses as
well as positive stresses.

Therpat—Fatiguer—Thermat—fatigue—is—characterized—by rapjd changes in
streps/strain due to mechanical and thermal loading onirejatively thin
matepial sections. In this situation, during steady,'state and rapid engine
throftle transients, large temperature gradients occur du¢ to non-uniform
therfnal storage capacity (wall thickness) and non-uniform|heat flux on the
surfpce.

Accurate 1ife prediction, therefore, requires’ accurate knpwledge of the
metall temperatures during both steady-state and transient|operations.
These data are acquired by extensive measurement of tempepatures during
engihe testing and by heat transfer prédictive models. A]lso required are
extensive laboratory material LCF specimen tests conducted over the range
of transient induced temperatures;and strains that occur jin the component
durijng engine operation.

Life prediction and usage measurement, in each case, is cpndensed to a
Mingr's Rule summation forthe several types of recurring|and damaging
cyclles. A unique damage factor is assigned to each cycle|that is estab-
lished by specimen tests. Therefore, the usage measurement process for

compgonents limited by thermal fatigue is similar to that for conventional
LCF.

Cregp: Establishing the creep life Timits provides the 100% life-1imit
refdrence fo)be used in the monitoring system for a turbipe component.

The |percentage of 1ife usage then is a function of the stress, temperature
and [the-léngth of time at the various stress levels. Anallysis and
devqlopment test experience provide the correlations necessary to determine
the stress and strain levels based on temperature and rotational speed.

The precise method utilized in combining partial percentages, that is, the
percent of life used during different operating segments of each flight,
can vary depending on the basic method of combining increments.

The methods used will depend on the type of engine operation being
considered and will be in terms of stress levels resulting from engine
speed and time at operating temperature. Approaches used for military
missions will focus primarily on creep as a function of cyclic fatigue
stress factors related to speed. On the other hand, commercial type

operation will require approaches focused more towards strain that relates
to accunulated time at temperature.
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5.5.3 (Continued):

A typical function of implementing percentage 1life usage for a turbine
component is presented in Fig. 5. A figure such as this would be utilized
for the most critical component in any turbine section (low pressure
turbine, high pressure turbine, etc.). Creep 1ife increases with
decreasing turbine temperature as depicted in Fig. 5.

5.5.4 Limit Exceedance/Incident Recording: Although not directly connected,
Timit exceedance recording constitutes an important aspect of 1life usage
monitoring of engine components. Most life usage algorithms are designed
to operate under normal engine operating conditions. Tt js crucial to
monitor the behavior of the engine for limit exceedances that |can
seriouslly affect the service 1ife of a component and sometimeq result in
extensive damage to critical areas of the engine.

Typical pxceedances include:

a. Rotop overspeeds.

b. Turbline overtemperature.
c. Surgg/stall,

d. Hot ptarts.

e. Vibration.

Limit Exgeedance/Incident Recording ii's’ usually performed by configuring
the software in the EMS to recognize specific conditions and trigger the
recording of data surrounding the‘exceedance for subsequent dilagnosis.

5.6 Parameter Requirements: The parameter measurements required for] 1ife usage
monitoring[are determined by the engine manufacturers at the time algorithms
are definefl. The stressestuthat actually consume life cannot be monitored
directly; therefore, relational measurable parameters are used to derive
them. The|[more common directly measurable parameters for engine| 1ife usage
monitoring|are:

a. Rotor gpeedss

b. Exhaust gas.temperature.
c. Torques:
d. Pressureattitude:
e. Indicated air speed.
f. Time.

Sampling rates must be such that for each input parameter the frequencies
are high enough to enable unambiguous recovery of the time variation of that
parameter and to avoid aliasing errors, but not so high as to generate an

unnecessary excess of data.
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5.7 Read Across Factors: Each life-limited part should ideally be monitored
separately by the EMS. However, for cost and logistic reasons it may be
prudent in some applications to consider reducing the number of monitored
parts to only the most critical ones. A widely used method is to monitor
only one or two parts on each rotating shaft and to derive the 1ife usage on
the unmonitored parts by applying relational 'read-across' factors. This
derivation technique has proved very successful for measuring LCF Tife usage
but is only practical where the Tife usage relationship between parts is
Jinear. This is usually more feasible where thermal stresses are absent or
negligible.

