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Kknowleage Base System (or Predictive Maintenance of Gas Reforming and
Turbo Machinery “Chemical Ammonia Plant at Talkha Egypt”
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This paper presents a hybrid knowledge base system for predicting the defect of the rotaung machinery (predictive
maintenance) in the plant so that the preventive maintenance engincers can do their jobs carefully, (o mimmuze the
shuc down periods and to avoid cosilv failures. The hybnd system means the ulilization of the artificial newral
network and the rule base. The rules are built using CLIPS language. The hybnd system is used for the compressor
and (arbine units at the UREA plant,

Key Words: - rolaling machinery dynamics, vibralory response, knowledge base, arificial neural networks, and
predictive and prevenlive mainlenance

1 Introduction
Major rotaling machinery may cost hundreds of millions of dollars, Once commissioned, many {cel that their role
comes (o an end, but in fact their real migsion hag just started. Just one-day shutdown in operalion may generaie a loss
in millions of dollars, a failure of & machine may cost more and in the case of calastrophic accidents, the whole plant
may be |ost causmpg heavy linancial losses.
It 1s essennial o manage these agsers and equipment :n which millions of dollars were wnvesied so that their return on
invesiment is maximzed. Available experience for failnre diagnosis in turbo-machinery can be utthzed for bnilding
knowledge base, developing experl systems and computerized mainlenance management system for planned
mainienance and material management [1], All can achieve the following obyectives.

+ Increasing productivity and maximizing revenues,

» Redncing Lhe operation expendilure,

+ Extending the useful life span of equpment and hence reducing Lhe capital expenditure.
The need for high reliability and avnilability is not jusi restricted (o safety critical systems | 2|, Telephone switches,
airline reservation systems, proeess and prodnetion control, stock trading sysiems, computerized banking, ¢te il
demand very ligh availability. The management of operations and associated niaks has become a cniical lask Tl
goal of managemenl systems 15 to monilor, interprel and conirol system operauons, optimizing costs and reducing nisk
|13]. Knowledge base for a machine requircs ime and data colleeion over a pened of different coundilons off
operation The relatongship may be similar between identical designs and therefore. it may be assumed at lhe
beginning of operation of a new machine of proven design. However, the machines desighed and marifactured by the
same gronp may operate differently under different conditions and exlubit a difTerent cause — sympuwm relatizasiup
In olther words, there 15 no single knowledge base for rotating machines, there are only guidelines that can be
avallable for the purpose of nndersianding the behavior of a machime [4] This paper presents a predicine
maintenance knowledge base (PDMKD) system [or compressor - turbine section (K102 &KT102) at Lhe zaciety of
E[-Naser for ferulizers and chemical industnes (TALKHA - EGYPT). The PDMKD has 1o cnable the operator :o
minnwize the shut down ume of fauily equipment and hence mgreages the producuvity Furthermere the system will
minmuze the probable human faults and reduce production costs

1 Independent avents
The uotion of the independence of events plays 2 migntficant role in the probability theory and uts applications [3] For
vractical deterrmnation of the independence of iy evenis, one rarefy checks to see thar

vra/By = P(A) {1
? (A} ' (B/A) = P (A}*P (B) (2)
Wlhere

|* ¢ 4By, P tBfA)Y are the conditional arababilites.

P (A3, P (8) are the unconditionai probabiiiies

fFor independent events, Lhe multiplication theorem takes on a particularly simple form, namely, if events A and B are
ndependent, then

P ALY =P (A)'P (B) )}

The notion of independence of two events can be generaltzed (o a collzclion of several events

Tuenis B]. a, . 13s are collecttvely independent of for any cvent BI’ nf them and arbilrary []lJ Fi” L B!r i, 7Pt

thal same nonmber, svenis 81‘ and 3, [1'? .. B-‘r are mptually meepemlent By vidue of the tenegoing ches et
<« cowisvalent 1o the Following
Forowy 150, &1, |rﬁqandr(15r£s-1

3 -

vrnrln‘l F!”)=P1’B-|'jl"m|2] P, ) 1)
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For several evemis to be colleclively independent (L ig not sufficient for them (o be patr-wise independent
n lhe case of turbomachinery some features used i the diagnosis process are assumed to be independent so. the
multplzcation of probabulity can be applied on them.

