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PURPOSE AND SCOPE: The purpose of this Aerospace Information
Report (AIR) is to provide information and guidance for the
selection and use of 0il system monitoring devices and methods.

This AIR is intended to be used as a technical guide. It is
not intended to be used as a legal document or standard.

The scope of this document is limited to those inspection and
analysis methods and devices which can be considered appro-
priate for routine maintenance.

Iy agreement with 1ndustry usadge, wear partlcle size ranges are

given i
dimensi

INTRODU

n pm (1 pym =

0il system monitoring for gas

T3 millimeter = 109 meter)
ons are given in mllllmeters,

with inches

P

can be

CTION: éggblne

Other
parenthesis.

e engines

classified into three types of activﬁ%

L

- o1l system operation monitoring (mq§§&oring the
oi]l system for proper operation) ; Q

- o0i]l debris monitoring (monitorfﬁg the conditiof
off o1l-wetted engine compone via the oil system) ;

- o0il condition monitoring . nitoring the condition

ofl the oil itself). K\
Figure [l shows schematica the techniques and hardware used

for these three types %f} tivities.

Furthen

these ¢
and whe
they re

echnigues a
ther they
quire of

stablished or still under

devy

(bvolve on-aircraft equipment only

ircraft equipment or facilities.

cla551f1cat;g§s are useful with respect to fhether *
e

blopment
or whether
Figure 1

also indicate ese classifications.
0il systemQ?%hitoring is one of the methods which c¢nstitute an
engine gﬁh oring system, as discussed in ARP 1587 [Aircraft
Gas Tuy e Engine Monitoring System Guide". Frequéently, oil
system monitoring data are complimentary to information ob-
tained from other components of the EMS. This is especially
true for vibration monitoring.

For on-aircraft debris monitoring methods, proper integration
of the sensor(s) into the oil system is essential and can de-
termine their success or failure. Further, both on-aircraft
and off-aircraft debris monitoring methods are affected by the
degree of o0il filtration. This document therefore addresses
both sensor integration where applicable and the interaction
of debris monitoring and oil filtration.
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3.

HISTORY: 0il system operation monitoring by means of pressure,
temperature and olil quantity constitutes the earliest form of
0il system monitoring in aircraft engines. Later, filter bypass
indicators were added to alert maintenance crews to clogged
filters.

Wear debris monitoring goes back to the periodic checking of
filters, pump inlet screens and magnetic drain plugs in recipro-
cating engines. By the early 1950's, some airlines had de-
veloped successful systems for monitoring piston, piston ring
and main journal bearing condition on radial aircraft engines,
using such methods.

The introduction of gas turbine engines with theifr high speed
ball |[and roller bearings brought new failure Mmiodes with high
secorfjdary damage potential. The airlines sul¢cessffully applied
the garlier techniques to these engines. XThey dejeloped a
methqdd consisting of regular removal ofy/,the screep-type oil
filtgrs, back flushing them and analyziytg their contenf visually
in tgrms of gquantity, size, shape, cbddr and matefrial, ) Ex-
perignce obtained from previous cases was used to| estimate the
likelihood and severity of failures and to aid in| the decision
to rgmove the engine. Even toda¥; regular filter| inspection is
used |in some applications and ig a valuable sourcp of additional
infoymation when other metheds provide ambiguous [indications of
incipgient failure,

The gecond generation oftgas turbine engines was plready equip-
ped With magnetic chipycollectors with automatic ghut-off valves
to rgtain the oil and ‘simplify routine inspection|. Sophisti-
cated oil debris mqnltorlng methods have since bepn built around
this |principle. . (DIn the early 1960's, electric chlip detectors
begarn to replace’ the magnetic chip collectors in [J.S. military
engines. In.Burope, however, magnetic chip colleptors are still
in wide use~t0day in military, as well as commercfial aircraft.

Filtdgr cligcks, magnetic chip collectors and electfric chip de-
tectqrsYare effective in detecting debris larger [than about

50 um—Feor—the guantitative assessmentof finer Hebris (smaller
than 10 pym), spectrometric o0il analysis (SOA) was applied to
aircraft gas turbine engines in the early 1960's. The origins
of this technique go back to condition monitoring efforts on
railroad diesel engines in the 1940's. Today, it is in wide

use by most military services and many airlines throughout the
world.

During the last decade, growing emphasis on reduced cost of
ownership, on-condition maintenance and automated engine moni-
toring has stimulated the development of new o0il debris moni-
toring and assessment technologies.
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some of them based on

sophisticated physical principles, are being offered and have
been or are being evaluated by various engine manufacturers

and users.

At the same time, improved oil filtration with its

well-established benefit of longer component life may reduce
the effectiveness of some off-aircraft debris monitoring
techniques and may stimulate the development of more sensitive
instruments and methods for wear debris analysis and charac-

terization.
BENEFITS: The benefits which can result from o0il system moni-
toring include increased reliability/availability, reduced cost

of ownen

Reliabi

ship,

lity/Availability: O0il system components™ (i

the o1l
maintai
with gd
tional
enhancs

Reduced

-wetted components
ned "on condition".

of the engine itsel#) are
An oil system m@mitorin

improved product assurance and enhancefi safety.

hcluding
generally
y method

od prognostic capability can therefore improye opera-

readiness, removal scheduling and\ gngine man
mission reliability and equipmefht availabil

Cost Of Ownership: An oil gystem monitorin
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modes 4

Reliabll
ownersh
seconds
prompt
help in

A cost
is lifs
analyss

od prognostic and diagnosti¢ performance can
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s a substantial amounht of experience concern
nd progression rates.

e oil system monitoring methods can reduce c
ip also by helping to reduce unnecessary rem
ry damage eofprogressive failure modes by in
maintenance’/action. An effective system wil
minimizging in-flight shutdowns.

benefdt evaluation criterion for oil system
cyele cost (LCC). An objective of LCC trad

sofs to maximize return on investment (ROI)

dressir

Turbine Engine Monitoring System Guide,

(Ref——ARP—1587, &I
Section 6.4

’ . " n -
g-proJjected cost benefit

Benefit Analysis).

pgement and
L ty.

gy method
provide

L availa-
ship for
This

ing failure

bst of
bvals and
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The acquisition costs of many 0il system monitoring devices
are relatively low compared to the engine components they are

intended to protect.,

generally favorable, especially for large engines.

maintenance,

inspection,

The cost/benefit ratio is therefore

However,

logistics and support personnel

requirements can be dominant contributors to life cycle costs

and must be taken into account

(see figure 2).,
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The cost/benefit ratio of 0il debris monitoring methods can
vary greatly from engine to engine, even within the same
performance class. This jis due to the fact that the mean
time between 0il wetted component failures depends on loads,
speeds, lubrication conditions and number of components, all
of which can vary from design to design. In a given engine,
0il wetted component defects may be a relatively frequent
occurrence and an effective debris monitoring system can con-
tribute significant cost savings. This is especially true
in the early years after service introduction. In engines
where this is not the case, an expensive 0il debris monitoring
system or program may not be justified. Nevertheless, the
genjeral trend towards higher oil wetted comﬁégﬁpt loads,

q

opgrating temperatures, lower weight and on- iition mainte-
narfce continues to drive the development ofN\&ebris monitoring
methods with improved failure detection, §5 gnogtic and

diggnostic capability. O

Progduct Assurance and Verification: il system|monitoring
prgvides product assurance by bei gd?an integral|part of engine

maijntenance and inspection proce es and policjes.

