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Preface

The understanding of vibration signals from turbo-machinery is an impor-
tant feature of many industries. It forms the basis of condition monitoring
and is of crucial importance in the rapid diagnosis and rectification of faults.
The field calls for a variety of skills ranging from instrumentation expertise
to mathematical manipulation and signal processing. The focus is on gain-
ing a physical understanding of the processes giving rise to vibration sig-
nals. This may be viewed as a process of seeking to infer internal conditions
from (sometimes limited) external measured data.

This often requires some form of mathematical model, and the approach
taken is to use some basic finite element analysis to study system behaviour.
These methods were first applied to rotating machinery several decades
ago, but with progress in computing and the advent of packages such as
MATLAB®, the ease with which the concepts may be applied has dramati-
cally improved. It is now a relatively straightforward matter to examine
proposed design changes — in effect, to perform numerical experiments.

The material in this book stems both from my experiences in the industry
and, in more recent years, of teaching and research in academia. Inevitably,
my own experiences have, to some degree, influenced my choice of exam-
ples. In my various posts, I have had fruitful interactions with many people
who have significantly enhanced my perception of problems in machinery.
There are too many people involved to thank individually, but I must men-
tion three. Professor Mike Friswell and I have worked together closely for
20 years, and I acknowledge innumerable helpful and illuminating discus-
sions. I also thank Professor John Penny for his help with proofreading and a
number of helpful suggestions on the structure of the text. Both of these peo-
ple were my co-authors, together with Professor Seamus Garvey, of the book
[ refer to in many places which gives a more complete discussion of rotor
dynamics. My deepest thanks go to my wife, Rita: Not only has she given me
grammatical advice, but has also helped maintain my sanity throughout the
final months of preparing this text.

Arthur W. Lees

xi



Author

Professor Arthur W. Lees, BSc, PhD, DSc, CEng, CPhys, FIMechE, FInstP,
LRPS, graduated in physics and remained in Manchester University,
Manchester, United Kingdom for three years’ research. After completing
his PhD, he joined the Central Electricity Generating Board, London, United
Kingdom, initially developing finite element codes and later resolving plant
problems.

After a sequence of positions, he was appointed head of the Turbine Group
for Nuclear Electric Plc, London, Kingdom. He moved to Swansea University
in 1995 and has been active in both research and teaching.

He is a regular reviewer of many technical journals and was, until his
recent retirement, on the editorial boards of the Journal of Sound and Vibration
and Communications in Numerical Methods in Engineering. His research inter-
ests include structural dynamics, rotor dynamics, inverse problems and heat
transfer. Professor Lees is a fellow of the Institution of Mechanical Engineers
and the Institute of Physics, a chartered engineer and a chartered physi-
cist. He was a member of the Council of the Institute of Physics, 2001-2005.
He is now professor emeritus at Swansea University but remains an active
researcher.

Xiii



MATLAB®

Modelling can be carried out using the package of MATLAB scripts freely
available at www.rotordynamics.info. A further toolbox is under construc-
tion for the following studies:

. Rigid rotor analysis

. Flexible rotor analysis
. Single plane balancing
. Two plane balancing

. Modal balancing

. Gear torsional analysis
. Transient predictions

508 ~ 0 & n T o

. Catenary calculations

This toolbox and additional electronic products available at the CRC Press
website: http://www.crcpress.com/product/isbn/9781498726740.

MATLAB?® is a registered trademark of The MathWorks, Inc. For product
information, please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA 01760-2098 USA
Tel: 508-647-7000

Fax: 508-647-7001

E-mail: info@mathworks.com
Web: www.mathworks.com

XU



Contents

PHEFAER. wupmmmm ivesam o s i s s e S S B S s xi
25 1 (0] o R o O R TN xiii
VL AT AB® s rxessesvasrmssuosssasuisress s sios o s svo6sis soe s sst s iuassmess s 5485 os sssis s msssons XV
1. INtroduction ... 1
1.1 Moenitoring and Diagnosis .xsmssenssmmmemessssnssmonsssssassyonsissessersssnses 1
111 Monitored ParameterSi msessssnmmsmsimssmrssisssimmens 3

