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e aim of the current waork is 1o develop an off-line system for the condition Fnanjluring of an aircralt engine,
L AI200. Currenlly, the engine comes o the tesl bed for repair if the overall vibration level al certain poinis
s above a certain threshold, or al a predelermined ime between overhauls (TBO). It is now proposed
the vibration signature be converted into the frequency domain and use in an exper system to try and
ate any fault on the basis of the predominant freqguencies, location of lhe predominant frequUencies,
fing conditions and other related parameters. This requires expenmental data from the engine 1est bed
‘a long penod of time This dats is not yet available Currently, dala regarding the beanngs, gears
pressors el of the different rotating parts of the engine has been collecled The safe limits for vibration
el in lhe frequency domain will be established afier the dala has been coliecled for a sufiicient length of
e and compiled. Sieps are on for collecling such data Meanwhile, an interactive off line expert syslem has
en developed based on the pradominant frequencies present and ther direclions elc

(#ywords: Condition Mnnn::}ring.‘f:}ﬁ ne Expert Systems, Rotor Dynamics, Founer Transforms

!
i
NTRODUCTION
2 ;

Roler dynamics plays an important role in the design as well as operation of modern rolors in a
eslthy manner The rotating machines are often very expensive, as in eleciric uliliies or aircraft engines,
&re lhe avadability of the machine 1s 2 prime econormic facior The falure of 2 machme may cause loss of
ndreds of millions of dollars besides being catastropbuc 1 Nhature, € g, Ihe Narora alomic power plan
re on 31st March 1883 in India [1,2] Conlinuous condilian monnanng and analysis of the behavior of the
chine is therefore essential : s

re[5] 10 develop gensral guidelines and rules for mamlenance of rolating equipment With the

pevancement of microprocessors and PC based systems, exped syslems are developed. eg . (6] Dala
85 5uch as those of Sohre {5] are now bull as exper 51]'!1|l"|1'".- Iy =0 fhe mainlenance managers in
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place A general Off-line expen syslem based on Sohre’s rules was developed by Rao el al (7],
later demansiraled as an On-line systim [8]

With respect lo aircrafl engines, the current practice of condition monitorng-eerypnses of
overal vibration levels at a few critical locations of the rotor during level fight. These levels are lransh
the base computer {in some cases via a salellie) to oblain the engine trend over the immediale past g
as the long term trend. Rules are developed to analyze the trend and decide upon the maint
attendance procedure as and when calied for, While the trend moniloring has improved the engine ava
considerably, it is still not a continuous condition monitaring and simultaneous analysis. Development of .'q-",'.
expert system and on-board monitoring will go a kong way in aiding the pilots for quick and comedt deqtq':;

miaking in case of an engine failure or an impending failure. ]

The aim of the current work is lo develop an off-ine system for the condition manitoring of an a%{
engine, viz.. AI200. Currenily this enging is maintained using convenlional methods The engine comes
the test bed far repair if the overall vibration level at certain paints becomes above a certain threshaid, %E"
predetermined time between overhauls (THO). (L is now proposed that the vibration signature be d
inlo the frequency domain and use an exper syslem to Uy and locate any fault an the basis q‘:ﬁ“’
predominant frequencies, location af the predominant frequencies, operating canditions and cther rely o 1
parameters This requires expenmental data from the engine lest bed for a lang period of time, This data b
not yet available. Currently, data regarding Ihe bearings, geas, compressars elc of the differant Mﬂ@'ﬁ‘;
parts of the engine is collected. The sale imils fof vibration levels in the frequency domain will be esta -
aher the data has been callected for a sufficient length of ime and compiled Steps are an for cellecling
data Meanwhile, an expert sysiem W Infer he Fult has been daveloped through an inleractve
{off-line) based on the predominanl [tequencies present, their direchons elc

2. BRIEF DESCRIPTION OF AIRCRAFT ENGINE v

propelier rotors in anti-clockwise direchon virwed from rear |t comprises of 2 planetary reduchion gear, R
front casing, an axial fiow ten stage compressur, an annular combustion chamber, an axial Mow three stagd
reaction lurbine and a fixed area exhoust nozzle The compressor and the turbine rolars are inler-coupied =

through splines and rotate in two roller bearings (B9 and B10) and ane ball beanng (B8) Fig 1gikesa h‘z

