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PURPOSE :

The purpose of this Aerospace Information Report (AIR) is to document some of
the valuable lessons learned from several developmental and operational

turbine en

gine monitoring programs.

This AIR is not intended to be used as a standard or legal document but
rather provide an objective statement of the more important lessons learned
during the development and operation of engine monitoring systems with widely

varying op

erational requirements.

It is through the use of ARP1587 "Aircraft

Gas Turbine Engine Monitoring System Guide," and SP-478 “"Aircraft Gas Turbine

Engine Mon
definition
monitoring

APPROACH:

The appro
review of
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SCOPE :

The scope

is not Timited to) the following:

I. Brie
IT.  DESI
III.

Iv. LE
V.

VII.

AQQQFPLISHMENT& and Problems Encountered

TXoring Systems,” an awareness of prior lessons learned
of engine operational maintenance concepts that future
systems can be developed to meet the specific needs. 'of

vailable technical reports and papers covering the deve
rsonal interviews conducted with knowlédgeable governme
rsonnel directly involved with each, of:the programs. I
responsible project engineer from the government and/or
nager from industry collaborated in“preparing the initia
am. The Lessons Learned Panel then worked jointly with |
s to edit and prepare the final“draft of each Lessons Led
draft was then reviewed by -the participating organizati(
for publication to insureCtechnical accuracy and clarit)

of the information provided for each Lessons Learned inc

f TECHNICAL DESCRIPTION of the Engine Monitoring System
GN REQUIREMENTS and System Objectives

and a clear
bngine
the user.

h selected in preparing these lessons learned was through the

opment
t and
most
the
draft for
Chese
irned.
DnS prior
y of

udes (but

NS LEARNED

PROBLEM AREAS
REFERENCES (If available for general distribution)

The pertinent questions that were asked to capture the essence of the
Accomplishments, Lessons Learned and Future Recommendations were as follows:

1. What are the real benefits and liabilities of an EMS from a management
perspective in terms of operating economy, cost avoidance and improved

engine/

aircraft availability?
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3.

4.

(Continued):

2. Based on past experience, what would you do differently in the design,
development and implementation of an EMS?

The responses to these questions were based on the documented results of
the development work accomplished and the professional opinion of the
project personnel involved.

REMARKS :

The Accomplishments. 2S¢ R

considerdd unique for each of the programs and cannot be readlly
generalized. Consequently, the information reported for eachisys
of these [categories is considered configuration dependent and is pot intended
to be universally applicable to other flight systems. It.ds, therefore,
suggested that all lessons learned and recommendations  for enginel monitoring
systems gontained in this AIR should be reviewed in the‘“context of the
operational environment of the aircraft (military ofccivil), the pircraft
configuration (transport, fighter, helicopter, single or multi-engine, etc.),
and the maintenance concept that the engine monitoring system was| designed to
support.

are

em in each

Early deyelopment programs pioneered new frontiers in turbine engfine
monitoring system development and consequently had to face many of the
difficult technical challenges with limited resources and the lack of
opportunities for adequate testing in‘a service environment. Nevertheless,
engine monitoring systems have demonstrated the ability to reduce| engine
removal rates and unsubstantiated-component removals and decrease|l engine
related maintenance man-hours-per flight hour.

The development of an engine monitoring system can best be descrijbped as an
evolutiopary process requiring:

1. The full supportiof management both in the industry (supplier| and user)
and the government,

2. Sufficient funding to develop the system and support the
hardware/software in service and

3. FlexibiTity within the overall system hardware and software to respond to
the evolving requirements imposed by lessons learned and emerging
maintenance concepts.

PREPARED BY
SAE E-32 COMMITTEE
ATRCRAFT GAS TURBINE ENGINE MONITORING
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5. LESSONS LEARNED:

5.1 Lessons Learned: Condition Monitoring Program for T700-GE-700 Engine

(Report Covers Period 1967 to 1976):

I.

II.

Technical Description: The technical objective was to design and
develop an engine Condition Monitoring System (CMS) that was compatible
with the Army's concept of on-condition maintenance for the UH-60
(BLACKHAWK) and AH-64 (APACHE) helicopters using the T700-GE-700 and
T700-GE-701 engine. A total of 22 parameters were initially selected
for the CMS, but this 1ist was reduced to 16 as a result of a
re-direction of development effort to incorporate only the most useful
and af; § ; i i the
original and the final quantities of signals/parameters:

Original Number Final Productlion Number

Pregsures 2 2
Temperatures 3 2
Speeds 2 2
Mechanical Position 6 5
Accelerometers 2 0
Othgr (torque, chips, etc.) 1 5

TOTAL 22 16

Design Requirements: The design of.ithe CMS was an evolutionary effort
beginning with various basic requirements as follows:

o A|capability to detect incipient malfunctions by prognosis|.

o0 Acapability to detect and fault-isolate a malfunction to [an engine
mgdule or to a line replaceable unit (LRU) by diagnostic ]ethods.

o A |capability to_inspect installed engine and subsystems f
adceptability, ‘thus providing on-condition maintenance and
minimizing removal and replacement by periodic preventatiy
mgintenance¢such as time between overhauls (TBO).