1111 VIbration ..ot 3

1.1.1.2  Pressure, Flow and Temperature..........c.cccecvueecen 3

1.1.1.3: . Voltage and Correntumessrsssmsnssmoves s 3

1134 Acolstic EMISSION cesesesasmismesssmsasssassorssasassasssnnss 4

1.1.2  Fault LoCaliSation.......oescssssnsusssssssassssnsassssansrsssaspsssissassssisss 4

1.1.3  ROOt CAUSE ...cviiiiciiiicircc s 5

114 Remaining Life..wmmmnoscmmmnonssnsssmossessosses 5

12 Mathematical Models .ismammmsensmmmssmmisesmussssssvonisss 6
1.3 Machine Classification ... s smasesimmimmiismsmmssaiiin s s 8
1.3.1  Bearing TyPes ...t 8

1.3.2  The ROtOr ... 10

14  Considerations for a Monitoring Scheme...........ccooeiivieniierennnn, 10
1.5 Outline of the Text vu:asummnsassumnmsinmmsesismmsaisime 13
1.6 SOFtWATE....c.cuimiiiiiciictcicicc st 16
REfEIONCES ...ttt 16

2. Data Presentation .. wicsimusssmnmiamssnssmmmissaaasimaissaimsossis 17
20 IntroduCHON o immimmmismissamsi i asionsioimbstitiis s ss e 17
2.2 Presentation Formats.........ccooeiriiiiiiiiiiiiiniiiicrnis 17
221 Time and FEEGUENCY crersemessoreemsemommersenmseesssmessossse 18

222 Waterfall Plots cuuiunimiassssmssimssemsaissmmsasiasians 20

223 Scatter Plots (or Carpet Plots). s 22

2.24  Order Tracking in Transient Operation...........c.ccocoveurunen. 28

2241 Acguiring the TranSient ....mrensosmrsisesersns 30

2242 System ReSpOnSecu.asmmunsssmasssssimasassasns 35

22,5 Shaft/Orbils v nanmiminmamininsmmsmnimsnomsmamss 38

226 Polar PIOtS ..ottt 40

22,7  OPECHABTAMS cusivrossusrmievssvssssnssomvensissonmasssstorsssss svssivenssisvssenns 41

2.3 Compatison with Calcttlations ...euammisssisssasmumemessomssersiisssorss 41
24  Detection and Diagnosis Process........cccoovivinieiiniiniiiniinnninininnns 43
PrODIEIMIS. ... vttt s 4
REFEIOICES ...vvvveiiiiiiicieiiiet ettt 45



vi Contents

3. Modelling and ANalysis.........cccocoveiriviimriiiiiiiiiiii e 47

81  INEPOAUCHON. e verrssecrsnsismsvansrsasnssasasmnssasmsasnsasssnsrasisssisssssiassnsiviasossnin 47

3.2 Need for Models......cccciriiiiiiiiniiiniiciniisien s 47

8.3 Modellifg APPrOACHRS wusssscsmsnsasmssensiossssasrsssasassasressessormaosovsavsrsrssen 48

381 Beam Models suuimsassumsassmmoncnvmsyssammmmmimessmuses 48

3.3.2 Finite Element Method.........cceceruniiivivirernsinsisiinninisensanns 51

3.3.2.1 Element Formulation ........ccccooemivrininiiinnnnnen. 51

3322 Matrix ABSEIMbIY wosmarmmmmiescmsoonsussmessesasss 56

338 Modellifig ChOIEES wesnsssmmsmsmsmismussmsmgomassdapamiss 58

B4  Analysis Methodsi s s s 59

34.1 Imbalance ReSpOnSe........cimmmiiiiimmniiniesieieinisieissesnnes 60

342 Campbell DIaBTANN suvmmsnrmsvessomumisssenmmmsmresseisers 61

34.3 Analysis of Damped Systems....cusssssisnssssansvensassessonsssssns 62

344 Root Locus and Stability......c.ccusmsisssnssensimmsissssssisinsassoss 68

345 Overall ReSpONSe ........cccoviiveiiiiiiiiiiieieeie s 70

85 Further Modelling Congiderationy...cu e 71

351 Mode SRAPES . umussmmmmmeesmsssmvssms sy 71

3.5.2 Perturbation TechRiqUESs:.aiswssiesssusmrmsssosomsmess 76

BB OMUININVATY bosomesdissnins s iossintsohssin doss s amms IO AT OO SR LSRR 81

Problems.......cciuiiiiiiiiininiiiccs 81

RELOTENTES vosvivivsssssvssennsarssssesssssusssnsstussssssssamssersssisssssms s ssssresssissssrspsairasesinsassss 82

