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INTRODUCTION

The idea of engine monitoring is not new. For years, military aircraft have used cycle counters, and
pilots in military and commercial sectors have manually recorded cockpit parameters in order to enable
maintenance and engineering personnel to detect 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 enabled comprehensive, automated monitoring to become the
norm.

In recent years, increasing priority has been given to the development of life usage monitoring by both
commercial and nilitary operators. This action has been motivated not only by the continuing need to
prevent failures byt also to reduce life cycle costs through more effective utilizatioh|of [engine parts. In
military 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 operators. Monitoring includes on-board data callection, on-hoard processing,
ground-based progessing and data mangement.

Because of user interest and need, SAE Committee E-32 has developed this Guide tq Life Usage
Monitoring and P3rts Management for Aircraft Gas Turbine Engines.
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1.

1.1

1.2 General Cons

SCOPE:

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

Life usage algorithm development
Data acquisition and management

back

a. Safety

b. Life-limiting criteria
C.

d.

e. Parts life tracking
f. Design feed

g.

Cost effectiveness
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f this document is to review the current approaches to Engine Life |
nagement. The document also serves to provide a summary of the
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and B)'and a description of the means by which these requirement
ly thfgugh the use of engine monitoring systems.

rs the potential
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ring Systems is to
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5 can be achieved
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1.2.1

Life Usage: The failure of an engine part may be due to inherent causes such as the accumulation
of damage due to cyclic and steady-state stresses resulting from temperature, speed, differential
pressure, and vibration. In many cases, the effects of these stresses can be estimated and,
therefore, the amount of life used or life remaining in a part can be approximated with reasonable
confidence.

For these inherent failure causes, the approach generally used to determine the initial design life
estimate of an engine part is to:
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1.2.1

1.2.2

(Continued):

a. Submit the proposed design to heat transfer, stress, and life analyses
b. Subject sample parts to rig testing
c. Subject production standard engines to full-scale simulated service endurance tests

These steps are supplemented by further analyses in the laboratory and flight test investigations to
confirm or modify initial design estimates of failure resistance and operating environment,

respectively.

Life usage monitoring depends on two key aspects:

a. Life Predi
etc.)

b. Life Meas

Analytical tec
However, the
operation or f
are necessari
re-evaluated

but is not limi

The simplest
sophisticated
some flights 4
of airborne da
and micropro
time. Clearly
accuracy and
requirements
parameters W
individual frag
measurement

Parts Managd

Ction, whereby the Tinite lite 1S determined against a lite criteria (Creg

urement, by which the rate of life consumption is determined

actual life of parts in service depends upon the severity of cyclic or

y conservative to assure engine integrity. These initial assumptions
Ising data acquired primarily from lead-the-fleet sampling programs
ed to, subjecting service run parts to rig.tests.

method of measuring life usage is;t@record engine running time. A
approach is to record both running time and mission profile, which r
re more severe in terms of fatige than others. More complex meth
ta acquisition systems, which provide complete usage records for a
cessor-based Engine Manitoring Systems capable of calculating life
the chosen degree of sophistication depends on the required life m
this, in turn, will typically be determined by perceived cost savings 2

hich impact life\consumption and, using accurate life algorithms, det
ture criticalkcomponents. To gain a worthwhile benefit, the life predi
systems-adopted need to have a similar degree of accuracy.

p life, LCF life,

hniques are widely used to predict the service life of gas'turbine engine parts.

steady-state

oth. In the absence of quantitative life usage datay the initial life usage assumptions

are later
This includes,

slightly more
ecognizes that
ods include use
fleet of aircraft,
usage in real
easurement

ind safety

The optimum is to be able to measure, on an engine-by-engine basis, all

brmine usage for
ction and life

from service are

bment. During the life of a gas turbine engine, occasional removals

required to fa

H I 92y ool ] o ol pu | loaale o ol el o ]
ClHTLAalT SUTINTUUICTU almtu urisUlhcuuicu 1oy ali7uveltiaur.

In order to minimize engine down-time during repair, parts are often replaced with new or repaired
parts conforming to equivalent or improved design standards. Consequently, parts that are
removed for rework or inspection are sometimes re-allocated to other engines undergoing repair.
Thus, after several engine rebuilds, the constituent parts can be very different from the initial
complement supplied by the manufacturer. For modular engines, the ability to exchange complete

modules tend

s to compound this further.
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1.2.2 (Continued):

This degree of interchangeability demands the use of well organized asset management systems
to track the utilization of life-limited parts. These systems may range from simple card index
systems to computer-based information management systems capable of interfacing with airborne
engine monitoring systems via specialized data transfer equipment.

2. REFERENCES:
2.1 Applicable Documents:

The following publications form a part of this document to the extent specified herein. The latest

issue of SAE pubtications shattappty. T he applicabie issue of other pubtications shall be the issue in

effect on the date of the purchase order. In the event of conflict between the text’of this document
and referencesg cited herein, the text of this document takes precedence. Nothing|in this document,
however, supersedes applicable laws and regulations unless a specific exemption| has been
obtained.

2.1.1 SAE Publicdtions: Available from SAE, 400 Commonwealth Drive, Warrendale, |PA 15096-0001.

ARP1587 Aircraft Gas Turbine Engine Monitoring System Guide
AIR1873 Guide to Limited Engine Monitoring Systems for Aircraft Gas Turlpine Engines

2.1.2 U.S. Government Publications: Available from DODSSP, Subscription Services Desk, Building 4D,
700 Robbingd Avenue, Philadelphia, PA 19111-5094.

MIL-STD-17]83
2.1.3 Other Publigations:

RB.211 Propulsion Systems Manual, Chapters 70-01-10 (Maintenance) and 5-10-01 (Time Limits)
(Available frpom Rolls-Royce)

3. PARTS CLASSIFICATION'AND CONTROL REQUIREMENTS:

Engine parts that have finite lives are identified early in the engine design process. If these parts were
allowed to continue indefinitely in service, they would eventually fail at some point ir] time, possibly
causing significart-damage-te-the-engine-orairframe—Fhese-parts-are-aceerdinrghy-given service
life-limits that are not to be exceeded in order to assure safe operation.

A Failure Modes, Effects, and Criticality Analysis (FMECA) is used to determine the sensitivity of an
engine to parts failures. This FMECA is part of the Reliability Centered Maintenance (RCM) process.
If the failure of a life-limited part is likely to affect safety of flight, it is then classified as a "critical
life-limited part". Parts that rotate and are subject to significant Low Cycle Fatigue (LCF) are generally
classified as critical parts. Similarly, if the FMECA shows that the failure of a life-limited part does not
affect safety of flight but nevertheless is likely to seriously affect engine performance, reliability, or
operating costs or both, it is then classified as a "non-critical life-limited part".
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3.

(Continued):

Critical life-limited parts for a particular engine type would generally remain common for single and
multiengine aircraft applications. However, parts that are listed as noncritical for a multiengine aircraft
may be listed as critical for a single-engined aircraft.

Most engine parts, life-limited or otherwise, require inspection throughout their service lives to check
for signs of damage due to cracks, impact, corrosion, erosion, etc. Moreover, life-limited parts require
strict adherence to rigorous control procedures to ensure that no component continues in service
beyond its safe life-limit. For critical life-limited parts, regulations require that each part be traceable
throughout its service life history and that complete inspection records be maintained. Therefore, each
critical life-limited part is marked accordingly with a unique serial number for identification.

FAILURE CAUS

An engine part i
conditions. Ing
related to enging

a. Low cycle f.
b. High cycle f
c. Thermal fati
d. Creep

In addition to thq
of a component
encountered by

Foreign objg
Handling da
Corrosion
Erosion
Fretting
Rub, wear, f|
Material defq
Manufacturil

ES OF LIFE-LIMITED PARTS:

bneral, safe life-limits are imposed across the fleet if the failure mod
e usage. Inherent failure causes can include one or,afiy combinatio

igue
tigue
jue

bse inherent failure causes, other ¢atises can lead to the premature
These non-inherent causes are mostly related to external factors 1
all engines in the fleet. These causes include:

ct damage
mage by operators

riction
pcts
ng defects

5 life-limited if it is likely to fail through extended usage under'normal design operating

e is inherently
n of the following:

failure or rejection
ot normally

Maintenancs

b Mishandling

T Se@meaooTo

Acoustics/o

erating environment

In many cases, premature failures can be avoided by better component design, engine/component
health monitoring and detailed inspections. Within the scope of health monitoring, fault detection and

diagnosis is not

discussed further in this document (see AIR1873).
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4.1

4.2

Low Cycle Fatigue (LCF):

Low cycle fatigue is normally associated with significant stress excursions caused by repeated
cycling between different stress levels within the material's elastic limit, eventually leading to failure.
It is widely agreed that LCF failure occurs in less than 109 cycles, where a cycle is usually defined as
an excursion from min to max stress and back to min. Excursions within the min to max stress range
will typically occur more frequently during a component’s operating life and, while not as significant
as a complete cycle, these partial cycles nevertheless contribute to LCF and should, therefore, also

be measured.