r

1

During development of the engine, the cost and complexity of [each
portilon 'of the CMS was evaluated against the initial requirements and
the dhanging engine characteristics to determine the cost efflectiveness
of the CMS hardware item. As will be noted in the Accomplishments
section, this evolutionary process resulted in modification to, and
deletions from, the original CMS. An example of one of the
modifications that was made is related to the redesign of the Engine
History Recorder (EHR). Instead of recording each engine start and
each engine over-temperature event, it was decided to record low cycle
fatigue (LCF) counts in order to more accurately document the usage of
certain items of engine hardware that were suspected of being
susceptible to Tow cycle fatigue. Many items that were deleted are
discussed individually in the Accomplishments section.
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III. Accomplishments: The T700-GE-700 engine condition monitoring and
diagnostic program was approximately a ten-year effort that was
initiated with the award of a 1500 shaft horsepower demonstrator
engine contract in 1967 and concluded with the selection of a final
production engine configuration in 1976. Many hours of engine test
cell running and flight evaluation were accomplished prior to the
eventual selection of BLACKHAWK and the Advanced Attack Helicopter
condition monitoring equipment.

Condition Monitoring System (CMS) was continually being optimized and
: ces e : : : Sbve An
dditional important consideration was the recognitionthat the Army
attlefield environment and capability would probably Timit the
ffectiveness of a complex system. A further consideration involved
he expected difficulty of maintaining complex diagnostiq equipment
hich was installed in Army helicopters or even on the gifound in the
rase of ground support equipment. After spending considgrable R&D
Funds on several of the items during engipe<development/{esting, the
pverriding consideration that led to thejetimination of Jome items was
the cost of further development and theé. cost of including the item on
production engines or support for production engines.

Hardware: The following is a list of the hardware/monitgring
techniques that were evaluated .during the T700 engine deyelopment
program and shows which items:were retained and which were deleted:

Delete During

CMS Item On Production Engine Development
Fngine History Recorder (EHR) X
Borescope X
Radiographic Inspection X
Di1 Level Sensor X
Lube Temp_Sensor 1
| ube Press Sensor X
Di1 Sight Gage X
In-Ling Oil Analyzer X
Di1\VFilter Impending By-Pass X
iV Filter By-Pass X
Magnetic Chip Detector X
S.0.A.P. Provisions X
Fuel Filter Impending By-Pass X
Fuel Filter By-Pass X
Accelerometer (on #3/4 Bearing X
Housing)
Accelerometer (on #6 Bearing X
Housing)
Thermocouple Harness X
(Individual Readout)
Erosion Indicator X

FOD Impact Detector X
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Delete During
CMS Item On _Production Engine Development
Torque Sensor X
Ng Speed Sensor X
NP Speed Sensor X
Diagnostic Connector X
Accessory Gearbox Analyzer X
Bearing/Unbalance Monitor X
Engine Health Monitor (EHM) X
Anti-Icing/Bleed Valve Indicator - X
Contyot—Systems—Anatyzer 0
0 |Recent Development for Ground Use With Engine
1 [Not included on the T700-GE-701
The following explanations are provided relative to ‘the CMS fitems that
were| changed or deleted during the engine development program:
1. Engine History Recorder (EHR):
¢ Deleted over-temperature counts and’start events counts.
¢ Substituted LCF1 counts (excursions of Ng from start to above
95%) to monitor significant.rotor speed changes.
0 Substituted LCF2 counts (excursions of Ng between 86 and 95%)
to monitor significant thermal cycles.
0 Retained time-temperature index counter and elapsed tjme
(engine operating hours) counter.
¢ No requirement for field units to report LCF data. Contractor
personnel acquire and manually tabulate data periodically.
2. Radiographic Inspection:
p Deleted due to development time and effort (cost) reqyired to
optimize procedures.
o T700 modules can be separated for inspection in less time and
with less trouble.
o Even good X-rays are of questionable use.
3. Qil Level Sensor:

0 Deleted due to cost, complexity, reliability, etc.

o Substituted oil level sight gagé.
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4.

5.

8.

In-Line 0il1 Analyzer:

0 Deleted due to cost and weight and lack of success in detecting
bearing spalls plus difficulty in establishing Timits for oil

degradation due to variations in oils.

o 3 micron oil filter and magnetic chip detector were more useful

and less costly.

Spectrographic 0il Analysis Program (SOAP) Provisions:

would normally be used by SOAP procedure.

o SOAP procedure is after the fact and often too 'late
T700 bearing failure.

Accelerometers (No. 3/4 and 6 Bearing Housings):

o Deleted due to cost and poor reliability/maintainabi
internal accelerometers and especially electrical le

o External accelerometers mounted>on the accessory gea
exhaust frame (installed for:testing only) were sele
cost effective alternative to internally mounted sen
detecting engine unbalancé’caused by blower failures
compressor rubs or improperly balanced rotors.

o Chip detector was deemed satisfactory for detecting
problems.

Thermocouple Harness:

o Original design allowed monitoring of individual the
to detect abnormal burner outlet temperature pattern

s that

to prevent

ity of
ads .

rbox and
Cted as a
sors for

P

bearing

rmocouples
and to

detect-a failed thermocouple which would allow high engine

operating temperature.

o Deleted capability due to cost and complexity and ex
experience with combustors and thermocouples during

rellent
development

and maturity programs.

o Retained ability to test harness for shorts or open circuits.

Erosion Indi

o Compressor erosion patterns are not symmetrical or repeatable,
especially relative to circumferential location of erosion.

o The two erosion indicators were deleted as not a meaningful

measurement device.

o Instead, use of a borescope was adopted.
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9.

10.