4. Faults in Machines —Part 1.........ccoooooiiviiininninninn s 83

41 INtrodUCHON ...ttt 83

42 Definitions: Rigid and Flexible Rotors..........cccocevinuirnnrericinirennnas 83

48  Mass INDAlANCR sisismmsossssesmsrssimsmmmmsisss st 91

43.1 General Observations..........cceevevvivieccnicrinicienensenncnns 91

4.3.2  Rotor Balancing.......c.ccccoevveriniciniimcnncnscnesienens 95
4321 Influence Coefficient Approaches:

SINgIE PIAN® s mssmmismmsssmsmseomsnusssosson 96

4.3.2.2 Two-Plane Balancing ..........ccecoevvericnncicvnicinnnns 100

kb G )T U — 109

434 Nonf-Lineat BEfects . usmmusosesmmommensmosmopernrssesons 112

4.3.5 Recent DevelOPMENES conmusmssasasssussissssossomssesnsasess 113

A4 ROOU BEIAS. ...coomionssincssaivonsisrsrasssanssinonsmsasasssisbs isinsishs sssimamipaiaasisstoiss 113

4.5 Concluding Remarks.......cccccovuiiiiiniciiiic, 117

PP O CINTS  covennssasmomusvesesmssmomswens s sevans S ox e RS SO SRSV (P Y 118

RELETETNCES 5ssasasiisssessomisssssasasssons vosssnsasssonsses s ssusssmisssonssass assossssRIT S THIEs 119

5. Faults in Machines — Part 2., 121

Bl T OUBCHOT suesspansnsissssuinenssinoss s essasmnssto mes st sumsmmvarassasi usss sHsengenss 121

5.2 Misalignment. v minsmism o 121

521 Key Phenomena ..o 122

522 Flaible Conpingh o aommmmmmnsimmmmmsomvsoc 124



Contents vii
523 Solid COUPIBREE.uammamnmmmsssrmmsuaremsin 128
5231 Catenary ..o 129

5.2.4 Misalignment Excitation: A New Model.........c.cccovuneuinn 133
5.2.4.1 Moments due to Imbalance..........cccoceveriuinnnnnns 135

5242 Changing the Centre of Rotation.........c.ccccucueu. 136

5.2.4.3 Influence of the Bolts .......c..ccevevviiiiriniininiinnas 140

5.2.5 Towards an Overall Model.........ccccoeuviiiiiiviniiinnnnns 143

5.3 Cracked ROTOIS swsesssssumsasmsssssssmmsnsonsmeguisssnsomnsminia 144
5.3.1 Change in Natural Frequencies...........ccccceveurinirnnniiniennenns 145

5.32  Forced RESPONSE ......coevvrvrveirieiiriiisieiiitisniiese e 152

5.4 TOISION w.ucviuieiiiiiciiciciciciciri b 155
b NONLIMEALHY w.ovmsmsmmmammusmosssumemmammsmamsmemn e 160
b.o Interactions and DIagNOSHICS cuwssmmwimmwsmsumsssssamsmass 162
5.6.1 Synchronous EXcitation ..........ccccevieeiuciciiiicniiniinnnnns 162

5.6.2 Twice-per-Revolution Excitation.........cccvcviiiciciiiiinnnns 163

5:6.3 Asynchronotis Vibtation.. .eussmemamssismseomsmmmssissgessass 163

57 Closing REMATKS iucunrsssssmimsssesssssmississssssosmsissemnspiesisisasssmionssss 164
B P U 5005t i i AR 08 b S e el B maeaniis 164
REfEIONCES ...ttt 166
6. Rotor—Stator Interaction.............cccooeiiiiiiiiiiini 169
6.1 INtroduction ......cccoviiiiiiciiiiiii e 169
62 Interaction thiough Bearings ...cuavmmssmenssammssmassasssmsmssrssssonsns 170
6:2:1 Ol Tournal Bearings mmansnmmmmummassmmesmisimis 170