Read-across equations are derived by analyzing flight recorded mission

profile data. The updating of 1ife usage records that utilize)tead across
factors becomes more practical with the use of automatic greund processing
management| systems than with on-board systems.

5.8 Data Integrity: Integrity of EMS is related to the ability of the equipment
to recognilze and highlight poor input data and to emsure that any lifeing
ions are reliably performed. Thus, data qUatity is a mgjor

ion. Key design considerations for integrity
ore be identified as:

hardware validation,
data validation.

may there

a. Syste
b. Input

c. System software validation.
There are p number of basic checks that can be used to verify signal
integrity py identifying and rejecting erroneous input data. THese include

but are not limited to the following:

a. Out-offFrange.
b. Rate-o
c. Paramefter interrelationships.
d. Transducer drift.

It is necegsary to ftag maintenance personnel when the EMS receilves
erroneous flata from“its sensors during the previous flight. Rellevant
informatiop can<usually be displayed as a function of the EMS byilt-in-test
(BIT) facility% The EMS requires extensive BIT capability to ensure that
pimplitational routines are operating within defined linfits. In the
event of arEMS—Faitures—the—affectedodule—or—eard—shontdbe—identified
and the effect of failure on recorded data should be considered.

6. METHOD VALIDATION:

Prior to the introduction of a 1ife usage monitoring system to operational
service, it is necessary to validate the technique that is to be employed.
This validation process involves two distinct tasks.

a. Validation of the life usage monitoring algorithm.
b. Validation of the 1ife usage monitoring system.

Method validation ensures the qualification of the life usage monitoring
function of the EMS. This can be achieved by correlating the calculated
component 1ife usage with actual physical condition and then by verifying the
EMS software implementation of the algorithm,
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Algorithm Validation: Full qualification of a 1ife usage algorithm will
usually require a significant amount of service experience in order to
develop a large enough database of correlative evidence. However, initial
information in support of this objective for military engines can be
usefully acquired through the use of a simulated mission endurance test
(SMET). Similarly, commercial engines are subjected to certification and
endurance tests. These too can be used to acquire information on 1ife usage.

Defining a SMET duty cycle begins with an intensive survey of flight records
together with pilot interviews at Training and Operational Squadrons. These
surveys result in the definition of the required number of mission profiles
for th i i i i it is for

t]
military or commercial use and a new or existing aircraft.

Existipg aircraft are sometimes used to produce particular mission
profilps. Analysis of these data provides information on the frequency of
changes between different levels for each parametéer, an initial and final
throttfle position matrix, and computed times at.various throttle position,
altitude and airspeed conditions.

Resultls often show dramatic differences from the older engihe specification
endurapnce qualification test cycles. FEor illustration there may be less
time at high power, very much more time at idle and significantly more
cyclic| variation per flight hour than demanded by some older test

System Validation: A life usage algorithm shall generally be developed on a
mainframe or mini-computer-iw the engine manufacturers' Stress Analysis
area, using simulated or test data. The translation of the|algorithm for
use in an engine monitoring system can lead to the possibiljity of slight
diffenences between the two software implementations. Thergfore, it is
importiant that the(EMS data processing emulate the original| software
implementation as\closely as possible to ensure that the differences are
kept wWithin acceptable tolerances. Differences of 5% have been accepted in
some past developments, but it should be possible to achievg a much better
correljation.

The priocedure for performing out the comparative testing ushally involves
the use of a number of selected data records, which collectively can
exercise all aspects of the algorithm. Simple acceptance of the final life
usage results, although useful, is a good indicator that the software
conforms to specification but is not entirely adequate. A more complete
correlation is achieved by comparing the values of the derived stresses and
other critical parameters after every execution of the calculation for the
complete set of recorded data.

PARTS LIFE USAGE DATA MANAGEMENT:

In order to readily determine the parts life usage and life remaining,
accurate quantitative data must be collected and processed in a logical and

. convenient manner. This section describes the acquisition, storage,

processing and display of data for parts life usage management.
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Decisions:

Management decisions based on parts 1ife usage or

Tife remaining are made at all levels of the engine maintenance support

structure.

upon the management decisions at specific support levels.

