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CHAPTER I

INTRODUCTION

OVERVIEW

The design , development , operation , and maintenance

of technologically superior weapons systems is vital to

maintaining a viable defense posture in the face of the

numerical advantages of our opponents. The increasing

complexity of’ the advanced aerospace weapons required to

achieve this goal has necessitated the collateral development

of improved support systems to maintain and increase avail-

ability of operational aircraft, increase sortie rates,

and reduce logistic support costs. To meet this objective

the Department of Defense has charted the path of its air-

craft maintenance efforts in the direction of “Reliability

Centered” or “On Condition” maintenance (38:111—141; 1414:B—16).

Under this concept maintenance tasks are performed “as

required” versus “time—phased” or “maximum operating time”

schedules. Key to implementation of this concept is the

development of’ systems and procedures to provide accurate

and timely indications of needed maintenance (37).

Of the numerous major aircraft subsystems , it

has been documented that the engine is not only a major



contributor to maintenance requirements and support costs ,

but , more important ly,  a major contr ibutor  to a i rcraf t

“not—mission capable ” status (114:13_18 ,443_149). The US

Air Force jet engine inventory exceeded 141 , 000 units  in

June 1978 wi th  a total value of eight b i l l ion dollars .

Moreover , approximately one billion dollars were spent

on spare engines, spare engine parts , an d engine ma in tenance

during fiscal year 1978. This engine support cost has

been estimated to reach fourteen bil l ion dollars by FY8 14

wi th  the addi t ion of the F100 and TF314 engines for the

F— 15/F— 16 and A— b aircraft , respectively (14 ; 5). Thus

a prime candidate for the app l icat ion of on condit ion main te—

nance implementation technology has been the a i rcraf t  turbine

engine .

The a i rc ra f t  and engine manufacturers have develop-

ed several types of engine moni tor ing systems to prov ide

the mil i tary services the cap abil i ty to accomplish this

s igni f icant  change in aircraft engine maintenance philos-

ophy. These systems, which the Air Force has labeled turbine

engine monitor ing systems ( TEMS ) ,  were designed to measure ,

evaluate , and record various engine operating parameters ,

such as operating time/cycles , vibrat ion , temperature ,

and pressures . Previous TEMS applications , as well as

systems currently being developed and tested have used

several d i f fe ren t  methodologies to provide the data required

f or determining engine condition/health and maintenance2



requirements.  System di f ferences  included parameter selec-

tion , data analysis , and data collection for interface

with the maintenance and logistics data systems .

The Air  Force Logistics Command (AFLC) has initiated

the development of an automated data system to provide

logistics managers with the information necessary to imple-

ment and support the reliability centered maintenance concept.

The Comprehensive Engine Management System (CEMS) is planned

to replace the current D0214 engine management data system ,

which monitors aerial numbered engines according to inventory ,

location , operational status, and total operating time

cr i te r ia .  TEMS is envisioned to be an integral portion

of the total CEMS and is planned to provide more advanced

engine management data and analysis through manual or auto-

matically collected diagnostic data.

STATEMENT OF THE PROBLEM

The various engine monitoring concepts and the

development of hardware to support these concepts have

been service tested by the DOD and allied mi l i t a ry  services

and the commercial a ir l ines.  The results of these tests ,

as well as information regarding proposed engine monitoring

systems, required review and synthesis to provide a con-

solidated presentation of the literature concerning these

e f fo r t s .  Specifically,  the s imilar i t ies  and differences

3



between these engine monitoring systems should be described

and compared to identify any trends in system development

or application . Moreover , the respective system approaches

to integration with the Air Force engine logistics manage—

ment systems should be examined to ascertain their future

compat ib i l i ty  wi th  the Comprehensive Engine Management

System.

OBJECTIVES

There were three object ives  to this study :

1. Provide a synopsis of the major features

of past , present, and proposed engine monitoring systems

based on a systematic and comprehensive review of the exist-

ing literature.

2. Describe and compare the s imilari t ies

and di f ferences  between the systems reviewed. This com—

parison should enable the determination and iden t i f i ca t ion

of trends in engine monitor ing system development and applica-

tions.

3. Identify the potential for interface

between the Air Force engine monitoring systems reviewed

and the Air Force engine logistics management systems .

14



RESEARCH QUESTIONS

To guide the research the following specific ques-

tions were developed:

1. What are the major features of past ,

curr ent, and proposed Air Force TEMS applications?

2. What are the differences and similarities

between the reviewed systems , including engine operating

parameters monitored and methods of data collection and

analysis?

3. Are there any trends in engine monitoring

system development in terms of the identified similarities

and differences?

14. How does/can TEMS interface with current

and proposed Air Force engine managemen t systems?

METHODOLOGY

This section outlines the procedures used to gather

and analyze the information necessary to address the research

questions posed in the previous section . SpecIfically,

the sources of this information are reviewed , the scope

of the overall research effort is defined , and the plan

of presentation is outlined.

Sources

Since engine condition monitoring is a contemporary

issue , a major source of documen tation was the curr en
t5



files of the engine management functions of the Air Force

Logistics Command (AFLC) and the Aeronautical Systems Division

(ASD) located at Wright—Patterson AFB OH. These documents

consisted primarily of reports, briefings , and letters

concerning TEMS status and on condition maintenance concepts.

A ir Force Regulations , Manuals , Tec hnical Or ders , and Depart-

ment of Defense Directives were reviewed to provide back-

ground information on maintenance and engine management

policy and procedures. Status reports and TEMS manufacturers ’

hardware demonstration reports provided descriptions of

the various TEllS applications . Library research through

the Defense Documentation Center and the Defense Logistics

Studies Information Exchange produced several reports and

studies pertaining to engine condition monitoring concepts

and benefits. Personal interviews were conducted with

AFLC and ASD personnel to obtain current TEMS information .

Additionally , telephone interviews were conducted with

Tac tical Air Command, Langley AFB VA , and San Anton io A ir

Logistics Center, Kelly AFB TX , personnel involved In TEMS

program management and development.

These personal and telephone interviews were not

formally structured and were conducted without a specific

list of questions . This unstructured format promoted a

more candid atmosphere during the interview . This method

was preferred in this research as it allowed for immediate

feedback , continued questioning about a specific area ,

6



and a maximum flow of information. In addition to permitting

return visits , immediate clarification of any ambiguities

was sought and amplification was requested for areas of

critical interest. Personnel interviewed are referenced

in the text where appropriate and in the bibliography .

These sources were used to provide the basis for

the literature review , system descriptions , and TEMS synthesis

presented in subsequent chapters.

Scope

Turbine engine monitoring includes historical

record keeping in its broadest sense. This study addressed

only those specific programs and hardware that incorporated

manual or automatic acquisition of engine performance data ,

selective or continuous data storage, and subsequent manual

or computer processing and trending of this data to affect

maintenance , logistics , and operational decisions . Programs

which were based on statistical or periodic inspection

or maintenance intervals were excluded from the system

descriptions. Moreover , other engine performance diagnostic

methods such as oil analysis and radiographics were addressed

only as they related to the conceptual basis of overall

engine monitoring . The primary emphasis was on Air Force

TEMS applications and concepts; however , other DOD and

allied service TEMS programs as well as commercial airline

applications were reviewed to aid in the explanation of

engine monitoring concepts.
7
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Plan of Presen tati on

The study is presented in four chapters. Chapter

II is devoted to a review of engine management functions

and engine monitoring concepts and potential benefits.

The reliability centered maintenance and on condition mainte-

nance concepts are examined. Chapter III cQnsists of descrip-

tions of selected TEMS applications. A synthesis of these

applications is developed and apparent trends in TEMS develop—

ment and implementation are identified. Chapter IV presents

an analysis of the TEMS interface with the existing engine

management system. The proposed on condition maintenance

concept is also reviewed In conjunction with the potential

TEMS Interface. Chapter V presents the research conclusions

and recommendations.

8



CHAPTER II

LITERAT URE REVIEW

INTRODUCTION

Over the past fifteen years , the commercial airline

indus t ry , the m i l i t a r y  services , and several technical!

professional organizations , such as the AF Aero Propulsion

Laboratory and the Society of Automotive Engineers , have

created a sizeable literature base regarding engine monitor-

ing systems. These studies have ranged from theoretical

and conceptual research on engine performance monitoring

and failure prediction methodology to the analysis of results

from service tests on actual installations of such monitoring

and diagnostic hardware. The major objective of these

research efforts has been to develop and test the diagnostic

techniques necessary to enable development and implementation

of engine monitoring systems which have been considered

necessary to improve engine operational availability, reduce

engine support costs , and increase engine r e l i a b i l i t y  and

safe ty .  These efforts have produced only limited and some—

what controversial results and none have led to validated

maintenance or logistics costs savings (144:7). The purpose

of this study was to present a synthesis of these programs
,9



-_ _ _ _ _ _ _ _ _ _ _ _  -~~ —

with primary emphasis on Air Force projects , and to examine

the interface between TEMS and the AF engi~ i management

system.

As the primary objective of engine diagnostics

has been to facilitate the implementation of on condition

engine maintenance , the diagnostic system should be thorough-

ly integrated into the overall logistics maintenance manage-

ment system. This is necessary to realize fully the poten-

tial reductions in operational support cost. The interface

between the diagnostic system data and the management system

using th is  data is c r i t i c a l .  This was examined in t h i s

research.

Various terms have been used throughout the litera-

ture to describe monitoring methodologies and related systems.

The most prevalent of these terms have been engine diag-

nostics , engine health , engine condition , and engine monitor-

ing . Regardless of this differing terminology , the basic

underlying purpose of all the systems or methods described

in the literature has been to provide a near real—time

assessment of the actual operating condition of the engine.

The data gathered from this assessment have been intended

to be used by maintenance and engine management functions ,

to aid in fault isolation , to develop trend analysis on

engine operational characteristics , and to permit projections

of engine or component failure or replacement. Consequently,

the term Turbine Engine Monitoring System (TEMS), which

10



has been adopted by the Air Force to describe these engine

diagnostic efforts , was used throughout this study when

referring to the generic conceDt.

ENGINE MANAGEMENT SYSTEM

Background

The US Air Force engine management system was

designed to control and monitor the flow of Air Force air-

craft propulsion units through the engine flow cycle depicted

in Figure 1 (9:p.1—2). This process , which has been the

r e spons ib i l i t y  of the Air  Force Logis t ics  Command , consis ts

of three major  tasks on three o rgan iza t iona l  levels and

supports the three levels of engine maintenance ( 3 : C h . 1 4 ;

4 4 3 : C h . 3 ) .

Management Levels

The Air  Force engine management system consists

of three major  levels. These are ( 1)  base level , ( 2 )  depots ,

and (3) command (2:Ch.11; 3:Ch.U ; 143:Ch.3,Ch.11).

At the base level the Base Engine  Manager (EM )

monitors the inventory and movement of all engines located

at that base and ensures accurate and timely submission .

of engine status change reports. This level also conducts

the first two levels of’ engine maintenance production consist-

ing of flight line and jet engine intermediate maintenance

11
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(JEIM). Flight line engine maintenance involves the trouble-

shooting, and the repair of discrepancies which can or

should be performed while the engine is installed on the

aircraft. The transition from flight line maintenance

to JEIM has been predicated upon the identification of

scheduled or unscheduled maintenance tasks which require

engine removal (23; 31; 37). Factors which indicate removal

of the engine have included estimated repair time , capability

to repair the failure while the engine is installed and

ability to accurately identify the failure. JEIM may be

conducted locally or at a Queen Bee centralized repair

facility. The transition from JEIM to depot level mainte-

nance has been determined by several factors including-

criticality of the base engine stock level , cost of repair

versus hours remaining before maximum operating time , possi-

bility of discrepancies undetectable at base level , and

failure of base level maintenance to correct discrepancies

(-443:p. 11— 2).

The Ai r  Logist ics  Center (ALC )  is the second major

management level. The Air Force Logistics Command operates

two engine depots for major repair (Oklahoma City and San

Antonio ALCs). These ALCs perform depot maintenance , which

is the third level c maintenance , on engines for which

they have been assigned as Technology Repair Centers (TRC).

An Engine Item Manager (ElM) monitors each engine type

with overall responsibility for engine management. ElMs

13



process and use the h is tor ica l  data to forecast fa i lures

and scheduled removals over a two year period to predict

workloads , spare parts procurement , and to calculate stock —

age objectives for both depot and base levels (143:p.3—1).

The third level of the engine management structure

is Headquarters Air Force Logistics Command. They have

been responsible for integrating logistics support for

the engine fleet over the equipment life cycle. AFLC logis—

ticians have been concerned with monitoring performance ,

reliability, and maintainability. They have been responsible

for es tabl ishing policy for inventory control , maintenance

procedures , and developing the software used throughout

the Air Force to perform logistical analysis and support

(143:p.3—1).

In addition to the line maintenance and logistics

organizations , the operational commands provide a parallel

management function . The major command engine managers

(MAJCOM EM) have been concerned with monitoring fleet perform-

ance. They have required a high degree of visibility into

engine health for determination of the mission perform-

ance capability and the readiness posture of each base

and the overall command fleet. Ideally, engine problems

and fleetwide trerds should be identified and corrected

before substantial degradation in availability and readiness

can occur . Like their counterparts at the ALCs , MAJCOM

114



EMs also predict workloads, determine spare engine require-

men ts, and calculated stockage objectives (143:p.3—2).