11.

12.

FOD Impact Detector:
o Original intent was to utilize the No. 3 BRG accelerometer.

o FOD detection by this means was eliminated when No. 3 BRG
accelerometer was deleted due to cost and lack of reliability.

o FOD damage on this size engine can be detected by audible
and/or performance changes.

Accessory Gearbox Analyzer:

o This was intended to be a special piece of ground sukport
equipment (GSE) to check accessory gearbox (AGB)\vibjation.

o Deleted from further consideration due to cost and cpmplexity
and due to excellent experience (lack of problems) wjith the
T700 AGB.

Bearing/Unbalance Monitor:

o This was deleted when the No. 3/4-and 6 internal beafing
accelerometers were deleted.

Engine Health Monitor (EHM):

o Deleted due to cost and, complexity and the expectatipn that
the T700 engine would“have a low rate of performance
degradation. Use:6f early (1970's) analog circuitry
technology resulted in excessive cost, weight, and cpmplexity
of EHM.

Added: This-following component was added during the TJ00
development 'and early production stages. Although it fis a piece
of groundtequipment and not usually considered a part of a
condition monitoring system, it is included here becausp of its
importance in the overall T700 engine condition monitoring
program.

Control Systems Analyzer:

o Excessive replacement of easily removable T700 electrical
control units (ECU), hydromechanical units (HMU), and other
control system components from aircraft in service dictated
the need to develop the analyzer.

o The analyzer consists of two units: (a) sensor/harness
circuit tester and (b) ECU system tester.

o The Circuit Tester checks compbnent resistance and shorts to
aircraft ground; the ECU System Tester performs functional
checks of the dynamic performance of the control system.
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o Two prototype sets are being successfully used with aircraft
in service to reduce the number of unnecessary/unconfirmed
removals and to troubleshoot aircraft/engine interface
electrical problems.

o Twenty additional sets are to be supplied to Army operational
units for further evaluation.

IV. Lessons Learned:

1. The simple method is better for some items of condition monitoring

in view of the Army field environment and human factors involved.

o The use of a simple sight glass to observe oil level| not only

reduced the cost of the T700 engine, but increased t
reliability and eliminated the problem of maintainin
level sensor in calibration and working order.

Use of a 3 micron oil filter and a magnetic chip det
lieu of the more complex in-line oil- analyzer not on
the cost and weight of the T700, butiprovided other
increased reliability and decreased maintenance.

The deletion of accelerometer§ on bearing housings i
T700 engine reduced the cost and avoided the difficu
maintaining the internal- sensors, and especially the
wires. It is still possible to obtain engine vibrat
when necessary, by installing external accelerometer
during an acceptance-test or a maintenance test.

in the Army field environment. An EHM would have pr

he
g the oil

pctor in
1y reduced
benefits of

hside the
1t task of
lead

ion data,
s such as

ven useful

Small high-performance engines are subject to perfo;Eance loss

by providing more accurate engine monitoring and si
troubleshooting procedures.

1ifying

2. | Each engdine type, size, design configuration, and instafllation
dictates different requirements for a condition monitorfing system.

ov»Fhe combustor on the T700 engine proved to have a dependable

burner outlet temperature (BOT) pattern which made it possible
— to simplify and reduce the cost and weight of the thermocouple
harness by deleting the capability to read the output of each
thermocouple individually. Other gas turbine engines may not
have a combustor that is as well developed and monitoring BOT
pattern could be important in preventing damage to the
turbine(s).
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o The size and configuration of the T700 engine was a primary
factor in deciding that radiographic inspection was not a useful

D

Fngine maintenance personnel need adeguate equipment to
troubleshoot engine and aircraft comtrol system problems|

monitoring technique.
turbine blades resulted in considerable difficulty in
minor defects or damage via radiographic methods with
assembled.

The small size of the compressor and

noting
the engine

In addition, it was found that the borescope and/or

disassembly was more easily used for internal inspection.

The characteristics of the T700 inlet particle separator and the
compressor are such that the sand and dust erosion pattern was
ngt symmetrjcal.or repeatable. This led to the conclusion that

instance when a simple device did not prove uéeful fo
particular engine model.

During the engine development effort, it was found th
Accessory Gearbox (AGB) was very reliable and’that co
monitoring of the AGB was not required. , Thus, the co
developing/optimizing a complex monitoring device was
Other engines may not have this same @xperience.

The design of the T700 engine‘control system componen
for relatively easy removalcand replacement of electr
hydromechanical controls.and accessories. Thus, duri
production it was found-that many of these line repla
units (LRU) were being changed unnecessarily.

In order to allow better troubleshooting, an analyzer
developed to e¢heck for aircraft and engine wiring and
problems and %0 functionally check the controls. Hhi

satisfactory components and in detecting the faulty c

as one
r this

at the
nstant
5t of
avoided.

pbffectively

ts provided
cal and

ng early
ceable

has been
connector
e the

mponent on

analyzer has proven to be effective in reducing the rﬁmoval of

the T700-and/or the aircraft, it has not been approve
use.

One¢ of the features of the analyzer is that it providi

for field

2S

relatively simple signals of "fail" or "pass" so that

maintenance personnel do not have to use complicated charts
and/or calculations to determine whether a component is

satisfactory or faulty.