The Al-200 engine is a high alilude lurbo prop arcraft engine which cperales with variable _:

diagram of lhis engine” The auxiliary gear drve 15 as shown in Fig. 2

3. MONITORING OF THE ENGINE

Presently the engine is maniored by collecting vibration signals from three different locatons I‘t“
enging If ihe peak lo peak vibralion cfosses a cedain bmit, the engine 15 sent lar repair. olthenwise 1ne Eﬂﬁ“ﬁ
comes for overhaul at predetermined intervals of flying tme In thus:-methed | some particular componen B2
faulty. ot megni go undetecled as its conlnbution to the amplitude-ime signal might be msgnificant. '

- il
-4

In order 1o correlate the predomnant frequency of the wibralion signal with a fault, engine data B z
collecied and the BOSSEE faults have heen rRISWEEwith the operating speed For the compressar and I8,
wrbines the number of blades n cach stage multiphed with the operaling speed gives the blade.pa3
frequencies The vane passing Irequuncies Nave been chlained by multiplying the numper of fixed bleed _!',
the running speed These frequencies are labulated in Tables 1 and 2 £ ;
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Rotor No of Stator No of Blade passing | Vane passing
Mo, Blades | No. Blados frequency Frequency
1 25 1 4 ] H
2 i 2 40 31 40
? 35 3 44 a5 44
4 45 4 62 45 62

* in terms of ERF
TABLE 1: Compressor data (The dala is incomplete; as there are a total of 10 rotors)

Rotor Moof | Stator | Noof Blade passing | Vane passing
No Blades | No Blades Frequency Frequency

1 106 1 46 106 46

2 86 2 &h BE 50

3 82 3 5 a8z 54

*interms of ERF
TABLE 2: Turbine data

Similarly gear looth mash frequencies have been compuled  These gwe informalion about meshing B
defecls such as improper backlash, eccentncity, loading slc Gear looth defects have been cunelated_ :

he gear speeds. Impacls generaled by defective gear lesth at the time of meshing excile frequences B
presentm the gear system and these frequencies are modulated by the impact rate ;

As shownin Fig 2. there are a lotal of thify six gears in the system A partial extract of the dala o

gears and the corresponding tooth meshing lrequencies is given in Table 3
.
Gear No. | Mo of Teeth ik Tooth Meshing Frequency =~ | ;
1 29 0 5349
2 38 04115
i3 ] "IMEui) T
- 38 0411 i

“in terms of RPS - .._1_
TABLE 3: Gear Data (The data s incomplele as there are 2 (aial of 36 gears)

There are a very large number of ball and ralier beanngs In case of laults in ether the nnar 3
ouler race or the ballsirollers, the predominant frequencies sre the carresponding impact rales These havg S
been calculaled and wibrandns al lhese hequencies have been correlated with the corresponding faites
Table 4 gwes a pamial extract of (i beanng data and the expecled damage frequencies caloulated "."?_'
Table 5 gives a pantial st of the correlatans inferred between the predominant frequencies of vibrabon SRS
the expected laults :
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I extract of the d;
L5

ether the inner
<l rates These
orresponding fa
s calculated
wies of vibration §

S
I Ang pitch Dia | Ball/ Ho of Contact [ 1 1, " i
pos {mm} Roller Dia | Balls or angle (in
) Rt {mm) rollers |
' 183 14.85 24 a 0.916 1127 1.088
: 1 180 16.7 14 26 0558 0.659 0993
1 120 B3 14 12 158 1.81 3.48
f 180 69 26 12 1.088 1.173 2266

