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a
active magnetic bearing (AMB) 393
– active magnetic levitation
– – current control with PD-control

396–399
– – current control with PID-control

399–400
– – current control with state feedback

control 403–405
– – digital PD-control with DSP

402–403
– – model 394–396
– – system parameters identification

401–402
– in high-speed spindle system 405–406
– magnetic levitation and Earnshaw’s

theorem 393–394
– principle 405
– rigid rotor system dynamics 406, 408
aliasing, 375, 379
amplitude spectrum 377
angular clearance 117
angular frequency 14
angular momentum 23
– relationship between moment and

increment of 23
– vectors 24, 31
angular speed variation elimination 215
angular velocity 14
– vector 30
asymmetrical rotor system, 423–425
– inclination motion of 102
– – equations of motion 103–108
– – free vibrations and natural frequency

diagram 108–109
– – synchronous whirl in vicinity of major

critical speed 109–110
asymmetrical shaft 93, 421–423

– with disk at midspan 94
– – equations of motion 94–95
– – free vibrations and natural frequency

diagrams 95–100
– – synchronous whirl in vicinity of major

critical speed 100–102
– horizontal, double-frequency vibrations of

110–113
asymptotic method analysis 189–190
– equations of motion and transformation to

normal coordinate expression
190–192

– nonstationary vibration 194–196
– steady-state solution 192–194
attack angle 297
automatic ball balancer 266
axial clearance 117

b
backward harmonic resonance 317
backward precession 28
backward rubbing mechanism 215–216,

216, 219, 220
– theoretical analysis of 221–222
backward whirl 15
Baker’s theory 171
balancing, 67
– of flexible rotor
– – elastic deformation effect 86–87
– – influence coefficient method 90–92
– – modal balancing method 87–90
– of rigid rotor
– – field 75–77
– – machine 71–74
– – quality grade 82–86, 83
– – single-plane 70, 71
– – two-plane 69–70
– – and unbalance 77–81
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ball balancer
– countermeasures to problems 268–270
– fundamental characteristics and problems

266–268
– theoretical model of 267
ball bearings 199
– rotor resonances supported by

rolling-element bearings 205–209
– vibrations and noise in rolling element

bearings 199–205
bearing centerline, 117, 118
bearing pedestals, with directional difference

in stiffness 209–211, 210
Bernoulli–Euler’s hypothesis 49
Bernoulli–Euler beam 49, 50, 54
– rotor vibration modes corresponding to

57
bifurcation, 145
Blackman–Harris window 385, 387, 389
Bode diagram 398
Boeing/Vertol Chinook helicopter 63, 64
breathing 309

c
cage noise 205
Campbell diagram 4, 16, 17, 228, 289
– of wind turbine with two teetered blades

292–294
Cantilever modal function 304
Cardan joint. See Hooke’s joint
centrifugal force, 19
characteristic determinant 102
classical beam. See Bernoulli–Euler beam
classification, of rotor systems 1
coinciding periods, leakage prevention by

385
colored dye penetrative testing 307
combination resonance 133–136, 320, 388
complex discrete Fourier transform 381
complex-FFT method 178, 196, 373
complex Fourier series 376–377
complex inverse discrete Fourier transform

381
condition monitoring system 320
configuration errors 204
constant acceleration, tansition with

179–183
contamination noise, 205
continuous rotor system 2, 4, 49
– and coordinates 51
– equations of motion 50–55
– free whirling motions and critical speeds

55–56

– – gyroscopic moment and rotary inertia
analysis 58–59

– – major critical speeds 59–60
– – transverse motion analysis 56–58
– nonlinear resonance of 145–146, 151
– – harmonic resonance 150–151
– – nonlinear spring characteristics and

equation of motion 146–149
– – transformation to ordinary differential

equations 149–150
– synchronous whirl 60–63
– unbalance in 13
Coriolis force 19
correction planes 85
– balancing weight composition in 70
– and measurement points 91
correction weights 69
Coulomb damping 168, 173, 220, 277
couple unbalance 80–81,82
cracked rotors 307–309
– backward harmonic resonance 317
– combination resonance 320
– forward subharmonic resonance

