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This: paper discusses the “use of a comblnatlon of health
monitoring: technlques to ‘provide comprehensive coverage of
p0551b1e failute modes in a: typlcal transmission gearbox. From
experience: gaanedsln research and development work sponsored by
the’ UK&Mihistry of Defencé in . recent:years, the paper explores
the relative-value-of conventional status parameters such as oil
level, pressure.and temperature, ‘together with the newer
technigues: of wear:debris and vibration analysis.

The: use-of health monltorlng*technlques in a matrix to prov1de
both: early warning: of failure and diagnostic information is
considered, - as well as the effect of design features such as
transmission conflguratlons,(oll filtration standards and filter
bypass: arrangements. The- problems’” of data collection and
processing*are aISOfdiscussed

The: development of the Anglo Italian EH 101 Health and Usage
Monitoring System is used to illustrate. the process of sensor
location, validation of processor ‘algorithms and the planning to
achieve. full. system certification. -

The ablllty ‘of de51gners to 1nclude redundancy features to
improve: the: safety of current helmcopter transmission systems is
constrained by weight considerations. Whilst two or even three
engines can share the load, and provide acceptable engine out
contigency perfiormance to recover safely from most of the
critical flight: conditions, there remains little scope for the
duplication of main and tail rotor transmission paths, so that
here; airworthiness depends heavily on gearbox and drive shaft
reliability.

2. TBE. PROBLEM

For & new helicopter desmgn, the development programme of
‘accelerated transmission rig testing.and test flying serves to
‘estabYish initial gearbox reliability and give evidence for

airworthinessfcertification. During this process, gearboxes are
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examined to check their condition against the list of likely
failure modes in all components, fxomrpgevxous e%pax;ence,
especially gears, bearings, seals and. lubxlgatacn paths.g ‘Data on
the limiting failure modes is obtained by, dalibe;ate tﬁs s to
failure. At the end of the process howaver,fthe pruaenﬁ 6&51gner
will admit that however successful his'| d velopment ;wogramme, a
finite chance remains of unexpected failure.in. 1ater sservice
because not all of the test parameters are w;tﬁln his ‘éoptrol.

i RO v [ i
The symptoms of a few of these fazluges may be ggnﬁiﬁqﬁy\mlssed
due to testing inadequacy, . but it is & _safé’ beﬁ Ehat the, ma orlty
of those will occur because the cog&;t;ons undeg,whlc - the
gearbox will operate in servicé wxlntcnﬂnce ln someo-smallf but
significant way from those present in thé controlled'&évelopment
programme. These changes can be summarzsgd«anémeatagoaies as

follows:~

wldsanss

a. Failure of Quallﬁyvhssurance ﬁgte%gal,gyégg%%ﬁsﬁs__
component supply. VarlabllltYnaEIO§FC§§9M5§egE;J%Y%
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c. Maintenance" practlces,-;ﬁﬁﬁﬁ§é;;nkas ;ﬁ
overtightening of bolts or m;sroufzng;of p;£g§_
cables, Inadvertent damage dur;ngASEIVJca ng.
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d. External factors: The vxbrat;o,ni éfiironie
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Mlsallgnment between ad3acent mechani;msd.rﬁiﬁﬁi nug

wat

The reality of this problem is best 111us§:rat,e§ibv ,lg..e‘j %pg ot
of failure records from in service Civil hel:cop%efﬁ'dh
register between January and June 1981, . Qhowaggntnealagger
proportion of transmission system famluzas (Flgy;e Alors