Tasks

The tasks of the AF engine management system were

summarized Into three major categories: record keeping ,

monitoring , and forecasting (3:Ch.14; 28:Section 2; k1:Ch.6;

143:Ch.t4). The record keeping task had been accomplished

through reports from the base level engine managers ’ (EM)

updates of such factors as status (installed versus spare),

condition (serviceable or unserviceable), location , configur-

ation (modifications completed), engine operating time ,

account transfers (receipts or shipments), and maintenance

category of each on—hand engine. Reports are transmitted

to and processed by Oklahoma City ALC (OC—ALC), which has

been responsible for maintaining and operating the D0214,

Propulsion Unit Logistics System , to update the central

engine master f i l e  for each engine.  The master records

and transactions generated by these reports have been used

in the moni tor ing  and forecast ing tasks.

The moni tor ing  task is accomplished by reviews

of system products in the form of’ l i s t ings  and reports

bui l t  from the inputs of the record keeping and forecast ing

tasks . The management analysis generally included the

comparison of actual experience wi th  forecasts or pre —

established standards for areas such as base level engine

15



stockage objec t ive , in termedia te  maintenance return to

serv ice ra tes , pipeline times , failure rates , and expected

engine l i f e .  Such moni tor ing  has been performed at each

organizat ional  level to vary ing  degrees ( J 4 3 : C h . 4 4 ) .

The computations performed in the forecast ing

task were the keys to the t rans la t ion  of the t ransact ions

and experience , gathered and retained during the record

keeping task , into the engine managemen t actions taken

as a resul t of’ the forecast ing and moni to r ing  tasks. Deter—

minat~ons of spare engine requirements , and their dispersal

to operating bases , inventory control , and maintenance

workload forecasts have been all based on failure factors

computed through the Air Force Actuarial System for Engines

(443:p. 1— 1).

The actuarial method as used in this system has

been def ined  as:

applying the principles and techniques
of actuarial science (especially studies
in life contingencies) to the field of Air
Force engine management 4~~1:p.1—1.7.

This method is founded on two basic pr inciples .  Firs t ,

just as with humans , “ ... the probability of death (or
failure) is dependent on, or is a function of age t~ O:p.2—1J.”

Second , the l i f e  span of an engine (or human) could be

considered as a series of successive age intervals , which

normally has been 20 operating hours for engines and one

year for humans beginning at age zero (birth) through some

16



arb i t ra ry  maximum age where none will remain (death or,

in the case of engines , maximum operating time) (140:p.2—1).

Based on these two principles , failures occurring before

maximum operating time have been related to the age interval

of the failed engine and used to compute the failure factors

(28; 141) listed in Table 1. These factors were then used

in combination with various future program factors to produce

engine spares requirements , stockage objective , and workload

forecasts.

Data Systems

The engine maintenance and performance data generated

through the base—level maintenance data collection system

have been the primary source of information required to

support the engine management functions at each level.

The AF Form 1534 , Engine Status Report (Figure 2), was

the source document submitted by base engine managers to

update the central engine master file maintained on the

D02 14 , Propulsion Unit  Logistics System . The D0214 had been

segmented into several parts to provide specialized data

system support to the various engine management functions ,

such as inventory management (DO2UK), status reporting

(D 02 14A) , conf igurat ion management ( D0241 ) ,  and ac tuar ia l

forecasts (DO2UK). This data system supported the engine

management tasks and the central AF engine stock record

account FJ2031 at OC—ALC (28: Section II; 42:Ch.1 ,Ch.9).

17



Crude Failure Rates - Depot Maintenance

— Field Ma intenance

Smoothed Failure Rates - Depot Maintenance

— Field Maintenance

- Combined

Engine Failure Rate Table — Depot Maintenance

- Field Maintenance

Field Maintenance Removal Interval (FMRI)

Overhaul Removal Interval (OHRI)

Combined Removal Interval (CMRI)

; Jet Engine Base Maintenance Return Rate (JEIM/RR)

Actuarial Engine Life (AEL)

NOTE: The factors are listed in their order of computation
or der iva t ion .  Therefore , the crude fa i lure  rates were
computed f i r s t  and then used , direct ly  or indi rec tly ,
to compute the remaining factors (140: Section II).

TABLE 1. ACTUARIAL FAILURE FACTORS
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Engine operating hours , status , location , and

condition were some of the data elements maintained by

the D02 14 central engine master f i l e .  Engine operat ing

time was reported on the AF Form 1534 quar ter ly  for all

installed engines as well as each t ime an engine was removed ,

received , or shipped.  Engine removals , instal lat ions,

and changes in condi t ion (serviceable or reparable) were

reported via AF Form 1534 as they occur . The D024 maintains

these records for all AF engines by serial number in addition

to serial numbers for F100 engine modules.

The F100 engine master records were also maintained

by the G337, Cycle Reporting and Failure Tracking System ,

which incorporates the greater detail required to monitor

the F100 modules and selected components (28:p.2—2). Status

changes for G337 monitored components were recorded on

AFT O Form 3149 , Maintenance Data Collection Record , by the

responsible base—level maintenance activity and data from

these actions were submitted to the G337 central site at

OC— ALC for update of the F 100 engine master f i l e .  F 100

engine operat ing data were recorded from the Event His tory

Recorder on AFTO Form 93 , Modular Engine Time!Cyclic Accumula—

tion Record (F100), and input to the Maintenance Management

Informat ion  and Control System (MM ICS ) at base-level.

This data updates MMICS recor ds and the G337 master f i l e .

The G337 system provides the capability to interrogate

FT0O engine data to extract specific engine , module , or

20



component condition or life expended information (28:pp .2—2

to 2—14).

The C— 5A Malfunct ion  Analysis  Detect ion and Record-

ing Subsystem (MADARS) interfaced with the OC-ALC Ground

Processing Segment (GO81) to collect and trend selected

performance data for the TF39 engine. The G081 maintained

the TF39 engine master file containing serialized engine

and component records similar to the G337 records for the

F 100 engine ( 2 8 : p p . 2 — 3  to 2 — 5 ) .

In addi t ion to the separate data systems developed

for the F100 and TF39 engines , other AF engines have life—

limited components identified which were monitored via

manual records in addition to the D0214 data. An example

was the TF33 engine for the C141 . Moreover , the TF141 and

TF313 engines have been tracked through contractual  arrange-

ments with the prime manufacturers, Detroit Diesel Allison

and General Electric , respectively (31; 37).

The MAJCOM EMs and ALC ElMs accomplish engine

status monitoring through the use of D0214 system output

products. Among these were daily status, condition and

location information , weekly not—mission—capable (NMC)

status for each serial numbered engine on a worldwide and

command basis , monthly  f a i lu re  and inventory  data , and

quarter ly  averages of p ipe l ine  t ime . An update of operating

hours and inventory reconci l ia t ion was received quarter ly

from each AF engine reporting activity (42:Ch.2).
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Comprehensive Engine Management System (CEMS)

Rationale. The AF Inspector General reported in 1973 that

the current engine data system was not responsive to major

command needs (28:p.2—1; 37). The advent of the F— 15 and

A— b aircraft with their modular and advanced technology

engines created additional data system requirements for

component tracking of hard time limit and low cycle fatigue

items (31; 37). These facts coupled with known deficiencies

in the existing engine data systems led to AFLC ’s initiation

of the Comprehensive Engine Management System (CEMS).

The major cause of these deficiencies was attributed

to lack of improvements in the’se data systems for approxi-

mately six years (28:p.2—l). Specific problems cited in

the CEMS Functional Description (FD) were categorized into:

duplication of data ; manual data collection and analysis;

and insufficient , inaccurate , and untimely data. The follow-

ing lists specific examples of this categorization as drawn

from the CEMS FD (28:pp.2—13 to 2—15):

1. Duplication .

a. Engine , module , and component records

for condition , location , TCTO accomplishment , and operating

hour data were maintained in more than one data system .

Basic engines and modules were serially controlled by the

D0244 for all engines , the G337 for the F100 , and the GO81

for the TF39 . Moreover , other assemblies and parts were
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tracked both by part number and serial number in separate

systems . The above systems were separately maintained

with distinc t input requirements and procedures for each.

b. Engine performance information was collect-

ed and processed by these different systems which delays

identification of engine problems .

2. Manual data collection/preparation .

a. Determination of engine overhaul and

retention requirements necessitated manual research and

computation.

b. Historical records for engines , modules ,

and components were manually prepared.

3. Sufficiency, timeliness , and accuracy.

a. There was no capability to correlate

performance information and historical maintenance actions.

b. ALC and major command engine managers

did not have an interrogation access to current maintenance

data to determine historical information.

c. No data base existed to allow actuarial

forecasting of’ the removal of selected components and future

logistics requirements.

d. Current systems did not provide the scope ,

identification , or control during depot maintenance or

overhaul necessary for accurate configuration management.

e. The quarterly collection of engine operat-

ing hours precluded effective interface with engine and

23



component requirement computation , workload projection ,

and asset distribution data systems. Moreover , major command

engine managers were similarly limited by this untimely

data when estimating deployment requirements and force

status project ions .

f .  Weekly submission of base level TCTO

accomplishment reports did not coincide with the D0214 monthly

TCTO s tatus report .  Consequently ,  TCT O complet ion data

summary analyses were inaccurate and required manual research

and correction .

Development Plan. The Air Force Logistics Command (AFLC)

i n i t i a t e d  CEMS development in 1977 due to the de f ic i enc i e s

in the existing system and to support the reliability center-

ed maintenance (RCM) concept. CEMS objectives have focused

on the improvement of asset visibility and , therefore ,

enhancement of AFLC ’s ability to direct and control the

use of engine resources through the development of a single

management information system for all commands and for

all levels of engine management (44:10). Figure 3 depicts

the CEMS Interface between these levels (5). Engine history

and maintenance data were projected to be transmitted from

the existing base level computer to a central data base

at Oklahoma City Air Logistics Center. Data analysis would

be accomplished through an inquiry network comprised of’

mini—computers connected to the central data base computer
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and remote terminals at the operational and support major

air commands , suc h as MAC , TAC , AFLC , and AFSC. This would

permit each command to analyze the data according to its

specific needs (44:12; 37).

The development and implementation of CEMS has

been planned on an incremental basis , as shown in Figure

U. Increment I incorporated the life limit management

of critical components of three of the most recently deploy-

ed Air Force engines specified for incorporation of the

RCM concept with the F100 being the lead prototype. Engine

maintenance information at base level would be used to

t rack the wear accumulated on each of these components

to ensure that none are installed beyond its safe useful

life. This information , when consolidated through the

central data base , would be used to aid configuration manage-

ment and track the component wear on a fleet—wide basis.

Addition of the TF3U engine on the A— b airraft and the

TFI41 on the A—7 complete Increment I . Increment II expanded

the life—limit component management concept to selected

older engines including the TF39 on the C—5A , the TF33

on the C— 1U1 , and the TF3O on the F/FB— 111 aircraft (44 :15—17;

5; 37).

Increment III was to be the engine status and

logistics analysis portion . The operational status (service-

able or in—maintenance) was to be collected for all installed

and spare engines throughout the Air Force. Analysis of
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this data would permit requirement determination of spare

engine base stockage and new engine procurement. For modular

engines such as the FbOO and TF3U , this determination would

also apply to the component modules (~4:15— 17; 37).

Increment IV was to incorporate TEMS as an engine

condition monitoring technique to improve the determination

of maintenance requirements . The integration of TEMS with

CEMS also wi l l  improve the data collection and analysis

objective of CEMS to determine engine component useful

lir e and further enhance achievement of the RCM concept

(U:18; 31; 37) .

RELIABILITY CENTERED MAINTENANCE!
ON COND IT ION MAINTENANCE

In general , maintenance actions on any piece of’

equipment are dicta ted by one of three criteria: (1) com-

ponent or end item failure , (2) time interval since last

repair or overhaul , or (3) indications of impending failure.

Until the late sixties the airlines and the military services

focused thei r  primary aircraft maintenance efforts on the

time interval , or scheduled maintenance , criteria. While

the repair of’ failed components was an important source

of maintenance requirements , especially at base level ,

the primary emphasis was the prevention of f a i lu re s  by

developing maximum operating time (MOT) intervals which

allowed the removal and replacement of components before
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fa i lure  occurred. These intervals were based on the expect-

ed mean t ime between f a i l u r e  (MTBF), extrapolated from

component design and actual experience , minus some safety

factor.

This method can be seen to be generally effective

in ensuring components are repaired before a failure occurs;

however , its efficiency could easily be seen to be less

than optimum . Figure 5 represents a hypothetical graph

of the effects of the maximum operating time (MOT) concept.

This conceptualization was developed from reviews of the

applicable governing maintenance directives policy statements

(3; 7 ; 39 ; 140; 143) and discussions with HQ AFLC engine

management staff (23; 37). Figure  5a describes a theoretical

normal distribution of the number of engine failures over

time . From this depiction it can be seen that by conducting

scheduled maintenance at MTBF less a safety factor, a major-

ity of engines would have maintenance resources applied

before it would be absolutely necessary; i.e., end of useful

life. Moreover , Figure Sc, which depicts similar theoretical

distributions for two components or modules , describes

how the engine MOT can be the function of the component

having the lowest MOT. Converting this into theortical

life terms , Figure 5b indicates that more than fifty percent

of the theortical  engines could lose significant amounts

their  possible l i f e  (between maintenance actions) due to

early scheduled maintenance .
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To overcome this inherent shortcoming of the maxi-

mum operating time concept and to develop more efficient

maintenance , the airlines and manufacturers devised a deci-

sion logic process ( 7 : 1 ) .  In 1968 the Maintenance Steering

Group of the Air Transport Association of America issued

Handbook MSG-1 , Maintenance Evaluation and Program Develop-

ment , which indicated the need for decision logic and air-

line and manufacturer procedures for the development of

the maintenance program for the then new Boeing 7147 aircraft.