318–319
– forward superharmonic resonance

317–318
– forward super-subharmonic resonance

319
– industrial machinery case study

321–324
– modeling and equations of motion
– – numerical simulation (PWL model)

312–314
– – piecewise linear model (PWL model)

309–310
– – power series model (PS model) 311
– PS model theoretical analysis 313
– – forward harmonic resonance

313–315
– – forward superharmonic resonance

315–317
Cramer’s rule 62
critical speed 1, 3, 8, 18, 54, 87, 123. See

also major critical speed
– of combination resonance 134
– diagram 1
– free whirling motions and 55–56
– of harmonic resonance and subharmonic

resonance 124
– internal resonance phenomenon change

by discrepancy of 154
– of shaft with several disks, approximate

formulas for 46–47
– – Dunkerley’s formula 48
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– – Rayleigh’s method 47–48
cut-in wind speed 292
cut-out wind speed 292

d
damped system
– synchronous whirl of 20–22
damping coefficient 217
damping matrix 328
data transformation 374
deadband 140
degrees of freedom (DOF) 11, 12
– 1 DOF of spring–mass system, with

external force 355
– 2 DOF 206, 388
– – deflection model 178, 209, 310
– – of spring–mass system 354
– – system results, derivation by 35–37
– 4 DOF system vibrations 210, 415–425,

427–429
– – equations of motion 34–39
– – free vibrations and natural frequency

diagram 40–42
– – synchronous whirling response

42–43
– rotor for inclination oscillation 24
– rotor system 35
– – for lateral vibration 13
digital PD-control with DSP 402–403
discontinuous spring characteristics
– asymmetrical shaft unstable oscillations

suppression 274–276
– countermeasures to problems 273–274
– fundamental characteristics and problems

271–273
discrete Fourier transform 379–383,

382
disk–shaft system 340–343, 366–367
displacement vector 328, 330, 336, 340,

345, 348
distributed-parameter system 2
See also continuous rotor system
DN value 2
double-frequency resonance 315
double frequency vibrations, of

asymmetrical horizontal shaft 110–113
downwind turbines 291
drive shaft. See propeller shaft
dry friction 168
Dunkerley’s formula 48
dynamic balancing machine 71–74
dynamic load torque, 179
dynamic unbalance 79–80, 79, 82

– transformation to static unbalance and
couple unbalance 80

dynamic vibration absorber theory
263–264

– suppression 265

e
Earnshaw’s theorem AND magnetic

levitation 393–394
eccentricity 12–13, 14, 20, 34, 43, 44, 73,

224, 236, 244, 248, 249, 252
– coexistence with skew angle 70, 77
– composition of 88
– detection of 72
– distribution, and coordinates 60
– elimination of 69, 90
– nth modal 61
– shaft 205–206
Eddy current testing 308
eigenfunction 57, 61
eigenvalue 57
– graphical method for 304
– problem 345–347
– and stability 398
elastic deformation effect 86–87
elastic modes 203
elastic rotor stability analysis 243–246
elastic shaft
– inclination vibrations, with disk at center
– – equations of motion 23–27
– – free vibrations and natural angular

frequency 27–29
– – gyroscopic moment 29–33
– – rotational equations of motion for single

axis rotation 23
– – synchronous whirl 33–34
– lateral vibrations, with disk at center
– – energy balance 22
– – equations of motion derivations 13–14
– – free vibrations of undamped system and

whirling modes 14–16
– – synchronous whirl of damped system

20–22
– – synchronous whirl of undamped system

16–20
energy balance 22
entrainment phenomenon 223
equipotential line 119, 120
Euler’s equation, of liquid inside rotor 254
Eulerian angles 24, 37, 103, 415–420
external damping 161, 162
external force and extended transfer matrix

367–370
external friction. See external damping



440 Index

f
factory balancing 71
fast Fourier transform (FFT) 373, 383
– analyzer 374
– applications to rotor vibrations
– – nonstationary vibration 388–390
– – steady-state vibration spectra