An example of the approxlmate breakdown oﬁfﬁag;uze mpde§ y;?i a
typical gearbox (in this case the Sea. King H& 5). 1§, éhoyp at
Figure B. This probiem gives rise to the neeﬁdfo;,gnweffectlve
health monitoring system, which may be viewed is hav;ngwquual
appllcatlon, as shown.
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For a° F_’fp T gelr! S:i;i f'sérvide, a Time Between Overhaul (T80)
- has been estapli §gé rtﬁ’e*y"ertlcal line shown. If the current
recordS'shcw*t g,'g hrboxgs are failing to reach the figure due
to mechanréal Géf ts;”then the health monitoring system is
needed"to" pred “@g ;%res and - thereby avoid accidents, Iie.
1mprcve alrworthlness. “On the other hand, if most gearboxes
achieve*"TE0, *the* dﬂpor unlty ‘drises within ultimate fatlgue
11m1ts. tq,extend the TBO 'on condztlon' bringing longer service
llfe'ﬁnd'Teduted costé *A' giMilar' situation exists during
developﬂén%“and eafﬂy:rffe of: the gearbox, where the health
monltoring sj%fep cah~agdist™in accelérating the extension of an
1n1t1aiiy°ﬁ1trd"”nsg;@%ﬁ&ve TBO," s e
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Until recent;y,,the m@ln on—alr raft. techniques for gearbox
health: moﬁ?ﬁor%ﬁq oﬁjﬁﬁ Miiitary rcrafi“have been pressure and
temper 200FE *Yafiges™ in’ the ‘Cockpit,’ 'and ‘elettric ‘chip detectors.
Perlodlc vibration surveys using portable accelérometer equipment
giving lot of frequency .spectrum agalnst velocity have also
beenfus%é’ ‘oL~ c&ﬁp&rlsoﬁiwx;h ‘the establishéd horm, and for trend
monitoring. fThe main “fif¢tion of *pres sure“and'temperature gauges
is to monitor the lubrication system. Most abnormal temperature
1ndlcat;ons (dlscountlng false readlngs) show cooling system
faults’sich® ag*by'pass valve failures and blocked coolers, whilst
low Pressire wérnings uédally*meﬁn élogged filters, oil pump
failure of”Toss £ 01l dué o sedls;® casing. failure or burst
pipes. It is comparatively rare for~abnormal p's and t's to
indicate_ other gearbox faults sugh as bearing distress. When
this occurs,”%hé~$ stem_ﬁSualiy turns gut to’ be a poor predictor,
giving indicatidfis ¥nly at 'd" “very’ “advanced state of failure, if
not 51mu;taneous with actual failure, accompanled by other major
symptbm “'u%h‘aswgpévy éfbration, ‘or ndise.

Theréﬁﬁs geo&*"se of coufse for adding remote oil level
Sensors, 1nrxnis'§§éay“sfncq a significant number of lubrication
failuge$ OEchY dfter-steady. foss of 0il over a period of minutes,
or eveﬁi@gug fiigh%, ahg remain uridectected until pressure
fallure*oc dtg _h W ever the UK Services’ have not yet employed
these” devices?® 25 <7 '

Electric Chip detectors. have made a valuable contribution to the
monitoring process, but the early remote'lndlcatlng mag plug’
types have attracted a poor reputation for spurious warnings, and
have lost somé credlblllty. This is because nearly all
indications have reésulted from one of thée following three causes:

ny
-

a. Spurious (elqctrical;sysfem fault).
b. Isolated sliver of machining (build) debris.

c. Build up of benign mlcroscoplc wear debris (fuzz).

P e
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Periodic monitoring of the simple freguency vs velor®’ .- - il
of the gearbox with portable equipmenthasube ... ,wmevalue in
tracking fault progre551on, and diagnosings faulty component= 2d.
bolt on accessories such as generators, or hydraulic pumps, but
generally an obV1ously abnormal vibration is needed ¢0 alert the
operator in the first instance. Warnings therefore: arrive late
in the process and may be mlssed altogether if the fault develops
between sample intervals. S R REE -

W e s d

This gives rlse to the clear need fo: meroved,tpc;

Pulsed electrlc chlp detPCtGE

,‘*“ﬂ

Quant 1tat;?e debrls monltorm;m . =
T ?»cuz,&?

Digital s1gnal process;n pﬁaymbgahign Qa-
LGt Sebiliveh s

Shock pulse monitoring.

Debris indicqting screens.