Other engines and aircraft equipped with more complete engine
monitoring systems may not need this same type of ground support

equipment.
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V. Future Recommendations: The following lessons learned from the Army

T700 Condition Monitoring Program may prove valuable in future engine
development programs:

(o)

If an Engine Monitoring System (EMS) is to be developed i
use in early production aircraft, definite requirements m
specified by the user before engine development/qualifica
is completed. This would allow an early effectiveness ev
the EMS. NOTE: This is a problem that is common to all
services.

Th ompte of— or—F oF
1nfluenced by the Army fle]d environment and human factor
oncern for low cost, low weight, and high reliability

Cost and maintenance effectiveness of an EMS should be ev
engine(s) and aircraft as near to the final intended appl
gonfiguration as possible.

A full authority digital electronic fuelctontrol on the e
iincreases the feasibility and enhances -the design and dev
NOTE: The T700 does not havethis type of contr

jn EMS
strategically located "common" connector for engine par
uUseful for an EMS and/or controlisystem troubleshooting.

A data processing capability needs to be established/impl
darly, preferably along with engine and system developmen

emovals of LRU's which may justify the requirement for b

qhe ease of LRU replacement contributes to higher unsubst
level troubleshooting equipment.

n time for
ust be

tion testing
aluation of
the military

~ongly

5 and the

aluated on
ication and

ngine
elopment of
o1.

ameters is
emented
t.

antiated
etter field

PREPARED BY
SAE E-32 COMMITTEE
AIRCRAFT GAS TURBINE ENGINE MONITORING
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5.2

Lessons Learned:

Inflight Engine Condition Monitoring System (IECMS)
(Report Covers Period 1970 to 1983):

I.

II.

Technical Description:

IECMS was developed for the TF41-A-2

installed in the US Navy A7E attack aircraft.

engine

The design objectives of

the system were to increase flight safety and reduce maintenance

expenditures.

in 1

milestone chart (Fig. 1) summarizes the history of this program.
was designed as a retrofit system consis
elements (Fig. 2):

A multi-phased program has resulted since its
970, with a fleet retrofit program which began in 1983.

inception
The
IECMS

ting of the following major

Engi

ification to existing control components.

ne Kit:

ists of sensors, transducers, wiring, plumbing, bracketr
A totalrof 35
presently being monitored with 11 transducers ‘added to e

Aviopics Kit:

Engine analyzer Unit (EAU) is an airborne computer. It

pl conditioning and data management Wia software to give
Fmation, trip maintenance flags and’send data to an airb
Fder. The Tape Magazine Unit (TMU) for data recording i
a Data Display Unit which proyides operational exceedan

ication and parameter display.

rame Kit:

ists of wiring, sensors, and compartment modification to
rface with the engine kit and enables installation of th
A total of 11 _parameters are monitored. Cockpit modif
included to provide necessary information to the pilot.

nd Station?

A co

putexto process tapes and provide maintenance data. D

routfinesCare programmed in the ground station to isolate eng

and

rovide substantiating data in a usable format. Histori

storage capability is also provided

Design Requirements:

y, and
barameters
ngine.

brovides
cockpit
brne

5 integrated
Ce

enable
b avionics
cations are

agnostic
ne problems
tal data

The primary design objective of the system was to

reduce engine-caused aircraft losses by 50% through early detection and
warning of engine problems. Secondary objectives were to reduce
maintenance costs and improve aircraft availability. No specific goals
were initially established, but as the system design evolved, a 20-25%
reduction in maintenance costs and a 20% improvement in aircraft
availability were deemed as desirable and feasible goals.
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The only major design requirement was that the system be of a "bolt-on"
configuration to enable retrofit with a minimum expenditure in
man-hours. The preliminary reliability requirement was a mature system
Mean Time Before Failure (MTBF) of 375 hours. Self-test protection was
also required to assure that system failures would not result in false
warnings or erroneous engine maintenance.

ITI. Accomplishments: Throughout the progressive evolution of this
program, several major accomplishments have occurred, including:

1. Enthusiastic acceptance of the system and endorsement by the
oberating G486 FOoRn cde o—Hmproved—maintenance ‘i.i-eShooting
time resulting in increased aircraft availability.

2. Successful hardware qualification testing (Environmental, EMI,
Reliability).

3. Documented reduction in engine removal rate (IECMS - 2.9/1000 FH's
vs. Fleet - 4.9/1000 FH's).

4. Decrease in engine related maintenance man-hours per flight hour
(IECMS - 0.323 vs. Non-IECMS - 0.809).

5. The time to transcribe and analyze the tape on the grpund station
has been reduced from over 30:min to less than 10 minyites.

g. 50 000 flight hours of system operational experience accumulated
without an engine-related aircraft loss.

7. Reduction in unsubstantiated component removals (fleet averages
three times higher than IECMS-equipped aircraft).

8. Demonstrated capability to monitor 1ife usage data anfl accumulate
for Navy_automatic data processing in support of Navy|Engine
Analytical Maintenance Program (EAMP).

9. Evolutionary design process to optimize parameters mophitored
(Table 1) and enhance system cost effectiveness.

IV. Lessons Learned: In a program as long as IECMS (over 10 ypars), many

valuable lessons have been learned.

These include the fol

prioritized):

1.

lowing (not

The complex interrelationships of various design disciplines such
as airframe, avionics, ground support equipment and powerplants, as
well as the different responsibilities of engineering and product
support areas, require a program management focal point to assure
success and also a good working relationship with the customer.

An EMS cannot be fully tested in a flight test environment.