386–388
– program 433–435
fatigue cracks 307
Feigenbaum number 145
field balancing 75–77, 298–299, 299
field transfer matrix 353
filtering process 390
final value theorem 400
finite element method 6, 327
– alternative procedure 349
– eigenvalue problem 345–347
– equations of motion for complete system

336
– – disk–shaft system 340–343
– – uniform elastic rotor 336–340
– – variations 343–344
– equations of motion of element
– – finite rotor element 330–336
– – rigid disk 329–330
– forced vibrations 347–349
– fundamental procedures 327–328
– rotor model and coordinate systems

328–329
finite-length approximation 241
five-axis magnetic bearing 406
fixed flange coupling 211, 212
fixed point theory. See dynamic vibration

absorber theory
flaw noise 205
flexible-attachment rotor 68
flexible body modes 202
flexible coupling 211, 212
flexible rotor 1, 3, 13, 67, 68
florescent dye testing 307
flow-induced vibrations 235
– hollow rotor partially filled with liquid

252–254
– – asynchronous self-excited whirling

motion 256–257
– – equations governing fluid motion and

fluid force 254–256
– – resonance curves at major critical speed

257–261
– oil seals 248
– – labyrinth seal, 251
– – plain annular seals 248–250
– oil whip and oil whirl 235–236

– – elastic rotor stability analysis 243–246
– – journal bearings and self-excited

vibrations 236–238
– – oil film force 240–243
– – oil whip prevention 246, 248
– – Reynolds equation 239–240, 241, 249
– tip clearance excitation 251–252
fluid-film bearings 235
force vector 328, 338, 341, 345, 348
forward harmonic resonance 313–315
forward precession, 28
forward rubbing 217, 218
– theoretical analysis of 220–221
forward subharmonic resonance 318–319
forward superharmonic resonance

315–318
forward super-subharmonic resonance 319
forward whirl 15
Fourier series 376
– complex 376–377
– real 376
Fourier transform 378–379
four-pole turbine-generator rotor 112,

113
free whirling motion and whirling modes

45–46

g
Galerkin procedure 149
gas bearings 236
geometrical nonlinearity 146
global reference system 330
Gumbel condition 242, 243, 244
gyroscope 25–26
gyroscopic matrix 328, 330, 335, 337, 339
gyroscopic moment 29–33, 58–59, 173
– definitions of 31–33
– derivation of 30
– directions of 32
gyroscopic terms 28

h
Hamming window 385
Hanning window 385
hard-bearing balancing machine 71–72
– principles, 72–73, 72
harmonic resonance 124, 150–151
– solution by harmonic balance method

124–128
– solution using normal coordinates

128–130
Heron’s Aeroliple, 283, 284
high-speed balancing 87
high-speed rotors 2
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historical perspective 3–8
hollow rotor partially filled with liquid

252–254
– asynchronous self-excited whirling motion

256–257
– equations governing fluid motion and

fluid force 254–256
– resonance curves at major critical speed

257–261
Hook’s law 147
Hooke’s joint, 211, 212, 213
horizontal asymmetrical shaft, double

frequency vibrations of 110–113
hot spot 287
hydrodynamic bearings 236
hydrostatic bearings 236
hysteretic damping 161, 162–167
– system with linear internal damping force

169–171
– system with nonlinear internal damping

force 171–172

i
ideal driving energy source 183
impacting motion orbit 220
impulse-type steam turbines 283, 284
inclination oscillation. See also elastic shaft
– DOF rotor for 24
– equations of motion for 37
industrial case study, of self-excited

oscillation 228
inertia effect 238
inertia matrix 328
inertia, moment of 409–411
influence coefficients 5, 74, 87, 90–92
integral shroud blade 289
internal damping 161
– system with linear force 169–171
– system with nonlinear force 171–172
internal friction. See internal damping
internal resonance phenomenon 152
– chaotic vibrations in vicinity of major

critical speed 156–158
– examples 152–153
– subharmonic resonance of order 1/2

153–156
International Organization for

Standardization (ISO) 82
inverse discrete Fourier transform (IDFT)