3 [listory analysis

Logecally, 1f mamienance probiem can be eliminated or (f service life of umnits or components can be extended.
coreccrrve acuons should be considered.. In soine cases, particnlarly when non-critical equiprnent 15 involved.
tpairng cquipmeint, as the need becomes cvident could be a logical course of action. Fig 1 shows the actions that

:houid be congidered 1o the epair analysis
Production
Overhauis l Reaurements

;
l Rapaira

Maintenance
history

Cosrectiva [ PBredictive | Reparrs Preveniive ‘
famtenance Maintenarce Mainmenance Manienance |

Figure 1 Biock Diagram for Maintenance Operaling Procedures

4 Predictive maintenance

Recogntzmg that a change 1o physical condilron ts the prinaipal reason for mantenance, 11 s togreal o consder the
use of sensing, measunng, or monitonng devices 1o delernine stemiicant changes. This techmque can mmomize the
need for disassermbly and inspection of internal paris Just as imponant, thoueh penodic measurement or monitoring it
15 possible o identify condinons that require cormrecuion before a magor problem develops Predictive mamtenancs
takes advantage of the fact that commereial equipment i1 available such as pormble vibration analvzers and amphtude
meters et (6] With such equipment, conditions can be measured and recorded penodically or when st fed.
sanmonsly monitored wilt alarms or culofs set al pre-established levels

4. 1 Vlaintenance of machines by a leam of repairmnen

Assume a team ol r reparmmen services A wmachines of e same type {7 ) Bach one of the maclines mas aumand
the avtention of A sepamnan at randont momnents, The maclines go out of comimesstan mdependentls uf one smyther
The probability of droppiog out of operation daning the e miterval {7, #4415 cqual 1o Ak Fofh). The prebabihin
that during 1ome {f , 7+ a rnachine will be put mito operation again is equal o 14 + ord). Fach repairman can repeanr
aniy one maemns at a ume, cach niachine handle by only one repannan The parunelers A amd vare depenacot of ¢
and # and also of the mimber of machines undergome repair The probabidecy &, that m & steady stile prowss ol
service thetr will be a certam mumber of machines idle at s grven tme cin be grven as follows,

Lt B, the event that K machines are out of commission ata orven mstant 16w obvirns dia e svsient can o hg e
the siptes Ea B B, Usimg the birch andd death process for which |3
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4.2 Critical Speed

The fundamental cnitical speed of a shaft camying a number of components can be determined by the method
proposed by Rayliegh [4). It i3 based on the [act that the maximumm Yaneuc energy musl be equal lo maximun
polential encrgy for a conservative system under free wibration comliions, The fundamental frequency canbe
cbtamed from °

o’ = g (EM,/IM.2) ®

Whete M, , M; .. .. are inasses of different components and v, y; . are deflections of the shafl at the locations of
these components. Since the frequency is maximum, i is always an upper bound value The exiemal torque on any
cylinder has several harmonic frequencies , ju/ | wherej = 1,2 ... and Lis the length of the crank 1f the )" harmonic
cxctation frequency coincides with any one of the naturat frequencies Fy of the system, lhen respense occurs at the

erilical anguier velocily o,.

4.3 Sympioms and distreas of turbo machinery

It is possible 1o come to a conclusion on the behavior of a machine from 1its observed and measured symptoms Charts
produced by turbomachinery internatiomai publications show the symptoms and distress that can be used as a basic
guide for building a knowledge base {7]. They are; vibration analysis (predominant frequencies, direction and location
of predominant amplitude, amplitude response to speed variation during vibration test runs}, operational evidence
{effect of operaung condiuons, eifect of oif pressure (P) & (emperature {T)) and flow, predominant sound, damage or
disiress signal), installation {fonndalion, piping).