The user requirements for engine monitoring data are

maintenance levels are:

a. Engine
b. Depot a
c. Manufac
In

time, tempe
ground prog
parts life
remaining 1
addition, ¢
for the eng
manpower af

An engine ¢
if the flig
beyond 1oc4g
remaining 1
historical
cannot be 1
repair. Al
for plannin

The engine
data so tha
operation 3
maintainabi
Acquired cy
shall also
considered
The record-
to determin
locations.

shop.
nd overhaul facilities.
turer,

essing stations.,
records. As a result of this update, the useable/par
ife for each part are available to engine shop-person
alculated engine removal forecasts by calendaridate a
ine shop chief. These reports assist him in)scheduli
d resources necessary for the forecasted-maintenance.

r module is transported to the depot.level or overhau
ht 1ine or engine shop cannot isolate the fault, the
1 capability, or if technical ordeps specify the retu
ife.

data, removal reason and engine/module records. Item

dependent

Typical

the engine shop, life usage related decisions are usually supported by
] ed to the
Actual usage data are used to update
ts and
nel.

re prepared

the master
In

ng the
facility

repair is
rn based on

At this level, maintenancé. decisions are made based on

5 that

epaired at the shop or depot-are sent to the manufactiyrer for

so, depot Tevel management)requires fleet average cal
g purposes.

manufacturer also has an interest in engine historica
t he may develop«improved maintenance support for in-{
nd provide expertise in the identification of reliabi’

culations

and usage
bervice

ity and
rovements.

lity problems that can be solved by engine design impy
cle/time data that has been input to the ground syste

data base

enable the-1ife usage analysis of a part not originally
to be Jife-Timited, or for re-assessing life usage of|a part.

keeping staff analyzes engine removal data and failur

statistics

e_spares stocking requirements and distribution to opg¢rating

Data Acquisition:

The previous sections of this AIR have shown the

necessity for accumulating data on gas turbine engine service history and

mission profiles.

monitoring

systems for data acquisition.

This requirement has led to the development of on-board
Some of these systems provide

complete mission usage data for small groups of aircraft, while others
provide real-time calculations of 1ife usage for large fleet applications.

These on-board data acquisition and processing systems collect a significant

amount of data.

To track the utilization of life-limited parts from engine

to engine, these data must be down loaded into a ground-based facility for
further processing, decision making and archiving.

Distributed under license from the IHS Archive



https://saenorm.com/api/?name=1f42c5e5cb0465fda9c4b5593b9c2a37

SAE AIR*1872 88 WM 8357340 000L?773 3 M

- 23 -

7.2 (Continued):

In order to maximize the benefit of these data, the time period between data
down-loading and further application must be kept as short as possible.

This is also necessary for the maintenance of accurate and up-to-date engine
records.

Data Base Management System: Design of record-keeping system software for

information feedback requires that the implementation of data management and
bookkeeping techniques must be carefully planned, executed and integrated

w1th the ma1ntenance process. Access to 11fe usage data a]ong with
Ca 3 Tter ; averages

a. Monitoring of fleetwide 1ife usage.

b. Determination of engine overhaul.

c. Support of On Condition Maintenance (OCM)Cincluding resolrce scheduling,
opportunistic maintenance and removal predictions.

d. Spare parts provisioning and logistiés support.

e. Correlation of maintenance history with mission profiles|, and 1ife usage
opdrating environments.

In addiltion, all system software must be sufficiently flexiblle to handle
inputs [from a wide range ofmonitoring systems. It is desirpble that the
procesqing, data base architecture and data management logic| be general.
Acceptdble software design should avoid customization to spepific
applicgqtion equipment whenever possible, However, the logic| should be
designdd primarily to manage engine, modules and engine parts. The data
structyre should.be -designed for rapid, efficient data through-put and
real-time retrieval of reports containing information frequeptly requested
for digplay.

Databage maintenance must also be performed to ensure data accuracy and
databadeintegrity. Nightly backups of the database are recommended, and
data that falls out of the storage window should be stored on archive
tapes. These procedures ensure database integrity.