380
inverse Fourier transform 378
inverse real discrete Fourier transform

381

j
Jeffcott rotor 4, 11, 16, 29, 152, 153, 177,

214, 229, 250, 271, 308, 309, 320
journal bearings and self-excited vibrations

236–238

k
Kelvin–Voigt model 162

l
labyrinth seal 251
Lagrange’s equations, derivations by 37–39
lateral oscillations. See also elastic shaft
– equations of motion for 36
Laval’s turbine, 283 284
Laval rotor 4
leaf spring 276–277
leakage error 383–384
– countermeasures for 384–385
limited driving torque, transition with
– nonstationary vibration 188–189
– power source characteristics 183–184
– stability analysis 187–188
– steady-state vibration 184–186
limit of length 8
linear-quadratic regulator (LQR) theory 404
local coordinate system 330
long bearing approximation 240
low-speed balancing 87
low-speed rotors 2
lumped parameter system 1–2
– models 12
– unbalances in 12
Lyapunov exponent 157–158

m
magnetic bearing 406, 407
magnetic particle testing 308
magnitude of unbalance 77
major critical speed 18, 59–60, 253. See

also critical speed
– chaotic vibrations in vicinity of 156–158
– resonance curves at 257–261
– speed range stability higher than 19–20
– spiral orbit at 20
– stability above 413–414
– synchronous whirl in vicinity of

100–102, 109–110
massless shaft vibrations, with rigid disks

11
– critical speeds of shaft with several disks,

approximate formulas for 46–47
– – Dunkerley’s formula 48
– – Rayleigh’s method 47–48
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massless shaft vibrations, with rigid disks
11 (contd.)

– 4 DOF system vibrations
– – equations of motion 34–39
– – free vibrations and natural frequency

diagram 40–42
– – synchronous whirling response 42–43
– elastic shaft inclination vibrations
– – equations of motion 23–27
– – free vibrations and natural angular

frequency 27–29
– – gyroscopic moment 29–33
– – rotational equations of motion for single

axis rotation 23
– – synchronous whirl 33–34
– elastic shaft lateral vibrations
– – energy balance 22
– – equations of motion derivations 13–14
– – free vibrations of undamped system and

whirling modes 14–16
– – synchronous whirl of damped system

20–22
– – synchronous whirl of undamped system

16–20
– rigid rotor vibrations
– – equations of motion 43–45
– – free whirling motion and whirling

modes 45–46
– rotor unbalance 11–13
mass matrix 328, 330, 335, 337, 338
mathematical models, for rubbing 216
MATLAB/Simulink 402
measurement and signal processing 373
– digital signal and 374–375
– discrete Fourier transform 379–383,

382
– fast Fourier transform (FFT) 383, 386
– – nonstationary vibration 388–390
– – steady-state vibration spectra 386–388
– Fourier series 376
– – complex 376–377
– – real 376
– Fourier transform 378–379
– leakage error 383–384
– – countermeasures for 384–385
– problems in 375–376
mechanical elements, vibrations due to 199
– ball bearings 199
– – rotor resonances supported by

rolling-element bearings 205–209
– – vibrations and noise in rolling element

bearings 199–205
– bearing pedestals with directional

difference in stiffness 209–211, 210

– rubbing 215–217
– – equations of motion 217–218
– – numerical simulation 218–220
– – theoretical analysis 220–222
– self-excited oscillation in system with

clearance between bearing and housing
222–223

– – analytical model and equations of
motion 227–228

– – analytical model and reduction of
equations of motion 224–226

– – experimental setup and experimental
results 223–224

– – mechanism 229–232
– – numerical simulation 226–227
– – synchronous whirl stability 228–229
– universal joint 211–215
modal balancing method 5, 87–88
– N-plane 88–90
– N + 2 plane 90
modern control theory 403
momentum 23
Morton effect 287

n
N + 2 plane modal balancing 90
natural angular frequency. See natural

frequency
natural frequency 15, 346, 347, 366
– free vibrations and 27–29
natural frequency diagram 16, 28, 42,