Bealrings misaligned during asgggbly and similar|build defects
canl be detected during engl acceptance test, run-in or
iniltial operation by prope 11 system monltorlng. 0il system
monitoring also plays an_tiwmportant role during ¢ngine develop-
ment for verification o roper bearing operatidn.

Saflety: Since bea "%’or gear malfunctions can|lead to loss
of lengine power, oiY system monitoring can conttribute to
flilght safety. is is especially true for single-engine
aircraft, inc%ﬁ@hng helicopters. In aircraft of this type,
effectlve o ystem monitoring is therefore especially
importantkégi’

OIL SYSTE@;%PERATION MONITORING
N\

@il ?@ssure: Monitoring engine oil pressure provides indi-
catlioh of proper o0il system operation and is uséd to detect
abnormal conditions. High o0il pressure can be caused by
clogged o0il jets and filters or by pressure regulator mal-
function. Low 0il pressure can be the result of leaks, broken
lines, pump failure (partial or complete), low oil level, or
pressure relief valve malfunction,

In most engines, 0il pressure is monitored continuously by
means of pressure transducers installed on the high-pressure
side of the lubrication system. These transducers are
connected to cockpit instruments and can be interfaced with
on-aircraft engine monitoring systems.
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Transducer selection should address environment, linearity,
repeatability, hysteresis, resolution, temperature errors,
calibration errors, reliability and mechanical/electrical

interfac

e requirements.

The environmental parameters include

temperature, vibration and shock, acoustic noise and conducted

and radi

ated EMI (electromagnetic interference).

There are a variety of pressure transducer technologies avail-

able on

the market. These include strain gage,

capacitive,

inductive, potentiometric, piezoresistive and digital types.
These pressure transducers are all passive, as they require an

input ex

In addit
indicati
a low-pr
conditio
23.1305;
pressure
on the t
Reguirem
tor ds a
military

0il Temp

itation vol i—;xgn

on, most aircraft gas turbine engines a
gssure switch to alert the crew to a

fi. Federal Airworthiness Requiremen
25.1305," 271305 and 29.1307)

ical
(ref.

ype of aircraft. The British
bnts have similar provisions.,
| so required by applicable sQ;bificatiOns fon
engines.

i‘

brature: Oil temperatux® must be monitored 4

that 1t
of the o
high oil

subsystem malfunction.

scavenge

leakage may be detec

of the o
indicati
mined in
range of
levels.

to the e
temperat
number.

multiple

oes not exceed the o ating temperature 1lin
il. In conjunction with other oil system pax
temperature may indicate and help isols
0il temperature is sensed
side, extreme, bearing distress or hot sectid
&@h If the sensor is located ddg
qp clogging may lead to an over-t
ex, slow or small changes cannot bs
advanc a real problem. This is due to
inde egéént variables that affect system ten

ariables include engine rpm, fuel ten
(if used for oil system heat sink), amy

il cooler,
Dn . Howe

jon to pressure transducers for continuou i1 pressure
rgvided with

engine
FAR items
oil

require a low
warning and/or an 0il pressure &galcator, deglpending
il Airworthilness
n oil pressure indica-

U,S.

O assure
itations
ameters,
te engine
at the
n seal
wnstream
emperature
deter-
he wide
perature
perature
ient air
d Mach

(if air/o0il cooling is used), altitude arn

sensing or single sensing locations.

rived for

Sensing multi-

ple temperatures with an on-board computer could provide
excellent diagngstics but might not be cost effective.

In general, oil temperature is sensed by thermal resistance
sensors which produce a change in electrical resistance with

respect
sensors

to temperature (figure 3).
are generally of the metallic type.

Resistance temperature
The resistance

of the temperature sensor is measured in some form of Wheat-

stone br

idge.

Due to non-linearity and lower accuracy,

ther-

mistor temperature sensors are generally not used for oil

system m

onitoring.
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0il Quantity: Monitoring oil guantity and oil added can pro-
vide information about excessive 0il consumption, 0il system
leakage or fuel contamination from defective fuel/oil heat
exchangers. Most engine 0il tanks are equipped with sight
gauges or simple dipsticks for pre or post flight oil level
checking. Some commercial and some military engines also have
0il guantity transducers. These transducers are usually of

the mechanical float/reed-switch, capacitance or thermistor
types which can operate in this high-temperature environment.
There are single point (low level) switches (figure 4) as well
as multi-level transducers for in-flight cockpit or maintenance
panel read ont

Filter Bypass Indicator: Since a clogged oiqggzlter would
otherwise lead to oil starvation, gas turbi engine filters
have bypass valves which open under incre d dilffferential

pregsure. Most filters have provisions indigate this
condlition externally by means of a mechanical ox electrical
bypfss indicator. An impending byp indicator is required

by the FAR (ref. items 23.1019, 25\ 19, 27.1019, 29.1019 and
33.71) and is also required by th;U.S. military] (MIL-E-8593).
The |impending bypass indicator set below the |bypass cracking
pregsure, since the oil wette&SbompOnents can bg damaged by
recjrculating debris if the gine is operated wWith a by-
pas$ing filter. A thermal;Tockout prevents indilcation due to
cold oil. A
xO

The |mechanical indicatﬁis are pop-up buttons and can often
only be inspected bgj?emoving cowlings, etc. The electrical
bypgss switch permits cockpit or maintenance panel indication.

OIL DEBRIS MONLTORING: In addition to its functilon as a lubri-
g and coal¥ng fluid, the oil serves as a transport medium
he debz%. generated by the rolling and slidilng surfaces

(]

Ject to wear, Normal wear, accelergted wear and
ien ilure involve the removal of materiall, although at
rates. The debris generated in these grocesses con-
uable and detailed information about thg condition of
: i i onitoring via

Parameters by which the debris can be assessed include gquantity,
rate of production, material, particle shape, size, size dis-
tribution and color. The various debris monitoring methods
generally differ with respect to the parameters which are ob-
served and the range in which they are measured. Depending on
the failure mode, debris production may increase dramatically
in one size range but not in another. As a result, the timeli-
ness of detection of a given incipient failure mode can vary
from method to method.
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The major objective of engine 0il debris monitoring is the
prompt detection of failure modes with rapid progression,
particularly those with short time to onset of significant
secondary engine damage.

In selecting the debris detection method(s) for the engine
monitoring system, it is necessary to determine: 1) the types
of potential failure modes, 2) their criticality vs. their
probability, 3) the required detection point (timeliness) and
4) cost effectiveness,

- - " ion of
wear and|failure mechanisms and of the materlals oﬁﬁgritical
0il wett¢d engine components.

load condlitions and of the mechanical design aractelristics
of engin¢ components. Under full-film el ohydrodynjamic (EHL)
lubricatjion conditions, where the film t ness is llarge
compared|to the average surface roughn the predominant
failure hode of rolling-contact beaE 1s spalling |or macro-
pitting 1nduced by surface fatigue. tb This process produces
mostly large debris particles with typlcal size range from
100 to 1000 um. In the boundary Q&brlcated and mixed-mode
(partial |[EHL) regimes, where aspétrity contact occurs,| the debris
particles are of smaller siz%s 100 uym). Under such |[lubrication
conditiops, abrasive and ad ive type accelerated wegar modes
are more|common. Bearlng idding can occur when beagring loads
are light. It produces Ye Sry small debris particles (<25 um) and
can prog¥ess rapidly :§§n bearing surface speeds are |high.