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, and produce the net

stresses for a s|pecific engine operating condition. The majority of rotating parts;.in

and disks, are {

Non-rotating p3
stresses from |

For most rotating parts, the predominant load is centrifugal and, herefore, RPM de

Because centri
about the taked
engine idle. Cq
damaging than
usually exhibit

number of high

High Cycle Fat

Compared with
frequency (>10
superimposed

damage, thus f
HCF will not oc
that the stresse
ensuring that c
components. H

subject to LCF.

rts such as pressure vessels, mounts, and supporting structure alsg
bcurring loads due to pressures and maneuvers/inertia:

fugal load is proportional to RPM?, the stress change due to an RPN\
ff rating is substantially greater than that due'to an equal RPM chan
rrespondingly, throttle movements in higher RPM bands are substa
comparable throttle movements in lowerRPM bands. Consequently]
nigher LCF usage rates than commercially operated engines becaus
Lpower throttle movements required for military aircraft.

gue (HCF):

LCF, high cycle fatigue'is caused by lower stress amplitudes but at
0 cycles). Typical causes of HCF are vibration and flutter. An HCF {
bn an LCF stress@nd is accounted for by applying a percentage fac
Lirther reducing the overall life. At the design stage, efforts are mad
cur under normal operations, or at the very least, characterize it suff
s will notbe the life limiting failure mode of any component. Typical

particular shafts

experience LCF

pendent.

1 change at or
ge at or about
htially more

. military engines
se of the large

a much greater
tress is often

for to the LCF

b to ensure that
ciently to ensure
ly, this involves

bmponents do not resonate either alone or through interaction with

especially militg

ry,often operate in different roles and regimes than were originally

eighboring
(nowlédge of modal vibrations is obviously key in this task. Howeve’L, aircraft,

efined. Thus,

HCF can be unknowingly introduced into day-to-day operations. While HCF tends not to initiate
cracks, a flaw in a component (typically a blade) could quickly propagate to failure under the effects
of HCF. Understanding HCF failure modes requires a thorough knowledge of component stresses
(both steady-state and cyclic), temperatures, and material properties. Although HCF is well
recognized, it is not well understood, is difficult to model and measure, and its detection using on-
board engine monitoring systems is currently under development.
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4.3 Thermal Fatigue:

4.4

Thermal fatigue stresses are induced by thermal gradients and differential expansions. 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. Accelerations and decelerations are the prime contributors toward thermal fatigue
because, in these conditions, the rate of change of the gas temperature is rapid and generates high
thermal gradients, particularly in hot section parts.

Many engine parts directly experience high gas temperatures, either by total immersion in the gas
stream as in the case of turbine blades and vanes, or locally through partial immersion as in the case
of high pressure compressor and turbine disks. In either case, thermal gradients Will occur, which
cause thermally induced stresses. This is because the geometric configurations af many engine
parts cause different heating and cooling rates that, in turn, cause differential expansions within the
part. For this fFeason, thermal fatigue is sometimes seen as a subset of LCF but, ip this document, it
is kept separate for clarity.

Creep:

For aircraft that fly mission profiles with long cruise segments-and/or long periods [at high power
settings, creep can become a more life-limiting criterion than LCF. In commercial pirlines, creep is
generally not @ problem in cruise but would be more prévalent during the takeoff gnd climb
transients.

Under application of a sustained load at elevated temperatures, metals can show ja gradual but
permanent dimensional change. This is the result of slip occurring along crystal sfructures in the
crystal itself, tpgether 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 loadl bearing area of
the componernt can no longer withstand the peak operating stresses. If allowed tg continue
unchecked, thiis condition will result in failure.

It is generally pgreed that. when plastic strains are introduced, the operating life of{the component
depends on the plastic,strain and the high temperatures in which these strains arg experienced.
However, the maximum-operating temperature is the single most important variabje. Increasing the
maximum temperatdre for a given temperature range will significantly reduce the femaining life to
failure. For example, at elevated metal temperatures, the creep life of a part can e halved for a
metal temperatureincrease of onty t5-C—Time guratiom at maximurm temperature is another
variable that greatly impacts creep life. As with HCF, common design practice is to eliminate creep
as a life limiting factor during normal operation. Unlike HCF, however, creep is well understood,
more easily modeled and predicted and therefore more easily eradicated as a life-limiting feature.
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5. ENGINE LIFE PREDICTION AND USAGE MEASUREMENT:

5.1

Since the failure of certain engine parts is, at the very least, hazardous and potentially catastrophic,
the application of effective failure prevention methods is imperative. A traditional methodology is to
correlate engine life usage with time in normal operation to derive the time before next scheduled
removal. At overhaul, some engine parts may be removed for cause, while others may be removed
because of the statistical probability that failure will occur before next overhaul. These statistical
probabilities are necessarily weighted for safety reasons; and therefore, parts are often removed with
useful life remaining. Moreover, life drivers tend not to correlate closely with operating time. Thus, for
reasons of maintaining safety and improving economy, the development of life usage monitoring
systems incorporating accurate algorithms is necessary to determine the appropriate discard time for
critical and non-critical components, particularly for military applications where the flight profiles can

vary significantly.

Design Metho

As mentioned
for normal opq
temperatures
reason, many
conditions ang
avoided as it g

dology:

modern condition monitoring systems are designed to detect these

to verify the Igngevity of a life-limited part for a new engine design includes:

a. Definitiong of material properties and their distributions.

b. Stress ang

having vatious degrees of sophistication, including the estimation of pressure

environmg
test data t

c. Bench, rig
However,
of the num

d. Instrumen
conditions

D produce an initial life prediction.

the difficulty.'of simulating real engine conditions and the lack of stat
ber of testarticles places more reliance on analytical methods.

and stress levels.

earlier, common design practice is to eliminate HCF and ereep as life-limiting factors
brations. Abnormal operation, however, such as failure-induced flutter, over-
or over-speeds can cause HCF or creep to become the life limiting factor. For this

abnormal

| alert the maintenance personnel. The remaining life-limiting factor| LCF, cannot be
ccurs during normal operation. The approach normally used by engjne manufacturers

heat transfer analyses of the proposed design using computer modeling techniques

and temperature

nts and the stresses they/impose. These data are then used together with correlated

and spin pit tests to verify the stress analysis data and to confirm life estimates.

stical significance

led bench and flight development engine testing to verify the estimated environmental

The safe life of a critical life-limited component is the estimated life to first measurable crack. It can
also be expressed as a proportion of the life for a crack to propagate to a critical crack size. The data
provided by stress analysis are combined with empirical Stress/Cyclic (S/N) data, range-mean
relationships and cumulative damage laws to produce an estimate of life to first crack. Rig and
engine testing are helpful in validating fatigue life-limits and in determining whether life-limit
adjustments are necessary. This analysis continues after an engine is in production so that parts life
data are accrued ahead of service experience.
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5.1

5.2

(Continued):

This work has been put on a more quantitative basis through the use of the science of fracture
mechanics. The fact that all alloys contain impurities, flaws and defects to some extent forms the
basis for fracture mechanics. The theory of fracture mechanics is that these impurities can develop
into cracks that grow as a function of crack type and fluctuations in repetitive stress.

A crack in an engine part is stable up to a certain critical length, at that point it propagates to failure.
The critical length depends on the particular material, but is always inversely proportional to the
square of the stress. Thus, for an increase in stress, there is a corresponding decrease in critical

length.

A stress inten$ity Tactor IS used 1o relate the gross area or overall stress field 1o th

b physical

geometry of t?{’e crack. Using the stress intensity factor, the material properties)are generated which
give the amount of crack growth for each applied cycle. This growth can then‘be

a calculation 9
the stress inte
which point th

Fracture mecH
assembly and
sub-surface ds
of an engine p
readily detectd
The cycles ren
calculation an
Records must

Derivation of §

At initial produ
based on estin

f crack size at any time in the life of an engine part. The critical cong
b crack will become unstable and propagate through the part.

anics relies on Non-Destructive Examination (NDE) to find cracks b,
pfects is done before engine development. Applying fracture mecha
art, based on the part having a sub-surface defect just below the le
bd with accurate NDE techniques, then,enables the life of the part to
naining before the critical condition.is reached can then be calculatsg
be kept of cyclic usage in serviee.

bervice Life Usage:

ction, the widely used method of determining the service life of life-|
hates of engine(usage rates for mission type and mission mix. Anal

are used to set the inspection interval and the retirement fatigue life. Because it ig

possible to de
propagation p
parts is thus b

ect or measure cracks in most parts while installed in the engine, th
nase is_usdally not included in the estimate of fatigue life. The fatigd
psedion time to crack initiation and must therefore be reliably establ

avoid not only

summed to permit
ition occurs when

hsity factor reaches the fracture toughness value or the vibratory thieshold value, at

efore engine

during engine inspections. To verify defect size and distribution, quantification of

hics to the design
el that can be
be calculated.
d. Based on this

 verification by test, the re-inspection and/or retirement of a part cah be scheduled.

mited parts is

ytical predictions
not currently

e calculated crack
e life of critical

ished in order to

uneconomical premature retirement but also failure during engine gperation. This is

accomplished

lo ] 4 £ ol 48 s ol £ 4 £ | N L+ | -
Uy ©Varlatvuit ur tingrr ure pgarts ariu TCHiTrcITiciit U aridryuial tCUrinm

ues. These parts

are taken from bench development engines, accelerated service test engines, and production
engines and are sometimes tested to destruction. These test programs can be used as evidence in
support of life-limit recommendations that are reviewed periodically and, if appropriate, adjusted
accordingly. With analytical support, favorable test and service experience may lead to life
extensions. Conversely, if experience indicates that life-limits are too high, they may be reduced.


https://saenorm.com/api/?name=f846b740d484399e6344ca0fd65496ee

SAE

AIR1872B Page 13 of 56

5.2 (Continued):

5.3

54

Recommendations for life usage monitoring are based upon the need to accumulate data on service
history and associated mission profiles for specific engine parts. Such data banks enable the
assessment and correlation of life prediction with actual engine usage. This approach usually
involves the recording and analysis of engine usage data during service operation. This can resultin
the adjustment of service lives and inspection intervals. This procedure is already practiced for
military engines and provides a monitor on fleet trends should service usage change.