The phase 1 of Lbe project [8] has completed the installanon of the DENTLY NEVADA measuring system to e
machines 10 the plant,

The goal was to obtain the vibralory signatures at very frequent intervals or ona real time. The frequency cantent of a
signature has a very useful informauon and 1t can be broken down usually imto different frequencies related to the

machine rpin

5 Expert system general [rame work
The predicuve maintenance knowledge base schematic diagram for the compressor - wibine seenon (K102 &KT(62)
15 shown o F1g. 2
The algerithm can be illustrated as follows;
+ The data collected [rom the sensing devices passes through the FFT program Fie,
¢ Unsupervised antificial ncural network  program for extracung the effective fealures 1s used Lo prepare the
{eature vector i order 1o feed supervised neural network for the purpose of diagnosis (9],
»  The data 15 passed througli on line storage system ta feed the faull file,
* [ntegration of decisions (from the supervised neural net and the rule hase sysiem) is performed mio general
knowledge base so that the CLIPS inference engime can access i [1D}.
« A program for fault coding is used to help the user m the case of HOW the decrsion 15 achieved
+ Il the syinploms are new (new fault) then the program gives the operator facility to add « uro the knowledge
base. The deeision 15 displayed. reported and stored (or the further analvsis
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3.1 Computer Assisted Vibration VMonitoring System
Fig 1 shows a schematic diagram of the computer assisted vibration monitonng system {11)
The iransducer 15 responsible [ur accuralely converling mechanical vibralion into an analog electrical signal
m lerms of phase, ffequency and amplitede A compuier with analog o digital converter {ADC) stores the
meonung vibration signal from the transduecer and processes Lhe waveforim using Fast Fourier Transiorm
{FFT) lechnique Analvsis software of this svstem allows
= Creahwpn of a machine database containeng formation for cach macline to be inonitored
Detimtien of data analvss pammeters, wluch allows more fexibility 10 selecting *he vibrabon anatv=is melhod
to be uzed for mdividual machine pans.
*  Scamung dya for excentronal valires which mav mdicare maching part deficiencies or probloms
= Generation of praphical display in order 10 faciliate the wibration analvsiy

Compilation of <Jata w a stoncal manner  for irending, atclnving and 1lowieg of jusuficanon of prowram
contsay

! o -
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5.2 Filter Bank Based Composite

The filler bank based stralegy refies on a filler bank (FB) containing a sec of analysis filters Hi(z) and synthesis filiers
Fl{l)

The analysis filters decompose the input vibration ignal x{n} into M uniform trequency subbands and subsample by a
factor of M Processing can be performed on each subband indepandently. The synthesis filters combing 1he processed
subbands to recomstruct the input signal. Thus, a FB-based algonithm invalves decomposing a signal inlo frequency
subbans, processing these subbands acconding to the application, and reconstrucling the processed subbands [12]
Assume that the FB comaing M analysis and synthesis Glters, each of length L The analysis fillers Hiz),
I=0,1.. M-I bandpass the input signal X(z) to produce the subband signals Ufz)

Ulri=H{ o)X (z) 1=1,2,. M-l

Since the effective bandwidlh of Ui{z) 18 2m/M,

1« can be down sampied to reduce Lhe towal rate. The down sampling process keeps one sample out of M samples The
down sampled signal Wiiz) is:

Wz} = WM T Uz'™Me 9™ {(10)

fori=0.§, M-

Taking advanlage ol the down sampling we can efficienily apply the fillering process al 1/M the input rate This
implementation 18 referred 1o as polyphase implemeniation and conirihules to the computational efficiency of the FB-
based algorithm. Time and [requency dependent processing can now be performed on some or all of the subband
signals w resull in a processed and down sampled subband signal, Wi,(z) The reconstruction 18 achieved by
vpsampling and imerpolating the subband signals using a set of band pass filters, Fi{z). Similar to the analysis bank.
the fillenng process in the synthesis bank can be efficiently iinplemented by taking advancage of the M-1 zeros in the
upsampled sequence, Vi(z) {12}.

For wibration signalure enhancement it i3 useful while processing each subband to have a fixed or determumsnc
relationshup between data in Lhe processed subbanda and daca at the input. This requirement implies thal the analysis
filters have linear phase frequency characterstics or constanl group delay for all frequencies in the passband The
linear phase requirement ensures that the input will have the s2me sample delay through the analvsis flters. 1Uis then
possible [or example 1o determine the exact locauon of the 1 X rpm or resonani frequency and other fiducial points i
the subband. Moreover, this linear phase requirement on each filler should be distimguished from the linear phase
property of 12 whole FB sysiein.