Wear and|failure mechanisms are a result of tﬁgghcation and

Wear mode¢s with sl rogression rates usually do notf lead to
engine fqilure b qﬁémselves However, they can initiate secon-
dary mode¢s withéégéter progression rates. For examplle, a
bearing surfa amaged by corrosion can begin to spgll even-
tually. [De ion of this secondary mode which progresses at
a faster Eb then becomes essential,
Sudden failures of 01l wetted components caused by ratigue
cracking, such as gear tooth or bearing race fracture, are not
normally detectable by any of the methods described in this
ATIR, Their failure modes produce little or no debris prior to
component disintegration. However, this type of failure is
rare in a production engine and can be prevented by proper
design and quality assurance.

In gas turbine engines, main shaft bearings are among the most
critical oil wetted components. In turboshaft and turboprop
engines, planetary reduction gear components are also critical,
Today, main shaft bearings are generally made from double
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vacuum-remelted steel with high amounts of chromium and molyb-
denum. Cages are also generally made from steel and silver
plated. Gear box bearings may contain bronze cages, as do main
shaft bearings of older engines. 1In the future, bearings in
some engines may be made from ceramic materials.

An effective o0il debris monitoring system should therefore, as
a minimum, respond to the presence of bearing-type (ferrous)
particles in the o0il system,

Most debris monitoring methods discussed in this AIR have at

least some trendlng capablllty. Trending can prov1de essential
inf pus indications
of

he debris monitoring system or method. T QBdlng also aids
etermining the criticality of the wear q{éﬁﬁcipient failure

in
model under investigation. ‘5§
The |[0il debris monitoring methods curr néﬁy in use or under
deveglopment can be divided into on- ag§§&aft and ¢ff-aircraft
debrlis monitoring techniques. ThlSﬁg ssificatigon is useful
sinde the two categories have dlffég nt hardware|and logistics
requirements.

Q»
On-aircraft debris mOnitoring\%gbhniques are based on sensors
or debris collectors which permanently installed in the

engine lubrication system. \\They can be augmented by off-air-
craflt analysis of the co cted debris. Sensors|may further
require signal couditiQQg s, cockpit readouts andl/or interface
hardware with engine‘qghitoring systems.

The main advantages -of on-aircraft debris monitoring methods
are |[fast respon nd minimal logistics requirements. This
catelgory inclu the following well-established|devices in
use |on currep%-production engines:
(§?~ magnetic chip collector
Q§> . electric chip detector
X

pulsed electric chip detector
. screen-type full-flow debris monitor
In addition, a variety of devices have been or are currently
being developed without, so far, having been included- on pro-
duction engines. Most of these devices have the additional
advantage that they can be interfaced with an on-aircraft
engine monitoring system:

. centrifugal debris separator

. quantitative debris monitor

. electro-optical debris monitor
. inductive debris monitor

. indicating screen
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. X-ray fluorescence monitor

. on-line ferrograph

. degaussing chip detector
capacitative debris monitor

Due to complexity, zost and weight, some of these devices are
currently only suited for test stand use during engine develop-
ment. However, they are included in this AIR since they may
eventually be refined for on-aircraft use.

Off-aircraft debris monitoring techniques involve the regular
removal of o0il samples or collected debris from the engine and
their subsequent analysis in a laboratory or by mea of some
other grpund service equipment. The advantage of Qhese tech-
nigues ip generally that the more sophisticatedheﬁgtxuments
used proyide more information. These techniquq? incljude:

. Sspectrometric o0il analysis (Q?ﬁ}
. quantification and analysi <§ debris
from magnetic chip collegwtors

. filter analysis i}
. ferrography b

colorimetric oil anakggas

radioactive tagginq:é

X-ray spectrophot ter

scanning electreﬁkmicroscope (SEM)

b\

The most|widely used debri %monitoring methods and the respec-
tive parfticle size rangeej%n which they are most effgctive
are: .

Magneti%ighip collectors 50 to > 1000 im
Elec€?§§ chip detectors 50 to > 1000 ym

Eé?&%graphy 1 to 100 um

%%oA < 10 um

For failure modes which produce debris in more than one of
these size ranges, the user can therefore obtain corroborating
information from -two or three different techniques. This can
help significantly in making the decision to remove the engine
or engine module for repair.

There are, however, failure modes which produce only large or
only small particles or in which small particles are generated
much later than large particles and vice-versa. It is there-
fore important to understand that the user, in collaboration
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with the engine manufacturer, must decide how to compliment the
on-aircraft debris monitoring devices usually found on the
engine as standard equipment with other techniques to suit his
special operational requirements and capabilities,

6.k

On-Aircraft Debris Monitoring

6y dwid

6.1.1.1

10

Established Techniques

Magnetic Chip Collector:
plugs or magnetic chip detectors,
used in gas turblne englnes 51nce the late 195

and accessory or reduction gear boxes.
the oil reservoir level,
ralves which permit the inspection of the“magnetic probe

rithout the need to drain the oil (figdbe 5) .

Also referred to as magnetic
these devices have been

0's. They
avenge lines
ated below

they should have séllff-closing

Most units

anufactured today have high-reliabil@ty quick-disconnect
ocks which eliminate the need for &ools or lpck wiring.
Rare-earth magnets are used incregsingly to epnhance

agnetic strength and chip capture efficiency|.

he period between inspectiomws of the magnetilc chip

¢ollector (s)
nown failure modes. Intérvals vary widely,
generally 25 to 50 hours\where chip collector]s
as primary failure detectlon devices.
¢xists, more frequeqt 1nspectlons (even daily]
each flight) may kéojustified for a short peri
nspection intertals can be extended as exper]i
gained and thewengine matures.

of an engine g@iould be in relatifon to its
but are

are used

If a problem

ar after
od of time,
ence 1is

Pptimum logation for at least the most critidal unit(s)
ould be Behind a separate access panel or ngar.the oil

filter @ pressure fill fitting so that they

gccessibility results in checking of magnetig
ectdrs at infrequent intervals or only when

can be in-
npecteﬁ )without the need to open engine cowlings.

Poor
chip col-

an incipient

&blure is suspected (for example, after abndrmal SOA

readings) .

The engine maintenance manual should include good illus-

trations of typical debris

(see figure 6 for an example),

together with guidelines relating debris particle size

and quantity to likely failure mode and severity.

This

enhances the effectiveness of magnetic chip collectors

considerably, since maintenance personnel can
appearance and quantity of collected debris.

compare
However,

removal decisions are more accurate if maintenance
personnel are experienced in debris interpretation
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(especially concerning the engine model in question and
its predominant failure modes) or can get support from
a laboratory facility.

The proper location of magnetic chip detectors within

the lubrication system is essential to high chip capture

efficiency. Magnetic chip collectors should therefore

be located in well-designed "pockets" or inside full-flow

debris separators. This is discussed in section 9. Since

magnetic chip collectors are relatively inexpensive, they

can be installed cost effectively in different parts of

the engine, such as 1nd1v1dual scavenge llnes and accessory
i TOT P olatlon

itoring
me hods have been developed around magn 6ﬁc chijp collec-
tofs.1) 7 They involve recording, regt@htion and quanti-
fi¢ation of collected debris for tr ing and ahnhalytical
te¢hniques for diagnosis and fault olation. |[These
te¢hniques are more fully descr13$d in section |6.2.2.