The system must be flexible enough to allow changes to 1ife-1imits and
parameters without software program modifications to support introductions
of new/improved component designs. Configuration management requirements
must be considered for the software and the hardware.
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Data Retrieval and Analysis: To successfully implement a parts 11fe usage

and engine performance management system, the data retrieval procedures must
be quick, timely and easy to operate. User friendliness is achieved by
systematically structuring the on-line query command language. A flexible
command structure with automatic report generation supports users of all

levels of sophistication.

It is imperative that data integrity be maintained. Gaps in the data must
be identified and resolved. It is imperative that manual transcription be
kept to a minimum. Ideally, engine plate data should be maintained

automatically and the system should provide sgfingent rejection criteria to

. | L L ]
avoid a protrferationof—erroneousdatarecordings

Hardware Qharacteristics: The hardware configuration must, be designed and
developed jas a cost-effective system for providing managers with information
in a suitable format at the appropriate time to assistciw their
decision-making process. Items of concern in selecting an operating system
include multi-user capability, real-time gperational<{tasks, and|interactive
graphics. | Standardization of software, hardware<and interfaces |achieves
Tow-cost implementation, replication and systemmaintenance.

A computer| processor, which shall support a-darge number of user partitions
for engine| management, is recommended. The hardware configuration should be
tailored data base access, transfer and display requirementsd The

terminal ejquipment may provide graphics and must be appropriately interfaced
with the computer processor and withhdata acquisition units.

Informatioh Interfaces: On-lineldisplays for engine management |[can be

graphic, tpbular or both. Plots, histograms and statistical digplays are
generated py graphics software. The raw, calculated and forecadt data
should be presented in tabular form when accurate information, not available
with graphlic pictorials, is preferred. Data should be availablg in multiple
output forpats tailored for the specific application.

The data mpnagement system must have support software to handle [the display
terminal, pardcopy printer and other hardware interfaces. Termilnals must be
designed fpr data entry and preparation, information display in [tabular and
graphic fopmats, data communication between acquisition units and

centralized storage locations and time-sharing operation. Use of engine
monitoring data acquisition systems is critical to the engine management

system success. Terminals can be made available for the engine shop, depot,
manufacturer and command organizations. At these sites they should be

installed in convenient locations.
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8. BENEFITS:

The application of engine 1ife usage monitoring and parts management systems
can make significant contributions to reducing 1ife cycle costs, enhancing
logistics planning for the powerplant, while maintaining or improving flight
safety. Current 1ife predictions are sometimes applied conservatively. Data
accrued from an airborne 1ife usage measurement system shall provide
information on critical components (LCF and hot end factors), enabling more
efficient use of 1ife remaining in modules and engines. Not only shall this
improve hardware management decisions on cost grounds, but could improve
safety of flight by preventing failures of critical components. The
comprehensi i i significant

i nto component improvement programs, assist in analysis of mission
profiles, and provide important data feedback to the engine manufacturer. Of
equal importance, 1ife usage monitoring systems can provide the basis for
warranty decisions of engines in the future. Improved enging management
decisiops are achieved by using the processed data with part$ tracking
systems|to ensure more efficient deployment and scheduling of engines and
parts.

An accurate and well-maintained parts 1ife tvacking system can have very
positive influences on the overall maintenance concept for the engine. Some
example$ are as follows:

a. Proyisioning

With an accurate assessment“of future missions to be flown, and a
knomledge of Tife consumed;on prior missions, an accuraté prediction can

be made relative to future spare parts requirements, allgwing inventory
to be minimized.

b. Oppertunistic Maintenance

Impproved knowtedge of component 1ife remaining allows for discretionary

replacement-of parts when the engine is in the maintenange shop for other
reagons.

c. Deploynient

In deployment situations, the number of aircraft required and their
anticipated missions are usually known. With a parts life tracking
system, an evaluation of remaining life can be made on all candidate
aircraft, and aircraft with the best chance of completing the deployed
mission without major maintenance can be selected for deployment. This
minimizes spares that would have to be part of the deployment and

provides additional assurance that all deployed aircraft shall be
operational.

d. Efficient Personnel Utilization

Depending on the sophistication and automation of the parts 1ife.tracking
system, accurate and timely data can be provided to the maintenance
facility without the labor-intensive effort associated with manually

supported systems. This can release maintenance personnel to spend time
on other tasks or could result in accomplishing the job with fewer people.
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(Continued):