257, 275
– of asymmetrical rotor system 108–109
– of asymmetrical shaft 95–100, 97
– of continuous rotor
– – linear scale 59
– – logarizmic scale 60
– of 4 DOF rotor system 41
– free vibrations and 40–42
– and mode shapes 224
– rigid rotor 46
Newkirk effect 4, 287
Newton’s second law 178
noncircular bearings 248
nonlinear resonance
– of continuous rotor 145–146, 151
– – harmonic resonance 150–151
– – nonlinear spring characteristics and

equation of motion 146–149
– – transformation to ordinary differential

equations 149–150
– in system with radial clearance 139–141
– – chaotic vibrations 144–145
– – equations of motion 141–142
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– – harmonic resonance and subharmonic
resonances 142–144

– types 123–124, 136–139
– – combination resonance 133–136
– – harmonic resonance 124–130
– – subharmonic resonance of 1/2 order of

forward whirling mode 130–132
– – subharmonic resonance of order 1/3 of

forward whirling mode 132–133
nonlinear vibrations 115. See also

nonlinear resonance
– equations of motion using physical and

normal coordinates 121–123
– internal resonance phenomenon 152
– – chaotic vibrations in vicinity of major

critical speed 156–158
– – examples 152–153
– – subharmonic resonance of order 1/2

153–156
– weak nonlinearity 115–121
nonstationary vibrations 177–178,

188–189, 194–196
– asymptotic method analysis 189–190
– – equations of motion and transformation

to normal coordinate expression
190–192

– – steady-state solution 192–194
– equations of motion for lateral motion

178–179
– transition with constant acceleration

179–183
– transition with limited driving torque
– – power source characteristics 183–184
– – stability analysis 187–188
– – steady-state vibration 184–186
normal coordinates 121
– equations of motion and transformation to

190–192, 427–428
– solution using 128–130
N-plane modal balancing 88–90
nth modal eccentricity 61
Nyquist frequency 375

o
oil film bearings 236
oil film force 240–241
– long bearing approximation 243
– short bearing approximation 241–242
oil seals 248
– labyrinth seal 251
– plain annular seals 248–250
oil whip and oil whirl 4, 5, 235–236
– elastic rotor stability analysis 243–246

– journal bearings and self-excited vibrations
236–238

– oil film force 240–243
– oil whip prevention 246, 248
– Reynolds equation 239–240, 241, 249
Oldham’s coupling, 211 212
orthogonality 61
output equation 404
output vector 403
overall transfer matrix 364

p
period doubling 145
permissible residual unbalance 82, 84
– examples 85
phase spectrum 377
physical models, for rotor-guide system

217
piecewise linear model (PWL model)

309–310
– numerical simulation
– – horizontal motor 312–313
– – vertical rotor 313
plain annular seals 248–250
Poincaré map 156
point transfer matrix 353
pole assignment, 398 400, 404
potential energy
– of system with a component 119
– two-dimensional distribution of 118
power series model (PS model) 311
– theoretical analysis 313
– – forward harmonic resonance 313–315
– – forward superharmonic resonance

315–317
power strum 377
practical rotor systems 283
– steam turbines 283
– – construction 283–284, 285
– – vibration problems 286–290
– wind turbine
– – Campbell Diagram with two teetered

blades 292–294
– – equations of motion derivation

299–302
– – excitation forces in 294–295
– – forced oscillation 302–303
– – natural frequencies 302
– – parametrically excited oscillations

303–305
– – rotor balancing 298–299
– – steady-state oscillations of teetered

two-bladed wind turbine 295–298
– – structure 290–292
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precession 26, 28
precessional angular speed derivation, 201

202
principal axes of moment of inertia and

coordinate systems 103
principal axis of area of cross section 94
production balancing. See factory balancing
propeller shaft 212
proportional-derivative (PD) control

396–397
– block diagram of 397
– case with static load 399
– digital, with DSP 402–403
– gains determination 398–399
– physical meaning of 397
– transfer function and stability condition

397–398
proportional-integral-derivative (PID) control

399
– block diagram of 399
– case with static load 400
– gains determinants 400
– transfer function and stability condition