5.3 Vibration Predominant Amplitude Detection Criteria

There exisl a namber of vibration predominant ampiitude detection schemes Two man basic eriteria were used 1
such scheme selecrion algonthms, the complexity and performance [13] Each algorithun employs one or more prescl
constants, either as muitiplier or as thresholds. The detection algorithms are based on first derivanve only., firs) and
second devivatives and digital fillers. The detection algorithin nsed here 19 based on the first an second denvatives It
was adopted from the QRS detection scheme developed by Ahlstrom and Tompkins [14] The rectified 1™ denivalive
of sample potnts (SN} is calcnlated from the wibration spectrm as

Yoinl = ABS (X(n+1)-X(n-1}) (n
J<n<5N

The rectified 1™ derrvatrve 15 1hen smaolhed as'

¥or) = (Yaln-1) + 2 Yaln) + Y {n+1) 1 (12)
J<n=§N

The recufied 2™ derivative 1s calculated as

Yapm = ABS (X(n+2)-2X(n) +X{n-2)) )]
o< SN

The rectitied, smoothed first denvanve i3 added (o the reclificd second dervative as

Yoy =Y, (n)+ Y (n) (14)
J<n<8N

'he maximum value ol this array is derermined and sealed w serve as pomary and secondary thresholds
Urimary threshald = 0 & max {Y) (n}[

lT<n<3N
Secondary threshold = 0.1 max (Y {a}]

J<m<I SN
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Ve arrav of e summed 1" and 2™ derivalives 1s scanned unil a pomt cxeeeds the primary threshoid In order 1o be
cb=sifled as a vibration peak. the next six consccutive potnls must 2il meet or exceed the secondary threshold:

Y. 1) >= primary Lthreshold and,

Yy +1), Y (12), Y4 {1+ 6) > secondary Lhreshold

 The knowledge base dissection
Phase i1 of Lhe project concentrates on the utilizanon of the vibrawon analysis and data measured from te machines o
build the predicuve manienance knowledge base, A threshold level can be deterimined for each nieasuning pont at the
machine The specificd threshold should depend on the frequency mode {i¢ (orm low (requencics to tuch
Irequencies) so Lhal the peaks at dilferent [requencies keep ihe actual signalure An inspecuon program i1s used o
Jetect if a peak or peaks are detected and iheir causes of vibration ther determine their correspanding frequencics
Make an instance lrom Lhe disorder ciass with the cause of vibrauon and calculate the corresponding probability The
following 15 pseudo code of 2 sampie in the diaguose process:
defelass VIBRATION fis-a USER)
fslot dis_cade slof machine_[D, siot measuring_dute , siot period.  slot probabihity
sioe how)
DHugnosis Rules
IF there evists o frequency spectrum ol g given measuring pownt and it has the peaks that may show symptoms of
cause (S) OF VIBRATION then
Regin
Deternune the set oy vibration canses (1,249, ). thetr prohability of occrrences £ 5y o -« the e and are
anef the location
Begin
Pozie yminal |}
Make instance of the VIBRATION class and put the code of canse of vibranon 1 us correspondung ot
Hpdate the probahiliy according o
Poozeo anew = Pyrao gold *Pysec o
Put the peaks af frequenctes in the HOW slot for the explonation
Euned
End,

Lrrange instances

Do far alf mstanees
Arrange SIGNCes qecording (o therr probabilities and
ehesplary them wn descenchag way,
Collect and make decision
Do for alf ineasuring points thonzanial, vertical and aviaf) P, =Py * Py v P,
Where
P, foral prodability of canse of grven signature
Py the hovizoral probainiiny
iy the vertrieal probabidity
ity the axal prodabiin:

Display diagnosis
Slivpiay the cawses of vibrara aceording (o ety priviabihities of oeireiee,
If FOW 15 needed then display the [HOWV comtent

7 lmplementation

The Ammeam loop prameters affecing e production process consists of five seatione Fucd seetion sovie |l
different servics at specifte design condiions e withwn the limns of vporaon Traese seetons are |15)

