Table of contents

T ———— ix
1 010071 11 (1£11) | R ——— SRR S 1
1.1  Origin of machinery diagnostics and vibroacoustical diagnostics ......... 1
L1.1. Machine diagnoStics .. ... vesssssiss swse sunssssssanessnsmessss some s se 2
1.1.2- -Vibroacousticali d1agnOSIS s sissems s sissans sonmistissionssssmns ot 4
1.2 Possibilities of machine condition testing

and vibroacoustical diagnoStCS ...........oevivniininiiiiiinieeineeenennennen 5]
1.3 The place of vibroacoustical diagnostics in machine life .................. 9
1.3.1  Design diagnoStics .........cccveiniinirinrineririieiniineininennnns 9
1.3.2  Checkout dia@nostics .........ceceuivniviniiniiniiniineineeieenennnss 11
133  Condition MONOIING .o summssssns sonwems soms s somssansns 12
1.3.4  Diagnostics of production processes. ............oveuveneernennennn.. 13
2 Generation of vibroacoustical phenomena and wear processes............... 19
Gl | REERIOETITT st oons b abban i ot R 55 A i 19
2.2 Sources of vibroacoustical processes in machinery ........................ 19
22" Unbalante e, mems sesamens mEm s AR T R 20
2.2.2  Misalignment of shafts, couplings clearances ..................... 23
2.2.3  Critical rotations of the second order ..................cccecuven... 24
224  Self-excited vibrations of bearings ..............ccocevveiiniinnnnnn. 25
2.2.5 Rolling bearings as the sources of vibrations ..................... 26
2216: “ToothedIPRATS wvuimsmmranmmsio e s e s RS 27
2.2.7  Magnetic sources of machine vibrations ........................... 28
2.2.8  Motion of the working medium ............ccoeeuniiuiiinninnnnn.. 29
26229 “CAVILALION sirs vuvsins cummiiniei saws s simmsisisnsn smmmassavasin ouss o s 31
2.2.10 Frictional VIbrations .............cccoueivineiuniinneiiniinneieeinnnen. 31
2.2.11  Acoustical eMiSSION .......ceuiiivniiiniiiieiieiiieeieiieeeie s 32

2.2.12 Range of vibroacoustical phenomena
in/machinery and /SEUCIIIES «uu. cass sossnes wss s suss smmipains s sns s 35
2.3 Machine wear and vibroacoustical phenomena ...............c.eeeueeunenn.. 35

2800  INIRdUCHON mnewmmrrrrmsr e S s s 35



vi Table of contents

2:32  Fatifle WAL ums sommsn sonssniss sioeiiowissnommsislsiiosises o S seais 36
233  FrictoNAlWEAT :seesacsssssssasamicesins oo vasausomismsiesss 39
234  Cavitation WAL . ......sssssssissns sapsssnsapassiovsusssssossessenssssas 41
2.3.5 Changes of fOrm—Creep.......covuveninruiniinrnirniininciiiiecane. 42
2.3.6  Tribovibroacoustical model of a machine............coceevennennnn. 44
2.8, SUMNALY o500 smm smssssis s s G080 S5 aH Go 08 s s st iy i 561 oo R 5 5 46
3 Failure-oriented process signals and
measures of vibroacoustical phenomena ...............oooiiiiiii 49
3.1 INOAUCTION ..o smammns ssiesss s asss e s s sios eyl s b SERERRE 49
3.2 Observation models of tribovibroacoustical phenomena in machines ... 49
320  Bailure lifei .o o emse smmnvonssns somesss dash sesmus soasammssvmsdanasianss 50
3.2.2  Model of diagnostic observation of an object—
vibroacoustical Signal .........ecsesioes sossows dsasssosamsessnsssssse 51
3.2.3  Measures of vibroacoustical signals—
symptoms, diSCTIMINaNtS ........cccevvvureuiirireeennnenieiiinennne 52
3.24  Observation area of vibroacoustical processes
in machinery diagnioStiCS! .. .essssssve sonsnssans aapaanmasmsversansss 54
3.3 Selection of the diagnostically useful vibroacoustical processes ......... 56
3.3.1 A tribological model of the generation
and propagation of vibroacoustical phenomena .................. 57
3.3.2  Generation of diagnostic signals .........ccoeoeeiiiiiiiiiniiiiinn, 59
3.3.3  Selection of the observed vibroacoustical
process as the source of diagnostic information .................. 61
3.4 Selection of vibroacoustical Signals ..........ocociiiiiiiiiiiiiiii. 66
341 'Spatial selection .cussossssnenmevas snaesvsaimmmsessssemesisesiion 67
3.4.2  Time selection of vibroacoustical signals..............coeeevnennes 68
343  Spectral SCIECHON ..co.cvnvsossassissansssmsmsnmasss susssmnssorpavssaras 69
3.4.4  Selection of vibroacoustical signal by demodulation ............ 73
34.5 Decomposition of signals
and periodic adaptational filtration .............ceiieiiiiiieiinnis 76
3.5 Diagnostic measures of vibroacoustical
signals and their application .............oeeiiiiiiiniiiiieniii, 80
3551  INGOAUCHON «ammonsssmesuuess g assmas i samis s smmms a0 80
3.5.2  Amplitudes of noise and vibration
in the diagnostics of simple machines ...............ccoceeeeiinnn. 81
3.5.3  Special point estimators of vibroacoustical processes ............ 87
3.54  Spectral and kinematic analyses
in vibroacoustical diagnostiCs ......cccosssrorsasersnonanansenonsonss 92
3.5.5  Special functional spectral measures of
VIBTOACOUSHCAl PrOCESSES. «.ioi i siieisiisisiiss st o polio s dssatars 98
3.5.6  Spectral sensitivity of the measures
of vibroacoustical ProCESSES «..c.everurrrueerecnenrrerorrnnasnesnes 103
V6 SUIMMATY, e i50simsinisissssins S350 G405 S35 Pl SomESS e SH s o ol e e s 105
4 Diagnostic INference ..............coccooiiiiiiiiiiiiiiiiiii 107