Before examining any o£ thesm more: closply; thefmdgal reg ‘éﬁent54
of the monitoring system: shculd be cons*dered, and ghgse -

4. .F“' : .f"l

DETECTION S 4': . K
- Advanced warning of faiiuré modég.i; . '
DIAGNOSIS
- Indication of faulty component.
PROGNOSIS

- Prediction of useful life remaining. .- .- 25

RS

- Clear rejection criteria for developlng faults.’

b

FOR DETECTION, the ideal parameter measured by: the:monitoring
system is sensitive to change in condition, non dimensionai and
independent of test conditions, such as gearbox rpmjand power
level. The pa*ameter should also glve a ‘'one shq;' gnéicat&on,

component at fault in a. complex - gearbox, bubaahsé g;vg 5ome
visibility of the condition of serviceable componentggfor
confidence.
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FOR PROGNO&@SF the,ﬁa;uzrement is rellably to predict how much
good. tlme”there is.deft.to: failure. The ideal parameter will
remain; sen51t¢vento change in condition throughout fault
progre851on,'an& éxhlblt a near 1linear progression
characterlstlc. SR
Poawm S5 OW® T S B

In reallty, the characterlstlcs of parameters from any particular
monitoring. technique will fall short of these stated ideals, and
will not “cover all thée fault modes anticipated by a design audit
or dlSCOVéred~&ur1ng development.uﬂowever, examination of the
characteristicl- of--aivatiety: of ‘techniques will enable the
initial choice to be made of a small number o©f monitoring
techniques. to give thé most cost effective coverage for the
available budget., The precise response of each monitor to faults
will then be determined during devel:idpment -tests, where results
can be correlated under controlled test conditions. Additional
techniqued “shouldsbé-included during _this stage if alternatives
exist to be decided on.

5. NEW TECHNIOQUES

The Ministry of Defence has supported applied research at ISVR
Southampton, Westland Helicopters and Stewart Bughes Limited over
the “past :1'0 Yedrs -in advanced methodsiof vibration analysis
derlvfng FEETE ﬂéscfﬁpﬁors for gears and-bearings by digital
signal processing of the vibration data. The work has included
research at RAE Farnborough... The_.vibration analysis section of
the Naval Aircraft Materials Laboratory at Royal Naval Aircraft
Yard, Fleetlands-in: Hampshlre .is currently assessing the results
of a package of work in this area, whilst the Materials section,
with expertise built up from operating the Royal Navy's
Spectrometric 0il Analysis Programme, is closely monitoring
developments in 0il Analysis and On-line debris monitoring
techniques.

R

The most promising candidates for an effective integrated system
emerging from recent work are considered to be vibration signal
averaging, and full flow chip detectors with particle count and
sizing capability. These techniques exhibit overlapping and
complementary characteristics, and will now be examined as
examples of real technlques for which the characteristics must be
determined., ‘3. ¢ :

: "h_ - Signal Averaging

L L F AT

PractlcaIbexpﬁrlenhe in diagnosing gear faults has been obtained
by W%%tlﬁﬁé Hel:copters from the periodic vibration monitoring
programme? “dn tHe?Westland 30 as well as analysing archival data
from fatigue substantiation tests. Seeded faults on the Royal
Alrctaft Establishment Farnborough gearbox test rig have been
succdessfullyidentified for a Whirlwind epicyclic gearbox, and
at Stewatrt Hughes«lelted us1ng amRolls Royce Nimbus accessory
gearb@x IEHUGMID & o
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The technique involves taking samples of fhz géerbéii¥ibration
signal from an accelerometer over a repeated time interval
corresponding to the rotation of a particular’ gsar -or ‘shaft ‘using
a tacho derived pulse. These consecutive samples of data are
then added together and averaged in‘orderlto’cancel the
asynchronous events. The resultant noise rejection” process
produces a usable signal containing a clear pattern of gear
activity ready for a varlety of statistic¢al -processes. An
example of the process is shown in Figure C. Stewart Hughes Ltd
has listed the results of a number of these calculations (Figure
D), as simple figures of merit (FM), altlough significant
computer power is needed to process the test aata.:

The most experience from gearboxes in serVLce, 1nc1udlng notable
success in identifying faults, has been gained by Westland's
enhanced signal average technique using the'paraméter ‘M6%,” which
is similarly derived to FM4A. Using theas imﬁtwrrqvat ‘Royal
Ajrcraft Establishment Farnborough (Figuki E}y> Pigure'Fshows
examples of signal averages produced by sesded: gear-faults in an
epicyclic gearbox during the Roval AircrafiEgtablishment's
research work. Figure G shows an example of: cwmpum%a FOMFM2B
for the seeded gear fault shown at Figure H.:u(u PR Sk