6.2.2 Rolling-Element Bearings..........cocooevverrireriiieririnnninnnen. 173

623 Other Types of Bearings .urasmmammmmammmmomssromrn 175
6.2.3.1 Active Magnetic Bearings............ccoeveiivrirnniinnenes 175

6.2.3.2 Externally Pressurised Bearings............ccccccuunas 176

6.2.3.3  Foil Bearings ........ccccceuevvmveriniecinniircnnieinicieaans 176

6.3 Interaction via Working Fluid.......c.ccccovvviviiincnniicniiniicnns 176
631 Pump Buishes and S56als .uwimsmammmsousssssasosessses 176
6.3.1.1 Influence of System Pressure Distribution....... 180

6.3.1.2 Example of an Idealised System.............c.cc....... 182

6.3.2  Other Forms of Excitation...........ccoceviiiniviccnniciiinninnen, 185

6.3.3 Steain WHItL. . mmmmmssmsmsrensssmsmoposmmos s 186

64  Direct Stator COMtACE. susumassrsswmmsnmmusmmsnssimssisssmsmmg 186
6.4.1 Extended Contact........coccovvevevcmmeinniviccnienncceicnens 186
6411 Fhgeical BHeels .....ucommmommmmmmmmmonvesm 186

6.4.1.2 Newkirk B, . cumemmisosnoorsanmorssssomsussersussansors 187

642 Collision and ReCoil..cusmmeisusmmmsumssmnsssssamn 190
6.4.2.1 Physical Effects ........ccocoevmcvininncrinecieinininnnens 190

6.4.2.2  SIMulation ... 191

643 Acoustic! BMIiSSION. smvisrssessmasssassssussusssansssssssspsssssssnssonss 196

6.5 The Morton BHEct . ummmmmmenmmsmsmsmmsinssmssssmsoenassson 199



viii Contents
6.6 Harmonics of Contacts:..wmssmssmsmsesssssasesssimmensmssnssssronsmassens 199
6.7 Concluding ReMATKS .......cecrrsussrmesresssssrsmmsarsissass ssssisssssssiassssssasssossss 201
PrODIEIMS . ccuviviveiiiriieiree ettt 201
RESETONGES v vusssisssusssssssisussssissssiomsnsisssssssmsbsnssmmasspinsssystpssnamanssonssesssesersiaseessions 202

7. Machine Identification ...........cccocoveiiiimiiiinineiic s 205
7.1 INErOdUCHON vttt 205
7.2 Curtent State of Modelling ..ccmmusosmenevomsoromversinsosmmares 205
73  Primary COmMPONENtS rsuwsssissssmnsminsinsscvsnsmsssiesmassmoses 207
7.4 Sources of Error/Uncertainty ..o, 209
78  Model Improvement . .. mroarsmsmmmonmeonimsssessossassssis sisssnssnis 211

751 System Identification .cuemrsmrermmemnsmsssmesemsssmsanssose 212

752, BErroriCriteTiaumsussrosoersmansssrssimrsssssusmimessssssanss 214

758 Regularisationmsumssmmmsamnismmsmmmmnssmsmmes 215

7.54 Singular Value Decomposition ..........ocoeevrireiiininiinnnienas 217

7% Application to Poundations. ... nmamecmsomseeess 218
761 Formitilating the Probleti...cmmesomsssrmenssmsensesvmssessreness 219

7.6.2  Least Squares with Physical Parameters...........c.cccoenuv. 219
7.6.2.1 Formulation with Shaft Location Data.............. 223

7.6.2.2 Applying Constraints ........ccccecorveieiisnneinnenes 223

7.6.3 Modal Approach with Kalman Filters..........cccccocvviinnnnes 227

7.6.4 Essentials of Kalman Filtering.........cccoecviucnieininnnnnennes 229

7.7 Imbalance Identification........c.cniiimsisssiisiisisssnosssnsisiens 230
7.8  Extension to Misalignment...........ccooeriieiriniienninnennnnnnnnecceninneines 232
7.9 Futire OPtiONS wusrisomsrmompercsamsmonsmmssiossseasssms 232
7.9.1 Imnplementation ,.muesamsmisamesamsrenenm s 233