Recent advances in analytical techniques, coupled with the advent of lightweight on-board
computers, have created the conditions for a more accurate and individual treatment of engine life
usage prediction.

Mission Profil¢ Analysis:

Missions are gomposed of common basic modes including engine start-up, taxi, takeoff, climb,

cruise, landing, and shut-down. Other elements may need to be considered if the |engine is used for
VTOL or thrust reversing. Engine life usage must be determined for €ach flight mofle. The life usage
during each of these flight modes will depend on the type of aircraft and whether if is performing in a
military or compmercial role.

Mission profile analysis is typically performed by:

a. Recording|the relevant in-service engine and aircraft parameters to refine the |nitial theoretical
mission prpfile.

b. Reconstructing, analytically, the mission ingredients until they have a high statigtical probability of
fitting a lafjge percentage of actual mission profile data, including extreme points.

The collection|of data for different ¢lasses of aircraft can have additional benefits including the
establishment| of design goals foer\new engine types.

Life Optimizat|on:
Most 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 life of a particular engine part is declared when the predicted safe life has been
substantiated through detailed analysis, rig testing or service sampling programs or both. If
increases to life are established, the manufacturer amends his overhaul manual to reflect this.
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5.4 (Continued):

5.5

5.5.1

If engine operation is less severe than that on which the initial life-limits are based, then benefits, in
addition to the general 'life growth' program of the engine manufacturer, can be enjoyed. Both hourly
and cyclic life benefits can be realized for the components that reach their peak stress levels during
takeoff. By using an appropriate life factor, agreed to by the manufacturer for the specific engine
power level, extended use of critical life-limited parts can be achieved. Conversely, where an engine
is subjected to high stress 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 life adjustments for commercial airline operators of one particular

engine type a

re

a.
(i,e.,5to0 1
usage ang

When the
necessary
(Note that
airline ops¢

Converse
remove th

When takeoff power is limited to between 90 and 95% of normal takeoff rated g

0% de-rated), a rotating component life factor of 0.93 may be-applied
the hourly usage, thus providing a life dividend to the operator.

actual takeoff power used is greater than the normal,takeoff power rz
to record this flight as being equivalent to six cycles‘at normal takeo
each OEM will recommend their own penalty, fortheir particular eng
rators.)

ower
to both the cyclic

ting, itis
[f power rating.
ne type, to the

y, when rotor speed or temperature limits-are exceeded, operators are obligated to

e engine for dimensional or metallurgicalihspection. Further usage o

dependent on the degree of limit exceedance,duration of event and inspection

may be re
manufacty

turned to service at a decreased remaining life or scrapped dependin
rer's recommendation.

To benefit from using reduced power takeoffs, it is necessary to keep detailed reco

used for each
itself readily t
of the engine

Life Usage Md

With current,
systems. Hoy

flight. This can be an enormous data capture task for any recording §
D analysis using an-engine monitoring system. This approach require
manufacturer.

pasurement:

mature technology, it is feasible to measure engine life usage with en

f affected parts is
findings. Parts
g on the

rds of the power
system, but lends
s the agreement

gine monitoring
ns and

vever; it is necessarily over-conservative because many approximatic

assumptions ares-made. New and emerging technology, such as fast on-board computing
capabilities and artificial intelligence, enables a much more accurate measurement to be made. This
section discusses the requirements for computing engine life usage during flight in real-time or
post-flight in a ground station using recorded flight data.

Low Cycle Fatigue: Any discussion of LCF life usage monitoring would be incomplete without
mentioning the stresses caused by thermal gradients, differential expansions and centrifugal loads.
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 document concentrates on mechanical

I CF
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5.5.1

(Continued):

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 life usage
parameter for that part is mechanically induced LCF. This would be true for a fan disk where
thermal effects are negligible in comparison to centrifugal stresses. Figure 1 shows a schematic of
the process used to determine the life usage of an engine part that is subjected to mechanically
induced LCF. This procedure requires the use of an appropriate mathematical function that
converts a speed cycle to fatigue, and a cycle counting technique that recognizes the major and

minor speed

cycles. The equivalent reference count is then calculated.

A reference cycle is usually defined as an excursion from zero to maximum RPM and back to zero

as depicted

usage in ref
Other lines ¢
The usage f

In the very s
minor cycleg

There are sq
method is th
evolves from

n Figure 2. The reference line in Figure 2 defines the relationship b
erence cycles and peak rotor speed for a given zero-max-zero s6tor
efine the usage in equivalent reference cycles for non-zero minimu
br any one cycle can, thus, be computed.

mple rpm/stress profile shown in Figure 3A, it is necessary to extra

(Figure 3B) in terms of equivalent reference cycles{Figure 3C).

e most widely accepted and successful method. The success of the
its ability to count all cycles, and to identify the minimum and maxir

strains for egch cycle. The variation of mean stress as well as the variation of th

range must
calculates tH

hso be identified. This is conveniently achieved using the Rainflow
e mean of each cycle by averaging the highest and lowest peaks of

To understand the principle of the Rainflow method, the time-history stress or st

turned throu
imagined to
a peak that i
the originatin
minimum it n
The rainflow|

For mechan
cycle countil

gh 90° so that the time axis is vertically downwards (see Figure 4).
be a series of pagoda.roofs, falling to the ground. The rainflow must
S a local maximum;yand if it falls on another maximum peak that is n
g peak, as shown in case /1/. Similarly, if the rainflow begins at a p
hust then stop:when it falls on another minimum peak that is more ne
must alse.stop if it meets the rain from a roof above (case /3/).

cally“ihduced LCF, rotor speed alone is sufficient to determine the u

btween equivalent
speed excursion.
m rotor speeds.

ct the major and

veral methods for extracting the cycles from a\LCF stress profile, but the Rainflow

Rainflow method
num stresses and
e stress/strain
method, which
each cycle.

ain profile is

The profile is now
stop if it begins at
hore positive than
eak that is a local
bgative (case /2/).

sage. However,

ng-methods more sophisticated than the Rainflow method are neede

d to deal with

thermally inauced CCF because of the possibitity of megative stresses, atthougirRainflow still works

if the parameter used is calculated stress.
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FIGURE 1 - Mechanical LCF Algorithm
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FIGURE 2 - TypicakMap Structure
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RPM/Stress

Time

FIGURE 3A

Major

’ \ Minor
RPM/Stress /\

Time

FIGURE 3B

Major
Minor
Fquivalent /\
Reference
Cycles

WAV

Time

FIGURE 3C

FIGURE 3 - Major and Minor Cycles
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/3] = MINOR = 40 - 80 - 40

FIGURE 4 - Rainflow Method
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5.5.2 Thermal Fatigue: Thermal fatigue is characterized by rapid changes in stress/strain due to
mechanical and thermal loading on relatively thin material sections. This situation occurs during
rapid engine throttle transients where large temperature gradients exist due to non-uniform thermal

55.3

554

storage capacity (wall thickness) and non-uniform heat flux on the surface.

Accurate life prediction, therefore, requires accurate knowledge of the metal temperatures during
both steady-state and transient operations. These data can be acquired during engine testing and

from heat transfer predictions. Additionally, data from extensive laboratory LCF

specimen tests,

conducted over the engine operating ranges of transient induced temperatures and strains, is

required.

Life prediction measuren - 3 - v
for several types of recurring and damaging cycles. A unique damage factoris
cycle that is|established by specimen tests. Therefore, the usage measurement

thermal fatigue limited components is similar to that for LCF limited components|

Creep: Estgblishing creep life limits provides the 100% life-limit reference to be
monitoring system for a turbine component. The percentage oflife usage then i
stress, temperature, and the length of time at various stressAevels. Analysis an
tests provide the necessary correlations, based on temperature and rotational s
the stress and strain levels. The precise method utilized.in combining partial pe

5 Rule summation
hssigned to each
process for

used in the

5 a function of the
i development
eed, to determine
rcentages, 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 chosen|method will depend on the type of-enhgine operation being considere
be in terms ¢f the stress levels resulting from' engine speed and time at operatin
Approaches|used for military missions, wiftfocus primarily on creep as a function
stress factors related to speed. On the'other hand, commercial type operation v
approaches|focused more towards' strain that relates to accumulated time at ten

A typical furlction for estimating’percentage life usage for a turbine component i
Figure 5. A ffigure such as.this would be utilized for the most critical component
section (low|pressure tarbine, high pressure turbine, etc.). Creep life increases
turbine temperature.as’depicted in Figure 5.

ance/Incident Recording: Although not directly connected, limit exq

i. All methods will
g temperature.

of cyclic fatigue
vill require
\perature.