EMS data can play an important part in engine development, product
improvement and engineering support programs. Usage data accumulated from a
fleet of engines can provide valuable information inputs into current engine
product improvement programs and into design decisions being made for the
next generation of engine design. This design feedback can be provided in
terms of mission analysis data, actual usage data for specific engine
component types and changes in operational usage rates. This design feedback
can impact engineering management decisions on the development and
implementation of specific proposed engineering changes. More efficient use
of Timited pro i i i et-generated
EMS Tife uspge data. The design of new engines and engine comporents can be
better effected through operational usage data provided fromcthe |current
generation pf EMS equipped engines.

Life Usagel Tracking for Warranty: The U.S. Joint Logistic Commgnd Ad Hoc
Group on sftandard military engine warranties suggests in the draft of their
developmenit guide that logistics support is a facter necessary to establish
meaningful| warranty objectives. This support, in<the form of maintenance
concepts apd data acquisition capability, hascaysignificant impgct on
establishipg warranty requirements. An engine designed for modular
maintenance requires special tracking and -@dministrative procedyres for
individual{modules. Life usage tracking:capability can dictate [the scope of
coverage. | The user must be able to validate and document warranty claims
while maintaining mission effectiveness.

One approagch to warranty is to cover the individual components (parts 1life
warranty).| This requires a system to track and document the components'
history. JThe extent of coverage shall depend on the approach used to
warranty the engine. Itsleffectiveness shall depend on how substantial the
tracking capabilities are-in the system and the interpretation of data
generated by the system.

The role of an EMS8™in a warranty program is to provide the partg life
tracking capabilkity by accounting for the number of accumulated cycles and
by providihg other component data. The optimum situation would pe for
certain items)'to be tracked within the data system that is progriammed to
permit use i ] i and to
automatically delete the warranty symbol when the warranty period expires.
Should warranty action be required, the part number, serial number, and
operating time of the failed component would be made available as it is in a
maintenance action.

For example, the US DoD uses Total Accumulated Cycles (TAC) to implement
warranty tracking on most new engine programs. The TAC cycle was originally
defined as a means to provide warranty tracking for complete engines.
However, the use of specific 1ife usage algorithms such as LCF, thermal
fatigue and creep are actually a more sensitive means to track component
parts usage. TAC is based on the following relationship:

TAC = LCFC + (FTC/4) + (PTC/40)
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(Continued):

where:

In ordg
system
adequa
a cand
not ne
for a

method
flight

For ex
engine
operat
EMS fa
substi

LCFC - Low cycle fatigue cycles:
Intermediate and above and back to Off as measured by the EMS.

FTC -~ Full throttle cycle:
Idie to Intermediate and above and back to idle as measured by
the EMS.

Cruise to Intermediéte and above and back_to/|Cruise as
measured by the EMS.

br for an EMS to have a significant impact on €ngine warranty, the
should operate at all times. Data on engine‘usage afe required for
Le engine life cycle management, therefore/EMS should|be considered as
date for any minimum equipment 1ist required for flight. This does
fessarily imply required system redundancy but instead a requirement
Firmly established procedure to substitute other satigfactory data or
5 to record 1ife usage during any EMS inoperative perjod, for example,
hours.

ample, one Navy warranty notes that the government shall service each
in accordance with the prescribed maintenance manual$ and maintain
ional and maintenance records, including EMS data. Im the event of
jlure, other satisfactory proof of engine life usage may be

futed.
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APPENDIX 1

Engine Structural Integrity Program (ENSIP)

ENSIP is an organized approach to the structural design, analysis, test
deve]opment, production and 1ife management of gas turbine engines with the goal
of insuring safety and eliminating the occurrence of structural durability
problems during production, acceptance testing, service operations, and reducing
life cycle costs., ENSIP contains all of the structural requirements necessary to
develop an engine and manage it throughout its useful life, with an emphasis on
durability and in critical
parts, those pgrts whose failure could resu]t in Toss of an aircraft] be designed
to crack growth criteria and that the initial flaw sizes required to|insure safe
operation for twice the required inspection interval be not less thap the NDE
minimum flaw size capability. Presently, engines are being.designed|for
inspection intgrvals that are half the 1ife of the engine, (the eventgal goal
being equal to [the 1ife of the engine.