-, haeintermsof ERF

TABLE 4: Beaning Data (the dala is incomplisle as lhere are a lotal of 41 beanngs)

pPredominant _ | Diagnosis

Frequency Present p

[l —
0558 Outer Race of Beanng No 2 is damaged

0689 Inner race of Beanng No 2 is damaged

0816 Outer Race of Bearing Mo 1 is damaged

0993 Balls of Beanng Mo 2 are damaged

P terms of ERF
TABLE 5: Paryal Chart for Beanng Monitoring
4 EXPERT SYSTEM FOR AIRCRAFT ENGINE MAINTENANCE

The aim of tha condition monilonng expert system is to analyze the wibration signal and reason
about the health of the engine. The vibration signal will be convered Mo the trequency domain through an
FET program As the vibration level at certan frequencies becomes higher than & predefined level, a faul
tan be sensed The exper system s then expected (o find out the likely fauil

Ths process consists of the following sleps

Getting the vibration signal
' Converting it to an amplilude versus frequency signal using FFT
* Finding out the frequencies at which the wibration levels
are cnfical
¥ Runming the expert system to fmd oul the laull

E Of these. the third stage requires the'sale vibraton limils &l (he ditferent frequencies lo be decided
"his i lum requires the vibralion signals lo be recorded over a pencd of ume and safe vibrancn limaes be
Zecided an thal basis Since the vibratinn signals are not being recorded and converted to the frequency
“Bmain as yet, it has not been passible (o fix these bmits therefore, while thus s part of the ongoing work, N2
Zurrent work being reporied here concentrates on the fourth phase VWhen the ather data is gvailable. il can
22zily ne ncorporated in the expert system developed

The erbert syslem deveioped ncorporales conditions and symploms of probatie faulls the enging
Zan have_ |ikely locations and directions of maximum vibralions for the oocurrence of these faulls and ine
ellect of the operating condions Some of the mapr faulis ikely o the AR20D engine along with 1he
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frequency of the dominant vibrations under the faulty conditions and the direction of the lika
tabulated in Tabie 6.

. .
Nature of fault Frequency of dominant vibration | Direction
Rotating Member outof | 1°pm Radial
balance !
Misalignment and Bent usually 1 * rpm, often 2 * rpm and radial and axal I
shaft somelimes 3 * rpm
Damaged ralling impacl rates for individual bearing radial and axial
element bearing caompongnis
damaged or worn gear loeth meshing frequencies (shaft radial and axial :

pm * no of testh) =

increased turbulence blade passing and vane passing radial and axial i
frequencies

mechanical looseness 2 “rpm l radial
e

TABLE 6: Some major faulls and ihe expected predominant frequency in theses conditigis

Data of the faults and (he cofresponding frequencies of the predominant vibration §
compiled. Fer the time being. data compiled by Sohre [4] is laken as the basis and suitiibly
AI200 engine The faults as mentioned in Table & and the expecled frequencies of wibranans as
Tables 3 lo 5 are incorparated However, the percentages indicated in Table & have jeen tz2k
Tables 7 gives the expected predominant frequency and its likelibood in the final signal far some
There are a total of twenty seven laults which have been identified. (5] gives the cornplale table
faulls. Similary tables have alsy been compiled for the direclion and the location of the
amplitudes, far the amplilude response to speed vanalions. for changes in operating condit
effects of oil temperature and pressure for each of theses faulls. All these lables along vith comple
Tables 1,3, 4, 5 and 7 are avaifable in (5] 3

w
————

Cause of Vibration Predominant Frequency (in terms of ERF) ;
0- af)- 50- 2 ol v Gl M e higher | 0.5 lower
41", 50% 100% [l multipl ri | multip
of ol alef es | les

Unbalance a0 5 ]

Permanant Bow | a0 5 5

Casing Distortion 4 5 80 5 5

Seal Rub 1 10 10 o 0 10 10

Insufficient tghtemng 10 B0

in roter spline

coupling ' l

TABLE 7: Partial Chart {of Vibiration analysis of AIZ0D engine ]
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2 The experl system developed s an off-ine rule-based experl system in which the user is expacled

or a sel of questions regarding the different symploms seen The questions are pul to the user n a
consultation frames in which the user can answer However, e can skip any particular consultalion
» and o to the next one if he does not have information lo answer questions in hat lrame The user
Eates through each consultation trame by maving the curkor and glves his responses in YES / NO. The
thus collects his answers lo all the questicns and lhen compules probabilities of occurrence of all
its. This is done on the basis of the figures given m Table 7 1l then gves a list of possible faulls in

pasing order of probabilities.