5 presented in
in any turbine
with decreasing

reedance
ponents. Most life

usage algorithms only cater for normal engine operating conditions. It is crucial

to monitor the

behavior of the engine for limit exceedances because they seriously impact the service life of a

component.
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CREEP LIFE FOR TURBINE - HOURS
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o
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FIGURE 5 - Percent Life Usage Implementation


https://saenorm.com/api/?name=f846b740d484399e6344ca0fd65496ee

SAE

AIR1872B

Page 22 of 56

5.5.4 (Continued):

5.6

5.7

Typical exceedances include:

a. Rotor overspeed

b. Turbine over-temperature
c. Surge/stall

d. Hot start

e. Vibration

Limit Exceedance/Incident Recording is usually performed by configuring the software in the EMS
to recognize specific conditions and to trigger recording of the data bracketing the exceedance for

subsequent
the remainin

Parameter Re

The paramete
manufacturery
be monitored
more commor

Rotor speg
Exhaust g
Torque

Pressure 3

Time
Power/Thr

@™o a0 oo

If ground-basd
recovery of thg
to generate to

Read-Across

Indicated air speed

diagnosis. This post exceedance analysis can result in engine remoy
g operational life of the affected components.

quirements:
r measurements required for life usage monitoring are ‘determined by
Hirectly; therefore, relational measurable parameters are used to der
bd (for all spools)

As temperature

ltitude

ottle Lever Angle (to determine Afterburner usage

bd algorithms are used, sampling rates must be high enough to enab
b time variation of each input parameter and to avoid aliasing errors, t
0 much datas

Factors:

directly-measurable parameters for engine life.usage monitoring areg:

al or reduction in

engine

at the time the algorithms are defined. The stresses‘that actually copsume life cannot

ve them. The

e unambiguous
ut not so high as

Each life-limit¢d_part should ideally be monitored separately by the EMS. However, for cost and
memmmmm fcat ' i mber 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 life usage on the unmonitored parts by applying
relational 'read-across' factors. This derivation technique has proved very successful for measuring
LCF life usage, but is only practical when the life usage relationship between parts is linear. This is
usually more feasible where thermal stresses are absent or negligible.

logistic reasons; 1

Read-across equations are derived by analyzing flight-recorded mission profile data. The updating
of life usage records that utilize read-across factors becomes more practical with the use of
automatic ground processing management systems than with on-board systems.
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5.8

5.9

5.9.1

Data Integrity:

Integrity of EMS is related to the ability of the equipment to recognize and highlight poor input data
and to ensure that life calculations are reliably performed. Thus, data quality is a major
consideration. Key design considerations for integrity may, therefore, be identified as:

a. System hardware validation

b. Input data

validation

c. System software validation

There are a number of basic checks that can be used to verify signal integrity by identifying and
rejecting erroneous input data. These include but are not limited to the following:

Out-of-ran
Rate-of-cH
Paramete
Transducs

coow

It is necessary
sensors durin

ge
ange
interrelationships
r drift

to flag maintenance personnel when the EMS reeeives erroneous
) the previous flight. Relevant information can dsually be displayed

built-in-test (BIT) facility. The EMS requires extensive BIT ¢apability to ensure tha

computationa
affected mody
considered. A
performed eitl
the componer

Other Factors

One can nevsg
completely ac|
reverse thrust
could engine

Additionally, t

routines are operating within defined limits.~In the event of an EMS
le or card should be identified and the effect of failure on recorded ¢
dditionally, manual input of the cycles\consumed but not recorded 9

ts have not consumed more life.than is recorded.
to Consider:

r be sure that the manitoring and analysis of engine operating data
curate representation of reality. For example, are the effects of autd
being taken intd account sufficiently; are any factors being overlook
manufacturetsiimprove the way in which they calculate the lives of t
e accuracy,of the measured parameter is important and has a signi

subsequent life usagé.calculations.

Autothrottle

data from its
by the EMS

t internal
failure, the
lata should be
hould be

per in accordance with a simplified.algorithm or a “worst-case” scenario to ensure that

s providing a
-throttle and
ed completely and
neir engines.
ficant effect on the

of 200 rpm,

A change of rpm is more damaglng at hlgher mean rpms. For exa

mple, an increase
or41to4.84. This

represents a stress change of 21% but the absolute value changes by 0.84 units. If the same rpm

chan
4200g

e is considered at 4000 rpm (i.e., from 4000 to 4200) then the stress change is 4000 to
which is 16 to 17.6. This is only a stress change of 10% but the absolute value changes by

1.6 units. Thus the change in the stress range is greater at the higher mean speed. Use of the
auto throttle system generally only results in minor changes in spool speeds during the cruise
phase and this phase is not considered to have a major effect on fracture critical component lives.
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5.9.2 Reverse Thrust: Obviously, use of reverse thrust has some detrimental effect on component lives.
However, most fracture critical component life is used during the takeoff (highest torques) and
climb phases of the flight when spool speeds are at their greatest. Some flight profile monitoring
systems extract spool speeds during takeoff, climb and reverse thrust and the ground-based
software determines the corresponding usage from this data. Analysis of data from many flights,
has shown that spool speeds (and, therefore, stress levels) encountered during reverse thrust are
highly predictable such that they can be incorporated into the life usage systems without separate

593

monitoring.

Areas for Further Improving Component Life Predictions: Unlike military flights which may consist
of many hundreds of different phases and great variation from one flight to another, commercial
flights follow a regular pattern (i.e., takeoff, climb, cruise, descent, approach, landing, reverse

thrust, taxi)
system (use

ivhich is largely repeatable in nature. The frequency weighted avers
d by Rolls-Royce) is a simple and cost-effective system in terms of't

relation to the degree of monitoring required to support it. On more recentengin

use a datum
lower levels
of these live

of engine use and correspondingly offer higher lives for.the fracture
5 require that operators carry out flight profile monitering to confirm

operating within the extended profiles which assume greater yse of de-rated tak

This flexible

approach is discussed in more detail in Appendix C. For commerci

multiple flight plan system offers the opportunity to use fracture critical compone

effectively a

nd efficiency without jeopardizing safety. However, it is predicated o

much more predictable than is possible in military engine operation. Indeed, the

so large in th
(on-board),
totality of faq

e military that R&D programs are currently on-going to calculate life
based on the already measured parameters of engine temperatures
tors affecting life usage would be incorporated directly into designe

algorithms and the transformation of running hours or number of takeoffs into “c
inevitable sgfety factors, and read-across factors) would no longer be needed. |

severity of th
percentage

calculations
amount of “g
component |

pf total life available 6n the various fracture critical components withi
would take accountyof outside conditions (e.g., Alaska versus Florid
e-rating” could 'be accurately computed and the dividend accurately
ives. Similarly, the severity of use throughout the mission would be

monitored, dalculated-and clocked up on the component “life meters”. While this

currently nof

worth<pursuing in the commercial market (because their usage ten

more predic{able)sit might be worth incorporating on commercial engine fleets on
is fully developed and mature. The pay-off would first need to be established but, in the military,

the cost benefits are clearly immense. VVithin such an on-board sysitem would be a means to input
and extract the lives of components being replaced and removed. This is especially important on
modular engines where some rotating components are exchanged without the need for substantial

tear down.

ge flight profile
he lives it offers in
es, operators can

flight profile (a typical worst case scenario) and “extended? flight plans which reflect

critical parts. Use

hat they are

eoffs and climbs.

Al operations, this

nts more

n usage being

variety of usage is

usage in real-time
speeds, etc. The

’s life usage

cles” (with the

ror example, the

e takeoff conditions that.each engine experienced would be calculated as a

n the engine. The

la) so that the
applied to the

constantly
development is

s to be much

ce the technology
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6. METHOD VALIDATION:

6.1

6.2

Prior to the introduction of a life usage monitoring system to operational service, it is necessary to
validate the technique that the system will use. This validation process involves two distinct tasks.

a. Validation of
b. Validation of

the life usage monitoring algorithm
the life usage monitoring system

Method validation qualifies the life usage monitoring capability of the EMS. This can be achieved by
correlating the calculated component life usage with actual physical condition and then by verifying the
EMS software implementation of the algorithm.

Algorithm Vali

Full qualificati
experience in
However, for 1
Accelerated S
certification ar

Defining an Af
interviews at 1
mission profilg
existing desig

Existing aircr.
provides infor
initial and fina

airspeed condjtions.

Results often
endurance qu
have changed
mission profilg
appropriate cg

Hation:

bn of a life usage algorithm will usually require a significant amount
order to develop a large enough database to establish accurate cor
hilitary engines, initial information in support of this objective can be
mulated Mission Endurance Tests (ASMET). Commercial engines
d endurance tests that provide similar life usage information.