A brief examination of the indications glven by tth.f&mxly of
parameters confirms that reality is far from thetideal ‘éxpressed
by the system requirements earlier. FlIStlY the- ‘indi¢ators
themselves exhibit varying sensitivity and. pattérns:of . response
as a gear tooth defect progresses, and secondly,~they.mu5u be
used together to give maximum coverage. "PFigure::T shows a
typical pattern of responses for a gear tooth progressing from
pitting, to spalling and ultimately to losgs of teeth. TFHM4A,
sensing localised impacts, responds vigorously when damage is
slight. As the damage spreads to adjacent teeth, the FM42
reduces and does not respond again until single impacts of much
higher energy level appear above a higher level of damage just
before failure. On the other hand, the general detector (FMO)
responds late. Sufficient information to meet the reguirements
of early detection, diagnosis and prognosis is available, but
intellegent interpretation is necessary. These> Lﬁarabter'stics
can be tabulated against the gearbox components’ and fault modes

to determine the coverage so far, (Figure J). BE DL s

For bearing fault signatures, promising research'andudevelapment
continues in the UK and elsewhere on a variety of wibration
analysis methods, including shock pulse techniques anéd frequency
spectrum analysis. However, bearing fault 51gnatmfed'are
relatively difficult to extract from background noise,
particularly in complex gearboxes, and problems. exist: due to the
complex characteristics of the bearing to sensoytiransmission
path and the effect on signals of slipping contact:of thé dearing
rolling elements.
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7. QIL;DEBBI&:A&EE&EHEHE

‘;i Pogatow L
The Mlnlst;y -0f - Defence acknowledges that considerable progress
has been made .in the USA with active chip detector improvements.
Advances. over the simple sump fitted splash type detector can be
summarlsednas:-a AT wal

aaaaaa

CQIP DETECTOR ADVANCES

; ‘n

Full flow p081tlon1ng.

Pglsﬁd self cleaning (fuzz burn=-off).
qulon;c debris separators.

Debris sizing and counting.

R uﬁPrevlslon for non-metalic particle capture.

\xl,
.;..J =~‘J‘?‘- ru-.‘«‘-f

An example o£1haLAegpter appllcatlon is the TEDECO QDM system
fitted to- thp<We§§1anéf30, in which.two sizes of debris (>200p
and. >lOQQpiﬂare counpted: Figure K shows the resulting detection
charagteristicss forssmall and large chips from records of a W30
tethesed:flight stestsof -a main rotor .gearbox to bearing failure.
Ground xanalyagie; .pf- contaminated oil and captured debris remains
an important supporting activity for health monitoring, however
results are effected by the o0il filtration standard. Where 3
micron,absokute: standard filtration is employed in gearbozes, the
efficmen@y effanywSpectrometrlc 0il Analysis Programme {(SOAP)
will-pe :reduced, since wear particles- >3p will be captured in the
fine-fidter: atrfirst:pass. However, it is considered that SOAP
in selected instances may still prove useful for the detection of
lncreasgﬁ Weanyantncn—ferrous components eg:
- DB rnoTT LTVT E

SR Sl ~Shafts - Titanium
¢.:Spacers - Aluminium
.+ 7 zCoatings - Silver
+ . Casings - Magnesium

’,"" b

SR “").}J‘.’ﬁ o
The detect;on characterlstlcs of the advanced chip detector can
also be_ added-to the table of fault modes for components to
producerthe.table at Figure L. For the list of faults tabulated,
it can be.seen-that the integration of the two complementary
techniques gives good coverage. In some cases, e¢g. bearing
spalling, both techniques are capable of detecting the same fault
mode;:-and:so *can be used as a cross check. For brevity, only
detection has-been considered, however in practice the capability
for detection;« prognosis and diagnosis will need to be
conszdered.m;ip;g '

R B S .
It 1s*ngthsuﬁﬁxc1ent ‘however, to rely on health monitoring
techpnignessthat:.are aimed exclusively at detecting certain
predisted fakbure modes, since unanticipated modes may always
exist. Generalised parameters such as FMO, FM4 and small ferrous
particle count should always be monitored to cover for the
unexpected.