esign and development, past engine usage data are combpined with
ions of how the system shall be used-to determine a séries of

s. These profiles are then examined and used in analysis

sign engine components with specific lives and inspeg¢tion

verify that these Tives and inmspection intervals are met,

nent and systems testing is.done. All testing is setyp such that
ulates actual expected usage as defined by the mission profiles.
Following these tests, Accelerated Mission Testing (AMT) is performed on engines
to ensure overdll engine durability. -These AMT tests are derived from the
mission profiles by removing all of-the nondamaging portions of the missions,
such as extended steady-state cruise time. This results in an accelgration rate
from 2 - 10 for{ a trainer mission to a bomber mission, respectively.| Because
test time is shprtened by a(significant amount, the engines can be tdsted in a
test cell for the full design life time, to the design mission, befone the engine
ever gets into productions

During engine
future expecta
mission profil
procedures to
intervals. To
extensive comp
the testing si

This type of testing may provide for a safer system by revealing potgntial
problems during| development testing rather than during actual usage years later.
The potential fpr-cost savings over the 1ife of the system is tremendous since
problems can be solved during Full Scale Development (FSD) instead of after
production has started, or possibly ended, and retrofitting existing engines is
necessary. Critical assets are saved and safety is improved since fewer aircraft
are Tost to unexpected problems.

After Operational Capability Release (OCR), actual usage data are collected and
used to recalculate the-system life. If a residual 1ife is significantly
different than what was planned, then inspection intervals are changed to insure
safe and cost-effective usage.

During the 1ife of the system, support cost is further reduced if Retirement for
Cause (RFC) is used to determine if a part has been used for its full life (time
to crack initiation-LCF). RFC requires that the critical parts be inspected to
the minimum flaw size capability of the NDE equipment that must be smaller than
the minimum design flaw size. A1l parts found to be free of cracks are returned
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INTRODUCTION TO ENSIP
THE ENSIP TASKS

o PERFAM,
DETEROA.

STRUC. MPACT
ASSESSMENT

o CMTCL. PART
UPDATE

TASK | TASK & TASK A TASK (¥ TASK ¥
)
DESIGN DESIGN ANAL. COMPOMENT GROUND & 0. QUAL.
MFORMATION COMPNT. & & CORE FLIGHT CONTROL &
MAT, CHARAC. ENG. TESTING ENG. TESTS ENG. LIFE MGT,
o ENSHP MASTER DESIGN DUTY STRENGTH o ENVAL. VERIF,
AN CYCLE TESTING TESTIMG
o DESICN SERV. MATLS AND DAMAGE o (AMT)-JEST SPEC.
L¥E & USAGE PROCESSES TOLERANCGE OERIV.
GUIREMENTS DESIEN DATA TESTS
CHARACTERIZED o DURABILITY
o DESIGN CMTERIA DURABRITY TESTS (AMT)
STRUCTURAL/ TESTS
THERMAL o DAMAGE TOL.
ANALYSIS THEAMAL TESTS
SURVEY
MFG. AND ® FLIGHT TEST
QUALITY VIARATORY STRAN SURVEY
CONTROL STRAN &
FLUTTER o UPDATED DURA.
BOUNDARY & DAM, TOL.
SURVEY CONTROL PLAN

FIGURE 6 - Engine Structural Integrity Program

Distributed under license from the IHS Archive



https://saenorm.com/api/?name=1f42c5e5cb0465fda9c4b5593b9c2a37

SAE AIR¥1872 66 WM 8357340 000L780 O WA

- 30 -

to service for another inspection interval. Those parts that contain cracks are
either retired or, if the cracks are small enough, authorized repairs may be
accomplished and the part returned to service. A1l of these parts would have
been retired at the -3 sigma 1ife if LCF was used for parts life management. By
using RFC, these parts can be used as much as 10 times longer (see Fig. 7). The
risk associated with RFC is much higher and is only being implemented on a very
limited basis.