BMET duty cycle begins with an intensive survey of flight records tog
‘raining and Operational Wings. These susveys help to determine t
s for the particular aircraft involved, depending on whether the aircr,
n and for military or commercial use.

t are sometimes used to produce particular mission profiles. Analys
ation on the frequency of changes between different levels for eac
throttle position matrix, ahd’computed times at various throttle posi

show marked differences when compared with the older engine spe
blification test cycles. For example, the time spent at high power or
, or there might be more cyclic variation per flight hour. Regular cor
s with the~originally defined duty cycles helps to monitor changes in
rrections.to cyclic safe lives can be made.

bf service
elations.
acquired through
are subjected to

jether with pilot
e number of
aft is new or an

is of these data
N parameter, an
lion, altitude, and

cification

dle settings might
hparison of actual
usage so that the

System Validg

tion:

A life usage algorithm is generally developed on a computer by the engine manufacturers' stress
analysts, using simulated or test data. The actual implementation of the algorithm in an engine
monitoring system can lead to software code differences. Therefore, it is important that the EMS
code emulates the original algorithm as closely as possible to ensure that the differences between
various implementations are kept within acceptable tolerances. In the past, differences of up to 5%
have been accepted, but it should now be possible to achieve a much better correlation.
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6.2 (Continued):

The procedure for performing comparative testing usually involves the use of data records which,
collectively, can exercise all aspects of the algorithm. If the final life usage results meet expectations
it is not sufficient to simply accept them, even though it is a good indicator that the software conforms
to specification. A more complete correlation is achieved by comparing the values of the derived
stresses and other critical parameters after every calculation for the complete set of recorded data.

7. 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, proces

7.1 Management
Management
engine mainte|
upon the man

levels are:

a. Flightline,
b. Engine sh
c. Depot and
d. Manufactuy

Note, howeve
whereby the |
to have in exc
level, which cq
however, assl

In the engine
cycle data acg
data are used

the useable parts_and remaining life for each part are available to engine shop pe

5ing, and display of data for parts life usage management.
Decisions:

lecisions based on parts life usage or life remaining are made at all
nance support structure. User requirements for enginé.monitoring d
hgement decisions being made at the specific support levels. Typic

on-wing (Organizational (O) level maintenance)

bp (Intermediate (1) level maintenance)

overhaul facilities (Depot level maintenance)

rer (might not be a level of maintehance or is combined with ¢)

, that the USAF is in the progess of reorganizing to a two-level mair
evel maintenance is deleted!” Under this system, an installed enging
ess of 8 h maintenance to'remedy a known fault is removed and dis|
uld be several thousand miles from the operating base. The follow
mes a traditionalthree-level maintenance concept.

Ehop, life usage related decisions are usually supported by time, ten
uired on-board and down-loaded to the ground processing stations,
to updatethe master records which back and update life. As a resu

addition, calcy

lated engine removal forecasts by calendar date are prepared for th

levels of the
Ata are dependent
bl maintenance

tenance concept,
e which is deemed
patched to Depot
ng explanation,

perature, and
Actual usage
It of this update,

sonnel. In

e engine shop

chief. These

eports assisthim/herim scheduting the manpower and TESOUTces N

forecasted maintenance.

cessary for the

An engine or module is transported to the depot level or overhaul facility if the flight line or engine
shop cannot isolate the fault, or the repair is beyond local capability, or if technical orders specify the
return based on the low remaining life. At this level, maintenance decisions are made based on
historical data, removal reason, and engine/module records. Iltems that cannot be repaired at the
shop or depot are sent to the manufacturer or contractor for repair or are scrapped. Also, depot level
management requires fleet average calculations for planning purposes.
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71

7.2

7.3

(Continued):

The engine manufacturer also has an interest in engine historical and usage data so that he/she may
provide improved maintenance support for in-service engines. He/she can also provide expertise to
identify reliability and maintainability problems that can be solved by engine design improvements.
Acquired cycle/time data, that has been input to the ground system data base, also enables the life
usage analysis to be carried out on parts not originally considered to be life-limited, or for
re-assessing life usage of parts. The record-keeping staff analyzes engine removal data and failure
statistics to determine spares stocking requirements and distribution to operating locations.

Data Acquisition:

The previous 9
turbine engine
required paran
aspects includ
of the captured
at the end of t
often produces
reduces the da
data, the time
possible. This|

Faster comput]
towards a com
reduced labor
pre-processed

Data Base Ma

Design of reco
bookkeeping t
maintenance p
maintenance g

ections of this document have shown the necessity for accumulatin
service history and mission profiles. Data capture is relatively edasy;
heters can be sensed or calculated from other sensed data., The md
b capturing the optimum amount of data and, more importantly, the
data. Until now, data has been captured during flight and’subseque
e day for up-load into a ground-based facility. This facility processe
trends to assist in fault diagnosis as well as the required life usage i
ta to an acceptable summary for archiving. In érdér to maximize th
beriod between data down-loading and furthet\processing must be k
is also necessary for maintaining accuratg and up-to-date engine rg

plete on-board data analysis. The.advantages of on-board process
ntensity, an immediately available output, and reduced possibility o
data transfer is needed.

hagement System:

rd-keeping systems for information feedback requires data manage
bchniques that must be carefully planned, executed, and integrated
rocess. Access to life usage data along with historical engine perfg

ata and fleetaverages provide information for the following:

of fléetwide life usage.

j data on gas
assuming that the
re challenging
ise and analysis
ntly down-loaded
s the data and
nformation. It also
b benefit of these
ept as short as
pcords.

ng times and lightweight, state-of-the-art, hardware is promoting efforts to move

ng include
data loss, as no

ment and
with the
rmance and

fonm of nextschedutedengine removat.

maintenance, and removal predictions.

a. Monitoring
b. Determina
C.

d. Spare part

provisioning and logistic support.

Support of On Condition Maintenance (OCM) including resource scheduling, opportunistic
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7.3 (Continued):

7.4

7.5

e. Correlation of maintenance history with mission profiles, and life usage operating environments.

In addition, all system software must be sufficiently flexible to handle inputs from a wide range of
monitoring systems. Generic processing, data base architecture, and data management logic are
desirable. Acceptable software designs should avoid customization to specific application hardware
whenever possible. However, the logic should be designed primarily to manage engines, modules
and parts. The data structure should be designed for rapid, efficient data through-put and real-time
retrieval of reports containing information frequently requested for display.

Database maintenance must also be performed to ensure data accuracy and database integrity.

Daily backupj of the database are recommended. Data that fall outside the stora

be stored on

The system m

extensive soft
Configuration

Finally, there s
important to sfore raw usage data counts in the database.

Data Retrieva

To successfull
retrieval procgdures must be quick, timely, and éasy to operate. User friendliness
by systematically structuring the on-line query-~ A flexible query structure with autq
generation cam support users at all levels(

It is imperative

Also, manual

Hardware Chd

The hardware
with informati

rchive tapes. These procedures improve database integrity.

ust be flexible enough to accept changes to life-limits and. ather par
ware modifications and to support introductions of new/improved co
management requirements must be considered for the_software and

hould be flexibility to easily change read acrossfactors in the syste

and Analysis:

y implement a parts life usage and.éngine performance managemen

that data integrity be maintained. Gaps in the data must be identifi

omatically andthe system should provide stringent rejection criterig
erroneous data recording.

racteristics:

configuration must be designed and developed cost-effectively to p

he window should

meters without
ponent designs.
the hardware.

m. It is thus

t system, the data
can be achieved
matic report

ed and resolved.

lltranscription should\be kept to a minimum. ldeally, engine plate data should be
maintained au
proliferation of

to avoid a

rovide managers

re Halal £ 4 4+ 4l HPy FH 4 H - 4lo : al HPH
T a suitavic TUTTIat at Uic dappruprialc Uic U dassiot T U UTUIoI

n-making

process. ltems of concern include multi-user capability, real-time operational tasks, and interactive
graphics. Standardization of software, hardware, and interfaces achieves low-cost implementation,

replication, an

d ease of maintenance.

A computer processor for engine management, capable of supporting access by a large number of
users, is recommended. The hardware configuration should be tailored to data base access,
transfer and display requirements. The terminal equipment may provide graphics and must be
appropriately interfaced with both the computer processor and data acquisition units.
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7.6

8.

Information Interfaces:

On-line displays can be graphic, tabular or both. Plots, histograms and statistics should be available.
The raw, calculated and forecast data should be presented in tabular form when accurate

information, not available with graphic pictorials, is preferred. Data should be avai
output formats tailored for a specific application.

lable in multiple

The data management system must support the display terminal, hardcopy printer and other
hardware interfaces. Terminals must be designed for data entry and preparation, information display
in tabular and graphic formats, data communication between acquisition units, and centralized
storage locations, and time-sharing operation. Easy access of data acquisition systems is critical to

the engine m
depot, manufgcturer, and command organizations and should be installed in conv

BENEFITS:

The application [of engine life usage monitoring and parts management'systems can

e engine shop,
bnient locations.

make significant

contributions to feducing life cycle costs, and enhance logistics planning for the engjne, while

maintaining or improving flight safety. Current life predictions are‘sometimes conse
the measurement system does not directly account for all the patameters which affg
how they interag¢t. Data accrued from an airborne life usage-measurement system
information on critical components (LCF and hot end factars), enabling a more effici
remaining in modules and engines. Not only does this improve hardware managem
cost grounds, blit can improve safety of flight by preventing failures of critical compg
comprehensive fleetwide data base that is produced'makes significant inputs into cc
improvement prbgrams, assists in analysis of mission profiles, and provides importa
to the engine manufacturer. Of equal importance, life usage monitoring systems carj
for warranty ded
by using the processed data with parts tracking systems to ensure more efficient de
scheduling of erjgines and parts.