41 INEOAUCHON s it st do s e S SRR S s SRS 107



- Table of contents vii

4.2 Diagnostic models and decisions concerning

the condition of mechanical ObJECLS  ......euvnivieiiiiiiiiiiiieeenennen 108

42.1 Diagnostic regression model.........ccoveiiiiieriininiiinininnnnnn. 108

422 Covert model.of IMATE LYDPE ..usis s v ssi 5o siomiomiums saies siomi wiio 54 111

4.2.3  Probabilistic diagnostic model of a mechanical object............ 113

424  Accuracy of diagnostic deciSions .........cceoveveviiiiiniiiennnennn. 118
4.3 The limit value of the symptom of the first class condition ............... 121

4.3) - INTOAUCHON usesmss srmanss svanmmnmss ses s 5555 GEAHFERFATTEETHT & 121

4.3.2 Life curve of object and limit value of symptom .................. 121

4.3.3  Limit value in the passive diagnostic experiment.................. 123
4.4 Simple and generalized condition symptoms—

filtration:of iStUrbANCE. s senms soms asveses sonin s ssins sewm e dewnae 126

441 INTOAUCHON wriins sosims s avss s sis o i devamsn seba saspem Ean g8 126

44.2 Linear averaging in respect to

utilization timesand the ODJECESISPAN s wves sswmns sommsensnsmens o 127

443  Geometrical averaging—cumulants ............coooveiiiiiiininiin. 131
4.5  Condition PrOZNOSIS  ..vuvuirirernenerereienenerereeneneneraeeaeneneaeaenenaes 137

451  INEOAUCHON s sams e s es s-aess £ S55Es BRI Fo5 SRrp 5 137

4.5.2  Prognosis according to a known condition —

SyMPIOMIMBUCT, s s unsnmsma s s Tos TR DR R T 139

4.5.3  Condition prognosis with an unknown trend model............... 143
4:6 SUMMALY vt e o Je s e e 0 e S B R eTs 5 147
Examples of the implementation of diagnostics in industry .................. 149
S INTCOAUCHION dsiies s sisivs suianivs sisrinio s akrsiss Gorvs s st woib BBm b B S 149
5.2 General scheme of the implementation

of vibroacoustical diagnoStiCS ........vverieiiiiiiireeeiiieenieieeneeeenens 149
5.3 Diagnostics of high-power fans in power engineering ..................... 151
54 Diagnosfics ofidiesel Traction ERDINES iusses samsnmives wwpsms s sonassasmme 155
5.5 Diagnostics of godets of textile machines ..............coovvvvieninenennnnns 158
5.6 Diagnostics Of leCtric MOLOIS .. vuvueuirteneneriteeneneneneeaeeeneeiieenenns 159
ST S UTINARY: seiis v i oo s s Siis Somis i S s i S0 s St R A AR T 159
Advanced problems of vibroacoustical diagnostics ....................ccoeeien. 161
6L INHOAUCHION s rimmsiimimapms s Sentsisnsiss S SRR S S S S E e 161
6.2 DiagnostiC EXPETINENLS! . uuwusmmmsmmmsmsnsvmsiessmss ssssssises some s ssnss 161
6.3 Discrimination of vibroacoustical condition

characteristics and classification in a passive experiment .................. 163

6.3.1 BEDIND-algorithm of discrimination and classification......... 164

6.4
6.5

6.3.2  Discrimination of characteristic features
by the orthogonalization method of

observation Vector COMPONCIES. .. ..essesimaassass soms sk siouis smsnis 170
RecOZMUON OF CONAITION .rwisn i s somsss e s sums5s 5505 o550 e 171
Discrimination:of failure SIgnals.. ... vusesmewess vms ssmssin sows sow sas suwien 173
6.5.1  Adaptive noise cancelling.........coovviiiiiiiininiiniiiiineeane, 174
6.52 Orthogonal filtration of S1gNAIS ..cusus s svsssesnars sssismume sssans 176

6.53 Diagnostic:filtration OSIZNALS wvwsss swsusasnmmssuns nessss sonm s 178



viii Table of contents

6.6 SUMMATY: 500 5508 50105500 s s 6 ¥ 050 0 B R S eSS A R R ES5 181
Appendices

Al Important standards of machine vibration diagnostics ..................... 183

A2 Diagnostic chart of rotary motion machines ...........ccccevviniininnnen. 188

A3 (Criteria of tofof BAlANCe! suews sssssssssus sssamms sssvspmmmnsdsnssusanesaisgmatans 195

A4  Computation nomogram of harmonic vibrations ...........cc.cecevennnes 196
CONCIUSIO s s .55 e i e ST G S TS D S R SR e T 199
RETCTCIICES 5. sc cumimanmmnisins somnns s sasn e 4587 SEE5S65 FHmwARS S0 AR SHFE RANS SFORSHE SR TTRN S 201