In 1970 the successful implementation of MSG— 1 encouraged

the steering group to rewrite the handbook into a more

universial document , MSG—2 , Airline/Manufacturer Maintenance

Program Planning . Further , MSG—2 formed the basis for

the DOD direction to implement “... an engineered , r e l i ab i l i t y—

centered maintenance strategy... ~28:p.III—14iJ.” As the

result of DOD direction and HQ USAF tasking , AFL C became

responsible for integrating MSG—2 into Air Force logistics

policy. Modifying the principles established in MSG—2

to accommodate the difference between flight operations

of the military versus that of the airlines , a refined

program termed Reliability Centered Maintenance (RCM) was

launched in 19714 (6:i; 22).

Reliability Centered Maintenance Program (RCMP)

The Air Force defined the RCMP as:
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A failure modes and effects analysis technique
(FMEA) for significant aircraft and engine
struc tures , assemblies and items . It uses
a decision logic procedure based on the Airlines!
Manu fac turers ’ Maintenance Planning Document ,
MSG—2. This structured approach to maintenance
requirements analysis , identifies minimum
essential requirements consistent with safety
and readiness L~9:b3.7.

The objective of this program was the development

of a maintenance plan that “... prevents deterioration
of the inherent  design levels of r e l ia b i l i t y  and operating

safety ... at the minimum practical costs L’?:32.” Expand-

ing on this definition , the RCM? takes the inputs of the

identified potential failure modes of an aircraft’s systems ,

subsystems , or components and determines how these items

will be maintained from a decision logic process based

on the potential effects of a failure and the effectiveness

and economy of the maintenance task needed to prevent the

failure . This analysis classifies each component maintenance

task into one of three categories: Hard Time Limit , On

Condition , or Condition Monitored. These categories were

defined as follows:

Hard Time Limit: A maximum interval for
performing maintenance tasks. These intervals
usually apply to overhaul , but also apply
to total life of parts or units.

On—Condition : Repetitive inspections , or
tests to determine the condition of units
or systems or portions of structure .

Condition Monitored: For items that have
neither hard time limits nor on condition
maintenance as their primary maintenance
process. Condition monitoring is accomplished
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by appropriate means available to an operator
for finding and resolving problem areas.
These means range from notices of unusual
problems to special analysis of’ unit perform-
ance. No specific monitoring system is implied
for any given unit L’?:3—41.7.

Thus , through the decision logic analysis only

those components and maintenance tasks which have the most

significant impac t on operational safety or are economically

impelling will be performed at periodic Hard Time intervals.

Other items which are somewhat less significant are candi—

dates for either the On Condition or Condition Monitored

categories. Items for which there are means of detecting

a reduction in failure resistance before undesirable systems

effects occur may be scheduled or planned for the On Condi-

tion category. Failure resistance was defined as:

The deterioration of inherent (design) levels
of reliability. As failure resistance decreases ,
failures increase; resulting in lower reliability.
If reduction in failure resistance can be detected ,
maintenance can be performed prior to the point
where reliability is adversely affected L’~:2Q7.

When no potential effective maintenance tasks are selected

for scheduled (Hard Time Limit or On Condition) maintenance

the component is placed in the Condition Monitored category.

On Condition Maintenance

On condition maintenance (0CM) could be described

as a maintenance process used in “the physical performance

of maintenance functions utilizing the maintenance plan

developed under the RCMP (23; 39:12—13). Officially, the
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US Air Force definition of on condition maintenance was:

“Maintenance that allows the condition of the equipment

to dictate the need for maintenance or the extent of repair!

overhaul required L~9:137.” The effective application

of’ 0CM at the three levels of Air Force maintenance (flight—

l ine , intermediate , and depot) necessitated the development

of effective inspection and monitoring techniques which

could identify conditions of degraded resistance to failure

and incipient failure (23; 37). Armed with these techniques ,

flight—line and intermediate maintenance personnel were

to fault isolate to individual modules or line or shop

replaceable units (LRU/SRU) and perform only those mainte-

nance tasks which were necessary to correct deficiencies.

Moreover , 0CM allowed more tasks to be performed on the

aircraft or in the intermediate shop rather than the item

being removed and returned for depot overhaul (23; 31;

37) .

0CM should also alter the depot maintenance process ,

especially for engines. Under the current overhaul concept ,

at a set maximum operating time (MOT) an engine is removed

from service and returned to the depot for complete tear—

down , inspection , component replacement , and reassembly

in accordance with applicable technical orders. The operat-

ing age is then reset to zero on the assumption the overhaul

process has returned the engine to like new condition (23;

37). The continued policy of complete engine overhaul
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alone has been shown to be a critical cost burden to the

A ir Force (114:52_514).

Under 0CM the depot complete tear—down and rebuild

process would be replaced with a process including replace—

ment of expired or near expired hard time components , inspec—

tions of on condition and condition monitored components

with replacement or repair only as necessary, and analysis

of engine health indicators to determine necessary mainte-

nance actions . In summary, the depot maintenance process

was to be tailored to the requirements of each engine versus

the current standard work package for all engines.

Another important implication of the OCM/RCM process

was that since engine maintenance was to be based on the

categorization ; i.e., Hard Time Limit , etc , of the engine ’s

modules or components as opposed to the entire engine ,

the engine maximum operating time (MOT) was to cease to

be the driving factor in determining the maintenance produc-

tion schedule. This factor would become the Hard Time

Limit or inspection schedule of individual components.

Thus, the requirement to life or condition track individual

components would have far reaching Impact on the entire

engine management system (15).

ENGINE CONDITION MONITORING

Objecti yes

New techniques and concepts have been developed

and implemented to permit the transition from performing
35



maintenance on a maximum operating time basis to maintenance

based on the RCM/OCM concept and to meet the operational

need to reduce engine maintenance costs without jeopardizing

mission reliability. Design and development of engines

composed of modules was one recent example of these new

concepts. Diagnostic engine monitoring had become a very

attractive technique for assuring maximum aircraft avail-

ability at minimal system costs through the implementa-

tion of on condition maintenance practices for these modular

engines as well as older , non—modular , turbine engines.

These diagnostic systems were designed to supplement other

established condition assessment techniques for maximum

effectiveness. Among the many specialized diagnostic tech-

niques are the Spectrometric Oil Analysis Program (SOAP),

non—destructive inspection (NDI), periodic visual inspections ,

borescope inspections , and analysis of maintenance reports.

When used in conjunction with these well established mainte-

nance practices , a turbine engine monitoring system (TEMS)

has been envisioned to form a total program of engine diag-

nostics which could determine the condition of a component ,

assembly,  or system by visual inspection , measurement ,
e

test , or other method without requiring the engine to be

removed from the aircraft and disassembled (13:2). One

of the primary logistics objectives of TEMS has been to

lower the engine component or subsystem maintenance category

from Hard Time Limit to On Condition by providing aircrews
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or maintenance technicians with the capability to detect

reduced failure resistance as required in the RCM decision

logic.

The Air Force TEMS Review Group , in a 1977 briefing

to the Deputy Chief of Staff for Logistics Operations at

HQ AFLC , specified several objectives for TEMS develop-

ment and implementation. The Review Group had conducted

an analysis of overall AF engine status , an evaluation

of technical options , and a review of past TEMS as well

as engine maintenance and safety data . The TEMS objectives

established by the Review Group were categorized according

to need: operational , maintenance , logistics , and safety

(35 ).

Operational and maintenance objectives. The Review Group

(35) proposed the following functional requirements for

TEMS to fulfill the needs of aircrew and maintenance person-

nel:

1. TEMS should provide an advisory indication

of overall engine condition In the form of’ a go/no—go ad-

visory prior to flight.

2. The system should be capable of automatical-

ly detecting and recording engine operating characteristics

which exceed established criteria. Recording at the pilots

discretion should be permitted.

3. Any significant deterioration of engine

thrust should be determined through gas path analysis.
37
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4. The system should permit reduction of

periodic engine inspections.

5. Maintenance trouble-shooting should be

improved through the isolation of problems to specific

areas or components of the engine .

6. The TEMS should aid engine performance

adjustments or trimming following maintenance.

7. The flightline maintenance environment

and support for the TEMS were strong considerations in

the hardware characteristics specified by the Review Group.

For exam ple , the weight , durability, accessibility, and

mobility of TEMS co~nponents should permit one—man operation .

Also , components should not be subject to periodic inspec-

t ions or ca l ib ra t ion  and should be reprogrammable without

removal.

Although these objectives were specified by an

Air Force panel , the TEMS operations reviewed herein have

adhered to them in general ; the primary differences being

in the methodology used. These differences among selected

AF systems are reviewed and discussed in Chapter III.

Logistics objectives. Achievement of on condition mainte-

nance (0CM) for engines was the predominant logistics objec-

tive throughout the TEMS literature. Whether 0CM was direc-

tive in nature (as within the DOD) or profit motivated ,

as in the commercial airlines , the consensus has been that
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some form of TEMS is necessary to achieve the full benefit

of 0CM. However , other logistics objectives of TEMS included

reduction of fuel consumption , prediction of engine spares

and overhaul requirements , increased knowledge of engine

component life—limits to reduce spares and overhauls , and

improved engine management data (11 ; 31; 37).

Safety objectives. The specific safety objectives cited

by the TEMS review group incorporated various aspects of

the operational and maintenance objectives. For example ,

the mechanized collection and analysis of data for life—

limited components plus the recording of’ out—of—lim its

conditions were to provide advance warning of impending

catastrophic engine failures. 1 A major objective of’ the

Strategic Air Command ’s manual engine condition monitor-

ing program was to reduce in—flight engine shutdowns (33:11).

Other safety aspects of TEMS included , go/no—go indications

and inputs to crash recorders .

Concepts

The technical feasibility of engine monitoring

has been demonstrated by several tests conducted by the

Military Services. Among these are the Navy ’s A—7 In—Flight

Engine Condition Monitoring System (IECMS), the Army ’s

1Catastrophic failure : Sudden , unexpected damage or loss.
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Automative Inspection Diagnostic and Prognostic System

(AIDAPS) for helicopters , and the A ir Force ’s Engine Health

Monitoring System (EHMS), which was tested on Air Training

Command and Tactical Air Command T-38 aircraft. AFLC and

TAC were currently evaluating the EHMS on A -b aircraft

at Myrtle Beach AFB , SC. Changes in the orig inal T—38

EHMS caused AFLC to redesignate this particular application

as the A — b  TEMS ( 3 1) .  These tests, and others , indicated

that the TEMS concept was able to meet the required objec-

tives. However , none of these systems or other system

applications were identical in the method of data collection

or in the analysis of’ the engine performance parameters

monitored.

The identification of these parameters and the

hardware necessary to monitor them reliably in an operating

environment  have been the subject  of several research e f fo r t s

sponsored by the Military Services and the Society of Auto-

motive Engineers (SAE). The reliability question was ad-

dressed in a study by the Air Force Aero Propulsion Labora—

tory (AFAPL) which cor.~’luded that:

With only minor exceptions , sensors of accept—
able accuracy and durability are available for
diagnostic monitoring of engine parameters , and
are considered to be satisfactory for diagnostic
fau l t  isolat ion and t rending purposes at base
level ~1:V.
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Parameter selection was, therefore , a managerial

and/or engineering decision which was not limited by sensor

technology .

Parameter development and selection. The basic elements

of engine operation required for engine condition monitor-

ing included the actual flight conditions under which the

engine data was obtained , engine speeds and temperatures ,

and the mechanical condition of engines , accessories , and

components (1). The following methods are used to gather

engine related data :

1. Detection of o u t — o f— l i m i t  condi t ions

of engine parameters.

2. Trend analysis of selected parameters.

3. Gas path analysis to compute changes

in engine parameters not directly measured.

14~ Analysis of mechanical data such as vibra-

tion , fue l pressures , and fuel flow.

5. Recording and accumulating engine speed

ranges for low cycle fa t igue  usage es t imat ion .

6.  Oil quality analysis.

7. Visual inspections , such as borescope

and radio graphy .

The detailed selection of the parameters used

in a speci f ic  TEMS applicat ion depended on the type and
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complexi ty  of the engine and its operational environment

as well as the degree of’ fault detection , analysis , and

diagnosis required (18:2). Consequently, a comprehensive

list of essential parameters did not exist; however , all

system applications used outside air temperature , airspeed ,

and altitude to establish aircraft flight conditions.

Gas path analysis and low cycle fatigue (LCF)

were obtained from sensors which measured rotor speeds

and internal engine temperatures and pressures. Mechanical

condition was measured by vibration and oil quality among

otbers (144:644—67).

As the desired parameters were i den t i f i ed , the

type and locat ion of’ the sensors designed to measure these

variables were selected. In most cases , ex is t ing  sensors

used for cockpit  indicators  or engine controls were used

in conjunction with additional sensors installed on the

engine. The TEMS installations reviewed were retrofitted

to ex is t ing  engines or incorporated into the basic engine

design as in the cases of the TF344 engine on the A— b air-

craft and the FbOO engine on the F— 15 (31).