An accurate and well-maintained-parts life tracking system can have very positive in
overall maintenance conceptfor the engine. Some examples are as follows:

a. Cost:

'vative because
ct life usage, and
rovides

ent use of life

ent decisions on
nents. The
mponent

nt data feedback
provide the basis

isions of engines in the future. Improved engine management decigions are achieved

ployment and

fluences on the

USAirhas b

bef) able to quantify benefits of using flight profile monitoring as a requisite for making

full use of the PSCL (Published Safe Cyclic Life) for the life limiting rotating parts in the Rolls-
Royce Tay engine which powers the Fokker 100 aircraft. Life cycle usage is based on the
equivalent life cycles in accordance with a datum flight profile envelope that shows the limit of

frequency and amplitude of rpom excursions during a flight cycle. The operator i
monitor the actual flight profile relative to the datum flight profile. If the operator
monitor the actual flight profile for whatever reason, then the operator may have
as 25% of the PSCL life based on the manufacturer’s life limited parts program.

s required to
chooses not to
to forfeit as much
To USAIr, this

means forfeiting $3,745,760 (1991 dollars) worth of disk life for a fleet population of 80 engines if
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8. (Continued):
the decision were made not to monitor actual flight profiles. On an annual basis, at the life usage
of 2500 cycles per year, this equates to a yearly saving of $468,220 of usable disk life that is
gained by conducting flight profile monitoring. One has to weigh against this the software charge
of $28,000 to modify the on-board DFDAU (Digital Flight Data Acquisition Unit) to generate the
“LCF Reports” that are down linked to the ground station. These reports are used to verify the
actual flight profile to the engine manufacturer which verifies the datum flight profile so that
maximum use can be made of the PSCL. More details on this system are in Appendix B.

Provisioning:

With an acclirate assessment of future missions, and a knowledge of life consurred on prior
missions, an| accurate prediction can be made relative to future spare parts requirements, allowing
inventory to pe optimized.

Opportunistic Maintenance:

Improved kn ent of parts when

the engine ig

owledge of component life remaining allows discretionary replacem
in the maintenance shop for other reasons.

Deployment

nt situations, the number of aircraft required and their anticipated mi
known. With a parts life tracking system, an evaluation of remaining life can be
candidate aifcraft, and aircraft with the best.ehance of completing the deployed
major maintgnance can be selected for deployment. This minimizes spares that
part of the deployment and provides additional assurance that all deployed aircr.
operational.

ssions are usually
made on all
mission without
would have to be
aft shall be

In deployme

Efficient Personnel Utilization;

Depending g
timely data d
with manual

n the sophistication and automation of the parts life tracking system
an be provided to the maintenance facility without the labor-intensive
y supported systems. This can release maintenance personnel to sf

, accurate and
b effort associated
end time on other

tasks or coul|d result in accomplishing the job with fewer people.

EMS data can ptayamimportantpartimengine devetopment, productimprovement, and engineering
support. Usage data accumulated from a fleet of engines can provide valuable information inputs for
current engine product improvement programs and the 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 limited product
improvement funds can be achieved by using fleet-generated EMS life usage data. The design of new
engines and engine components can be better effected through operational usage data provided from
the current generation of EMS equipped engines.
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8.1

Life Usage Tracking for Warranty:

Logistics support, in the form of maintenance concepts and data acquisition capability, has a
significant impact on establishing warranty requirements. An engine designed for modular
maintenance requires special tracking and administrative procedures 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 approach to warranty is to cover the individual components (parts life warranty). This requires a
system to track and document the components' history. The extent of coverage shall depend on the
approach used to warranty the engine. Its effectiveness 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
for the numbe
situation woul
use of a warrs
symbol when

serial number
maintenance

For example,

most new engjne programs. TAC was originally defined@ds a means to track damg

components f
thermal fatigu

where:

LCFC

FTC

PTC

EMS in a warranty program is to provide the parts life tracking capah
r of accumulated cycles and by providing other component data. Th
] be for certain items to be tracked within the data system that.is prog
nty symbol while the item is under warranty and to automatically de
he warranty period expires. Should warranty action beyrequired, ths
and operating time of the failed component would-be made availab
hction.

br complete engines. However, the use of specific life usage algorit

Number of TACs

LEFC + (FTC/4) + (PTC/40)

| ow cycle fatigue(Cyecles: Intermediate and above and back to Off as
FMS. A start-up_and shut-down thus equals one LCF cycle.

Full throttle<cycle: Idle to Intermediate and above and back to idle as
FMS.

ility by accounting
e optimum
rammed to permit
ete the warranty
b part number,
easitisina

the US DoD uses Total Accumulated Cycles\(TAC) to implement wafranty tracking on

ge on LCF limited
hms such as LCF,

b and creep are actually a more sensitive means to track component parts usage.

(Eq.1)

measured by the

measured by the

Parf'throttle cycle: Cruise to Intermediate and above and back to cry

ise as measured

by the EMS:

In order for an EMS to have a significant impact on engine warranty, the system should operate at all
times. Data on engine usage are required for adequate engine life cycle management; therefore
EMS should be considered for inclusion on any minimum equipment list for flight. This does not
necessarily imply required system redundancy but a requirement for a firmly established procedure
to substitute other satisfactory data or methods to record life usage during any EMS inoperative
period, for example, flight hours.
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8.1 (Continued):

For example, a Navy warranty states that the government shall service each engine in accordance
with the prescribed maintenance manuals and maintain operational and maintenance records,
including EMS data. In the event of EMS failure, other satisfactory proof of engine life usage may be

substituted.

9. NOTES:

The change bar (1) located in the left margin is for the convenience of the user in locating areas where
technical revisions, not editorial changes, have been made to the previous issue of this document. An
(R) symbol to the left of the document title indicates a complete revision of the document.
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ENSIP is an organiz
management of gas

APPENDIX A
ENGINE STRUCTURAL INTEGRITY PROGRAM (ENSIP)

ed approach to the structural design, analysis, test development, production and life
turbine engines with the goal of:

Eliminating the occurrence of structural durability problems during production, acceptance testing, and

a. Ensuring safety
b.

service operations
C.

Reducing life cycle costs

ENSIP contains all
throughout its usefy
requires that certain

designed to crack g
tﬁon interval be not less than the NDE minimum flaw size)capability.
for inspection intervals that are half the life of the engine, the eventugl goal being equal

the required inspec
are being designed
to the life of the eng

During engine desig
how the system will
examined and used
intervals. To verify
testing is done. All
the mission profiles

ensure overall engine durability. These AMT {€sts are derived from the mission profiles

the non-damaging [
acceleration rate frg
shortened by a sign
design mission, bef

This type of testing
testing rather than g
system is tremendo
production has star
are saved and safe

bre the engine ever gets into production.
may provide for a safer system by revealing potential problems duri

Lis sih¢e problems can be solved during Full Scale Development (FS

pf the structural requirements necessary to develop an engine and-manage it

| life, with an emphasis on durability and damage tolerance (Sege Figure A1). It
critical parts, i.e., those parts whose failure could result indoss of ah aircraft, be

owth criteria and that the initial flaw sizes required to ensure safe operation for twice
resently, engines

ine.

n and development, past engine usage data~are combined with future expectations of
be used so as to determine a series of.mission profiles. These profiles are then
in analysis procedures to design engine components with specific liyes and inspection

that these lives and inspection intervals are met, extensive componént and systems
testing is set-up such that the testing simulates actual expected usage as defined by

ed on engines to
by removing all of
This results in an
b test time is
gn life time, to the

Following these tests, Accelerated Mission Testing (AMT) is perfor

ortions of the missions,‘such as extended steady-state cruise time.
m 2 for a trainer mission to up to 10 for a bomber mission. Becauss
ficant amount, thegngines can be tested in a test cell for the full des

ng development

uring actual usage years later. The potential for cost savings over the life of the