Mag¢gnetic chip collectors are t effective for| the
detection of failure modes lving the produdtion of
large magnetic particles | pm and larger) such as
surface fatigue spalling © bearlngs, gears and pump

elvments. Where provi tpns have been made by means of
special "pockets" to qgﬁuce 0il flow velocity and/or
separate debris chS\ centrifugal action so that

i iency is very high, magnetifc chip
collectors can also be effective for detection [of smaller
depris genera by bearing skidding, gear and [pump
scdring, splilng wear and rotating bearing racesg. Failures
of [bronze ring cages have been detected when suf-
fiuientl&) r advanced to induce generation of |magnetic

dearis;$;

El¢ctiyf¥c Chip Detector: Electric chip detectoys are
esg¢entially magnetic chip collectors with electiric con-
tinuity indication capability. They are used in many
U.S. engines and are required for military turbojet and
turbofan engines by MIL-E-5007D and for turboshaft and
turboprop engines by MIL-E-8593A, In Europe, magnetic
chip collectors (see section 6.1.1l.1) are more widely
used than electric chip detectors.

Two types of electric chip detectors are in use: chip
detectors with connectors for remote indication and chip
detectors with touch-to-test terminals for ground check-
out with an ohmmeter or continuity tester.

1.1
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Remotely indicating chip detectors are usually wired to

cockpit indicators.

response and absence of scheduled inspections.

fy visual inspection after a chip light occurrence,

Their main advantages are immediate

To simpli-
self-

closing o0il shut-off valves are usually incorporated.
This type of chip detector is used in most U.S.-designed

helicopter engines,

some single-engine aircraft with gas

turbine engines and some military long-range patrol air-
craft.

Chip detectors for ground check-out are used in many U.S.

military propulsion engines.

c
A
i
o
d
1

B QO HOT 00

b
4
C4
P
= |
ds

A
m

hrried out at frequent intervals (10 flightnh
pss) . After deposition of debris, the co
ncreases steadily due to the action of he®’ oi
b eliminate the need for frequent chec s, the
ptector can be wired to a lock-on indicator w
bcated on a maintenance panel. << 9)

he chip sensitive area of an ele@tfic chip dd
Lsts of two electrodes and a m et to attrag
bbris (figure 7). The elect es are bridged
bbris has accumulated, eitQS&’in the form of
hrticles or many smaller s. The spacing b
lectrodes is generally lgto 4 mm (.04 to .16
F depends on engine size' (considerations are
pbmponent rpm and sizaSbf wear surfaces), qual
j ltration (good fil¥ration permits smaller gg
hd criticality o ilure mode. Optimum gap
b 1.5 to 2,0 mm. 06 to .08 in.). A gap of t
hnge will ind{?ate when only a few spalling f
hptured. T is especially important if dekb
brt within(ihe lube system is not very effect
bearinz%. ilure progresses rapidly to second

1mage.c>

5 i he case of magnetic chip collectors, p=x
1&; e made in the lubrication system to ensy
hip detector installation.

(e

I Electric chip de

Continuity checks must be

ours oOr

t resistance
1. In order
chip

hich can be

tector con-
t magnetic
if enough
a few large
etween these
in.) wide.
rotating
ity of oil
P spacing)
spacing may
his size
lakes are
ris trans-
ive or where
ary engine

ovisions
re effective
ectors are

most effective in detecting failure modes which generate

large debris particles.

A disadvantage,

compared. to

magnetic chip collectors, is the fact that debris is more
difficult to inspect and remove.

To provide assistance in the decision to remove the engine
for repair, engine maintenance manuals should contain

instructions for debris interpretation (see figure 8) for
an example).
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A serious draw back of electric chip detectors is that
they have no trending capability and that they have a
high false-alarm rate. They are therefore not well
suited to being interfaced with engine monitoring systems
(EMS) .

False alarms are mainly caused by background debris. A
secondary cause 1s electrical problems. False alarms
can be reduced by improving oil filtration and cleanli-
ness during engine build-up to reduce background con-

tamination. Further, high-reliability connectors should
be nsed to eliminate electrical problems

Pylsed Electric Chip Detector: In lubricag&ég systems
wilth conventional filtration levels (coar than 15 um),
fglse chip indications of electric chi tectprs are
pyedominantly caused by build up of fg§e, non-pgignificant
wgar debris on the chip detector, EQe e can bp suppressed
by delivering a current pulse fro capa01tor to the chip
dg¢tector, melting the fine debrls\

This does not affect signific s% failure-relajfted debris
which has a larger cross secfion. The current| pulse can
be initiated automatically swhen the gap is brifgged or
mgnually by the pilot af chip light illuminption.

e to their simplicitﬁ; nd success in dealing| with false

o
=

dications of this t , these systems have fpund accep-
nce in helicopter gines, although their mafin area of
plication to da is in helicopter transmissjions. Since
oduction of fine debris at an increased rate| can signify
aring failu a pilot-initiated system provjides earlier
rning and é}mits limited trending. For autpmatically
itiated stems, such trending is also possiple if the
rrent Qg§§es are recorded by mechanical counfters or an

S. C)

rqé&rType Full-Flow Debris Monitor: In engipes of older
~xi§n, the chip detectors are often 1nstalled in scavenge

2 , n to capture
the debris other than by magnetlc attractlon and sedi-
mentation. In such installations, most of the debris can
bypass the ‘chip detector and find its way into the o0il
filter. This can cause delayed or unreliable failure
detection.

MOk g9 ol

Q’T

A full-flow debris monitor is designed to screen the
entire scavenge flow. This increases failure detection
efficiency.3) Figure 9 shows a screen-type full-flow de-
bris monitor for a modern turboshaft engine. The screen

13
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can be removed for cleaning. Located inside is an elec-
tric chip detector. The screen openings are on the order
of .5 mm (.02 in.), giving the device a capture efficiency
of 100% for particles above that size. Such units are
also in use with self-closing valves and with separate
housings for installation in external o0il lines., They

can function as scavenge pump inlet screens,

6.1.2 Experimental Devices

6.1.2.1 Centrifugal Debris Separator: A full-flow debris monitor
1 1 1 i gential
separates
100 um
rates best

ilnlet nozzle creates an internal vortex whi
e entrained debris effectively down to

ith acceptable pressure drop.% The unﬁt op
iln well-filtered oil systems. &g}

ince the internal vortex is drivenQQ draulically, the
nit must be installed on the pra@@ﬁ e side o
cavenge pump. The debris sensgg can consist
agnetic chip collector, electxie chip detect
ebris-sensitive device. An ditional advan
bility to de-aerate the oi y means of a se
it nozzle. This feature\is optional and do
ebris separation. ib
uantitative Debris‘MSRitor: Two of the most
1c parameters for.dptection of an incipient
e rate of debri Ybroduction and particle si
ending these rameters permits detection w
liability can help in determining how 1
gine can sed safely.

r or other
age is its
arate air

s not affect

characteris-
ailure are

6.1.2.2

igure 1 §§Hows a quantitative debris monitor

nsistinyig of a sensor and signal conditioner This
rovides real-time signals in response|to the
'2& of discrete magnetic particles whose pass are
xcess Oof the detection threshold of the d¢vice.