Recording systems. Although the majority of existing engine

moni to r ing  systems used automatic moni to r ing  and recording

equipment , manual monitoring and trending had been used

successfully by the Strategic Air Command on KC— 135 and
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B—5 2 a i r c ra f t  ( 3 0 ) .  This manual moni to r ing  and t rending

program appeared to have met the major  TEMS objec t ive  of

implementing the on—condition maintenance concept with

the associated reduction in operat ional  support costs

(12; 29—11).

The methodology of’ automatic monitoring included

selective versus continuous recording of engine data using

on—board magnetic tape or electronic data storage components.

Selective recording of specified portions of a normal air-

craft mission or upon detection of out—of— limit conditions

had the purpose of reducing data processing and analysis

volume and also reducing the space required for on—board

recording equipment. Selective record~ng systems were

used primarily to meet TEMS operational and maintenance

objectives while continuous recording systems , such as

the British Engine Usage Monitoring System (EUMS), had

been used to improve engine safety and reliability through

expanded knowledge of the engine ’s operational environment

t ranslated tri t e design engineer ing changes ( 8 : 9 — 1 0 ) .

Major Impacts on Engine R e l i a b i l i t y

The data collection parameters selected for inclu-

sion in an overall engine condi t ion  moni tor ing  program

were intended to meet the TEMS objec t ives .  The major factors

which have historically caused the greatest impact upon
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engine reliability have been low cycle fatigue , damage

to the engine combustion or “hot” section vibration and

the engine lubrication system (35). This section will

review these factors to provide a definitional background

and the potential impact of’ TEMS on the factors.

Low cycle fatigue. The AF Aero Propulsion Laboratory has

defined low cycle fatigue (LCF) as the “ ... cumulatively
induced strain damage occurring in the one—hundred to one-

hundred thousand event cycles ... £16:1J,” which occurs
in the engine ’s rotating components , such as compressors

discs , and rotors: LCF has long been recognized as one

of the more important factors affecting the service life

of these engine components and LCF usage monitoring had

been of primary concern to military TEMS designers and

users (13:214). This concern was due to the catastrophic

failures caused by LCF and the potential for the loss of

aircraft.

Then current methods of’ determining major component

LCF life have been based on engine operating time and include

a significant safety factor. Some methods used on multi—

engine a i rc ra f t , such as the C-5A and large commercial

a i rc ra f t , have related LCF to the number of t akeof fs  and

landings.  However , in general LCF moni tor ing  methods were

extremely conservative ; moreover , there had been a great

deal of uncertain ty regarding the r e l a t ionsh ip  between
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cycles and a component ’s actual safe life. Military tactical

aircraft experience a more severe flight environment and

require more f requent  t h ro t t l e  movements than do multi—engine

cargo or passenger a i r c r a f t  ( 1 1 ;  19; 3 1) .  As a consequence ,

recent TEMS applications in the Air Force , such as the

F— b5 ERR and A— b O ETTR , have emphasized the development

and incorporation of automatic engine cycle recording for

tactical aircraft (31).

Hot section monitoring . Another major concern of recent

TEMS development has been the critical dynamic stresses

and high operating temperatures on many engine components

resulting from the higher thrust ratings and performance

required of current military engines (12 ; 31). Therefore ,

there has been s ig n i f i ca n t  emphasis placed on the monitor-

ing of engine hot or combustion section performance and

h i s to ry .  Borescope inspections have been used to detect

thermal fatigue and cracks within the hot section prior

to fa i lure .  However , these inspections were d ic ta ted by

interval and may not have detected rapidly growing cracks

in the hot section. Therefore, TEMS has sought to comple-

ment the traditional borescope procedures with some type

of airborne hot section moni tor ing to detect deter iora t ion

and to increase the knowledge of the dynamics of thermal

fa t igue  ( 1 8 :3) .
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Vibrat ion.  Analysis of engine vibration has served to

establish the condi t ion  of gears and bearings operated

In gearbox type assemblies. This analysis has been based

on the concept that defects in these bearings and gears

cause vibration each time the defect passes a bearing sur-

face. Measurement of’ the t’r’equency of this vibration and

comparison with the normal engine vibration range has been

used to isolate and replace the defective components before

failure (18:11_114). Vibration analysis techniques were

also used in the Northrop Electronics designed Engine Health

Monitoring System (ERMS) as a means of detecting subtle

rotor imbalances such as those produced by the loss of

a compressor or turbine blade . These techniques have been

used to detect the more obvious effects of foreign object

damage (27:pp.44—2 to 14_44).

Lubrication. The TEMS Review Group identified the engine

lubrication system as ranking among the top four contributors

to engine maintenance actions and man-hours , engine removals ,

and engine caused aircraft accidents (35). The Spectrometric

Oil Analysis Program (SOAP) has been in use for many years

to aid in the detection of impending failures in oil—wetted

parts. This procedure has involved the collection of engine

oil samples which are processed to determine any increase

In the wear of bearing surfaces by recording the concentra-

tion of wear particles in the sample. The engine users



were notified of changes which indicate the incipient failure

of the engine or a specific component. The time required

to transport and analyze the collected sample at a central-

ized laboratory, has prohibited the field level identifica-

tion of these impending failures and has limited the effec-

tiveness of this method (18:15).

TEMS Impact. Low cycle fatigue , the engine hot section ,

vibration , and lubrication have been among the most critical

factors affecting engine reliability . Any improvement

in the acquisition of in—flight data concerning these factors

would enhance the prediction , detection , and diagnosis

of failures associated with these factors . The TEMS Review

Group concluded that the technical capability existed for

TEMS to directly or indirectly measure these factors prior

to any significant maintenance or safety impact (35).

Potential Benefits

A quote from a 1976 Technical Cooperation Program

report , written by an Aeronautics Study Group representing

f i ve  nations , summed up the potential benefits of engine

health monitoring (ERM) systems:

There is absolutely no doubt that the right EHM
system will contribute significantly to reliability ,
availability, and cost effectiveness of future
aircraft and engines. Indeed , with the increasing
sophistication of ... weapons systems , some form
of EHM is rapidly becoming mandatory to minimize
cost—of—ownership of these complex and expensive
systems L~44:28J.
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In contrast to this statement , a 1979 Rand Corpora-

tion report stated that the:

Benefits and costs of engine monitoring are still
very uncertain. Quantitative benefits have not
been realized , and costs have been higher than
expected LB :b~7.
This uncertainity was primarily due to adequate

control of variables and insufficient test time intervals.

Consequently, TEMS benefits must be discussed in terms

of the potential impacts on engine reliability, availability,

and support costs although most TEMS applications have

demonstrated the technical capability to automatically

measure and record engine operating parameters. Ttfts section

of the study presents a discussion of the potential TEMS

benefits in the areas of’ engine operational availability ,

support costs, and safety with supporting data from specific

TEMS applications.

Operational .v a i l a b il i t y .  The results of a study conducted

by representa~.ives from the Air Force Logistics Command ,

Air Force Systems Command , and the operational major air

co!nmands Indicated that the not—mission—capable (NMC) condi-

tion of an aircraft could be attributed to the engine in

23.7 percent of the NM C conditions recorded during 1976—1977.

The study also confirmed that the engine was the primary

cause of aircraft nonavailability as compared to all other

subsystems (35). The focus of the TEMS operational and

maintenance objectives discussed in a previous section
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was toward improvement of engine and , therefore , aircraft

operational availability. The TEMS and its associated

ground diagnostic equipment was intended to provide an

indication of engine related problems plus verification

of engine malfunctions identified by the aircrew. A TEMS

was felt also to be able to identify the most probable

cause of engine related problems thus speeding any correc-

tive actions required and reducing maintenance turn—around

t ime ( 1 4 4 : 4 4 — 5 , 11 — 2 8; b 9 ;  3 1 ) .

Analysis of benefits from several TEMS tests have

indicated an increase of available flying hours from the

same aircraft resourcep through the reduction in time the

aircraft is undergoing maintenance. For example , the Navy ’s

Inflight Engine Condition Monitoring System (IECMS ) test

resulted in a reduction in engine removals per 1 ,000 flying

hours which translated into an average increase of 31.55

flying hours between removals of’ IECMS — equipped engines.

Moreover , IECMS was credited with a reduction of the air-

craft not—mission—capable rate for test aircraft (33:12—17).

The Air Training Command test of T—38 aircraft

equipped with the Engine Health Monitoring System (~ HMS)

indicated improved operational availability due to more

accurate fault isolation and reduced time required for

engine trim operations. Engine trim time on the T—38 ’s

J—85 engine was cut by more than 80 percent due to the

elimination or reduction of several maintenance operations.
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A 60 percent saving in trouble—shooting time with EHMS

resulted through the use of information available from

the EHMS diagnostic test equipment which provided accurate

data regarding engine problems and their causes. The EHMS

also reduced teardown and inspection of engines which had

experienced flameouts when the diagnostic system indicated

the flameout did not result from internal engine problems

(20:29—34).

Reports from commercial airlines ~:hich have implement-

ed the Airborne Integrated Data System (AIDS) have been

favorable regarding planned versus unplanned engine removals

and other engine maintenance. Pan American Airways reported

great improvement in forecasting engine removals based

on predicted failures while Trans World Airlines indicated

success with enroute engine maintenance scheduling based

on AIDS diagnostic information (114:23).

Safety. An important collateral benef i t  of engine monitor-

ing has been an improved safety environment. Improved

fault isolation , the detection of malfunctions not identified

by a ircrews , and reduction of secondary engine damage were

among the potential safety related features in addition

to contributing to operational and logistics considerations

(144:6). A study of Navy and Air Force A— 7 aircraft accidents

indicated that if engine diagnostic data had been available ,

51 percent of the engine related accidents could have been
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avoided (144:30). Specific cases of the ability of TEMS

diagnostic data to enable the prediction and , therefore ,

prevention of engine or engine component failure to preclude

the potential loss of the aircraft have been documented

in several of the Air Force TEMS tests. For example , the

following case occurred during the ATC test of the E’~gine

Health Monitoring System: )
After one flight , an ERMS instrumented T—38 indicat-
ed compressor and turbine damage. The pilot did
not report a problem as the engine was operating
well within performance limits . When the engine
was torn down , the damage picked up by the EHMS
was evident. A small piece of the combustion
liner was missing , and there was minor damage
to the first and second stage turbine buckets.
When the piece broke loose and went through the
engine , it changed the performance characteristics
enough to alert the recording function of the
equipment. Without the EHMS, additional , larger
pieces of the liner could have broken off and
caused major engine damage and possible loss of
the aircraft (17:7.7.

In another T—38 EHMS case, the system confirmed

a problem which was not readily apparent. The aircrew

reported that the exhaust gas temperature (EGT) on one

engine had exceeded its limit and had risen to 680 degrees

for a period of one or two seconds. Analysis of the ERMS

recorded data indicated that the over—limit condition was 
F

actually 779 degrees for 41 seconds. Without this analysis ,

the engine would have remained in service without maintenance

action . Because of the EHMS indications , however , the

engine was removed and the turbine was found to be severely
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damaged. Any subsequent flight without engine removal

would have resulted in engine failure and major aircraft

damage (17:9).

The success of the Strategic Air Command’s manual

monitoring and trending system in predicting potential

failures was typified by a case where the trend plot of

a KC— 135 engine indicated low turbine efficiency. Inspection

of the engine detected burnt and bowed turbine nozzle vanes

and an ineffective spray pattern from the fuel manifold

nozzles. Repair of these deficiencIes precluded potential

secondary damage and a probable in— flight emergency due

to engine deterioration (30:11).

Any improvement in flight safety through the use

of a TEMS was also predicted to increase operational avail-

ability by conserving the critical resources of aircraft

and combat trained crews . The military and airline engine

health monitoring systems have demonstrated the technical

capability to detect internal engine changes in time to

apply the necessary preventative maintenance (11 ; 144 :33—442; 31).

Logistics Support Costs. The USAF jet engine inventory

consisted of’ 41 ,161 engines on 30 June 1978 according to

the D02~4B, Propulsion Unit Item Inventory Management System .

During a status briefing (5) to General Allen , AF Chief

of Staff , on the Comprehensive Engine Management System

(CEMS), the value of this inventory was placed at $7.865
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billion and was estimated to grow to $144 billion by fiscal

year 19844 when all F100 and TF314 engines were included

in the inventory . Fiscal year 1978 engine support costs

for spare engines , parts , and maintenance were briefed

as being erie billion dollars (5). The TEMS Review Group

Logistics Committee reported that the engine was more costly

to support than any other aircraft subsystem and that the

engine components requiring the highest repair cost have

varied by type of engine (35 :3 ;  14). Degrande and Eickmann

also identified the significance of the engine in o7erall

weapons system support cost and further described the varia-

tion among different engine types that certain compone.nts,

such as the compressor or turbine blades , had contributed

to costs (144 :443— 445, 448—51). The Logistics Committee further

stated that

all engines consume a proportional share of
the total support cost of any weaporA system and
are a prime, candidate for meaningful cost reductions
L35:Z7.

Many of’ the recent Air Force studies of engine

condition monitoring had been directed toward reducing

these support costs by improving maintenance fault isolation

time , reducing secondary engine damage caused by component

failures , and reducing fuel consumption through improvements

In engine trim procedures. For example , an AF Aero Propul-

sion Laboratory report of the Advanced Diagnostic Engine
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Moni tor in g  System ( ADEMS ) s tated that  as an ob jec t ive  of

the study

The ever increasing cost of engine overhaul and
maintenance , ... have created a greater need for
the development of improved diagnostic engine
monitoring techniques L1:9J.