It is

essential to "fine tune" the system in the actual operational and

maintenance environment in which it will be utilized.
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A significant data base is required to thoroughly develop

diagnostic and data handling techniques Over 50 000 IE
hours have been accumulated to date, and improvements in
handling and diagnostic accuracy continue to be made.

Vibration monitoring has proven to be the most essential
IECMS from a flight safety point of view.
a high degree of signal reliability and adequate softwar
eliminate false warnings. A change in philosophy was in
midway through the program when it was decided to concen
on engine rotational vibration and not monitor all the g

economically juétifiab]e due to the amount of additional
and software development required.

Erroneous system outputs cannot be tolerated. While sen

CMS flight
data

element of
al to have
e to
jtiated
trate only
earboxes

t

It is essenti

testing

sor and

transducer reliability has been excellent, several software changes

have been implemented to recognize bad data and prevent
flag trips, warning lights or diagnostics:
developing operator trust in the system

Significant problems have been encountered in accurately
the output of the existing A7 fuel Flow measurement syst]
systems should take advantage of“more modern and accurat

erroneous

This is essential in

digitizing
em. Future
e fuel flow

measurement systems to assure_that necessary accuracy can be

obtained.

Engine operating limits must be re-evaluated upon introduction of

an engine monitoring system into a service environment.
example, TF41 engine turbine operating temperature limit
established taking-human factors into account (accuracy
the gage, remembering the extent and time above temperat
etc.).
"overtemps" were occurring in normal operation. Limits
subsequentty 'modified to compensate for the difference i
versus machine monitoring. Another factor is "operation

As an

S were

of reading
ure,

When these Timits were programmed, data showed many

were
n human
al" limits

versusi"design" 1imits. Early in the IECMS program, sol
components had no service 1imits because they had not p
been-monitored. When "design limits" were programmed i

jectable. Therefore, " i

many components were reje
consistent with IECMS capabilities had to be developed.

User skill levels must be an integral factor in the desi
EMS. IECMS has gone through several iterations to tailor
output to the operators' requirements. More complete di
information, less data, simpler operational procedures a
analysis time have all been achieved as the program has

e accessory
eviously
to IECMS,
1" limits

gn of an
system
agnostic
nd reduced
progressed.

Due to the Tow output levels characteristic of EMS parameters,

special care must be taken in harness and connector desi
minimize susceptibility to contamination. The next gene
TF41/ATE system will utilize special connector booting a
sleeving to maximize protection from contaminants.

gn to
ration
nd harness
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VI.

1.

Su
TF
mil
and
rep

Future Recommendations:

System cost effectiveness is the single most important design
requirement. Utilization of an EMS must result in adequate engine
maintenance savings to justify the system cost. The Navy has
authorized a multitude of studies throughout the IECMS program to
justify the system. Several design refinements have resulted in
order to enhance the cost effectiveness of the system.

The system must be designed for maximum maintainability, including
self-diagnosis and transducer interchangeability without

: ; y, are much
re important than absolute accuracy. Sophisticatedranplytical
techniques may have to be compromised to assure minimal system
aintenance.

Computer memory capacity provided should be at Teast two| times that
which is anticipated. Both IECMS airborne_and ground stption
computer programs have doubled since the dnitial prototype system
flight test. If adequate capability had not been initiaflly
provided, many system improvements and.expanded capabilities could
not have been considered.

The EMS should be software oriented in order to enable fllexibility
in monitoring engine problems.;YAs an engine evolves thrpugh its
life cycle, the nature of operational problems encounterpd changes.
The initial IECMS design concept has enabled the system [to be
programmable to respond. to-these changing requirements.

dequate resources must be committed to the development pf an engine
onitoring system. - .A prolonged development and test cyclle due to
funding constraints (engine monitoring assigned low prioyity)
reduces the life/ cycle cost effectiveness of a system reftrofit.
Unavailability“of funding has significantly lengthened the IECMS
developmenticycle.

ary: . ~The accomplishments and lessons learned as a resuflt of the
1/A7& IECMS program have established many guidelines for| future
itary engine monitoring programs. This paper provides ap overview
i i i i Several
orts and papers providing more detail in various aspects of the

IECMS program are listed in the references section.



https://saenorm.com/api/?name=346f661350dad3fcc48c1815945ce819

Rev. oar

AIR1871| B el ) Page 16

VII. REFERENCES:

1. E. A. Schotta & AEC R. Rosenbrock, USN, "An Assessment of IECMS
Cost-Benefit," NAILSC Report No. 200-76-01, February, 1976.

2. L. R. DeMott, "TF41-A-2/A7E Inflight Engine Condition Monitoring
System (IECMS)", AIAA paper No. 78-1472.

3. L. R. DeMott, "TF41/A7-E Engine Monitoring System Implementation
Experience," SAE Paper No. 801222.

PREPARED BY
SAE E-32 COMMITTEE
AIRCRAFT GAS TURBINE ENGINE MONITORING



https://saenorm.com/api/?name=346f661350dad3fcc48c1815945ce819

Rev.