From the above it should be clear that ENSIP not only plays a role in the design
and development of the engine but is meant to be used throughout the life of the
system to obtain a safer, more cost-effective and more reliable engine. This is
accomplished by using parts to their full lives and by testing in FSD to detect
problems early [in the program as well as considering failure modes nit

addressable by |earlier methodologies. Engine usage monitoring is also necessary
to indicate deiations that could extend inspection intervals or ‘point to

potential safetly problems. Additional information is available in greater detail
in MIL-STD-1783.

Distributed under license from the IHS Archive



https://saenorm.com/api/?name=1f42c5e5cb0465fda9c4b5593b9c2a37

SAE_AIR¥1872 88 WM 8357340 0006781 2 mw

- 3] -

ENSIP STRUCTURAL DESIGN PHILOSOPHY
(FRACTURE CRITICAL PARTS)

CRACK INITIATION CRACK PROPAGATION
LIFE LIFE
DYSFUNCTION

LIFE 1) AL ARIPR AP I I XA 7 P 7S
#OoF LIMIT D S.L. | i
PARTS 2 ™ i
{ |
|
LCF ol | |
DISTRIBUTION : :

| 10 X -] SAFETY SAFETY

TIME- INSPECTION  LIMIT

-TIME-

RETIREMENT FOR
CAUSE OPTION

/,:/

LCF
DISTRIBUTION

I3
.

-TIME-

FIGURE 7 - ENSIP Design Philosophy
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APPENDIX II
Life Usage and Parts Management Systems

toring Systems

For many years the military community has employed a variety of approaches to the

measurement of

usage of life-limited components. Systems range from

simple

time/temperature recorders to comprehensive condition monitoring systems,
utilizing dedicated on-board computers that calculate fatigue damage in realtime,
allowing maximization of available 1life, and progressing toward the adoption of

on-condition m

iy
After a decade
technology, thm
aircraft, and

sections descr
development.

F100 Events Hi

b

intenancepracticess

or so of limited applications, and the proving of’tec
military is beginning to specify monitoring systems
as also embarked on extensive retrofit programs. The
be some of the (current) systems and othersCthat are

tory Recorders

The F10U Events
monitor certai

of these param

The EHR records
control.

Engine history
event counts, &
section time af
flag indication
start. Additic
flag indicatior
For an EEC, the
Engine Control
occurred in one

History Recorder (EHR) is an engihe-mounted device u
engine parameters and provide ground crews with a di
ters.,

N2, FTIT and a discrete signal, all from the electro

data provided include accumulated time at certain con
nd fault flag indications. Total engine time, two le
d LCF cycles are-provided with direct digital readout
s are providéd for two levels of overtemperature and
nal diagnastic information is provided by the EHR in
from a_signal supplied by the electronic engine cont
signal_indicates an N1 sensor failure. On Digital E

hniques and
for new

following
in

sed to
rect readout

nic engine

ditions,

bels of hot
5.  One-time
for a hot

the form of a
o1 (EEC).
ectronic

(DEEC) equipped engines, the flag indicates that a fa
of~the LRU components. This flag shows that mainten
ver, further troubleshooting is required to isolate t

f

lure has
nce is
e fault.

necessary; howe

A redesigned unit has been developed and incorporated to replace the original

versian. The p
Operationally,

diagnostic parameters are added.

other reports a

rimary reason for a new EHR is improved reliability.
it is unchanged.

n FTIT probe failure.

A11 of the above readouts remain and two
One is an internal EHR failure indication; the
The new EHR has electronic memory and

stores all the information presently on display, plus two additional levels of
hot section time, two additional types of LCF cycles and the accumulated total of

fault flag indicators.

The benefits of the EHR include engine parts 1ife management and fault

detection.
performed or en

gine overhaul is required.

It is the only means of determining when timed maintenance must be
The N1 sensor failure flag and DEEC

System fault indication provide visual displays for the controls diagnostic

capability.
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The following table provides a summary of the EHR parameters and the recording
criteria.

a0 PN~
L .

14.