The TEMS Review Group indicated that the installa-

tion of an in-flight TEMS on AF aircraft could reduce overall

engine logistics support costs by approximtely five percent

with the most significant savings being in fuel , maintenance ,

and spares while minimally increasing inventory management

and data processing costs ( 3 6 ) .

The design and application of some of the early

TEMS concentrated on improving engine reliability and perform-

ance , and although some specific systems met these criteria ,

and also provided some economic benefits , the cost effective-

ness of an automated TEMS has not been conclusively determined

to justify its fleetwide application. For example , the

T-3 EHMS test conducted by ATC indicated that , although

the EHMS reduced maintenance trouble—shooting (fault isola-

tion ) time and improved engine trim results , acquisition

of an EHMS for retrofit of the ATC T—38 fleet was not cost

e f f ec t ive  ( 18;  20 : 4 3—5 6;  25:10— 11). Moreover , Birkler

and Nelson stated “... that the maintenance cost savings

used to justify the FbOO EDS are unlikely to materialize

over the short term L8:~J.” The Strategic Air Command ,

how ever , claimed a $6.2 million secondary damage cost avoid-

ance from the in—flight manual monitoring program establish-

ed f’leetwide for KC—b 35 engines (29:11).
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Although the Air Force ’s continued emphasis on

TEMS development appeared unjustified when viewed on a

strict cost effectiveness basis , the potential benefits

relative to operational availability and safety are being

considered in a total system approach (11; 31; 37). Birkier

and Nelson commented on this approach by saying that:

... whether EDS passes or fails in the narrow
sense of cost savings over the short term should
not be the sole criterion on which it is judged .
The potential benefits of anticipating needed
maintenance , helping maintenance crews and engineer-
ing support personnel better understand engine
failure cause and effect , and verifying that mainte-
nance has been properly performed have substantial
value. These benefits are especially significant
now that the Air Force is moving toward an on—
condition maintenance posture. .. L8:vj7.

Also , TEMS has been forecast to be an integral

element of the Comprehensive Engine Management System by

providing improved diagnostics of engine condition to enhance

life— limited component tracking (14 ; 5).
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CHAPTER III

ANALYSI S OF AI R FORCE TEMS APPLICATIONS

SYNOPSIS

Each of the AF TEMS applications reviewed during

the research had the common objective of improving engine

maintenance production . The systems which have been evaluated

in service tests, those presently in operation , and the

systems being proposed employed various means to accomplish

this  object ive .  The variat ions included differences in

airborne and ground equipment , data collection and analysis ,

and presentation of diagnostic information . This section

presents brief historical descriptions of the AF TEMS applica-

tions reviewed.

Background Descriptions

Past applications included the Engine Analyzer

System (EAS), the Engine Health Monitoring System (EHMS),

and the Advanced Diagnostic Engine Monitoring System

(ADEMS). Systems currently in operational use included

the C—5A Malfunction Detection Analysis and Recording

Subsystem (MADARS), the Strategic Air Command’s Engine

Condition Monitoring program , the F— 15 Events History
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Recor der (EHR), and the A— bO Engine Time Temperature

Recorder (ETTR). The F100 Engine Diagnostic System (EDS)

was currently being evaluated for installation in F—b5

and F-16 aircraft. The A-b Turbine Engine Monitoring

System (TEMS) was undergoing service test and fligh t

evaluation at Myrtle Beach AFB SC.

EAS was a development and test program conducted

by Aeronautical System Division (ASD). The twelve month

service test involved EAS installation on 18 F—44C and

18—F1O5F aircraft and was completed in April 1967. The

system was composed of a set of 20 sensors , a signal

data converter , a computer / indica tor , and a magnetic

tape recorder. Sensor generated data , computed performance

values , and documentary data such as engine serial numbers

and date were continuously recorded. Analysis  of tape

recorded data was accomplished by special programs using

exis t ing  on—base computer f a c i l i t i e s .  The tapes were

duplicated and mailed to ASD for engine performance t rending .

The system also indicated potent ial ly degraded engine

condit ion through the display of eleven event f lags on

the face of the computer / indicator  ( 2 1 ; 145 ) .

The ADEMS program , conducted by the AFAPL , was

an exploratory development program to evrduate a system

specifically designed to enhance the operation and mainte-

nance of an in—service engine . The system was installed

on a TF39 engine of a C—5A aircraft at Altus AFE OK.

57



The test was not completed due to the destruction of

the ADEMS equipment when the a i r c r a f t  crashed and burned

dur ing an emergency landing in September 197 14 . For ty — six

engine and a i r f rame mounted sensors were used to collect

the data used by ADEMS to moni tor  engine performance.

Twenty—five of the C—5A/TF39 existing sensors and trans-

ducers were used. Other ADEMS airborne components included

a Honeywell general purpose computer , logic i.t ~erface

modules , signal processors , a magnetic tape recorder ,

and an input/output printer. During the data acquisition

process , preselected groups of data , such as oil system ,

vibration , or thermodynamic , could be selected for display

on a remote control and display unit or printed on a

keyboard terminal. Engine fault messages were displayed

on the remote unit and printed on the terminal to identify

deficiencies. Permanent recording on magnetic tape was

accomplished during take—off , selected stable flight

conditions , upon manual initiation and upon fault detection

(10; 13).

AFLC has conducted two separate tests of the

Northrop Electronics Division ’s EHMS on ATC and TAC assigned

T—38 aircraft. Following the May 1977 completion of’

the first test at Randolph AFB TX , five of the ten EHMS

equipped a i rc ra f t  were t ransferred to Holloman AFB NM

for the TAC test . EHMS monitored 35 engine performance

and a i rcraf t  system parameters through 18 ex i s t i ng  and
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21 EHMS added sensors . Sensor inputs were continuously

monitored to detect and record engine performance over—

limit  conditions . Four pre—set portions of each f l igh t

were recorded to generate data for performance t rending

purposes . Recorded data were stored in the on—board

random access memory uni t .  A status panel indicated

engine go or no— go condition which was determined by

decision logic programs and l imi ts  programmed into the

processing un i t .  A portable o f f— ai rc r a f t  data display

uni t  was used to transfer the recorded data for ground

processing and presentation of detected over—limit  events

and diagnostic information ( 17;  20 ) .

‘The Strategic Air Command has implemented a simpli-

fied engine performance monitoring and trending program

involving in—f l igh t  recording of engine parameters by f l igh t

crews and analysis of performance trend plots by maintenance

personnel . Ini t ia ted in October 1976 on K C— 135 a i rcraf t ,

the program has since been expanded to include the Command ’ s

B—5 2 and FB — 1 1 1 a i rc ra f t .  The program requires engine instru-

ment readings to be manually recorded during a cruise portion

of’ each f l igh t .  This data was then corrected and plotted

on trending worksheets for each engine.  The parameters

monitored by this system were exhaust gas temperature , fuel

f l ow , thrott le posit ion , oil consumption , engine rpm , and

a subject ive vibrat ion index value . Baseline data was obtain-

ed from test cell and f l i gh t l i ne  test runs . Deviations
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in the trended information indicate potential engine problems

which require inspection to verify. Maintenance guidelines

had been incorporated into a diagnostic guide . The major

thrust  of this  manual monitoring and trending program was

to predict impending engine failures before they occur and

herefore  reduce the cost of these fai lures . The continued

use and expansion of the program were indica t ive  of the

achievement of this objective (29 ; 30) .

MADARS has been in operational use on the Military

A i r l i f t  Command ’s C—5 A a i r c ra f t .  The system was an integral

part of the C—5A development and acquisition . Of’ the

approx imately 800 airframe and related subsystem parameters

monitored by the system , 28 engine or engine related

parameters were continuously monitored in—flight . Data

was recorded when pre—selected limits were exceeded or

upon command . Processing and analysis of recorded tapes

was accomplished at Oklahoma City Air Logistics Center.

Engine performance trending, updates of engine operating

time , and low cycle fatigue counts were some of the outputs

of this processing . MADARS engine data has been used

to extend the TF39 engine overhaul interval . Unfavorable

engine performance trends detected through the analysis

of such param eters as EGT or inlet tempera tur e were forwar ded

to the C—5A base maintenance organization for engine
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inspection . MADARS data was also input to the aircraft

crash recorder (13; 344).

The A— b employed an Engine Time and Temperature

Recorder for its TF344 engine. The ETTR was an electro-

mechanical airborne recorder of hot section performance

factors. The system measured turbine inlet temperature

(TIT) and updates digital counters on the face of the

ETTR . These counters were: elapsed engine time ; the

number of TIT excursions between 200 and 550 degrees

centigrade , between 550 and 790 degrees , and between

7~4O and 810 degrees; and the elapsed time TIT reached

or exceeded 790 and 810 degrees. Lights are used to

indicate that temperatures greater than 8440 and 927 degrees

centigrade were exceeded. The ETTR also counted hot

section factor (HSF) units which was an index directly

related to stress occurr ing dur ing engine operat ions.

The TIT and HSF counts were manually recorded and forwarded

to the engine manufacturer for analysis. The ETTR did

not perform any on—board analy sis of these counts but

merely provided a logging method for record keeping and

performance t rending (3 1 ; 344).

The F-15 aircraft has employed an engine mounted

Events His tory  Recorder in conjunct ion wi th  e ight  un i t s

of ground support equipment to accomplish on condition

maintenance of’ the F100 engine. The EHR recorded and

displayed eight  engine condi t ion  factors.  Four flags
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provided an indicat ion of an engine hot start based on

TIT and RPM , TIT over—limit events , engine overspeed ,

and speed sensor fa i lure .  Four addit ional  indicators

displayed total engine op erat ing time , two hot section

time counters, and a low cycle fa t igue counter.  Maintenance

actions generated by f lag indicat ions or aircrew comments

were conducted through manual review of diagnost ic  logic

trees which directed specif ic  maintenance inspections

or repair actions . Manual trend plots were used to iden t i fy

defective F100 engine modules or provided an indication

of EHR instrumentation problems. EHR and module replacement

data were manually recorded and reported through the

MM ICS to the G337 data system for update of engine and

module historical  recor ’ ’~ ( 1 1;  13; 28; 3 1; 344).

The F100 Engine Diagnostic System was being develop-

ed by ASD for use on F-15 and F—16 aircraft. EDS would

replace the then current EHR and f ive  uni ts  of’ EHR support

equipment. As planned , the EDS would monitor , compute ,

and record 44 2 parameters through engine and airframe

sensors , mult iplex uni ts  mounted on each engine , and an on—

board data processor unit  ( D P U ) .  An engine status panel

was to be mounted on the a i rcraf t  to provide engine or EDS

component go or no— go indications . Engine performance

data would be recorded by the DPU upon detection of an

exceeded l imi t  at pre—set stabilized f l ight  parameters ,
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or upon pilot command. Portable diagnostic display units

(DDU) were to provide maintenance personnel with a fault

detection capability when the status panel or alrcrew

reports indicated an engine problem . Diagnostic logic

trees were to be pre-programmed in the DDU. The data

collection unit (DCU) would permit collection of EDS

generated data stored in the DPU from several aircraft

for transfer to a central data system for analysis , trending ,

and record keeping. Flight test of’ the initial F— 15

EDS installation was planned to begin in November 1979

at Langley AFB VA (11; 244; 31; 344). -

The A— 1O TEMS was a modified version of the Northrop

EHMS used on the T—38 aircraft . The system was proposed

to replace the then exis t ing A— b ETTR to provide automated

recording and diagnosis of engine performance data.

The data collection , processing, and analysis subsystems

of the A— b TEMS were similar to EHMS with the differences

being pr imari ly  in the pre—programmed diagnostic routines

and different parameter measurements. The service test

was planned to conclude November 1979 following accumulation

of 14400 flight hours (19; 32).

Comparisons

A conceptual model was developed to describe

TEMS operational characteristics and simplify comparitive
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analysis and identification of trends. This conceptual

model is portrayed in Figure 6. Engine performance and

other engine-related data are detected by sensors mounted

on the engine or on the airframe. A signal converter

transforms the sensor ’s signal into a digital  form usable

by an on— or off—aircraft computer. Parameters selected

for use by the system are identified by the computer

pre—programming as well as any decision logic criteria

required for output processing. This criteria includes

faul t  tree diagnosis or operating limits for specific

parameters. Output may be in the form of recorded informa-

tion , indications that maintenance is required , or both.

The fol lowing sections use this conceptual model to describe

the major features of the AF TEMS applications reviewed

during this research.

Sensors. All of the automatic recording TEMS applications

reviewed used existing and added sensors to accomplish

the engine monitor ing funct ions  of’ each system . The

SAC manual recording and trending system was excluded

from this assessment as this system used data available

from exis t ing cockp it instruments.  Approximately 30

sensors per engine were used by each system. Actual

differences in the number of sensors per engine as well

as the location of these sensors was attributed to the

type of engine , such as turbojet or turbofan , monitored
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by each system. In general , the turbojet engines , such

as the J85 in the T—38 and the J79 in the F— 44 , used fewer

sensors than the more complex turbofan TF39 and TF314

engines used in the C—5A and A— 1O respectively.

Signal Conversion. The signal conversion process was

again common among all the systems reviewed. The primary

differences were identified in the location of the signal

conversion units. The EAS , ADEMS, and EDS each used

a separate component for signal data conversion while

the EHMS and A— 1O TEMS combine signal conversion and

data processing functions into a single unit.

Data processing . Data storage and analysis were the

areas where s ign i f i can t  d i f fe rences  existed among the

systems reviewed. The EAS, ADEM S, and MADARS used magnetic

tape to record the data for further off—aircraft processing.