792 Benefits «rusnnmumsumssmmisissmmiiismsim 234
Problems........ccoiiiiiiiiiecininc s 234
REfEIENCES ..ottt 235

8. Some Further Analysis Methods..........ccccccvvuiiiiininiiiiciiiccee, 239
81 Standard APProacheR.uemiammmemrmsssmimmsmssovonsm oo 239
82  Artificial Neural NetWorks:.iuusmessosssissasmsmasssssmssmsssemses 244
8.3 Merging ANNs with Physics-Based Models ............cccoverniiinnnnc. 248
8.4  Kernel Density Estimation.........cccceeviviieeeninniiciiiieee, 249
8.5 Rapid Transients: Vold—-Kalman Method .........cccccceuvinininnrnnnnnee. 253
86 Useftll TechNigui@. misemmsessmissmsmsmvvmssussavssamonsesvansssssossonss 261

8.6.1 Singular Value Decomposition ..........ccceeuviueiiieinineriiinranan. 261
8.6.2 The Hilbert Transform ........cccccoeeeviierneiiinniniceeicncnines 262
8.6.3 TimeFrequencyand Wigher-Ville............ccmvicemrenes 266
864 Wavelet ANBIYEIS muummmessamessmssmmmssomesrssssmamswy 267
8:6:0 ICapStrum :aunsunssssinssismsmmsss 269

8.6.6 Cyclostationary Methods........c.ccccoveuviriniiininininiciinnsinnnn. 270



Contents ix

8.6.7 Higher-Order Spectra .........cccovvirivmiiviciiiiiiciciciincieinan 270

8.6.8 Empirical Mode Decomposition ..smsssssorsissssssssaresaessss 274

8.7 Conecluding REMATKS i 275
PO IS ot ssarsnssnssies sabmbsninsbss it s s i A Ao mamssiiidbdmn sk amaedans s 275
REfEIONCES ....coviviiiiiiiciciict e 276
9;. CaABE SUAAICE cusssosossmsvinsnonsissovundirnssmssssssonsisssionssemessssssssssissBhssssonimsssssssess 279
9T IntrodUctionm smsscimismmmesion i msmmeoim s mni s iasen i msis 279
9.2  Crackina Large Alternator ROtor ........cccccocviiiiiiniiinicciniciinns 279
9.3  Workshop Modal Testing of a Cracked Rotor...........ccccvvivicinnnes 285
9.4  Gearbox Problems on a Boiler Feed Pump........ccccccovviinninininnes 290
9.5  Vibration of Large Centrifugal Fans ...........cccccccceuvucviiciviiccnnes 297
9.6  Low-Pressure Turbine Instabilities............cccoevvvininiiciiniininns 300
7 Comghuding Remiarki cooomommsommanms sssasmomms o 301
PrObIEING cuvusuessensvossmsssmsnsmensasesssassnmmanessssossmemsussssesevsmonsisasessNsamsst osvasssssisasess 301
ROTORETINER: crscamioamsvinsmsvas siniars o sioniasad s sEowmsF S5 £ SRR R RIS NS 302
10.. Overview and OUtlook .. uummmsmsomummmvarssivsnnsssemsmsmiies 303
10.1 Progress in Instrumentation ............cccceiviciincicnicenececeeenens 303
10.2 Progress in Data Analysis and Handling...........ccccccoevninrniniaee. 303
10.3 Progress it MOdIING ussormsmmrommmmmsmsssemsenmonissssmross 304
104 ExXpertSYSIEIIE wusmsssmusmssissivmmssesionssiemss s 306
105 FPuture Prospedts: mssamsmmmmmarm s mi s mm s 307
10.5.1 Machine Diagnostics.........ccovveuevemiiiecueinininiecceecccanes 307
10.5.2 Self Correction (‘Smart Machines’) ........ccccccevveeeereericrnennns 308
10.5:2.1 Magnetic Beatinigs. .. ummssmassossmmosnssessssmsanisssass 309

10.5.2.2 Electro-Rheological Bearings ...........cccoeviunucne. 309

10.5.2.3 Externally Pressurised Bearings...........cccceu..... 309

10524 Ofher AppEOGEhEs. ... cevascsscissonommsorcscesees 309

1053 Shaft Modificafion .wsmwmmsmmemsmssumsssmsasmmsosussonsens 311

106  SUBMINATY cxsrusesvsnnsussmmssmmsssssesssrisssronmsosaseniiossssssnisioivsm i iiseasvosss 315
RETCTRICRS siruss cvvssintot i im iisssasiniss osiasionissasntis ios issstnens s sanossasesssasonssassorsrsganss 315
T LA 317



1

Introduction

The general field of condition monitoring has received substantial attention
over the last few decades and it is worth reflecting on the state of the topic,
because, although it has always been practised at some level, the manner in
which condition is assessed is constantly under review in the light of recent
developments in understanding,.