8 reogram has been developed on a PC4B6 machme running under MS DOS I WINDOWS environment
& experl syslem has been developed using the C++ languago -
y|

E STUDIES

In ardar 1o les! the systermn lhe exper system was n and given a sel of faulls [deally he faulls

Souid be generated from an actusl vibration signal However, for the ime being the faulls ware gven
pually, @s a set of answers 10 the diferent questions asked dunng the consuliation process. The faulls
' 1.; and the results oblained are as shown in Figs. 3 2nd 4

frequencnes are predominant:
0-40% al RF
40-50% af RF
1xRF b
2xRF Y,
Higher Multiplesof RF Y
12 xRF
114 x RF
Lower Mulliples of BF
Odd Frequenoies

er Folliowing frequencies are presant M

Tooth Meshing Frequencies of all the Gears
All blade passino and vane passing frequencies

of compressaor
All Blade passing and vane passing frequencies
of turbine
Damaged frequencies of all the Beanngs Direction of the
minant Amplitude iy
S Horizontal ¥
"u"EmC.al '
A Lﬂc‘amns of 1he Predominant Amplilude
" Shaft ¥
Bearing b 2
;. Casing
i+ Coupling

: I-’“' of Ampilitude Respanse ja Speed variations [comimg up)

.. Remains Same
k.. Increases Y
Demeases
'l: has peak value
. Comes up suddenly
Craps oul suddenly
FlMpIntudE Response to Speed vanalions (slowing Up)
., Remains Same
Increases
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Decreases ¥
Has peak value
comes up suddenly
Drops oul suddenty
Effect of Operaling Conditions (Comes or Comaes out at)
No Effect Y
Full Load in
Full Load out
Mo Load in
Mo load oul
Part Load in
Part load out
Start up only Effect of Increasing Oil Pressure: The response
is better Y
is worse
Effect of decreasing Oil Pressure: The response
is betler
is worse Y
Effect of Increasing Oil Temperalure: The response
is batter =
5 Worse Y
Effect of decreasing Oil Temperalure The resporse
is better ¥
is worse
Figure 3: A set of responses givien in the different consullation
frames,

Mame of the Faull Probakbility
Unbalance 100%:
FPermanent Bow or last ralor pan 100%:
Crverhang cntical 6 1%
Cnbcal Speed 61%
Rotor and Bearning Syslem Crtical 4%
Rotor rub 2%
Figure 4: A sel of expecied faults and ther probabilites for
the input of Fig. 3.

The faulls as reporied by ihe program are reasonable as they would give the faulls thal have be
fed as being present. For instance, (e Bl reparied 1s unbalance ora permanent bow in Fig. 4 Thisis
lorgve nse to vibrations at running Irequencies or at igher multiples, the direction of the amplilude can €
be homzontal or vertical, the amplilude response would be expected to go up wilh speed and so ol
these maich with the faults nput. the expan system seems g fun cormectly While this gves some I
on how the system is warking, the actual performance of fhe sysiem can only be lested on the basis of a
vibration signals from the test bed

6. DISCUSSIONS AND FUTURE WORK

s

The work reported here s pan ol an ongoing project The systermn developed s very prehmmﬂf‘.-'
needs o be substantiated by a lot of dula 1o be collected over a penod of tme Specifically the safe 3
vibration a! different frequencies need {0 be lixed and the probabiliies of the differen symptoms: need i
coliected - _'

The expert system developed s an aff-hine one and should finally be made on-ine such g
vibration signals from the test bed cin directly te analyzed and a sel of possible fults be reported heBs
ol '
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I | be implemented on-board of the aircraft. Also the expert system developed gives a st of faults
Paecreasing order of possibiity of each faull. However, sometime multiple faults might be present
- clv. Techniques can be tried where best possible combination of faulls can be reporied by the
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