399–400

q
quantization 374
quasi-flexible rotor 68

r
race noise 202
raceway noise 204
radial bearings 236
radial clearance 117
– nonlinear resonances in system with

139–141
– – chaotic vibrations 144–145
– – equations of motion 141–142
– – harmonic resonance and subharmonic

resonances 142–144
– rotor model with 141
radial damping force 217
Rayleigh’s method 47–48
Rayleigh distribution 292
reaction turbine, 283 284
reaction-type steam turbines 283, 284
real discrete Fourier transform 381
real Fourier series 376
resonance curves 129, 139, 143, 150, 208,

209
– at major critical speed 127, 128, 257–261
– and shapes, of rotor system 63
– and unstable range 188
response curve 210, 223, 253, 268, 303, 349

– and configuration in whirling motion 18
– damping effect to 21
– of PWL model of cracked rotor 312
– theoretical 267, 272
restoring moment vectors 24
resultant unbalance
– force 78
– moment 78
resultant unbalance 77–79, 78. See also

static unbalance
Reynolds condition 242
Reynolds equation 239–240, 241, 249
Riccati differential equation 405
right-hand grip rule 27
rigid body modes 202
rigid body rotation 27
rigid coupling 211
rigid disk 329–330
rigid rotor 1, 5, 12, 67. See also balancing
– vibrations
– – equations of motion 43–45
– – free whirling motion and whirling

modes 45–46
rolling element bearings 199–200
– comparison with plain bearings, 200
– geometrical imperfection 204–205
– natural vibrations of outer rings 202–204
– rotor resonances supported by 205
– – due to directional difference in stiffness

206–208
– – horizontal rotor vibrations due to 208
– – due to shaft eccentricity 205–206
– – vibrations due to rolling elements

passage and shaft initial bend
coexistence 208–209

– vibrations due to rolling elements passage
200–202

rotary inertia 49, 58–59
rotational speed 14
Routh–Hurwitz criteria 127, 170, 245, 398,

400, 431
rubber mounts 263, 264
– effect of 264
rubbing 215–217
– backward 215–216, 216, 219, 220,

221–222
– equations of motion 217–218
– forward 217, 218, 220–221
– numerical simulation 218–220
– suppression 278–280
– theoretical analysis 220–222
Runge–Kutta method 173, 179, 189,

312, 388
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s
sampling 374
– interval 374
– theorem 375
secondary critical speed, 110
self-centering 18
self-excited oscillation, in system with

clearance between bearing and housing
222–223

– analytical model and equations of motion
227–228

– analytical model and reduction of
equations of motion 224–226

– experimental setup and experimental
results 223–224

– mechanism 229–232
– numerical simulation 226–227
– synchronous whirl stability 228–229
self-excited vibrations 161
– friction in rotor systems and expressions

161
– – external damping 162
– – hysteretic internal damping

162–167
– – structural internal damping 167–168
– due to hysteretic damping 168–169
– – system with linear internal damping

force 169–171
– – system with nonlinear internal damping

force 171–172
– due to structural damping 173–176
self-sustained vibration 174
shape functions 331
shear deformation 49, 54
short bearing approximation 241
signal extraction 374
single-plane balancing 70, 71
single-speed flexible rotor 68
skew angle 12–13, 71, 73
– coexistence with eccentricity 70, 77
– and coordinate system 104
– detection of 72
– elimination of unbalances in 69, 70
slowly varying time 191
soft-bearing balancing machine 72
– principles 73–74, 74
Sommerfeld condition 242
Sommerfeld number 243
specific unbalance 77
spectrum analysis 373
speed range stability, higher than major

critical speed 19
spring constants, of elastic shafts

41–42

square pulse spectrum 379
square wave spectrum 377
squeeze-film damper bearing 139, 140,