The sensor can be installed in a screen-type full-flow
housing (see section 6.1.1.4), centrifugal debris sepa-
rator (see section 6.1.2.1) or other high-efficiency
scavenge system pocket to enhance debris capture effi-
ciency. It collects the debris particles for visual
inspection like a magnetic chip collector and also has

a self-closing valve. The signal conditioner can record
discrete particle arrivals on a mechanical counter and
differentiate them into two size ranges. It also has
TTL (transistor-transistor-logic) or CMOS (complimentary

metal oxide semiconductor) compatible output options for
14 I
e e s
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the two size ranges for interfacing with engin
systems (EMS) or event recorders. A BIT (buil
feature is included.

An important feature of the gquantitative debri
is that its output signal can be trended readi
provides prognostic information about oil wett
condition. This system has undergone successf
test cell and bearing test rig evaluation. It
effective for surface-fatigue type failure mod

Electro-Qptical Debris Monitor:
period of years,
s¢ans the oil flow for entrained debris anQb

M¢talltc particles entrained in the lubr;é&nt

IInder

1ight from an infrared light source. Thg“scat
i$ detected by a phototransistor and q%iated t
concentration. Attenuation is also @etermined
t¢ o0il condition. The system is sensitivy

tlcles below ten micrometers. ISE ay therefor]
tive for failure modes involving)y'the productio
qhantities of fine particles, Iq‘Bince the devig
tlve to entrained air, it sh¥uld be located on
slde of the oil system, af&ér the o0il has been
ip the reservoir. The u also requires a si
dltioner which is notxgp wn in figure 12,

Ipductive Debris MQgﬁEor: This device consist
ttally of two coils‘which enclose two sections

stavenge line. . One coil is for reference. A
particle entr d in the o0il induces a voltag
the unit whi is amplified and counted. The
beéen under g evaluation for a number of yesq
le¢ast On%é. gine company has reported good resg
be¢arin st stand evaluations.

Indiégting Screen: Based on a patented weave
dhésing wire and insulating spacer rods, a scy

e monitoring
t-in-test)

s monitor
ly. This
ed component
ul engine

is most
es.

ion for a
the unit shown in figure lggs tically
i

1l condition,
scatter the
tered light
0 particle
and related
e for par-
e be effec-
n of large
e is sensi-
the pressure
deaerated
gnal con-

S essen-
of the oil
large

e pulse in
system has
rs and at
ults from

of con-
een made

B
debris monitor.
The minimum particle size threshold is determi

ing full-flow
It is unaffected by fine wear debris.

ned by the

smallest screen openings which can be achieved in pro-

duction.
installation in an external scavenge line.

X-Ray Fluorescence Monitor:

Figure 13 illustrates a unit designed for

Under development since the

mid 1960's, the system employs radioisotope excited X-ray

fluorescence (XRF),.
to excite metal atoms suspended in the o0il as

A small radioactive source is used

wear debris

15
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to emit characteristic X-rays. The X-rays pass through an
X-ray transparent window out of the flow chamber and are
detected by a gas-filled proportional counter and signal
conditioner and are used to provide an in-line measure of
wear metal quantity. The sensitivity of the unit is

at the ¥ 1 ppm level.

The use of an X-ray monitoring system using a radioisotope
excitation source on board aircraft is not prohibited due
to current shielding technology. The use of this technique
would require compliance with safety regulations relative

: iopctive

aterial. Q5
(1/

n-Line Ferrograph: The principle of feéfograph, described
n section 6.2, has been used to develop'a repl-time device
uitable for installation in engine ricatipn systems.

he unit samples the o0il stream an easures [he concen-
ration of two size ranges of ma ic particfles by de-
ositing them on a surface effegt'capacitive pensor in a
igh-gradient magnetic field. stallation ghidelines must
e followed to ensure delivexy of a hot, reprpsentative oil
ample to the sensor, A sidnal conditioner if also re-
uired. As currently confilgured, the unit is|designed for
tationary applicationq& d engine test stand| operation.

O I s 4 2 d e

o

egaussing Chip Deteéé%r: An electric chip dptector with
the capability to agnetize itself after pafticle capture
rould give multi indications in response tp continuing
ebris producticdn. Two devices of this type have been pro-
osed. The t is a chip detector with elefptromagnet,
ather tha permanent magnet. When a partifple bridges

he chip » an external signal conditioner pghuts off the
[ cuer%~ to the electromagnet and turns on p decaying AC
urren 0 demagnetize the pole shoes. After| the particle
rop f, the DC current is turned on again.| The second
ni as a permanent rare-earth magnet but an| additional
I%gzromagnet is used to impose an opposite mpgnetic field
om 1 S - S it effec-
tively non-magnetic. The high remanence of the rare earth
magnet restores the permanent field after the electro-
magnet has been turned off.

mll""ﬁ.(\l—lc-bH"HO,S'r%[—l

Capacitative Debris Monitor: Several years ago, a unit
was evaluated which sensed capacitatively the amount of
debris deposited between two electrodes by means of a
vortex. Although the unit was found to have mechanical
problems which precluded its evaluation, the principle
may be promising.
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Off-Aircraft Debris Monitoring: With the exception of filter
and magnetic plug debris analysis, the off-aircraft debris
monitoring techniques discussed in this section rely on
sampling of the oil. The sampling process is most useful when
a representative and homogeneous dispersion of debris par-
ticles is available for interrogation., This condition is

most nearly met when fine wear particles are present in the
0il system and when the sample has been obtained in accordance
with prescribed procedures., These methods are therefore most
effective for accelerated wear modes which produce substantial
quantities of fine particles, such as fretting, bearing skid-

ding,
other
effec
rolli
is du
mostl
or; b
in th
Off-a
sampl
This

Spe

tive for those modes which are induced byosux
ng contact) fatigue, such as spalling and pit
e to the fact that these modes producg(fewer
vy larger particles which may settle eut priof
y virtue of their small number, may¢ not be rg
e sample.,

ircraft debris monitoring techaiques involvirp
ing are also affected by thepdegree of oil fj
is more fully addressed inxsection 9.3.

ctrometric 0il Analysis 4soa) Spectrometrid

is
A s
to
is
res
det
for

The
und
lar]
are
wea

the most widely used @ff-aircraft oil monitox
mall oil sample is taken from the engine and
k. laboratory wherg(the suspended metal partig
determined spectfegmetrically in parts per mil]
ults are then converted into a format that c3
cermining reqmlred maintenance action. For ifj
mat may be d-trend plot.

technigite relies on the fact that oil wetted
Sha cenfain conditions of accelerated wear, py¥
ger- than -normal quantities of fine wear parti
ca¥ried away by the o0il. This leads to an {
rCparticle concentration in the oil.