The EHMS and A— b TEMS used a separate memory core storage

unit while the EDS combined the memory and processing

functions into a single unit. This internally stored

data was then transferred through connecting cables to

portable off—aircraft data display or collection equipment.

The SAC system , EHR , and ETTR required manual recording

of’ data for trending or further analysis.
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All of the automatic monitoring systems performed

on—aircraft data analysis in varying amounts; however ,

the EHMS, EDS, and A -bO TEMS used off-aircraft components

to complete data processing and presentation . The EAS ,

ADEMS, MADAR S, and EHR analyzed engine over-limit conditions

to provide the aircrew or maintenance personnel with

ind ica t ions  of potent ia l  engine problems requ i r ing  o f f-

aircraft fault diagnosis and isolation . The EHR , for

example , used manual d iagnos t ic  charts to direct  spec i f i c

engine maintenance actions or inspections based on the

EHR status panel flags.

Another major difference among the systems was

the criteria used for recording in—flight engine performance

data . EAS was a continuous recording system while the

EHMS and A — b TEMS recorded four pre—selected portions

of each flight; pre—takeoff , takeoff , climb , and cruise.

These two systems and EDS also recorded data when an

exceeded limit event occurred and upon pilot activation

of a cockpit switch. ADEMS and MADARS also selectively

recorded engine performance data based on detected events

and a portion of each flight.

Output. The forms , uses, and methods of presentation

of TEMS output information varied significantly among

the systems reviewed. Data was recorded on magnetic

tape , stored in random access memories , and manually
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transcribed . The EAS , ADEMS, and MADARS used magnetic

tape as permanent records of recorded data for engine

performance trending and fault diagnosis. The EHMS,

EDS, and A-b TEMS used on—board computer memories for

temporary data storage prior to transfer to off—aircraft

support equipment for diagnostic analysis and transfer

to system related ground processing stations . These

computer stations processed the data to create permanent

records in the form of listings , paper tape , or magnetic

tape.

Several TEMS applications also used engine status

panels to provide maintenance personnel with immediate

p o s t — f l i g h t  ind ica t ions  of potent ia l  engine problems .

The volume of data presented ranged from the eleven engine

oerformance indications on the EAS and the six flags

used by the EHR to the two f lag status panel used by

the EHMS and A— b TEMS to indicate system and aircraft

go or no—go conditions. The portable diagnostic units

of the ERMS , EDS, and A— bO TEMS contained fault isolation

logic tree programs to provide identification of failed

components or recommended maintenance actions.

Trends

Through the system comparisons in the previous

section , apparent trends were i d e n t i f i e d  in the data

processing and output elements of the TEMS conceptual
68
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frame work. These trends indicated a movement toward

greater dependence upon on—a ircraf t  computer memory stored

data and use of off—aircraft equipment for diagnostic

analysis.  The proposed EDS and A— bO TEMS were indicative

of these trends as both were planned to replace e~isting

event counter systems (the EHR and ETTR respectfully)

with automated recording of’ engine performance data and

detection of critical events. These systems were also

both equipped with engine or system status indicators

and employed portable off—aircraft diagnostic units to

permit maintenance personnel to easily identify , validate ,

and correct TEMS and/or airorew identified engine def i—

ciencies.

SYNTHESIS

The purpose of this section of the research analysis

was to provide a synthesis of TEMS information available

to the engine management system . The flow of engine

performance data through each of the systems was analyzed

according to the conceptual model in Figure 6. Categoriza—

tions of the relevant input and output parameters and

the potential uses of these parameters were developed

from this analysis.

The parameters used in the data processing segment

of each system were reviewed and classified into general

terms . For example , d i f ferent  terms were used among
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the systems to describe the engine speed or revolutions

parameter and these were classified under the general

term rotor speed. These generalized parameters were

then each categorized according to its respective portion

of the monitoring process. These categorizations are

listed in Table 2.

Documentary parameters provided references to

identify recorded data. The environmental parameters

were used by the TEMS to provide information about atmos-

pheric conditions and also to compute portions of the gas

path data.~ The gas path parameters measured the engine ’s

thermodynamic performance while the mechanical parameters

provided data regarding engine—related accessory equipment.

Table 3 presents a further categorization of

the gas path and mechanical parameters according to uses

within the engine management system . The fault isolation

and trim categories included those parameters which were

used by the TEMS to detect when established engine operating

limits were exceeded , perform diagnostic processing ,

and check for proper engine operation following maintenance.

These categories were primarily used in the performance

of flight—line and JEIM maintenance production tasks.

The history category concerns the engine management

record keeping task and , when used with the trending
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Category of Use

Fault
Parameter Isolation Trim Trend History

Engine Inlet Temperature X X X

Engine Pressure Ratio X X X

Exhaust Gas Temperature X X X X

Exhaust Nozzle Area X X X

Turbine Inlet Temperature X X X X

Rotor Speed X X X

Guide Vane Posi t ion X X

Anti-Ice Switch X X X

Afterburner  Switch Position X X

Compressor Discharge Pressure X X

Compressor Discharge Temp. X X

Oil Temperature X

Oil Pressure X

Fuel Pressure X

Fue l Flow X

Power Lev er An gle X X X X

Vibration X X X

TABLE 3. PARAMETER USE CATEGORIES
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parameters , form a h is tor ical  data base from whi ch engine

performance trends were developed and t racked.

The development of these parametric categorizations

and analysis of the flow of data through the various

TEMS reviewed during this  research led to the synthesis

diagram depicted in Figure 7. Data from the TEMS sensors

were collected as direct measurements of engine or engine

related component operat ing performance.  Some of the

measurements were normalized to standard conditions or

used to compute other measurements.  These direct  and

computed measurements comprised the basic data available

from TEMS . Elements of this basic data were used to

detect var ia t ions  in certain engine parameters which

exceeded specif ied l imi t s  or reference values.  The exceeded

l imi t  events were used to cause indicator flags to be

set which display a detected event condition to maintenance

personnel.  The engine operating condition which triggered

the event was also recorded for analysis. Certain of

these detected events were used by pre—programmed or

manual analysis routines.  Diagnost ic  logic diagrams

permited the detected event to be compared to other parameter

values or limits to aid in identification of the cause

of the event. The information output from this process

was in the form of raw data, detected events , and diagnosed

conditions and was available to the AF engine management

system.
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The research rev iew of past, curren t, and proposed

AF TEMS applications in conjunction with the systhesis

of TEMS data into the categories of’ raw data , detected

even ts, and diagnosed conditions provided the information

essential to examine the TEMS interface with the AF engine

management systems . Chapter IV contains the results

of this analysis.
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CHAPTER IV

TEMS INTERFACE WITH ENGINE MANAGEMENT

INTRODUCTION

The interface and potential benefits of TEMS

with the maintenanc e production levels was being examined

in on—going tests of systems currently under development .

This interface generally involved the supplementing of

Technical Orders (TO), which tell maintenance personnel

how to make a repair , with a system which:

provides accurate identification of what
components require repair and/or replacement ,
and reduces dependence on human judgment as to
when this action must be initiated L~6:4J.

Moreover , the TEMS objective of increasing the knowledge

of engine component life—limits has been documented in the

engineering literature . However , the interface of TEMS

with the engine management system described in Chapter II,

and the objective of improving engine management data was

only in the infancy of its conceptual stage of development

(37).

To analyze the potential TENS interface with the

engine management system it was necessary to compare the

information and data output from TEMS with information and
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data needed to accomplish the engine management functions

of inventory control and requirements determination . Moreover ,

since TENS was integral to the implementation of RCM/OCM

it was also necessary to include In the comparison the relation-

ship of RCM/OCM to engine management.

TEMS OU TP UT

In Chapter III three basic types of informat ion

output by TEMS were identified . First , it produced raw

data in the form of documentary , environmental , and perform-

ance measures of various subsystems , componen ts , modules ,

and the engine in its entirety. This data consisted of

measures of temperatures , pressures , rotor speed , and flow

rates at various points in the engine operating cycle.

The TEMS data processor logic also produced various

computed raw digital data in terms of ratios and percent-

ages which indicated the operating levels and efficiency of

the engine . The second type of information produced by

TEMS was the occurrence and duration of’ an over—limit

events based on a comparison of’ raw data with pre—set limits.

The third type of information produced was diagnostic

indicators , derived from decision logic applied to raw

data and detected events, which informed the maintenance

production personnel that a component or module may be

in a fault or failure and what that subsystem , component ,
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or module might be. Each type of information can be

related to the engine as a whole and to specific components ,

modules, or combinations of these within the engine .

Thus , TEMS provides data and information to each level

of maintenance indicating the what and when of’ failures ,

which were then translated into the maintenance task

(how) to correct the def ic iency or failure. Further-

more , TEMS data and information could be related to operating

t ime to produce trends of’ various parameters over t ime.

This information could be used to further refine the

effectiveness and efficiency of the prescribed maintenance

tasks. This latter use of TENS data (trending) could

be classified as an element of the maintenance engineering

function , as opposed to maintenance production , of the

overall maintenance management . Examples of’ each of

these types of information are presented in Figures 8

through 10 for the T—38 ERMS TEMS.

Therefore, if the engine management system was

to integrate TEMS data , as envisioned in Increment IV

of the Comprehensive Engine Management System (CEMS )

( 14 ; 5) ,  it  must have the capabi l i ty  to accept , and use

for forecast ing purposes , performance data based on tempera —

ture , pressures , and e f f i c i ency  rat ios at specif ic  points

in time. Moreover , CEMS must be able to use informat ion

produced by trended TEMS raw data, which depicts subtle
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Detected Event
Hot Start
Exhaust Gas Overtemperature
Vibration Front Frame
Oil Pressure Low
Oil Tempera ture
Nozzle Area Error
A/B Rollback RPM Low
Overspeed
Fuel Pressure
Stall/Flameout

Diagnostic Indicator
Compressor Damage
Burner Damage
Turbine Damage
Afterburner Section Damage
Main Fuel Control Defect
Inlet Guide Vane/Bleed Valve
Anti—Ice Valve
Stall Margin Increase
Thrust Reduced

FIGURE 9 - EXAMPLE T-38 EHMS EVENT AND DIAGNOSTIC
OUTPUTS (26:32)
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changes In engine , module , or component performance over

a period of time . In general , CEMS must have the capability

to convert TEMS performance engineering data or individual

and groups of similar engines into predictions of spares

and workload requirements.

RCM/OCM INTERFACE CONSIDERATIONS

One of the primary objectives of TEMS is to facilitate

the implementation of Reliability Centered Maintenance

(RCM), as related to maintenance engineering, and On

Condition Maintenance (0CM), which is the maintenance

production phase of the RCMP . Thus any examination of

the TENS interface must be made in the context of the

effects on the engine management system of RCM/OCM .

Based on the research , two RCM/OCM principles

appear to affect and require changes to the current engine

management system. First , ending maximum operating time

(MOT) as the criteria for engine overhaul , will significantly

affect the actuarial method of forecasting engine removals.

Recall from Chapter II that Actuarial mathematics are

based on the assumption that the probability of an engine

removal is a function of the engine age, and that this

age is measured over an interval from the time an engine

was newly acquired or completely overhauled to art arbitrary

maximum age at which time it could be reasonably expected
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that all engines would have tailed or would require complete

overhaul (~4O:p.2-1). This arbitrary maximum age has

been MOT for each TMS engine . Ending the policy of engine

overhaul due to MOT is analagous to making a human ’s

life indefinite by changing his defective parts , such

as liver , heart, kidney , etc , whenever one of these fail.

Under RCM/OCM , an engine ’s life will be indefinite since

only its defective parts being changed when needed and

complete overhaul will be accomplished only when the

engine experiences catastrophic damage due to foreign

object damage or accident. Therefore , new methods will

be needed to replace or modify the acturial method of

forecasting .

The second RCM/OCM principle affecting engine

management is that instead of the maximum operating time

overhaul policy, engines will be repaired and components

or modules replaced to the extent indicated by the condition

of the overall engine and its individual components and

modules. The components and modules themselves , will

be repaired based on their categorization as Hard Time

Unit , On Condition , or Condition Monitored. Thus the

engine management system will not only be required to

maintain records on, monitor, and forecast requirements

for whole engines , but also perform these tasks for the

engine components and modules. Moreover , the system

83



will be required to record which serially numbered components

or modules are installed in each particular engine and

when these items are removed from each particular engine.

Additionally, the classification of some components and

modules as On Condition and Condition Monitored will

require similar changes to actuarial methods to accomplish

the forecasting task.

INTERFACES WITH ENGINE MANAGEMENT

Current Maintenance Interface

As discussed in the literature review of Chapter

II, the current interface between the base or operating

level and the engine management system is governed by

AFM 1
~OO— 1 , Volume II, Engine Status Reporting. This

interface is depicted schematically in Figure 11 .

Figure 11 shows that various inputs such as aircrew

trouble reports, inspections , and scheduled maintenance

actions are translated into maintenance production tasks

which represent engine servicing, or engine removal.

These removals, and all flying hours incurred since last

overhaul are reported via the AF Form 15314 , and recorded

by the engine management system. The data thus generated

and maintained forms a basis for monitoring the engine

inventory and developing actuarial factors for the forecast-

ing task. Moreover , the maintenance engineering function
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obtains data in the form of deficiency reports from the

maintenance production function (39:3—14).