AIR1871

Page 17

SIHIANI0 NOILINAOU SWI ILVILINI
GV3HY 09 NOILONAOHd SW3 e
ILVMIVAT/LS3L «

ININ40T3A30
WVHI0Hd SK3/dWV3

WAOTd3G ZL VA ONV SPVA o

Sd0 03SVE JHOHS ZL-VA ONV VA o
{11230 SYN)

SNOILVHIAO 03SVE JHOHS ¥LL-VA «

(LNBW3IYONI 1S1) STHIANIC LIN

GVIHY-09 LIVUINGD NOLLINGOH o

AAVN Afl GIA0HdIV WVHIOHd NOLLONGOHd »
Y3AlH Xvd LV

OMLLS3L WILYAS NOILINGOY IALOLOYd »

NVHI0Ud NOILINGOYd

3HOOWI1 SYN)
SNOILVHIJ0 G35VE JYOHS L6VA ONV LZVA »
LHINS 1SYY »

(1SV3 4v4) INIWAOT4I0 L6VA ONV LZVA
(0N §1) NVU90Hd NOLLINAOYCIHd

14 A
iUV .
HIAIY XVd LV 310A11 WILSAS 3dAL0L0YHd

OW3a *z«!nxcz\gs—t SAQVN

6+<5 1LV 404 VSO0 AAVN

A

La_ﬁ 0LV 404 TvSOdOUd 4vSn

£861

2861

1861

8.6l

1461

9461

SLBL | ¥isl | EL6L

2161

il6i

06t

6361

SINOLSIUN

SINOL1S3TIN Wvd90dd

FIGURE 1 - Program Milestones



https://saenorm.com/api/?name=346f661350dad3fcc48c1815945ce819

Page 18

Rev.
B

AIR1871

$

V1dSi0 U113WVEVd INLL TV3H »
SNIVLS SAYVI4SI0/SIHOLS o
VIVO 03810034 SOU0I3Y
SHOLINOM ATSNOANILNGD

FIGURE 2 - ATE/TF41 Engine Monitoring System



https://saenorm.com/api/?name=346f661350dad3fcc48c1815945ce819

Rev.

B

AIR1871

Page 19

» 28 (1] — 8 $42)3ueie4 (e10)
¥ x ] v (Su4) w211ng ps0dey 3011¢ L v r - (400) Keray wnieq song
M X X X (9) buipeoy .3, Iy 1§ X 1 X (v00) Paasy 4315400 wnieg 31qnog
. ¥ ' (RSYIN) WdhImS bussrg vodssn 3y H 1 X X (vuy) s01emdy 346y orny
' ' X N (191) w11Rg vaiauby Y X X X Y (W53) seajon prouatos 301
X X X ] (KOJHIV) 3dins 6uruur11puo) 1y /Y ' ' ' ¥ 11951 2usasny pyouatos 301
Y M ' N (R2IM) WIIRS 1023903 (any Lenuvasured /Y Y X X Y (3533) aveajon prouatos 1umag biay
¥ X X X (50aR3) WOKIISOg IAGER (ang 4915m /¥ r * ¥ ' (Poug) 10110 20 401012430 1auby 3Ry
X X X 1 (YS4) 24ns30u4 sty s0ra035 WIISAS TWI18103M)
N x X X (£Q1) Wo11ms a0 bujpuv) X 3 X X (Pxas) oren vords sa1)u6) wy
X x ] X (1va) 2amwsauay a1y sp1sang x v X x (has) a1ey virds vty Wy
1 X Y ¥ (M) 239N udme X X X Y (¥31) andang s2145%3 ma
X X X Y (1) spmpary ¥ Y X X (Y1) wndang sa1303 M1
SUILIvUYd L3vaduly X t r X 1) 10s0m3 0001 Burisous 1y
X x X X (V1) aun) do0) Gupraous WY
- - X - (Aap0100asup =334 (9g) £),401114 d|quny t X X ¥ (Yav) 3ndANg Iy 403rIIUI) 1aubew JuduruIg HY
- .- 1 (431 1090330] wadshs (3nrg) 2o 4001y I1quny X X X X (Mav) 100100 oy 401043030 12uLNN FuIuRUIg WY
- - X (£30019n180] 823345 (3ng) (0 230114 3 quny W315AS 1O1LINDS
X X X . 24033244 djweukg du0) oo .. - X (143) 3univeldadt 43N0 ¥IAVIN 1IN
Y X X . 40132130 (1§ .- . - X (¢24) 121300 (001u0) 3Ny ujry
X X X X ") oty 1987/, x x (99") 1a13n0 dung an
' X X X 1A3) wO11esQIA J055210w0) - X X (19") 101up dung an
] ] ] H (91A1) vorIvaqin uiquny . - X X ("44) p1ojyuem 10114
. X X X 1AY) 0)104Q)A ¥0Quea) A4088330Y .- . X X ("4) projrum uiew
X X X oe (VVIdN) 1104 dung ang gn X X H X gﬂs.; W) 19120243551 J0UI2409 | #3}ueydN0JDAR
1] X X (1341) 301023dwa) 44y bujtoo) ¢ .- .. o X gf..;qu 19432435510 40usdN09 ¢Y
X X X X (A91) woi1)50g durp 3p)n) 33u] $3uNsSI4d WILSAS 1IN4
Y X X X (¥14) atbuy 12431 Jamog v X X X (154g) 300 auiquny
INIIND WINIO ] X 1] X (€54) 313025 s0ssasduo) an
- X X ] . (40) 14#4 J03juon 110 - X X X (1 2Lg) yrr0y 03340003 g1+
- x x X (W) motg 110 - X X (1'%4) 21105 405304050 g1-41
X X X (N11¥) vopienually 140 STYNSSIdd HIV4 SYO
X x X (1v35) 4311035 130 ] X ¥ X (1'51) an0 aujquny
- - X X {110) =01 1342) 110 i X 1 X (E1) 364ry3s)g s0ss2adw0) gH
- - H X (N10) wioN 13421 (40 ] X X X (41) 23u s0ssa10w0) 41
X X x o (M9)) aumesaduay 110 ’ SIUNLYYIGHIL HIV4 SVO
X X oy X (V104 ) aunssasg 110 1e12uasasn10 ¥ X 3 X (") s0104 ¢H
X X X - (Mg sseakg bujpusdal 321114 110 x X [ X () 40308 a1
) . ) . NILSAS WOTLVIIN¥ENY $03345 ¥OL0¥
) 1 wI3L 4231 [} " 901 S0l 931
¥011n00¥4 N01120008d | MOT1IN0O¥ATHE 44101084 2011300044 NO1IING0N | NO11INCONITNY 341101044