A:age_:ubb;ngT—gea;—seuii&agT—beax+ag—;age—;jtatlon and
forms of abrasive and adhesive wear. TheyQgre less

face (i.e.
ting. This
numbers of
to sampling
presented

g odl
lteation,

0il analysis
ing method.
transmitted
le content
lion. The
n be used for
stance, this

| components,
oduce

cles which
ncrease in

The spectrometric analysis involves determination of the
light spectrum generated by the o0il sample as it is burned.
Trace element content is determined by the frequency and

int
typ

The atomic emission spectrometer uses a high voltage arc to
burn a small portion of the oil sample and measures the
resultant light intensity in specific narrow frequency

ensity of the resultant spectral lines. Two

es of instruments are commonly employed:

the atomic
emission and the atomic absorption spectrometer,

different

dit
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ranges utilizing a diffraction grating and photo multiplier
tubes. These are located at points where specific spectral
lines of interest are projected. The results can be printed
out directly by a computer connected to the instrument.
Samples can be processed guickly, and this method is there-
fore the most common.

The atomic absorption spectrometer measures the absorption
of specific light frequencies associated with trace elements
of interest. High-intensity light is passed through a flame
(usually fueled by an air-acetylene or oxygen-acetylene
mixture) into which the suitably diluted o0il sample is as-
ﬁirated. The light source is monochromatigésid associated

ith the element of interest. Free atoms that element
in the flame absorb the incident light to\® degree pro-
ortional to the amount of trace eleme \presant, with the
emaining light being transmitted thrda the| flame and
easured electronically. The test isOthen repeated, utili-
ing different light sources for eggh element}| Atomic
bsorption spectroscopy is more é% sitive thah atomic emis-

ion spectroscopy but is more §§me consuming.

m o N =

or diagnostic purposes, mqgﬁbusers have established wear
etal concentration guideié es for each methofl, since
mission and absorption.gpectrometers may give different
esults due to the différences in the way the| sample is
urned. xO

S
he upper limit Qi} article size which can be|detected is
n the range of .19 uym for the emission spectrpmeter and
omewhat less§§pf the absorption spectrometer| This is due
o the mechafism in which the particles are delivered and
urned an E@lds true even if the sample contfins larger
articl%§§b‘

A cri al requirement for the successful appflication of
qpe metric oil analysis to engine o0il moniforing is
d

ul and consistent oil sampling methodolofy. Repre-
szEEaiine_oil_samplesT_taken_w4*h clean samplling equipment,
must be taken sufficiently often to allow meaningful data
trending.

o O = =

i o o il (O =0 |

Sampling intervals may vary from as short as one sample per
flight on some military applications, to more than 50 flight
hours on some commercial aircraft programs. In general, the
interval is established by economic, operational and previou
failure history considerations for the engine being moni-
tored. For example, a joint European airline consortium has
established and proven the effectiveness of an 80-flight-houqy
sampling interval,
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0il samples taken must be representative of the circulated

0il in order for the analysis to be valid.

The most common

method used by airlines involves samples taken through a
filler port with a sampling tube extended to the center of

the o0il tank (figure 14).
special sampling valves (figure 15).

services, through their Joint 0il Analysis Program (JOAP),

Another method involves use of
The U.S. military

have developed two standard sampling kits for all military

equipment in the program,

They consist of a 17 ml glass

bottle and polyethylene tubes in two different lengths.

Sampling is performed from the o0il reservoir

thra
thro
avoi
befo

TE i
30 m
take
afte
and

nati
anal

Mode
at 1
SOA

ment
on t
temp
dete
appr
0:..1

Some
samp

igh ("h‘ip detector valves When qnmp'lpq must

(Eigure 16)

or
be taken

hgh tank drain fittings, procedures should Bg
i unrepresentative sampling (e,g. flushing ltH
e sampling) . :

5

5 recommended that samples be taken pd more 4
inutes after engine shutdown. Oil{samples sH
h in roughly similar locations apfl)at establi
 shutdown to assure maximum con#istency. Sa
container cleanliness is also(¥ery important,
bn in the sampling equipmentpcan produce errd

yses and lead to unnecessaxy maintenance acti

Fn spectrometers provide@the capability of aj
past 20 different elements. However, the maf
programs limit analysis to 6-9 of the most cd
found in lube systéms. The detection limit
he nature of the(instrument and on the vapor]
crature of the element of interest. For exan
ction limit fox' iron in an emission spectromd
bximately l-'ppm, and in an absorption spectrd
PRI .

e

=]

of theymore common elements detectable with
|l ing<and their significance are:

used to
e fitting

han 15 to

ould be

shed times

mple tube
Contami-

neous

ons.

alysing
ority of
mmon ele-
depends
zation
iple, the
ter is
meter

routine

Aron - possible wear in gears, splings,
bearinmg races and/or rorting elements

Molybdenum - possible wear in bearing elements made
from high-temperature, high-strength
steel such as M50

Aluminum - possible wear of some gear cases, shims
and spacers

Copper - possible wear in alloyed components of

bronze,

for example, bearing cages

19
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. Silver - possible wear in plated parts such as
bearing cages

. Titanium - possible wear in bearing hubs
Typically, spectrometers are calibrated for each element
with commercially available standards.

Depending on the result of the analysis in parts per million,
further action is triggered either by exceedances in wear
metal concentration or in rate-of-change in concentration,
Thresholds are set on the basis of large sample populations
frpm engines considered to be operating normallly, recom-
mehdations from the engine manufacturer, metgMlurgical
information concerning engine components, f¥om [other engine
moflels of similar design and from correlation with inspection
regpults after removals. Rate-of-change¢i4 condentration is

a more significant parameter than concéntratior] itself since
it|relates directly to rate of wearrmétal prodyction.®) For
enggines with significant oil consufjption, takirg oil re-
plegnishment into account may yield better resullts. However,
in|large, dispersed fleets thisimay not be costl effective,

Degpite the complete quantifieation of the datg, their in-
terpretation is somewhat sgbjective and requirds experience
anfi communication between\Yaboratory and maintgnance per-
sophnel. Concentration.@r rate-of-change-of-concentration
exfeedances usually l€ad to resampling to confilrm or disprove
abpormal readings. ~If readings are confirmed, |additional
majntenance actions/such as inspection of chip |[detectors,
screens and filters, are usually recommended. |Previous
majntenance actions or special conditions affedting the
engine need ﬁp'ﬁe considered. The sample also [can be fil-
tered and the residue examined microscopically [to determine
if|larger{debris is present to confirm an incigient failure.

Typical wear metal patterns can be used for faillure isolation
if|cérfain engine components have characteristilc composi-
tiprs. Reference 6 describes a method to idenfify debris
sources in terms of characteristic wear metal concentration
rates.

Spectrometric o0il analysis programs have been applied widely
to both military and commercial gas turbine engines. Impor-
tant advantages of the technique are the ability to guantify.
and trend data easily and to detect the presence of various
types of wear metals, including non-ferrous, and of foreign
contaminants in the lubrication system. The disadvantages
of SOA are high initial equipment cost, the logistics of
application (especially the time delay between sampling and

s nth

<ot on L R e R
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enance action),

the requirement for sample cleanliness

and integrity and the delayed response to rapidly progress-
ing, surface-fatigue type failure modes which may be detected
only at an advanced stage when some of the larger debris has

been

ground up into smaller particles.

Quantification and Analysis of Debris from Magnetic Chip

Colle

ctors:

Some alrlines and military services have

developed effective failure detection, prognosticatio? a?d
isolation systems based on magnetic chip collectors.l) 7
The magnetic probes (such as the one shown in figure 6), are

remov
every

An in
any,

to a

micro
the c
with

readi
of-ch
than

of a

enced
As an
reduc
a pro
energqg
can b
tion.