D) instead of after
Critical assets

ed;,or possibly ended, and retrofitting existing engines is necessary

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

Page 33 of 56


https://saenorm.com/api/?name=f846b740d484399e6344ca0fd65496ee

AIR1872B

Page 34 of 56

INTRODUCTION TO ENSIP

THE ENSIP TASKS

B938-22

TASK | TASK 8 TASK B TASK IV TASK V
DESIEN DESIGN ANAL. COMPONENT GROUND & PROD. QUAL.
INFORMATION COMPNT. & & CORE FUGHT CONTROL &
MAT. CHARAC. ENG. TESTING ENG. TESTS ENG. LIFE MGT.
o ENSWP MASTER | DESIGN DUTY STRENGTH ENVIR. VERIF. e PROD. ENG.
PLAN CYCLE TESTING TESTING ANALYSIS
o DESIGN SERV. o MAT'LS AND DAMAGE (AMT) TEST SPEC. | « STRUC.\SAFETY
LIFE|& USAGE PROCESSES TOLERANCE DERIV. §/0URAE. SUM.
RE MENTS DESIGN DATA TESTS
CHARACTEMZED DURABILITY
o DESIGN CMTERIA DURABILITY TESTS (AMT)
o STRUCTURAL/ TESTS
THERMAL DAMAGE TOL.
ANALYSIS THEAMAL TESTS
SURVEY
o MFGC. AND FLGNT TEST
QUALITY VIBRATORY STRANM SURVEY
CONTROL STRAN &
FLUTTER UPDATED DURA.
BOUNDARY & DAM. TOL.
SURVEY CONTROL PLAN
PERFAM.
DETERIOA.
STRUC. IMPACT
ASSESSMENT

FIGURE A1 - Engine Structural Integrity Program

CATCL. PART

UPDATE
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During the life 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. All parts found to be free of cracks are returned 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. All of these parts would have
been retired at the -3 sigma life if LCF was used for parts life management. By using RFC, these parts can
be used as much as 10 times longer (see Figure A2). 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)dgvelopment of the
engine but is mean{ to be used throughout the life of the system to obtain a safer,more|cost-effective and
more reliable enging. 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 not addréssable by|earlier
methodologies. Engine usage monitoring is also necessary to indicate deviations that ¢ould extend
inspection intervals|or point to potential safety problems. Additional infermation is availpble in greater
detail in MIL-STD-1[783.
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#OF
PARTS

ENSIP STRUCTURAL DESIGN PHILOSOPHY
(FRACTURE CRITICAL PARTS)

CRACK INITIATION

CRACX PROPAGATION

LIFE LIFE
DYSFUNCTION
LIFE PV} BRI AR SR A LR RT ot A o AR
LIMIT - s.L. | l
2 1 |
l l
|
LCF al / 1 |
DISTRIBUTION { :
j= 10 X -] SAFETY | SAFETY
-TIME- INSPECTION | LIMIT
TIME-
_S.L.
3 -

INSPECT

OISTRIBUT|ON

LCF

,}l/

-TIME-

FIGURE A2 - ENSIP Design Philosophy

RETIREMENT FOR
CAUSE OPTION


https://saenorm.com/api/?name=f846b740d484399e6344ca0fd65496ee

SAE AIR1872B Page 37 of 56
APPENDIX B
LIFE USAGE AND PARTS MANAGEMENT SYSTEMS
B.1 LIFE USAGE MONITORING 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 real-time, allowing maximization of available life, and progressing toward the

adoption of on

-condition maintenance practices.

After a decade or so of limited applications, and the proving of techniques and technology, the

military is beginning to specify monitoring systems for new aircraft, and has also-gmbarked on

extensive retrq
applications, 3

a. A Commel

Typically, commercial airline operators want to operate an “gnscondition” policy
maintenanice. Nowadays, this is the norm rather than the éxception although g

is also an
an on-boa
day maintd
fleets and
of life used

When an ¢

stored in an engine life cycle counting:program. After installation into an airpl3

from the c¢
program s

information is also fed into an‘engine removal forecast which is issued weekly,

For condit
The aircra
Cruise, an
ground prq

fit programs. Some examples illustrating use in the military fixed wi
nd in commercial airline applications are listed and amplified“below

cial Airline Perspective:

pttractive and acceptable means of operation~Generically, operators
'd EMS unit to collect data. They also retrieve the data and interpre
tnance decisions. They maintain an operational data base for each
monitor the life usage of their individual engines through limit excee
and prediction of remaining life.

ngine is released from overhaul, the remaining cycles of the life lim

pntral aircraft flight hour'and cycle counting program is fed in to the ¢
b that there is alwaysa full picture of when the engine must next be

on monitorigg; a routine trend monitoring program analyzes engine
t condition;monitoring system (ACMS) generates three different rep
1 Exceedance) on-board the aircraft and these are downlinked via A
gram$/(GEM and COMPASS) where the data is analyzed on-line.

g and rotary wing

for their engine
ower by the hour”
use FADEC and
it to make day-to-
bf their engine
jances, estimates

ted parts are
ne, actual data
engine life cycle
pulled. This

pperating data.
brt types (Takeoff,
CARS to the on-

the engine, five consecutive reports are generated to establish a good initial
the degradation of the initial point value will show the deterioration in engine performance. In
addition the initial point is compared with Test cell results for correlation/validation. If there is
not a good correlation, then investigative action is taken. With everything normal, a takeoff
report is generated every week for trending and to ensure that every engine always has
sufficient takeoff exhaust gas temperature (EGT) margin to meet all rating requirements.
Looking at EGT margin and the deterioration rate of the initial point value gives a good
estimate for forecasting eventual removal.

er installation of
point. Thereafter,
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(Continued):

(2) Cruise reports are generated every 4 h and contain gas path, oil system, controls and
vibration data. After analysis of each data point, the data go through a trend recognition
function which is designed to alert the analyst to trend deviations. This ensures a successful
early detection and helps to minimize operational irregularities and engine removals “down-

route”.

(3) Exceedance reports are generated whenever a predefined limit is exceeded. The report is
issued independently of the flight phase and is brought to the immediate attention of the

analyst

F100 Even

ts History Recorders:

The F100 Events History Recorder (EHR) is an engine-mounted device used o monitor certain

engine pafameters and provide ground crews with a direct readout of these ps

The EHR necords N2 cycles, Fan Turbine Inlet Temperature (FTIT) and a discr
the electrgnic engine control. Measurement of rotor speeds is’a'more accurat
counting cycles on engine components than power settings{rom the pilot’s lev

has been
approximg

Engine hist

fault flag i
provided W
overtemps
the form o
EEC, the 1
equipped {
This flag s
isolate the

An improv
EHR provi
unchange
an interna
electronic

ound that when PLA data is used in the EMS,.cycles are overcounts
tely 20%.

ory data provided include accumulated.time at certain conditions, €
dications. Total engine time, two levéls of hot section time and LCH
ith direct digital readouts. One-time-flag indications are provided fo
rature and for a hot start. Additional diagnostic information is provig
a flag indication from a signal.supplied by the electronic engine con
ignal indicates an N1 sensor failure. On Digital Electronic Engine G
bngines, the flag indicates’that a failure has occurred in one of the L
hows that maintenance is necessary; however, further troubleshooti
fault.

ed unit has beeh developed and incorporated to replace the original
Hes improved reliability and additional life tracking parameters. Ope
. All.of-the above readouts remain and two diagnostic parameters ¢
EHRfailure indication; the other reports an FTIT probe failure. The

rameters.

pte signal, all from
b parameter for
er angle (PLA). It
ed by

vent counts, and
cycles are

I two levels of

ed by the EHR in
rol (EEC). Foran
ontrol (DEEC)
RU components.
ng is required to

version. The new
rationally, it is
ire added. One is
new EHR has

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 life management and fault detection. It is the only
means of determining when timed maintenance must be performed or engine overhaul is
required. The N1 sensor failure flag and DEEC System fault indication provide visual displays for

the control

’s diagnostic capability.
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B.1

(Continued):

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

TABLE B1 - EHR Table of Operation

Parameter Criteria
1. Engine Time FTIT 500 °F
2. Hot Section Time Level | FTIT 1692 °F
3. Hot Section Time Level Il FTIT 1755 °F
4. Overtemperature "B" FTIT 1780 °F for 2 min or
1816 °F for 31 s or
1834 °F for 6 s or
1868 °F for 3 s
5. Overtempgrature "C" FTIT 1834 °F for 2 min or
1868 °F for 31 s or
1906 °F for 6 s
1943 °F for 1.8's
6. Low Cycle|Fatigue N2 increases‘from 10,250 to 12,500 rpm
7. Hot Start FTIT 1548 °Fand N2 6500 rpm
8. N1 SensorfDEEC System Fault Discrete signal from control
9. EHR Failute Internally generated
10. Low Cyclg Fatigue Type | N2 increases from 6500 to 11,800 rpm
11. Hot Sectign Time Level llI 1655 °F FTIT 1755 °F
12. Hot Sectign Time Level IV 1715 °F FTIT 1755 °F
13. FTIT Probge Failure If N2 decreases from 10,250 to 1300 rpm
and FTIT 900 °F and 5 of 7 samples of FTIT
input resistance to ground show (1000 Q
14. Low Cyclg Fatigue Type ¥ N2 increases from 11,500 to 12,500 rpm



https://saenorm.com/api/?name=f846b740d484399e6344ca0fd65496ee

SAE

AIR1872B Page 40 of 56

B.1

C.