#1 Natinal was. control heater wod promary reformer,

#2 De snlphursatron and sccondary reformes
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43 Waste heat boilers
#4 Syn. Gas CO, removal, Beniteld system &Methanation
45 Compresgor Turbine (K102 & KT 102
The compuler-asgisied vibration monitoring system includes a non-contact proximuty transducer systemn Lhar measures
vibration displacement belween the probe 1ip and the observed target. A PC- computer is used to caplure and process
the vibraton signal through the transducer system and analog to digual converter [11].
The vibration analysis hardware which autornaucally perform the frequency measurements arc
* Bently Nevada 7200 proximuty Lransducer system ofTers 2mm of linear measurement with scale faclor of fv/m.
The system can be used lo measure radial vibration, axial thrust positon and vibratton amplitude and phase angie
* A& PC computer
* A uignal conditiomig moduls (an analog lo digual converter) with the {oilowing specifications:-
mput range (0 - 5)V DC, 12 b * outpul range + 5 ¥ DC, 16 mput A/D, Band width {4Hz - 20 K Hz).2 oulpui D/A
Conversion (imes 12y sec.
The knowledge base was tesied ofT line first. The causes of vibrationg were;
* (nitial unbalance , permanent bow , lemporaty rolor bow , casing distortion | foundation digtormon
v seal rub, rotor axial rub, misalignment, piping forces, jourmal and beanng ecceniricuy. beanng damage.
bearing and support exciled vibrahon,
* unequal x and y bearing stiffness, thrusi bearing damage, insullicicnt ughiness 1n assembly ol rotor, bearing
linear, bearing case, casing and suppornt
* gear inaccuracy or damage, cntical speed, structural resonance, pressure pulsation
The PDMKD 12 then imerfaced with the BENTLY NEVADA measuring system There were L5 1neasuring pomts «14
Filesy A sequential process for each three files (horizontal, verlical and axial) swhich correspond 10 one part or Wl
was adjusted to faciliate the diagnoses for each one at a time,

7.1 OIf Line Program Operation

Fig.3 shows the prediclive maimenance knowledge basc main menu screen. The program znable the user cither 1o
read data from previous case {OfT line file system) or on line data. In the OF line case the user shouid determme (he
horizomal, verucal andfor the axai measunng data file as shown w fig 6 The signal FFT waveforms will be
displaved as shown in fig. 7

- Magn Hing

Predictive Maintenance Knowledge
Base System For (ASMEDA) Plant

Predictive Maintenance Knowledge
Base Systerm Far (ASMEDA} Plant

Previgus Data Monu

Main Monu

Fig.3 predictive maintenance window Fig 6 The previous data window
The screen inciudes some imporant data such as tuwe. date, and the RPM olbe rotaung unil The pessibhlity ol
wmerensing the horizontal and vertical scales (scaling of the waveformi is already exist When the uscr chick the
Diagnnsis control butlon the inference beains. The click on the Shnw Dingnosis control bution immedialely displavs
lhe causes of vibration as shown in Og.8  The turbo machunery diagnosis window (fig. ) mamly displays the causes
of wvibration and there possibiliucs numencally and graplically. In order to pnol reports the user can chek on the
Prini conrol bution.
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Tenizuntal

Verlinod

w Thoaw

asiam 120827

Sl nicri sty

Coupling ingccuraey or damage => 160

Gear inaccuracy or damage => 80

Insufficient lightness in assy of: Casing & Suppoit =» B0
Vibration lransmation => 40

Rafar rub axial =» 20

Aeredynamic exoilalion => 20

Bearing damage => 20

Seal rub => 20

Theust bbearing damage => 10

Foundation distortion => 10

Insufficient tightness in assy of: Roter (sirink-fits) =» 10
Insufficiend tightness in assy ol Brg. liner == |

Fig. 8 The turbo machinery diagnosis screcn
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7.2 On Line Program Operation .
When the user chooses ihe ON line dats, (he measring poims on U motating unit will appear and their number will be ligitened
as shown in fig. 3. The same process of diagnosis will be execuicd.

w nTine LT ) y R 5 101 < |

Fig, The ON LINE unil appearan
8 Conclusions

Vibralion measurements of the external surface of a machine conlain a great deal of information on the internal
process and have become an esmblished method of judging the machine condition The unlizatcn of ungupervised
neural network for measuring data that causes vibration is belpful tool tn the diagnosis process The predictive
maintenance  overall objective is to provide a system that would continuously monitor vibration levels of equipments,
aulomatically analyze, storage and update vibration information and generate alarms that would indicale the source of
trouble

This paper has described the design prineiples and the considerable advantages that can arise from the incarporation
of an expent system within the framework of a condition monnoring system
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