This

lubri
debri
captu
secti

Filte

ed from the engine at regular intervals,
Z5 Oor 50 hours, and replaced with clean Spad

itial assessment of the severity of cont ﬂgﬁa
is made on the flight line. The probes.\are f{
laboratory for washing, visual inspe n ung
scope and classification, recording &nd archi
bllected debris. The amount of dg%éis can bd
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element and subsequent microscopic analysis of the debris
collected on a piece of filter paper. Prognostic informa-
tion can be obtained by analyzing size, size distribution,
guantity, color and shape of the debris. Previous experience
is used to judge the severity of a progressing failure.

Ferrography: Under development during the last several
years, ferrography is both a laboratory technique for the
microscopic classification of wear debris suspended in oil
samples and a method to quantify the data in a simple way
for working use. As is the case with magnetic chip collec-
tors, the visual analysis of the debris requires skill and
tyaining; as with SOA, sample cleanliness an%baampling
mgthod are critical.

THe technique depends on magnetic prec1‘§§at10n of ferrous
pgrticles. It is most sensitive to pakticles [in the range
of 1 to 100 uym. This range overlaps that of SPA at the

snmall end and of magnetic chip colkﬁ&%ors at the large end
anld the technique therefore has hﬁ% potentiall
THere are two types of ferrogréﬁﬁ, the Direct Reader (DR)
arjd the analytical ferrograRS>
Qﬁ% sample, diluted wjith a solvent,
g glass tube which ip positioned

net. The downward velpcity of a

In the DR ferrograph the.
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In the analytical
flow over a glass

ferrograph,
or plastic substrate in the pre

a strong magnetic field gradient which pulls the particles

to the substrate.
solvent,
the substrate surface., The resulting particle di
(ferrogram) is a permanent record.
particles are present in the oil they are usually
enough to separate, especially when they were gen
a ferrous/non-ferrous interface. Contamination p
both organic and inorganic, can also be separated
fore, the analytical ferrograph can be used for c

The oil is then washed away wi

an 0oil sample is caused to

leaving the particles clean, aligned, and fixed to

When non-ferrous metal

sence of
th a
splay

magnetic
erated at
articles,
. There-
ontaminatiory

studfes in a variety of fluid systems. The fer
can be differentiated into broad alloy classe
temp¢r color. The shape and morphology of t pal
reveal the mode of wear, such as abrasive ai
scuffing, corrosion or lack of lubricatioAh,
scop¢/camera system called a ferroscop {8 avail
has number of features to permit ra analysis
ferrpgrams.

D
The Pirect Reader and the analyt'ééﬁ ferrograph s
diffé¢rent requirements in debri onitorisg,. It
that|the most satisfactory me d is to use the D
graph to monitor the severité§gf-wear index and W
or its rate-of-increase becémes large, the analyt

graph can be used to detefiine the type of wear.
N

As i$ the case with cf special consideration mu

given to sample integrity. Since the wear partic

addre¢ssed by feergraph are -larger than those foy
settling and the(®ffect of filtration is an even
impotrtant consideration in obtaining representati
partlcle dis butions.

<2.

0il Analysis: Colorimetric Oil Anal

adhlesive wear,
A special micro-
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rticles

le which
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R ferro-
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more

ve wear

ysis was
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e involves

Colo imeg%&g

develop and used for monitoring iron and coppern
lubr s during the late 1960's, This techniqy
the i i i

lubricant, buffering of the extraction solution and subse-

quent chelation with an appropriate indicator to
a colored metal complex.

formed and compare it with standard

Using this approach, a Colorimetric Oil Analysis

measuring the iron concentration in lubrication oils has

use at remote locations
not available,
kit weighs 25 pounds and requires an analysis time of

been developed. It is designed for
where spectrometric oil analysis is

The concentration of each wear
metal is determined by measuring the intensity of the color
calibration data.

from the

produce J

Kit for
This
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approximately 10 minutes. The colorimeter reads directly
in parts per million iron. The wear metal guidelines and
threshold values required for the evaluation of the data
are the same as those established for the atomic absorption
spectrometer. )

Development of a Colorimetric 0Oil Analysis Kit for titanium
has recently been completed using the same principle as that
for the iron kit. These two kits are being developed into
one Colorimetric 0il Analysis Kit.

Radiocactive Tagging: Since the early 1960's, various radio-
adtive techniques have been investigated and Gapplied to test
syystems for measuring bearing wear and the auonjtoring of wear
dgbris in the lubrication system. These, technjiques were
syfficiently sensitive and yielded repeatable fear measure-
mgnts but utilized radiation levels whikh are hnacceptable
fqr turbine engine monitoring. The Hractical fonstraints of
rddioactive tagging include considération of safety, handling
arjd maintenance procedures.

A [safe low level radiation teghnique for the dgetection of
wgdar occurring with mainshafii’bearings has beeh developed
arjd demonstrated, using high speed cylindrical|roller
bdarings in a test rig.8)@Iron-55 is employed|as the active
tgdg and is obtained thrQugh the neutron irradiption of the
bdaring rollers. Iron~55 provides low radiatipn levels,
l1qng half-life and homogeneity of the isotope f[n the rollers.
THe low level of yadiation in the tagged wear particles
rgquires the separation of the wear debris from the oil by
filtration or seme other means. Testing shows| that the
tdgging methpd /would provide a means of identifying tagged
cqller wean at the * 0.5 part per million levell in a 5
gdllon capacity test system, Radioactive taggling techniques
wquld bemost suited for identifying abnormal Wear occurring
with a<&fitical or problem related mainshaft bparing.

X4Ray Spectrophotometer: This instrument, whiph may be
avartabie T materrats taporatoriesof major=airlines,
military services and engine manufacturers and in commercial
metallurgical laboratories, permits determination of material
composition of debris particles. In an evacuated chamber,
debris particles are irradiated by an X-ray tube. Their
atoms emit secondary X-rays with characteristic energies.,

The intensity of this emission .is proportional to the amount
of the element present in the sample. In this way, alloys
can be identified precisely. However, if the sample contains
particles of different materials, the resulting spectrum is

a mixture of the spectra of the individual particles and must
be interpreted.
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Scanning Electron Microscope (SEM): This instrument is also
only avallable in well-equipped materials laboratories. It
permits viewing of individual debris particles at great
magnification. This can provide information about the process
of their generation and, therefore, about the failure or wear
mode which produced them. Energy-dispersive X-ray analysis
(EDAX) provides spectra of secondary X-rays emitted by the
SEM sample which are characteristic for a given element.
Individual alloys can therefore be identified precisely. The
advantage of the EDAX over the X-ray spectrophotometer is
that it can determine the composition of individual debris
particles

Physical/Chemical Properties: Physical/chemicgl property
analysig$ of used o0il can provide information~about the con-
dition ¢f the oil as well as certain enging malfunctfions.

The rat¢ and degree of 0il degradation.i¥n a turbine |engine is
dependent on aeration, temperature, @iy consumption, oil system
capacity and oil formulation. For motrmally operating engines,
the rate and degree of o0il degradation are low and afre compen-
sated by oil consumption and replenishment. ‘Change |in engine
operatipg condition resulting i¥ higher aeration (injcreased
oxygen &vailability) or higher~oil temperature such [as seal
wear cap cause a significantvincrease in the rate of] oil de-
gradati¢n. Tests for oxidation, additive depletion,| solids
content| fuel dilution, (Miscosity and total acid number can be
perform¢d in the laboratory to determine lubricant servicea-
bility.| However, they are rarely performed routinelly in the
field bg¢cause they-are equipment and labor intensive.