264, 265, 266
stability analysis 187–188
stability chart 245, 246, 247
state equation 403
state observer 404
state variable 403
state vector and transfer vector 359–364
static balancing machine 71
static deflection 142
– of rotor 47
– variation, during rotation 111
static unbalance 80–81, 82. See also

resultant unbalance
stator 1, 4
steady-state
– oscillations, of teetered two-bladed wind

turbine 295–298
– solution 101, 102, 109, 192–194
– vibration 93, 184–186, 386–388
steam turbines 283
– construction 283–284, 285
– vibration problems 286
– – poor accuracy in couplings

manufacturing 286–287
– – thermal blow 287
– – turbine blade vibrations 287–290
steam whirl 5, 252
stiffness matrix 328, 332, 335, 337, 340
strong nonlinearity 116, 139–141
– chaotic vibrations 144–145
– equations of motion 141–142
– harmonic resonance and subharmonic

resonance 142–144
structural damping 161, 167–168
– self-excited vibrations due to 173–176
subharmonic resonance 6
– of order 1/2 of forward whirling mode

130–132, 386–388
– of order 1/3 of forward whirling mode

132–133
summed-and-differential harmonic

resonance. See combination resonance
supercritical-speed helicopter and power

transmission shaft 63
symmetrical rotor system 93
synchronous oscillation 257–261
synchronous whirling response 33–34,

42–43, 60–63
– of damped system 20–22
– of undamped system 16–20
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t
teetered two-bladed wind turbine
– Campbell Diagram with 292–294
– steady-state oscillations of 295–296
– – chordwise bending vibration of blade

297
– – flapwise bending vibration of blade 297
– – gear 297–298
– – low-speed shaft torque variation 297
– – pitch angle variation 297
– – teeter angle variation 297
– – tower vibration 296
– – wind velocity 296
Thomas–Alford force 252
three-lobe bearing 248
thrust bearings 236
tilting-pad bearing 248
time window 385
Timoshenko beam 49
tip clearance excitation 251–252
tracking analysis 373
transfer matrix method
– forced vibrations of rotor
– – example 371
– – external force and extended transfer

matrix 367–370
– – steady-state solution 370–371
– free vibrations of rotor
– – disk–shaft system 366–367
– – frequency equation and vibration mode

364–365
– – state vector and transfer vector

359–364
– – uniform continuous rotor 365–366
– fundamental procedure 351
– – forced vibration analysis 355–359
– – free vibration analysis 351–355
transverse crack 309
twice per revolution resonance. See

double-frequency resonance
two-lobe bearing 248
two-plane balancing 69–70
two-pole turbine-generator rotor 112, 113

u
ultrasonic testing 308
unbalance
– continuous rotor 13, 53
– couple 80–81
– definition of 11
– dynamic 79–80, 79
– elimination 69
– equivalent concentrated 77
– in lumped-parameter rotor system 12

– resultant 77–79, 78
– rotor 11–13
– specific 77
– static 80–81, 82
– vector 77
uncoupled system, vibration modes of 46
undamped system
– free vibrations of, and whirling modes

14–16
– synchronous whirl of 16–20
uniform continuous rotor 365–366
uniform elastic rotor 336–340
universal joint 211–215
unstable range 100, 186, 188, 315
upwind turbines 291

v
vertical deflection, of rotors 112
vibration suppression 263
– ball balancer
– – countermeasures to problems 268–270
– – fundamental characteristics and

problems 266–268
– discontinuous spring characteristics
– – asymmetrical shaft unstable oscillations

suppression 274–276
– – countermeasures to problems 273–274
– – fundamental characteristics and

problems 271–273
– dynamic vibration absorber theory

263–264
– leaf spring 276–277
– rubber and 263
– rubbing suppression 278–280
– squeeze-film damper bearing 264, 265,

266
– viscous damper 277–278
viscous damper 277–278

w
waterfall diagram 237, 373
whirl 14
whirling motion
– decomposition of 15
– response curve and configuration in 18
whirling velocity derivation 238
window function, as countermeasure for

leakage error 384–385
wind turbine
– Campbell Diagram with two teetered

blades 292–294
– equations of motion derivation 299–302
– excitation forces in 294–295
– forced oscillation 302–303
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– natural frequencies 302
– parametrically excited oscillations

303–305
– rotor balancing 298–299

– steady-state oscillations of teetered
two-bladed wind turbine 295–298

– structure 290–292