€861 - 0L61

TABLE 1 - Parameter Summary



https://saenorm.com/api/?name=346f661350dad3fcc48c1815945ce819

AIR1871

Rev.
cAE
B

gl Page 20

5.3 Lessons lLearned: Advanced Diagnostic Engine Monitoring System - Adems I &

11

(Report Covers Period 1972 to 1979):

I.

II.

III.

Technical Description: The objectives of the ADEMS program were to
evaluate conventional and advanced state-of-the-art turbine engine
monitoring techniques on board a large transport aircraft in operational
service. The on-board system monitored the No. 3 engine on a C-5A
aircraft. A total of 29 parameters were monitored to trend engine
performance, track engine usage and isolate engine component faults.
Fourteen new sensors were installed to complete the 1ist of parameters
to be monitored by the on-board data system. The 1list of new sensors

and gxistimgaiTtraft <A/Cy STgnats are as Tol1ows:
New Existing -AJC
Sensors Signal's
Pressures 2 3
Temperatures 3 4
Speeds (NF, NC) - 2
Mech. Position 1 1
Flows 1 1
Accelerometers 5 -
Others 2 _4
14 15 Total| 29
Desilgn Requirements: The system'will operate unattended in fa fully

autgmatic mode and provide the-necessary signal conditioning|,
microprocessor self-check features and indication of system hardware
faults. The recorded data(will also be processed by the on-poard
systtem to detect and display, in real time, any abnormal engjine
conditions of importance to the flight crew. Data acquired [immediately
prigr to and after detection of an abnormal event will be relcorded for
in-depth evaluation_by the ground based processor. For long| term
trending, the system will record preselected performance parjameters
during aircraft.takeoff and during appropriate flight conditfions for
subgequent ground based processing and analysis. After the jprogram was
inifiated, a’separate low cycle fatigue monitoring technique| was
devaloped to evaluate the sensitivity of engine life usage tp severity
of throttle cycles.

Accomplishments: The system accomplishments are as follows:

1. After system installation and checkout, the aircraft entered
routine operational service. The system functioned satisfactorily
over .a ten month period before its removal without causing a
flight delay or interference with other aircraft systems. The
system accumulated 1121 h total engine operating time of which
700 h were during flight.
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Approximately 50 h of sea level testing were conducted on the
instrumented engine to thoroughly document baseline performance,

finalize the ground based gas path analysis algorithm
out the on-board fault analysis routines. Initial fl
data showed good agreement with baseline data permitt
initiation of engine performance trending.

and check
ight recorded
ing the

Early in the flight test program, the on-board ADEMS hardware
indicated that the variable stator vanes (VSV) were operating more

closed in the high corrected speed region for optimum
efficiency and minimum fuel consumption.

potential source of the fault. A replacement main fu
was obtained from supply channels and the unit was be
by the manufacturer before installation to verify spe
control schedule tolerances. Subsequent flight data
that the VSV were back within tolerance. The)fuel co
from the engine was returned to the manufaCturer for

which confirmed that the control had a_Schedule error!

ADEMS hardware had not detected the VSVWoff-schedule,
would have continued to operate at a tess efficient ¢
This condition would prevail for several hundred flig
until such time that engine-to-engine fuel flow trend
be used to indicate a degradation in No. 3 engine per
the VSV were detected more open, the engine would hav
margin than desired and a:greater chance for a compre
occur.

Once-per-rev rotor  imbalance monitoring was successfu
demonstrated using high-output piezoelectric accelero
bandpass and tracking filters. Since no events of no
the other feattres of the vibration monitoring system
conclusively evaluated. A1l of the testing conducted
program relinforced the conclusion that low level acce
signal cables and connectors must satisfy stringent d
manufacturing requirements, consistent with the locat
environment, to provide reliable performance. In add
number of connectors in the low level signal wiring s
to”a minimum to reduce noise and potential signal tra
problems.

compressor

After engineering

chedule was a
] control
hch checked
cified
indicated
htrol removed
bench check
If the
the engine
bndition.
ht hours
data could
formance. If
b less stall
ssor stall to

11y

eters and

e occurred,
could not be
under the
erometer
sign and

on

tion, the
ould be kept
smission

(See AIR1839, Engine Vibration Monitoring Pfystems).
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5.

|

ns lLearned:

Flight testing of the ADEMS was concluded when the inner
combustion liner failed and the engine was removed and sent for
repair. Careful review of flight acquired data indicated that hot
section deterioration could be detected by the ground based trend
analysis program approximately 200 h prior to the liner failure.
Since the ADEMS flight testing was conducted on a non-interference
basis, data retrieval and analysis lagged by as much as 30 to 60
days because the aircraft would not always return to home base and
the problem of scheduling qualified personnel to remove the data
tape when the aircraft was available. The on-board system did
indicate a significant reduction in takeoff temperature margin

; as njeported
but the engine continued in service since the takeoffimajrgin had
not reached the critical 1imit. Due to a series of worlld wide
support flights away from home base coupled with the inherent
delay in transporting and processing data tapes,.it was |impossible
for the ground based data system to provide atimely update of the
trend in hot section deterioration.

roperly acquired takeoff data have been proven effective for
erformance trending.