"
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Once the choice is made for monitoring techniques, time intervals
for the collection o¢of data and thresheld levels for caution
(warning) and emergency (flight control) for each result will
need to be determined from the development tast programme data.
The interval for periodic checking will be shor:t enough to catch
fault arisings before progression to threshold (maintenance
action) levels, whilst threshold levels will be set high enough
to avoid spurious warnlngs. and low enough to avo;d catastrophlc
failure by a sensible margin. o

8. [EQUIPMENT

The inclusion of accelerometer and chip detsb_or sensors should
be an integral part of the design process for a new gearbox,
though considerable scope exists for retrofit of sensors. The
choice for egquipment architecture to record and: process sensor
data consists of two basic options, firstiv: a:tetal airborne
system which will take data on automatic cue’oxr pilot command,
processing results in real time ready for-downloading after
flight to a compatible maintenance data store,:-:In this case,
only flight critical results need to be displayed to the pilot
via the centralised warning panel. '

The second option is for the minimum sensor fity - with:portable
equipment to record data periodically for subsequent analy51s on
the ground. S SR

The first option is the most costly, with processo:s :eqﬁired for
each individual airframe, however this strategy offers the
airworthiness benefit of a ‘sentinel', able to-scan for. emerging
defects almost continuously. The second optlon 48 bha cheapest
in cost and weight, but offers less security. Given that some
health indicators give considerable warning of failure, whilst
others do not, the optimum equipment architecture may well be a
combination of some real time data processing for in flight
results, and a recording capability for off- -aircraft analysis for
the bulk of parameters, which is triggered by certain real time
results or on demand. To ease the problem of the volume of data
to be recorded for a number of accelerometers and discrete
figures of merit (FOM), data compression technigques may be
necessary, including the airborne processing of 'snapshots' of
raw data into a manageable size, or part analysis eg. producing
signal averages., For a complicated gearbox, the full suite of
vibration analysis technigues for gears and bearings would need
15~18 Mbytes of raw data storage capacity, which is for the
moment bevond an all digital storage medium and this points
towards airborne processing of data. A small airborne tape
recorder could however be developed 2o meet this need.

51-8



9. MANAGEMENT OF TECHNIQUES
The milestories to be achieved in commissioning an integrated
health monitoring system are shown in Figure M. As an example of
this apprOach’ the development plan for the EH 101 is shown in
Figure N. The essential features are:

a. Development Testing: The definition of algorithms which
""will-be used to determine the health monitoring
indicators. An integral part of this is the functional
testing of development hardware (sensors and recorders/
processors) and the setting of data collection
intervals and threshold levels. This may require
' !nf'd”e'liib“er'ate. ‘fault seeding.

“ uﬂatunity Testing. In the latter stages, the system

~credibility will be tested prior to certification.
oMhe seliabilty of the system, and long term data

'ilicollecting requirements and in service maintenance

" - interpretation rules will be established.

)

1. The health‘ﬁonitorlng system for a new gearbox should be
considered from the design stage and fully integrated into the
development”programme.

2. Théte,ls)no universal monitoring technique for the
transmissﬁon “gystem at present. A matrix of the minimum of cost
effective methods will need to be determined covering the likely
failure modes._ :

s

3. An effective health monitoring system will improve
airworthiness and reduce maintenance costs, provided that the
data-produped_by the system is handled and interpreted correctly.
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TYPICAL MILITARY HELICOPTER GEARBOX FAILURE MECHANTISMS

MATN ROTOR GEARBOX FAULTS

Product

Design

Product Assembly
Manufacturing
Materials
Repair Process

Cperatiomal
Maintainance Practice
Mighandling in use
Environmental

Cperational

External

External

' Adjacent machinery
Accessory drive overload

INTERNAL FATLURES

sPastenings and Seals 3%-
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Signel Averaging Process
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RAE Farnborough Gearbox Test Rig
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Fig. F

Upper Ring Fault Sun Gear Fault

Slignal Averages of Faulty Gears
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