In assessing the condition of a piece of equipment, the operator gath-
ers data such as vibration, operating temperature, noise, performance and
electrical parameters where appropriate. At one time, the comparison with
normal condition was achieved largely on the basis of staff experience, but
the general trend has been towards a more precise quantified approach.
This has been required by revised patterns of working and increasing
plant complexity, but it is, in essence, the same operation. A fundamental
question arises of how one can ‘codify’ the knowledge of an experienced
engineer and focus the knowledge on a specific area of plant. This presents
indeed a challenge which has shown significant progress in recent years,
although the issue cannot be regarded as completely resolved. Important
progress has been made in computational modelling (both finite element
analysis (FEA) and computational fluid dynamics (CFD)), artificial neural
networks (ANNJ), statistical approaches, expert systems and identification
methods. All of these have a role to play in assessing the condition of a piece
of equipment and their role will be outlined in subsequent chapters. First of
all however, the general field of condition monitoring, as applied to rotating
machines, is reviewed.

1.1 Monitoring and Diagnosis

Generally, these two terms are linked under the general heading of condi-
tion monitoring, but in fact, there are two quite distinct functions. In both
areas, the first requirement is to gather and record all salient details of the
operation of the piece of equipment but, as will be discussed, the choice as to
what details are salient is a far from trivial task. However, that discussion is
deferred for the present.

To illustrate this point with a specific example, let us consider a centrifugal
pump driven by an electric motor. In such a case, the monitored parameters
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would include bearing vibration levels, temperature, water pressure, water
flow rate, motor current and voltage. Note that although this is a fairly long
list, it is by no means exhaustive. In some circumstances, one may wish to
record the rotor vibration (as opposed to that of the bearings) and bearing
oil temperature. In fact, even a relatively simple piece of machinery may
have a significant number of parameters which may be useful for monitor-
ing purposes and a judicious choice is required to limit the measured set
to cost-effective proportions; however, making this choice requires some
appreciable physical insight.

Having decided on a set of monitored parameters, some method of record-
ing is the next choice to be made and this ranges from regular spot checks
to some form of continuous monitoring, now almost invariably computer
based. Whilst the latter represents a more expensive option, it does offer
more flexibility in terms of the ways in which data can be manipulated to
offer insight into the underlying features of machine operation. Here again
decisions are required which demand physical insight into machine opera-
tion and the likely failure scenarios.

We now consider some of the ways in which plant data may be analysed
and how this may be used to form judgements about plant operation. Clearly,
any general trend in the plant data, or indeed a sudden change, suggests
that the equipment has changed in some way and, subject to some checks,
may require the removal of the plant from service. Note that realistically, all
equipment is subject to some random perturbations and so, statistical tech-
niques are needed to form a valid decision such as when to remove plant
from service.

To proceed further, we examine the three basic questions that are posed in
condition monitoring systems which are

1. Has something gone wrong?
2. What has gone wrong?
3. How long can the plant run safely?

To address the first of these questions, it is often sufficient to adopt a purely
statistical analysis of monitored data and seek trends and changes. At the
most basic level, no knowledge of the internal operation of the machinery
is required. For example a monitoring system may simply plot the overall
vibration levels at the bearings (or elsewhere) and not examine the (short-
term) time variation. Some of the ways in which data can be examined is dis-
cussed in Chapter 2. As discussed in later chapters, a great deal depends on
the frequency with which measurements are monitored and provided sev-
eral measurements are recorded during each rotor revolution, the orbit of the
shaft may be traced and this gives some further insight into the machine’s
behaviour. In many cases, rudimentary measurements will give some indi-
cation that something has happened to a machine and straightforward
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comparison with records will suffice to answer the first of the three ques-
tions. To answer the second, however, generally requires considerably more
insight which may be provided by extensive experience, a detailed theoreti-
cal analysis or, very often, a combination of these. The third question, as to
how long the plant will/can run is more difficult still, and is to a large extent
still at the research stage. Nevertheless, an in-depth understanding of the
machine’s operation is an essential pre-requisite. In later chapters, a discus-
sion is given as to the interpretation of plant data, but first, we give a brief
survey of quantities that may be useful in assessing a machine’s behaviour.