EHR Table of Operation

Parameter

Engine Time

Hot Section Time Level I
Hot Section Time Level 11
Overtemperature “B"

FTIT
FTIT
FTIT
FTIT

Criteria

500°F

1692°F
1755°F
1780°F

10160

for 2 min or

Loan 2V o  Aas

Overtemperature "C"

Low Cyclle Fatigue

Hot Start

N1 Sensor/DEEC System Fault
EHR Fai[lure

Low Cyclle Fatigue Type 1
Hot Seqtion Time Level III
Hot Seqtion Time Level IV
FTIT Prlobe Failure

Low Cygle Fatigue Type IV

F101 and F110 Engine Life Usage

The F101-GEA
F110-GE-400
case of the
(CITS) Proce
Processor (HMSPJ%
signal condi
testing and

FTIT

FTIT

102 engines.for the B-1B, the F110-GE-100 for the F-1
for the F~14 all incorporate on-engine life usage rec
F101, i%t)is incorporated into the Central Integrated
ssor-and, in the case of the F110, into the Engine Mgnitoring System
Both units perform essentially the same functi
tioning, conversion of signals from analog to digital

1TUTvV 1

1834°F
1868°F
1834°F
1868°F

LA | AL A

for 6 s or
for 3 s

for 2 win-or
for 31 s‘r
1906°F for 6 s
1943°F for- .5 s

N2 increases from 10 25
1548°F-and N2 65 000 RP
Discrete signal from co
Internally generated
N2> increases from 6500
1655°F FTIT 1755°F
1715°F FTIT 1755°F

If N2 decreases from 10
and FTIT 900°F and 5 off
input resistance to gro
N2 increases from 11 5

T

E to 12 500 RPM
trol

to 11 800 RPM

250 to 7300 RPM

7 samples of FTIT

nd show 1000 ohms
0 to 12 500 RPM

6 and the
ording. In the
Test System

on, that is,

counting engine [ite usage Tunctions and indices.

bBo

. validity
th Air Force

systems, B-1B CITS and F-16 EMS, transfer this 1ife usage information to other
Air Force analysis programs for any further Engine Life Usage or Parts Life

Tracking computations.

The F-14 Navy system performs a simple computation of

TACs on the aircraft, and a parts 1ife tracking program is being designed for use
in the ground station at the equivalent of intermediate maintenance level.
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In a1l of the above applications, the following functions or indices are counted:

a. Engine Operating Time

b. Low Cycle Fatigue Cycles

¢. Full Thermal Cycles

d. Cruise-Intermediate-Cruise Cycles

e. Augmentor Operating Time

f. Augmentor Cycles

g. Five (5) times at temperature (based on HPT blade temperature)

Three of these functions are used either on the ground or airborne to calculate
TACs, primarily for engine warranty purposes.

1 Total Accumulated Cycle = 1 Low Cycle Fatigue Cycle
+ 1/4 Full Thermal Cycle
+ 1/40 Cruise-Intermediate-€ruise Cycle

A1l of the functions are subsequently used on the ground to Calculate|parts life
tracking parameters. They are:

a. Engine Opergting Time

b. Equivalent How Cycle Fatigue Cycles
c. Equivalent Time-At-Temperature

d. Augmentor Ogerating Time

e. Augmentor Cycles

The 1ife of each of the life-limited parts is dependent on one or morg¢ of the
tracking parameters. Unique constants {"K" Factors) are developed for each part
that is limited |by either equivalent ;Tow cycle fatigue cycles or equiyalent time
at temperature. | The Air Force tracks in excess of 80 critical parts,|and a
similar 1ist is [being developedsfor the Navy.

TF-30 Jet Enging Monitor

The JEM (Jet Endine Monitor used on A-7C aircraft with TF30-P-408 engjne)
monitors a numbgr of critical in-flight engine parameters and automatically

presents a readdut .of-engine health status to ground maintenance personnel,
The primary purjoses—of—the—&EM—sys%em—are—the—fe++ewiﬁg:

a. Engine Speed and Temperature Over-Limit

During engine starting and sustained operation, the duration that turbine
inlet temperature (TIT) exceeds preset levels is recorded. The preset levels
are those established by the engine manufacturer above which certain
maintenance action is required. The extent of maintenance is determined by
the severity (duration and magnitude) of overtemperature. A coded overtemp
maintenance requirement is displayed along with the overtemp data to indicate
the extent of maintenance required. Similarly, the duration of high
compressor rotor speed (N2) above preset levels is also recorded. In the
event of multiple excursions of TIT and N2 above a given preset level during
a single engine run, only the highest exceedance and its duration is retained

and recorded by the JEM.
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