(Continued):

F101 and F110 Engine Life Usage:

The F101-GE-102 engines for the B-1B, the F110-GE-100 for the F-16 and the F110-GE-400 for
the F-14 all incorporate on-engine life usage recording. In the case of the F101, it is incorporated
into the Central Integrated Test System (CITS) Processor and, in the case of the F110, into the
Engine Monitoring System Processor (EMSP). Both units perform essentially the same function,
that is, signal conditioning, conversion of signals from analog to digital, validity testing and
counting engine life usage functions and indices. Both Air Force systems, B-1B CITS and F-16

EMS, transfer this life 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 life tracking program.is

for use in

In the milit

(1) Enging
(2) Low C
(3) Full Th
(4) Cruise
(5) Augmd
(6) Augme
(7) Five (9

Three of th
for engine

Tot

All of the fi
parameter

1) Engine

he ground station at the equivalent of intermediate maintenance |lev

ary engine examples, (b and c) the following functions or indices arg

Operating Time

cle Fatigue Cycles

ermal Cycles

tintermediate-Cruise Cycles

ntor Operating Time

ntor Cycles

) Times at Temperature (Based on HPJ ‘Blade Temperature)

ese functions are used either on the'ground or airborne to calculate
warranty purposes.

bl Accumulated Cycles = Low Cycle Fatigue Cycles + 1/4 Full Ther

Cycles £4/40 Cruise-Intermediate-Cruise Cycles

inctions are subsequently used on the ground to calculate parts life
5. They are!

Operating Time
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4) Augmentor Operating Time
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The life of each of the life-limited parts is dependent on one or more of the tracking parameters.
Unique constants ("K" Factors) are developed for each part that is limited by either equivalent low
cycle fatigue cycles or equivalent time at temperature. The Air Force tracks in excess of 80
critical parts, and a similar list is being developed for the Navy.
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B.1 (Continued):
d. T700 History Recorders:

The T700 History Recorder is an electromechanical unit attached to the right side of the engine.
The box has four digital display windows, which provide the following life usage parameters:

The first window shows a count of the number of mechanical stress-related cycles experienced
by the engine. A cycle is recorded when the engine exceeds 95% core speed; the core speed
must then drop below 50% and then increase to 95% again before another cycle will be
registered.

Temperatpre related stress events are displayed in the second window. As with LCF, this counter
is indexed each time the engine exceeds 95% core speed; however, for additional counts to be
recorded, |core speed must drop below 86% and then increase to 95%.

The third window shows the cumulative effect of time at temperature and this js monitored by
indexing the counter based on time at power turbine inlet temperature. Indeximg occurs faster as
the turbing gas temperature rises.

Running time in hours is displayed in the fourth window. Operating time is accumulated once the
engine cofe speed exceeds 50% and stops when the speed falls below 40%.

Data provjded by the history recorder must be manually transcribed into a log|book, where it
becomes pvailable for life usage calculations.

e. Low Cycle Fatigue Reports (USAIR F100-Commercial Engines):

The engine’s N1 and N2 speeds are monitored during flight. One report is gepherated per flight
leg after landing. The data in the report consists of the following:

(1) Powerback is indicated by both reverser deploy discretes “ON” and both N2 >55% at any
time in Start Mode, Idle Mode or Ground Run.

(2) Maximum N1 -and N2 engine speeds during Takeoff mode.

(3) TAT valuedat entry point of Takeoff Mode.

(4) Maximum N1 and N2 engine speeds during Climb Mode.

(5) Minimum N1 and N2 speeds during descent Mode.

(6) Use of reverse thrust during Landing Mode, only if reverse power is greater than idle. YES/
NO to be indicated by both reverser deploy discretes = “ON” and both N2>55% at any time in
Landing Mode.

(7) Maximum N1 and N2 engine speeds during reverse thrust.
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(Continued):

f.

F404 Inflight Engine Condition Monitoring (IECMS):

IECMS provides continuous monitoring of the F404-400 (F-14) engine for failures and
exceedances; software capabilities are resident in the aircraft mission computer. In addition to
event detection and data recording functions the life usage indices defined below are also
monitored.

Full and partial core speed cycles are continuously monitored and accumulated in the mission

58.9 to 92.2% back to 58.9%, while a partial cycle is defined from 76.1 to 92.2% back to 76.1%.
Because of the consistency of the relationship between N2 and N1, the N2 counts are also used
to provide N1 (fan) speed counts.

Full and partial compressor discharge pressure cycles provide LCF counts for |ife calculations of
combustormodule structures. Full cycles are defined from 70 to 405back to 70 Ibf/in®
(absolute); partials are recorded from 70 to 340 to 70 Ibf/in? (absolute).

Using Thrqttle Position, Ambient Pressure, Inlet Temperatur€,sMach Number, and HPT exhaust
gas temperature, IECMS calculates a blade trailing edge metal temperature, which is then used
to generat¢ counts related to life used.

Continuousgly monitored Throttle Position, Ambient Pressure, Mach Number arjd Inlet
Temperatyre are used to calculate an HPT bladé&‘leading edge temperature. A cycle count
proportional to blade damage is then determined based on the maximum blad¢ temperature
achieved gvery time the throttle is advanced above 60°.

IECMS comtinuously sums engine operating time with the throttle at or above 8D degrees; counts
relative to this time are accumulated’and stored.

Counts prgportional to the time the engine is operated above 58.9% core speed are accumulated
and stored|

United Kingdom (UK),Military Engine Usage Monitoring System:

The Enging Usage Monitoring System (EUMS) was developed in the mid-sevegnties for a more
accurate assessment of the LCF life usage of major rotating engine parts in sefrvice operation.
The system was developed for installation in a small representative sample of operational
squadron aircraft. Two versions of EUMS are in use with the British Royal Air Force.

Both EUMS | and Il are designed to accept inputs from standard aircraft transducers, utilizing
existing sensors and transducers in most installations. The parameters that are typically
recorded include engine shaft speeds and inlet and exhaust temperatures. Some installations
also record other parameters to meet a wider objective of condition monitoring.
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The airborne equipment is comprised of a Data Acquisition Unit (DAU) and a Quick Access
Recorder (QAR). The QAR stores continuously recorded data, in digital format, on a compact
tape cassette. Cassettes are replayed on a ground based data processing station where the

LCF dama

ge is computed and overall fleet usage rate determined.

EUMS | has been installed on a variety of Royal Air Force fighters, transport aircraft and USMC
AV-8A aircraft and has provided the data necessary to achieve beneficial component life
extensions on several engine types.

The application of EUMS 1l is less widespread, but has been effective in very specific situations.

The main

hdvantage of EUMS Il is its ability to process data on-board using

algorithms defined

by the engine manufacturers. Another significant advantage of EUMS Il.is the| ability to monitor

and record
enhanced
algorithms

F402/AV-§

All PegasJ
usage and
creep/ther
of the met

Initially, on
case. The

more advanced life usage algorithms:will be applied to account for thermal tran
mplemented, all major, parts will be monitored without the need for fead-across.

change is

The EMS i
comprehe

The EMS
computatiq
data recor

engine and airframe parameters at higher sampling rates than EU
capability has facilitated low cost development support fors-more ady
and monitoring systems.

B Engine Monitoring System (EMS):

s MK 105 and F402-RR-406 engines in AV-8Btype aircraft are to be
condition. The EMS life usage functions include LCF of major engi
mal fatigue of HP turbine blades. The algorithms, defined by Rolls-R
nods described in the body of this document.

ly six parts are monitored for LCF life usage including the combustid
remaining components aretracked by use of read-across factors.

s configured to fotm part of an engine maintenance concept and is g
nsive information-management system and organizational level diag

s based onan on-board Engine Monitoring Unit (EMU), which incor
nal fagilities, input/output interfaces and limited data display capabi
Hed-bythe EMU are extracted on the ground using a Data Retrieval

VES [. This

anced life usage

monitored for life
ne parts and
oyce, utilize many

bn chamber outer
t is intended that
sients. When this

upplemented by a
nostics capability.

borates
ities. Detailed
Unit (DRU).
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1) Count
2) Measu

(
(
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(
(

unctions of the EMS are to perform the following operations on line:

LCF cycles
re HPT blade life usage
and quantify limit exceedances

4) Perform vibration frequency analysis
5) Produce incident records
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With an EMS in every aircraft, it will be possible to keep track of LCF life and turbine blade life to
maximize time between overhaul.

Data stored in the EMU must be available to maintenance personnel in a meaningful form. This

information mostly concerns limit exceedance summaries and life usage counts, but more
detailed information is required on occasions where further analysis would assist

troublesho

oting.

For routine interrogation of exceedance summaries and life usage counts, these data may be
presented in the cockpit. However, this display option is not suitable for the larger amounts of

data that ¢
provided.

The DRU i
of a data t
subsequel
printer and

The DRU i
errors that
usage and
particular ¢

The UK re

algorithm development and componentusage correlation purposes. Provision
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jh levels, offorce readiness in peacetime and force availability durin
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g wartime at low
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policies toyward“On-Condition Maintenance" (OCM). To support the informatign-intensive
processes|associated with OCM, the Air Force responded by fielding automated systems and
procedures isti i i iti ircraft
subsystems, particularly engines. The fielded system was CEMS, which was developed in four
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(1) Increments | and Il perform life-limit management
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