1.1.1 Monitored Parameters
1.1.1.1 Vibration

On rotating plant, vibration is the most commonly monitored parameter.
The reasons for this are twofold: first, it is readily measured with convenient
instrumentation and, perhaps more important, vibrations give a comprehen-
sive reflection of the state of a rotating machine. The disadvantage is that
much of the information for diagnosis can only be gained after extensive
data processing, but standard techniques have now been developed which
go some way towards relieving this burden. For basic monitoring, vibration
levels can be, and are, used to great effect.

1.1.1.2 Pressure, Flow and Temperature

In the case of pumps, pressure and flow represent the main performance param-
eters, and hence, it is important to monitor these on a regular basis, although
clearly, these will not be expected to vary as rapidly as vibration. There may,
of course, be fluctuations in pressure, but flow rate will not track these owing
to substantial inertia effects. Chapter 6 has a discussion of some of the ways in
which the pressure field within a typical centrifugal pump has a direct influ-
ence on the vibration characteristics. The treatment of this is by no means com-
prehensive, and the interested reader is referred to the work of Childs (1993).
The important point to emphasise here is that various pieces of information are
inter-related and, taken together, they present a complex picture; it is the role
of the diagnostic engineer to form an overall view from this complex pattern.

1.1.1.3 Voltage and Current

Electrical measurements also form an important part of this picture. A very
large number of machines are driven by electric motors and the electrical mea-
surements can be used to yield information on the overall machine efficiency, a
key indicator of general deterioration. Used at this level, periodic checks would
suffice, but more detailed analysis of fluctuations gives added information on
both the motor and the auxiliary machine which is being driven.
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1.1.1.4 Acoustic Emission

Acoustic emission (AE) is, in one sense, simply vibration at very high
frequency, but this definition fails to give due recognition to its important
distinction from conventional vibration data. As its name suggests in look-
ing at AE, the engineer is monitoring the acoustic energy emitted by the
material as changes (e.g. crack formation and propagation) take place. In
effect one is ‘listening’ to the high-frequency waves generated by the break-
ing of inter-molecular bonds within a component, rather than the direct
consequences of externally applied forces. Until very recent times, AE was
used rather as a course monitor to count so-called events, as a guide to the
presence or otherwise of cracking activity. For many years, it has been used
to monitor the integrity of structures, but it is only much more recently
(Price et al. 2005, Sikorska and Mba 2008) that it has been applied to rotating
machinery. Improving hardware and software has facilitated the examina-
tion of the frequency resolution of AE signals, and this too has enhanced
our understanding. Measurements are often made in the range of several
hundred kHz as this is reasonably easy to obtain and process with modern
equipment and, it turns out, yields information of interest. A common mis-
understanding is that these frequencies are characteristic of the breaking
bonds within the material, but this is not the case: such bonds give frequen-
cies which are several orders of magnitude higher. The more accurate picture
is that a breaking bond generates a very short pulse which contains a wide
range of frequencies. As the waves travel, those which resonate within some
part of the body become predominant and hence, the spectrum of the AE
may be used to tell the operator the nature of the body around the fault. It
is the essence of AE that it provides a good approach to the identification of
highly localised phenomena.

1.1.2 Fault Localisation

The effective use of condition monitoring and condition-based maintenance
encompasses a whole hierarchy of inter-related disciplines. At what might be
termed level 1, purely statistical approaches can be applied to measured data
to detect if there has been some underlying change to the condition of the
machine, and some insight into such approaches is given in Chapter 2. This
type of analysis can be carried without any knowledge of the machine’s con-
struction or operation and this is both a strength and a weakness: it means
that the operator can determine if a fault/change has occurred without any
assumptions as to the physical processes, but nothing further can be gleaned
about the location or nature of the fault.