Complet¢ Oil Bregkdown Analyzer (COBRA): Increased |0oil degra-
dation produces: changes in its electrochemical propgrties
which the COBRA instrument is designed to measure routinely.g)

The instrufment measures 10 x 5 x 5 inches, weighs 8 |pounds

and is beattery powered:—After—theimstrument—is——catibrated,
obtaining a COBRA measurement, including data recording, takes
approximately one minute and requires only two drops of the
lubricant. The 'small test volume permits use of residual SOA
samples thus eliminating the cost and time required for
separate 0il sampling. The COBRA instrument has been used
successfully in identifying engines having high rates of
lubricant degradation caused by deteriorating "O" rings,
cracked valves and bad carbon seals,

25
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7.3 Total Acid Number Kit (TAN Kit): The TAN kit was developed
as a field go/no-go determination of the acidity of MIL-L-23699
lubricating oil. It is composed of a bottle of acetone
solution neutralized to pH 7.0 and a vial of aqueous sodium
hydroxide which reacts with a 5.0 ml volume of sample o0il to
produce a color change that indicates either a "go" (<2,0 TAN)
i or "no-go" (2 2,0 TAN) condition.

8. GENERAL REQUIREMENTS: The design and use of oil system moni-
toring should consider the following factors:

. 1life cycle cost (including inspection and
_______Sﬁppﬁrt_rEqulrements)
type and criticality of oil wetted comq/nent
wear and failure modes
. detection and fault isolation capab@&ity
. engine modularity
. debris transport within the 01%ké§stem
. degree of o0il filtration
. Qqualitative and quantitativeqéglterla for
engine or module removall
. human factors B\
. maintenance crew trainé§@
coordination and part' pation of equipmgnt
suppliers, englnqa d aircraft manufag¢turers
and users
documentation (1%@. manuals)

For op-aircraft oil 4 s monitoring methods, thg¢ following
additjional consideratiéns apply:

sensor kgﬁ%gration into the oil system
. enviro
. weigh®and reliability of on-aircraft
ipment, including wiring, connectoxs,
Chnd signal conditioners
<§%be551b111ty
nspection and/or cleaning requirements
QD location of annunciators and displays
(cockpit or maintenance panel)
. interfaces (including interfaces with engine
monitoring systems)
. BITE (built-in test equipment)

Additional considerations unique to off-aircraft oil debris
monitoring methods are:

. sampling provisions and egquipment
sampling frequency
response time
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. cost of laboratory and support equipment
and personnel
. logistics
. ©01il consumption and replenishment
calibration requirements

The guidelines of ARP 1587 (Aircraft Gas Turbine Engine Moni-
toring System Guide) also should be reviewed and applied to
ensure that oil system monitoring is effectively integrated
into the overall engine monitoring system.

OIL SYSTEM CONSIDERATIONS FOR ON-ATRCRAFT DEBRIS MONITORING:

All on-3
periment
0il syst
larger f
therefox
periment
and are
where oi
understs
sensor J

Sensor

ircraft debris monitors, whether in producti
al, rely on the debris transport characteris
em. Most respond to debris in a size rdnge
han the separation capability of the oal fil
e installed upstream of the filter. Some of
al sensors listed in section 6.1.2(cOntain e
not suitable for installation ondthe hot sca
1 temperatures can exceed 200°C™{400°F). Th
nding of the capabilities and.Idmitations of
s essential to its effective, Operation.

Integration Into The 0Oil System: The probab
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a typid
site, ¢
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out, £l
scaveng
than th

ng an incipient failure@ncreases with the a
available to the sensQr, Figure 17 shows a
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ump screen, scavend€ pump and debris sensor

his relationship: ) The debris available for

sensor site depends on the transport efficie
tem.

re 17 illustrates, the debris transport effi
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uid «etocity and particle size., For example
e gystem shown in figure 17 traps all partic
e Ppenings of the pump screen. Its np for t
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the source
system lay-
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les larger
his size

range is
lubrication system, particles can stick to cavity walls, be
trapped in corners or sedimented in sumps and reservoirs,

The debris capture efficiency n
capture the debris for failure
collectors, electric chip detectors).

sensor

design of the cavity or pocket in which the sensor is located.
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The debris indication efficiency n; represents the sensitivity
of the sensor and system to a particle of given size and
material,

The overall debris detection probability is given by
Np = fp e A

and corresponds to the fraction of particles indicated versus
those which are generated at the site.

Ef fective diagnostic capabitity requires optimizing these
quantities during oil system design and develepment and, if
poslsible, measuring them through o0il system @ig|testing. If
the| debris transport and/or capture efficigncieg are low,
as |is the case in many older engines, the‘Csensitivity n. of
the] sensor must be high to compensate f6r it.
makies the system more susceptible to, false alar
inclipient failures which release ondy¥ a few larg
may| not be detected.

s. Even then,
e particles

the entire
ebris moni-
ate the debris

Debiris capture efficiency is epflanced by passing
0ill flow through the debris moébhitor (full flow d
toriing) and by including positive means to sepal
:of = the oil. As examples, figure 18 shows a vj
scavenge line installations of chip collectors
chijp detectors with theiltr respective capture ef
comparable flow rates§

iciencies at

0il| System Layout, For Optimum Prognostic And Cogt Effectiveness

The| requirement~to detect more failure modes with greater
relliability iggreases sensor and system cost, t the same
time, the re§uirement for fault isolation to an|engine module
or [pearing(set requires multiple sensor locatioms. For cost
efflectivéness, the functions of failure detecti¢n (requiring
onegl sophisticated sensor and in-flight signal ptocessing
capability) and isolation (requiring several semsors for ground
chgckput only) can be separated. This "Master/$lave" system
is incorporated in figqure 1. A high-performance full-flow
debris monitor ("Master") is installed in the main scavenge
line. For the purpose of failure isolation, additional probes
("Slaves") are located in each of the bearing return lines and
in the accessory gear box. These can consist of simple
magnetic chip collectors whose capture efficiency is kept low
so as not to interfere with the operation of the master
detector,
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0il Debris Monitoring And Filtration: The benefits of 1m§ro¥ed
filtration for longer bearing life are well- established?l

and widely accepted. For this reason, there is an increasing
trend to use finer filters on aircraft gas turbine engines., At
least one modern turboshaft engine family incorporates an
ultrafine filter with a rating of 3 micron absolute. Field
experience with this engine has demonstrated that SOA becomes
ineffective at these filtration levels.

The trend towards finer filtration is expected to increase the
number of englnes 1n the fleld for which tradltlonal off-air-
craft debris = = = effective-
ness. |[This should stlmulate the development of ¢ sensitive
techniques. Among on-aircraft monitoring systems,y/ 1t should
favor Hhose which have "single-pass" capability, i.¢. which do
not require debris enrichment of the oil thg\ re¢irculation.

Fine filltration enhances the effectivene of magnetic chip
collecHHors and electric chip detectors ?élce it rem¢pves
recircylating non-significant debrls erated by n¢rmal wear.

29
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