Current TEMS Interfaces

An initial objective of TEMS was to improve the

efficiency of flight line maintenance. As systems , such

as EDS move into the full scale production and deployment

phase , TEMS will also provide additional data into the

maintenance engineering function . The current interfaces

are illustrated in Figure 12 and were reviewed in the

On Condition Monitoring Section of Chapter II.

PPROJECTED TEMS—CEMS INTERFACE

Based on the foregoing discussion of TEMS outputs,

RCM/OCM considerations , and current maintenance and TEMS

interfaces, the potential TEMS—CEMS interface envisioned

by Increment IV of CEMS development and depicted in Figure

13 can be examined. This examination was structured

using the three engine management tasks of record keeping ,

monitoring , and forecasting .

Record Keeping Task

The combined effect of TEMS and RCM/OCM will

be to expand both the volume and the complexity of the

record keeping system . Using the T-38 EHMS as an example,
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Figures 8 and 9 indicate a potential for 68 different

parameters in each TEMS data record for each engine.

Moreover , each flight produces a minimum of three data

records. Thus each flight can produce 408 pieces of

data (68 parameters per engine times two engines per

T—38 aircraft times a minimum of three data records per

flight).

The increased complexity of the record keeping

task , due primarily to RCM/OCM requirements , can be

demonstrated by comparing the current engine record level

of indenture with the level of indenture which could be

required to support RCM/OCM . The current engine record

level of indentures are:

All Engines

Type , Model , Series (TMS) Engine

Engine Serial Number (SN)

Major Command Assigned

Base Assigned

By including the RCM/OCM requirement to track

components and modules and associating the component

with a particular engine SN , the potential level of indenture

would be:
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All Engines

TMS Engine

Engine SN

MAJCOM

Base

All Components/Modules (C/M)

C/M Used in a TMS Engine
I

TMS C/M

C/M SN

MAJCOM

Base

Matrix representations of’ the current and projected records

are presented in Figures 14 and 15.

The TEMS data compiled , particularly trended

data , at various levels of indenture could be used at

each of the management and maintenance levels (see Figure

1) for engine management and maintenance production/engineer-

ing purposes. Thus the need for access to and the potential

for duplication of TEMS data at base , ALC , and MAJCOM

levels can also be projected. Finally, it should be

noted from Figure 13 that although the present Engine

Status Reporting system may be modified somewhat due

to RCM/OCM , TEMS can only supplement it.

90



ALL ENG INES

TMS

0z

c/-i

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ______ —

BASE

0
C-)

z

FIGURE 14 — CONCEPTUAL MODEL OF CURRENT ENGINE
MANA GEMENT RECORD MATRIX

91



Z I-4 C~
)

~x~ ZO

~ 0 Iz~
c/-iC  ~~o~~z

_ _ __ _

—

~~

_ __ ON 1VIH2S

~~~~~~~~~~

SNL S~1J.

S3NIDN~ T1Y

92



Monitoring Task

Currently the engine management system accomplishes

the monitoring task by producing listings for the EMs

and ElMs identifying the location , status, and condition

of the engine inventory by TMS or individual engine ,

base , and/or MAJCOM . These listings are based on engine

status change transactions documented via the AF Form

1534 , Engine Status Report (see Figure 2). Location

changes involve shipments , receipts , and transfers between

base engine accounts; status changes involve the beginning ,

stoppage , or completion of engine maintenance; and condition

indicates the serviceability and installation status

of the engine. With the addition of TEMS data it may

be possible to expand the condition indications for engines ,

components , and/or modules to incorporate a combination

of TEMS measured parameters into an index of health or

approaching failure. These indices would appear to be ,

of necessity, a result of engineering analysis , which

is beyond the scope of this research.

Forecasting Task

As outlined in Chapter II, the current engine

management system actuarial factors are developed from

engine removals and flying hours since last overhaul

data submitted from base level. These actuarial factors
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are documented in Engine Failure Rate Tables , such as

the example in Figure 16 , against which programmed flying

hours for any period(s) of interest can be input to produce

forecasted failures , workloads , and spares requirements

for the period(s). This input-processor—output relationship

is shown in Figure 17.

Four factors emerge in interfacing TEMS to this

input-processor—output relationship. First , the future

program input to forecasting will remain in terms of

flying hours. Consequently, forecasts will remain in

terms of engine failures and flying hours . Second , RCM/OCM

will require the expansion of the record keeping system

and modification of the actuarial method or new methods

of handling total flying hour input versus the current

• flying hour since last overhaul input. Third , TEMS perform-

ance or engineering data will need to be converted to

failure occurrence data to be useful in forecasting.

Finally, the current Engine Status Reporting system will

continue to be necessary , although modified and expanded ,

for location and status information. Thus it can be

seen , as depicted in Figure 18 , that the TEMS interface

can only be an addition to the current forecasting system

rather than a replacement for existing methods and data .
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PERCENT
FLYING ENGINE SURVIVING PERCENT
HOUR FAILURE AT BEGINNING FAILING

INTERVAL RATE OF INTERVAL IN INTERVA L.
A B C 0

0—20 .0538 100.00% 5.383
20—40 .0223 94.62 2. 11
40—60 . .0160 92.5 1 1. 48
60—8 0 .0124 91.03 1 .13
80—1 00 .0 173 89.90 1.56

100— 120 .0232 88.34 2.05
120—1 40 .0249 86.29 2. 15
140— 160 .0287 84 .14 2.4 1
160— 180 .0344 8 1 .73 2 .8 1
180— 200 .043 1 78.92 3. 40
200—220 .0459 75.52 3. 47
220—240 .0399 72 .05 2.88
!40—260 .0364 69 .17 2 .51
260— 280 .0419 66.66 2.80
280—300 .0486 63.86 3. 10
300—320 .0532 60.76 3 .23
320— 340 .0491 57.53 2.83
340—3 60 .0442 54.70 2. 42
360—380 .0444 52.28 2.32
380—400 .0502 49. 96 2.51
400—420 .0570 47.45 2. 70
4 20—44 0 .0682 44.75 3.05
440—460 .0764 41.70 3 1 9
460—480 .0813 38 .51 3 13
480—500 .0845 35.38 2.99
500—520 .0878 32.39 2.85
520—540 .0910 29.54 2 6 8
540—560 .0940 26.86 e.53
560—580 .0973 24.33 2.37
580—600 1.0000 21.96 2 1 9 6

TOTALS 1852 .84% 100.00%

FIGURE 16 - EXAMPLE : ENGINE FAILURE RATE TABLE (~4O:p.6-1)
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

SUMMARY

This study included a comprehensive review of past ,

current, and proposed Air Force applications of turbine

engine monitoring systems. The major features of these

systems were analyzed to identify trends in AF TEMS develop-

ment. Current and proposed AF engine management systems

were reviewed to determine the TEMS interfaces with these

systems. The research conclusions and recommendations

based on the questions identified in Chapter I are

presented in the following sections .

CONCLUSIONS

Research Question One

Research question one:

What are the major features of past , current,
and proposed Air Force TEMS applications?

The major features of the systems reviewed were

classified according to the conceptual model developed in

Chapter III and presented in Figure 6. These classifications

are sensors, signal conversion , data processing, and output

information . The analysis of service test reports and system
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descriptions confirmed that all of the AF TEMS applications

reviewed conformed to this system classification.

Research Questi on Two

Research question two :

What are the differences and similarities
between the reviewed systems , including engine
operating parameters monitored and methods
of data collection and analysis?

System similarities and differencies were analyzed

according to the established model. Each of the systems

used similar approaches in the sensor and signal conversion

segments. The number and types of sensors were consistent

and the operat..ing parameters used for engine condition monitor-
r Ing were similar among the systems reviewed. Some differences

were identified in the placement of the signal conversion

hardware ; however , the conversion process was uniformly

applied throughout the systems . Some significant differences

existed among the systems in data collection or analysis

methodology and presentation of’ output information . The

data collection variations included the use of automatic

or manual recording, with automatic recording accomplished

by either magnetic tape or electronic data storage. Recorded

data was either analyzed in—flight by airborne processing

equipment or post-flight by portable TEMS associated ground

equipment , data processing support facilities , or manual

trend charts. The differences in TEMS output presentation
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related to the use of several forms of engine status

indicators cc~mbined with or independent of the analysis of

engine or component faults.

Researc h Questi on Three

Research question three:

Are there any trends in engine monitoring
system development in terms of’ the identified
similarities and differences?

• Analysis of the reviewed AF TEMS applications in

chronological sequence Indicated that some trends were

apparent within the data processing and output segments of

the overall TEMS model. Specifically, TEMS data storage via

on—aircraft electronic memory circuits and the use of

portable data diagnostic units were more prevalent In the

most recent TEMS applications. These techniques appeared

to be primarily beneficial to TEMS applications on fighter

and attack type aircraft because the weight and volume of

on—aircra ft TEMS equipment were reduced. Moreover , the

portable diagnostic units could be used to obtain the stored

TEMS data from several aircraft . The developmental F100

EDS and A— 1O TEMS are representative of these trends.

Research Question Four

Research question four:

How does/can TEMS interface with current and
proposed Air Force engine management systems?
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The examination of the relationship of TEMS generated

output data with the existing engine management system and

maintenance concept indicated that the engine performance

data from TEMS appears to be more applicable to the mainte-

nance production and engineering tasks than to engine

management functions. Moreover , TEMS data is not directly

compatible with the current engine status reporting system.

The research analysis of the potential impacts of a

Reliability Centered Maintenance/On Condition Mainte-

nance concept for AF engines indicated that RCM/OCM would

expand the volume and complexity of the data recorded and

maintained in the engine management system. This would

result from the addition of engine components and modules

for condition monitoring to the existing data system as well

as documenting the location of these items with their

associated engines. The adjustments necessary to the

actuarial system resulting from the elimination of’ the

maximum operating time criteria could also affect the

complexity of the data system. The Implementation of TEMS

would also require a similarly complex and voluminous

data base to maintain records in the form of performance

parameters , detected events , or diagnosed conditions for

complete engines , ~mponents , and modules.

RECOMMENDATIONS

Specific recommendations derived from the analysis

of the research questions are:



1. The TEMS interface with CEMS should be

accomplished through the maintenance engineering functions

by using TEMS output data to verify and/or modify otherwise

computed forecasting factors. This should be conducted

in conjunction with the existing maintenance engineering

tasks. A proposed model of’ the relationships between engine

and maintenance management employing this recommendation

is presented in Figure 19. This proposal indicates the

flow of’ TEMS data into the maintenance engineering function

and the subsequent interface with the engine management

system. The use of TEMS data in the maintenance production

function in conjunction with the existing inputs is also

indicated in Figure 19.

2. Engine management data and maintenance

engineering data from TEMS should be consolidated into a

single data base to more effectively implement the RCM/OCM

concept. This consolidation could be accomplished through

tne interface proposed in Figure 19. The central record

keeping data base required by the engine management system

under the RCM/OCM concept could be expanded to include the

addition of a TEMS maintenance engineering data base as

depicted by the dotted lines . This would reduce the need

to maintain engine records in two parallel systems. Moreover ,

the expanded availability of both engine failure data from

the engine management system and performance data from TEMS

could provide the maintenance engineering function a wider

variety of data. 
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RECOMMENDATIONS FOR FURTHER RESEAR CH

The impacts of’ turbine engine monitoring systems

on the logistics processes supporting the management of

AF aircraft engines were examined in a general context during

the course of this study. Two areas were identified for

further research regarding specific aspects of’ the TEMS

interface with engine management processes and concepts.

These were:

1. Additional research should be conducted

to review the use of TEMS generated engine performance data

within the maintenance management framework. Specific areas

for future analysis include the extent of base level analysis

and trending using TEMS output data , which elements of TEMS

data are appropriate for use at the base , depct , and command

levels of maintenance , and what are the methods which could

be employed to interface TEMS data with the existing mainte-

nance data systems . Examination of the results of the current

F100 EDS and A— 10 TEMS service tests could provide an initial

source of information source for this research.

2. As indicated in Chapter IV , the elimination F

of the maximum operating time removal criteria for engines

and some components and modules under the RCM/OCM concept

will also eliminate one of the fundamental principles of

the actuarial method. Thus, either new methods or modifica—

tions to the actuarial system require further research and
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development. Moreover , additional research is necessary

to determine whether the actuarial factors or factors developed

by some new methods can be verified through the use of TEMS

data and how this verification could be accomplished.
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GLOSSARY

Actuarial Engine Life (AEL): This factor is the expected
number of flying hours per depot maintenance failure which
will occur when the engines are distributed throughout their
life span. It is an actuarial factor based on a set of’
depot maintenance failure rates which vary by age interval
from age zero to maximum time . Briefly, it is found by
hypothetically flying a group of new engines until ALL have
failed , and then dividing the total hours flown by ~~~ numberof engines (or failures). It is calculated in accordance
with definite procedures contained In Section VII of Technical
Order 00—25—128 .

Actuarial Failure Rate: The measured probability that an
engine with age equal to the beginning boundary of an age
interval will fail prematurely before aging to the end of
that interval.

Actuarial Removal Intervals (ARI): A factor developed for
ease in forecasting engine removals. It is a ratio of’ operating
hours to engine removals. An ARt expresses the forecasted
average accumulation of engine operating hours by a group
of engines , for each engine removal. Generally, a group
of engines consists of the entire installed inventory of
one type , model , and series (and occasionally more than
one series).

Actuarial Science: A mathematical science , the principles
or which are applied to human statistics to perform studies
in life contingencies , calculate human life expectancy and
mortality rates , and compute insurance risks and premiums .

AF Actuarial Method: The method for applying the principles
and techniques of actuarial science (especially studies
in life contingencies) to the field of Air Force engine
management.

AFTO Form 3149: Maintenance Data Collection Record.

Base Maintenance: Synonymous with Intermediate Maintenance.

Base Maintenance Removal Interval (BMRI): The ratio of
tne forecast rieet flying hours per base maintenance removal.
The BMRI is computed by dividing the forecast flying hours
in a given period of time (usually a 3 month period) by
the simulated base maintenance removals for that period .
The BMRI is published quarterly for each engine model in
the Actuarial Removal Interval Table.
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Base Maintenance Return Rate: See Jet Engine Intermediate
Maintenance Heturn Hate , JEBM/RR.

Base Repair Cycle: This phase extends from the removal
of a reparable engine until it is ready for reinstallation
at the base.

Borescope: A non—destructive inspection process for examina-
tion of assembled engines.

CEMS: Comprehensive Engine Management System.

CMR I: Combined Maintenance Removal Interval. A factor
developed for use in forecasting total engine removals.
The ratio of the forecast flying hours per total usage and
max time removals and is published quarterly in the Actuarial
Removal Interval Table.

Component: An assembly or any combination of parts , sub—
assemblies , and assemblies mounted together in manufacture ,
assembly , maintenance , or rebuild.

Condition Monitoring : For items that have neither hard
time limits nor on condition maintenance as their primary
maintenance process. Condition monitoring is accomplished
by appropriate means available to an operator for finding
and resolving problem areas. These means range from notices
of unusual problems to special analysis of unit performance.
No specific monitoring system is implied for any given unit.

Cycle: A cycle is basically the start up, stabilization
at take off power , flight , landing, and engine shutdown .
The temperature excursion involved in heating and cooling
constitutes a cycle. The cycle is most significant on rotating
parts , wherein the temperature excursion is experienced
under centrifugal loading.

Cycle Limit — Component: Life limits that are related to
fatigue by repetitions of some usage mode that wears out
the component such as revolutions , temperature or’ pressure
excursions, takeoffs , or some combination of these factors.

Dependability Index: A percentage or decimal fraction which
is normally derived as the ratio of expected removals to
actual removals for a given engine during a given period
of time. The reciprocal of the dependability index (the
failure index) is used to adjust a set of failure rates
for use in forecasting failures during another period of
time when changes in engine dependability are expected to
occur.
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Depot Maintenance Failure: Either a major or minor overhaul
performed at depot level. This definition is very important
and it should be noted that the word failure is not used
here in its usual meaning of in—flight engine failure, but
rather to denote a removal for usage reasons . The term
“usage” is used interchangeably with the terms “failure
for cause” and “premature failure .”

Depot Overhaul Cycle: Involves the removal of a reparable
engine which is beyond the economic repair capability of
the responsible activity and its return to the technology
repair center (TRC), as well as its overhaul there , so that
it is ready for reissue to the field.

D0214 - Propulsion Unit Logistics. System: An engine report-
ing system that maintains an accurate and timely record
of engine inventories , surveillance of base repair , transporta-
tion , and overhaul segments of the engine pipeline time ,
and engine historical data necessary to forecast funding
and replacement requirements.

Effective Inc~.tpient Failure Detection : That maintenance
action which will reliably detect incipient failures if
they exist. That is, detect the pending failure of a unit
or system before that system fails. For example , detection
of turbine blade cracks prior to blade faIlure.

ERR : Events History Recorder.

Engine Age: The total number of flying hours an engine
has accumulated since last major overhaul , or since manu—
facture if never previously overhauled .

Engine Cycle: A specified operational excursion related
tO the physical and functional characteristics of a component.

Engine Inventory Manager (ElM): The ALC , or individual
at the ALC , responsible for oVerall logistics management
of assigned engines. The term engine inventory manager
connotes the functional skills of’: (a) Inventory Manage-
ment Specialist (Requirements and Distribution), (b) Indus-
trial Specialist (Production Management), (c) Equipment
Specialist (Technical Services).

• Engine Life: Engine life is the number of flying hours
which new or newly overhauled engines (age zero hours) attain
on an average before being removed for major overhaul for
usage reasons or maximum allowable operating time.
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Engine Life Span: The overall operating life (in flying
hours) of the engine from engine age of zero flying hours
up to the maximum allowbie operating time . This term should
not be confused with the term “engine life.”

Engine Manager (EM): The individual responsible for manage-
ment and reporting of engines at base/command level.

Engine Removal: An engine removed from its mounted position
on the aircraft for reasons other than organizational mainte-
nance. For purposes of computation and analysis, the engine
removals are separated into the following four types: (a)
Field Maintenance , (b) Depot Maintenance , (c) Combined ,
a combination of both field and depot maintenance , and (d)
Condemnation .

Engine Operating Time: The time recorded from start to
shutdown in hours an~ tenths of hours. It includes actual
flight time , aborted flight , test cell run , trim run, etc.
It is synonomous with Total Operating Time .

ETTE: Engine Time and Temperature Recorder.

Failure: Degraded performance which requires repair before
further operation .

Failure Effects: The consequence of failure.

Failure Modes: The ways in which units , systems and aircraft
deteriorate and can be considered to have failed.

Failure Rate: A ratio of failed items in an actuarial age
interval to the total number of items that began operation
ir. that interval. Failure does not include scheduled removals.

Fault: Degraded performance which does not preclude opera—
t~1on , but is indicative of incipient failure (or reducedfailure resistance).

Field Maintenance Failure: An engine removed for field
maintenance for usage reasons. Engine age is NOT reset
to zero after field maintenance.

Field Maintenance Removal Interval. (FMRI): The average
number oX’ engine flyIng hours expected per field maintenance
failure during any specified future fiscal year.

Flying Hours: The number of hours that an engine is in
tne air starting with takeoff to just prior to landing.
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Hard Time Limit: A maximum interval for performing mainte-
nance tasks. These intervals usually apply to overhaul ,
but also apply to total life of parts or units.

Historical Records: Forms that are for maintaining a permanent
history of signifIcant maintenance actions for aircraft ,
drones, missiles , engines and selected modules , assemblies,
subassemb].ies, and/or components.

Inherent Level of Reliability, and Safety: That level which
is built into the unit and therefore inherent in its design .
This is the highest level of reliability and safety that
can be expectd from a unit , system or aircraft. To achieve
higher levels of reliability generally requires modification
or redesign.

Installed Engine: An engine installed in an aircraft .
An engine removed for any reason will be reported in other
than an installed status.

Installed Module: A module installed in an engine. A module
removed from an engine for an~f reason will be reported inother than an installed status.

Intermediate Maintenance: Maintenance that is normally
the responsibility or and performed by, designated mainte-
nance activities for direct support of using organizations.
Its phases normally consist of calibrating , repairing , or
replacing damaged or unserviceable parts, components , or
assemblies , modification of material , emergency manufacturing
of unavailable parts; and providing technical assistance
to using organizations. Intermediate maintenance is normally
accomplished by the using commands in fixed or mobile shops.

JEIM: Jet Engine Intermediate Maintenance. Maintenance
that is normally the responsibility of and performed by
designated field level maintenance organizations.

Jet Engine. Intermediate Maintenance Return Rate: The percent-
age or decimal rraction or engine usage removals, during
specified period of time, which are returned to serviceable
status through base level maintenance. Also called Base
Maintenance Return Rate and Jet Engine Base Maintenance
Return Rate.

Life Limited Components: Components or subassemblies of
an engine that have absolute time or cycle limits or both.
Whenever the first limit is reached , the component must
be replaced.
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Line Replaceable Unit.(LRU ): An item that is normally removed
and replaced as a single unit to correct a deficiency or
malfunction on a weapon or support system and item of equipment.
Such items have a distinctive stock number for which spares
are locally authorized to support the removal and replacement
action. These items may be disassembled into separate components
during shop processing . The components are Shop Replaceable
Units (SRU) .

MADARS: Malfunction Detection Analysis and Recording System.

Maintenance Actions: Those physical tasks that make up
maintenance production .

Maintenance Concept: A description of maintenance considera-
tions and constraints submitted as a part of the system
acquisition process.

Maintenance. Engineering : The application of techniques ,
engineering skills and effort , organized to ensure that
the design and development of weapon systems and equipment
provide adequately for their effective and economical mainte-
nance.

Maintenance Plan: The design , method , or scheme for doing
a maintenance mlssion or reaching a maintenance objective.

Maintenance Production: The physical performance of mainte—
~~~ce actions and tasks of the equipment maintenance function .