It may appear at first sight that the requirement to localise a fault is largely
academic, but this is far from the case. On large machines, such as turbo-
alternators, many days of production can be saved by focussing mainte-
nance work on the appropriate part of the machine. However, to make any



Introduction 5

valid progress on localisation requires insight or prior knowledge into the
machine’s design and dynamic properties. Foremost among the require-
ments is a knowledge of the machines’ natural frequencies (critical speeds)
and mode shapes. This knowledge may be developed by operational expe-
rience, plant tests and/or validated mathematical models, most commonly
finite element (FE) models. More details on the requirements of these models
are given in Section 1.2. The essential point at this stage is to emphasize that
although condition monitoring is carried out without any reference to mod-
els for some simple machines, the potential is greatly extended by the use of
models. This is because their key role is to relate the external measurements
to the internal operating conditions.

Having established a model, the determination of natural frequencies
and mode shapes is a straightforward matter and is discussed in many text
books (see, e.g. Friswell et al. 2010, Inman 2008). The mode shapes will often
give some clues as to the important locations for particular types of fault.
Conclusive location identification may require some further analysis.

1.1.3 Root Cause

The issue of root cause is a theme running throughout this text and embraces
the issues of fault localisation and frequency composition of the vibration
signals. Chapters 4 and 5 discuss a range of common machine faults and
the types of vibration signal they give rise to. The process of fault identifica-
tion is basically one of recognising the appropriate patterns of response and
matching them to fault types. More importantly, the process may be seen as
one of gaining insight into the physical processes within the machine.

One might imagine that it would be easy to automate this process, but
whilst there has been progress, there is still the need for a human expert on
more complex machines. Recent research in this area has focussed on two
areas: the development of extended models as discussed in Chapter 6 and
the development of expert systems as in Chapter 8. For the most complex
machines however, no fully automated system is likely to be available in the
foreseeable future.

1.1.4 Remaining Life

Whilst the issues of fault localisation and root cause raise some problems,
the identification of remaining life remains the ‘Holy Grail of all Condition
Monitoring’. It is an extremely complex topic and involves input from a num-
ber of disciplines. Whilst in some instances, reasonable predictions can be
made, in most cases, these rely substantially on practical experience of the
plant involved. Predictions can be made on, for example, crack growth rates,
but these rely heavily on materials data which are in some instances subject
to substantial error.



6 Vibration Problems in Machines: Diagnosis and Resolution

1.2 Mathematical Models

Many of the principles throughout this text are explained and illustrated
with mathematical models, in some cases following analytic expressions
and in others a numerical model. Some readers may find this surprising as
in many cases, a machine operator may not have precise data with which
to formulate such models: this will be so particularly in specifying fine
clearances which will change with time as the machine components wear,
but this does not invalidate the need or the role for theoretical models - in
many ways, it emphasises the role. The aim of the model is to enhance and
extend operational experience: to a degree, the actual numbers are second-
ary and what really matters is the extent to which the different parameters
influence each other. This type of sensitivity is extremely valuable in gain-
ing an understanding of the machine’s operation. The sentiment which
may surprise some readers is completely aligned with the theme presented
here; although mathematical models and computing (and hence numbers)
are used extensively throughout the text, the basic motivation is to elicit
understanding of the underlying physical processes as opposed to any
precise prediction. It is far more important to use models to examine inter-
dependencies of various parameters and to understand the way in which
physical changes (or uncertainties) can/will influence measured behav-
iour. Whilst the onset of problems can often be identified using purely
statistical or empirical approaches, a full diagnosis and localisation of the
fault will almost invariably require some form of model. This should not
be surprising as the model is simply a means of expressing knowledge of
the operation of a system.

Such an approach will not always be appropriate. For small items of plant
which are readily interchangeable, a suitable approach would be to remove
the item from service pending a general overhaul. For high capital plant,
however, this approach is rarely feasible and it is in such cases that fault
diagnosis, as a means to minimising maintenance/repair time, is imperative:
this is where it becomes vital to glean all the information possible from the
data available.

The need to gain insight into a machine’s operational behaviour raises
another interesting contrast to which we will return several times, namely,
the distinction between data and information. This distinction is discussed
more quantitatively in Chapter 7 in the context of elucidating the influence
of foundations on the dynamics of machines, an effect which is particularly
important with very large machines such as turbo-generators.

For a given machine, all these parameters will be linked and one of the
aims of mathematical modelling must be to elucidate these links with a
view to understanding the fluctuations which occur in machines running
under nominally steady-state conditions. To some extent, steady state is a