During takeoff after the exhdust gas temperature becomes
"stable", engine parameters‘were recorded for ground
processing. HWhen the data were averaged, the performance
computations provided satisfactory performance trendimg
information that could identify long term engine deterfioration.
In addition, the onr~board computation and display of Exhaust Gas
Temperature Margin appears to be a good candidate for [f1ight
deck engine monitoring.

utomatic recording is of greater accuracy and repeatabilfity than
anually recorded data at steady-state conditions.

During-“the flight evaluation, flight deck instrumentatfion
readings were manually logged and compared with the system

acquired data. On numerous occasions, obvious errors were
detected in the manually logged data. Approximaiely_zgl of the
error in the manually recorded data was due to analog instrument
insensitivity and human factors.

Delays must be avoided in data retrieval, trend analysis and
"feedback" of engine deterioration information so that
"educated" decisions can be made for quick turnaround of the
aircraft or opportunistic maintenance scheduling of the engine
to avoid extended damage.
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Proper recording and data reduction of throttle excursions can more
accurately predict LCF counts than a major/minor cycle count system.

(o)

A refined LCF life count system was developed and evaluated
using a computer simulation of different mission profiles and
throttle activity. The technique demonstrated more sensitivity
to cycle severity and thus more accurate accounting of parts
1ife usage than a major/minor cycle count system. This related
the need for adequate tracking of mission usage profiles to more
accurately track accumulated damage to life-limited parts.

On-board system must validate/filter data prior to,re¢ording or

"flagging faults."

o

Comprehensive data validation routines, conSistent|with
diagnostic objectives, are required. Data’used fof on-board
diagnostic processing routines must be walidated prior to
raising a "flag." If a data system.problem is identified, the
flight crew and ground maintenancepersonnel should be advised.
Filtering techniques to flag sensor measurement in¢onsistencies
and automatically reinsert theclast correct value $hould be
developed.

Ground processed data shouldiuse algorithms to remove|sensor drift,
measurement and system bias’before meaningful trending can be
accomplished.

(o)

It is important that the flight acquired data be validated
before meaningful} trend plots and information can be attained.
This will allow differentiation between system and|engine
problems for.meaningful ground based fault isolatign. For these
purposes{ the in-flight processor should incorporate routines to
identify sensor drift and to establish median values of
compressed data for trend processing over a suitable time frame.

Establish performance limits at a level of concern vs| "red-line".

o

If only "red-line" values are used to identify a fault, then
reaching these limits may indicate that a failure has already

occurred. With an aTarm prior to reaching a red-Tine condition,
flight crew attention can be directed to a potential problem
area before extensive damage can occur. This margin can also be
used to check for false alarms in the system. 1In either case,
more time is available to address safety of flight and flight
planning alternatives.
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7. Minimize in-line connectors and length of low-level signal cables
to avoid signal-to-noise problems. (See AIR1839, Engine Vibration
Monitoring Systems).

o Although the accelerometer systems demonstrated responsiveness
to fan unbalance, long-length, Tow-level signal cables with
intermediate connectors are not recommended.

o It is recommended that vibration signal conditioning be located
or incorporated in other electronic conditioners on or as close
as practicable to the engine(s).

8. |Although durable and maintenance free, the pyrometer, turpine blade
monitoring system did not prove effective due to upaccepjtable
scatter of data at cruise speeds.

o The causes of unacceptable data scatter may. be decreased to an
acceptable level with a more optimal installation (thjan
utilizing a borescope penetration) and further deve]oEment of
the pyrometer optics and electronicst

9. |Further development is required for @il debris monitoring
techniques. (See AIR1828, Oil System Monitoring).

o Although the capture efficiency of oil debris monitorls have
shown a 94% capture efficiency, development of an adelquate
sensing configuration to monitor the rate and identiflication of
collected debris is .sti11 needed.

10.| Sensor repeatability/sensitivity over specific ranges of concern

11.

is more important than full range accuracy.

o The requirements for sensor accuracy over ranges tha
beyond the’ expected measurement ranges aggravates va
checks~and dilutes the accuracy and repeatability at
over\harrower ranges.

Modularize software for ease of update and debugging.

t are
lidation
tainable

debugging and rapid system changes. It also simplif
problem of software validation checks, fault isolati
and maintenance.

roblem of
jes the
on routines
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12.

LN
.

Until confidence is gained with EMS fault detection capability, costly
and time consuming ground test runs will continue to be the primary
technique to corroborate engine problems.

o0 Confidence in the fault detection capabilities of an EMS cannot be
achieved until the user has become totally confident with the
reliability of the system data output and the products of the data
analysis are easy to understand and found dependable from
experience. Until that point is reached, maintenance personnel
will continue to conduct ground test runs to s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>