Maximum Operating .Time: The age in operating hours at which
an engine will be mandatorily removed for major overhaul.

Maximum Time Removals: Removals due to the expiration of
maximum aJ.J.owble operating time .

MMICS: Maintenance Management Inventory and Control System.

Modular Engine: An engine which is composed of module units.
When reporting removal or installation of module units the
module engine serial number is considered as the end item .

Module: A module is any major subassembly of an engine
that can be separated from an engine as a distinct and separate
part thereof and carries a serial number.

Not Mission Capable (NMC ): A status code meaning that the
system or equipment cannot perform any of its primary missions.
It can be followed by a reason code mean ing maintenance
(M), supply (5), or both (B).
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Off—Equ ipment Maintenance: Maintenance done on components
that are removed from end items of equipment for processing
through repair shops.

OFR : Official Failure Rate.

On Condition: Repetitive inspections , or tests to determine
the condition of units or systems or portions of structure.

On Condition Maintenance (0CM): Maintenance that allows
the condition of the equipment to dictate the need for mainte-
nance or the extent of repair/overhaul required.

On Equipment Maintenance: Maintenance performed on end
items o± equipment, including engines.

Organizational Maintenance: Maintenance that is the respon-
sibility of and performed by a using organization on its
assigned equipment. Organizational maintenance normally
consists of inspecting , servicing, lubricating , adjusting,
and replacing parts , minor assemblies , and subassemblies.

Operating Time: Time recorded for an engine since last
major overhaul or since manufactured if never overhauled.
On module engines operating time will be reported for ther complete engine and the ADP programs will automatically
compute the time for the installed modules.

Overhaul: The process of restoring an item to a servicable
condition by disassembling the item , inspecting the condition
of each of its component parts, and reassembling it using
servicable or new assemblies , subassemblies , and parts ,
followed by inspection and operational tests.

Overhaul Removal Interval (OHRI): OHRI is the ratio of
• the forecast fleet flying hours per overhaul removal. The

ORR I is computed by dividing the programmed flying hours
for a specific quarter (based on the RQ USAF Program Auth)
by the simulated overhaul removals. The OHRI represents
the number of flying hours expected to accumulate on all
engines (TMS) before a removal for overhaul is experienced.
The OHRI for each engine model is publ ished quarterly in
the Actuarial Removal Interval Table. The ONRI may be computed
with or without maximum time consideration .

Percent Failing Distribution: The proportion of the total
number of engines starting ~peration at age zero which failfor overhaul within each age interval.
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Percent Surviving Distribution: The proportion of the total
number or engines starting operation at age zero which survive
to the beginning of each age interval based on atuarial
overhaul failure rates.

Performance Data: Historical information relating to maintain-
ability, reliabIlity, and supportability characteristics
of systems, subsystems , and components.

Queen Bee: A central (selected) base that is authorized
or is de~ignated the intermediate maintenance activity forother operational activities not necessarily on the same
base or within the same command.

Reduction in Failure Resistance: The deterioration of inherent
(design) levels of reliability. As failure resistance redues ,
failures increase; resulting in lower reliability. If reduction
in failure resistance can be detected , maintenance can be
performed prior to the point where reliability is adversely
affected.

Reliability : The probability that a system or equipment
win, perform a required function under specified conditions ,
without failure for a specified period of time , or at a
given point in time .

Reliability Centered Maintenance Program (RCMP): A failure
modes and effects analysis technique for signiricant aircraft
and engine structures , assemblies and items . It uses a
decision logic procedure based on the Airlines/Manufacturers ’
Maintenance Planning Document, MSG—2. This structured approach
to maintenance requirements analysis , identifies minimum
essential requirements consistent with safety and readiness.

Removal Rate: A ratio of removed items to the number of’
operating items. Removals include both scheduled and
unscheduled removals.

Reparable Engine Asset: An aircraft engine determined by
proper authority to be in unsuitable operating condition ,
but which can be made suitable for reuse, and which requires
other than organizational or field maintenance.

Routine Flight Crew Monitoring : That monitoring that is
Inherent in normally operating the aircraft. For example ,
the pre—flight checklist , or the normal operation of the
aircraft and its components. Dos not include monitoring
of “back—up ” equipment that is normally not tested as a
part of a normal flight .
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SOAP: Spectrometric Oil Analysis Program.

Spare Engine or Module: An uninstalled engine or module
not needed to fill an existing hole in an aircraft.

Subsystem: A major functional part of system or end item
that is essentially operationally complete within the system.

Subassembly: A unit/item or an assembly consisting of components
and/or parts that collectively perform a specific function .
These items can be removed, replaced and repaired separately.

System: A final combination of’ subsystem components , parts ,
and materiels that make an entity capable of doing a specified
mission .

TRC : Technology Repair Center (Depot level repair facility).

TO: Technical Order.

TCTO: Time Compliance Technical Order.

ThIS: Type , Model , and Series (engine designation).

Usage Failures: Removals due to evidence of engine reliability
defldtency associated with use or wear (failure to operate
properly); synonymous with “failure for cause” and “premature
failure.”
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