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ABSTRACT

The Oscillating Fluid Mechanics Theorem and Parametric
Polynomial Method for research flow induced vibration has been
discussed. Systematic study on various flow induced vibration in
power engineering are presented, such as stall flow induced vi-
bration, flow induced vibration in wind turbine, oil film induced
vibration of bearing, labyrinth seal flow induced vibration, un-
uniform coming flow induced rotor blades vibration and the cor-
relation between rotor system torsion vibration with flow induced
vibration etc. It can be the reference book for researchers, engi-

neers, teachers and students studing in this region.



ol

I

HAEERETEISY R EENEENE, B EHNT
BRI, SR AAHMIRABRAINANRERLET,.BW. T
R T B ER TR SRS AT BT AR R M ] B AT IR A BT Y
LB 1EE LEBUT S EE KR A3 ) TR & LK R %
B [0 R B 5 M X MU 5 AR B4 R AR (S BB X 3 o T8y
R EMETHITET R RER RN ER. ARYF
oty TAZ G T AR BRI B ST S R U S e

ERPHERNE B THEERRAEENTRARE XE
BfeAlte a9 R SO L ERCD E PR SIR FE: T2 5. F
KRS NLERRVAERRIR Y E: FOLESHL TR
7 B RL A T 5 FhK S TE B R M A B B AR O T 5 R RS e
FE 3 SR WA B MR T BT AR R IR S R R %
BT TH BT R K BB AR AR 2 B i i 1) B A B0
WE.

AR/ R EEERET R BEATH RS R
TR A R EEREEEE TR &M, I
— IR U R

&

1997. 6



TEFS K

fH e 23

B

RERE

BitEERE

W B R %

ERIEH

1k ¥ Wsh 148

HTHE

Witk EH

VRS Y; S =

s Ve Ve DFIHEEREV TE .0,z BiF @08
Vo Ve, V. DRIHEERBV E 2, v, 2 BIF LS8
W 3k B R B i3t IR sh ik v

w BRI EMRYIRE THEMBIRANEERE

W,y wpy we SHIHMNEERBRE 0,2 B EHH R
Wey Wyy wr THHHNEERERE £, v, 2 8IS
a,f ML

p AR SH K E

pe TRHLBN K B

e WEEE

T WAKTERY Y

TERQOQOEQ

< 9w =




D

4
[y

FERL R 3L
ik 28 B

YT HER: A
R IR 3 A



FEEPTETE covereveerecrernineemninesen et ses s sessssseseas semesn s
BEID  recrnenerereeeetne et sesene seeserene sessesbaeses ses s eresen s snsann
ST EBIRGIR DR DREIREE e

$1%

[ e e
~ S N AW N

L P

2.1
2.2
2.3
2.4

L KR

3.1

HmA -

ﬁﬁzmﬁﬁ&%§$ﬁﬂ
SR B MATTEN R A

%&g@ﬁﬁ&m*ﬁﬁﬁ ........................
ﬁ%ﬂﬁ&ﬁl&%#?hiﬁﬁ

BE CETBIEER) oo eremrereronenne
HE R eee vee e ereesereasrassassnas

RERAEA DL BMEALESL - ceeeereneeans
RS ZYEA TR oevvrnconsarininannas

o A, . L PSRRI
PR BT vereesrressronersettisnniietunnieeenniasinneens
F AR BB BV RN HE N e ove vesvemeresonanronannnennns
P T 12 B BB RAL TR oo veeevennrorersnsasneenns

KWTLRPNBHS|MASGE e

--------

XIII

*e 15
- 18

22
24

28

- 28
.o 29
298 800 35 )

41

. 53

- 53



3.2
3.3

3.4

FaeE

4.1
4.2

4.3
4.4

4.5

4.6

%J‘Emﬁﬁ%_‘&ﬁﬁﬁﬁ"'""“""” csesssessannen
OB B K VMR 2 = M e voeves e
3.3.1 BHERHLBS S E AN KERIIR
3.3.2 HRIEESHERGEERIR -

3.3.3 WBVAEETLRFMFTRER

wﬁmiﬁﬂﬁﬁ eeesesterssnsssnasasnnansennanara
ﬁ%n+wﬁ%m%m§;§ﬁm% ................... ‘

R B B BB cvev e eenenes

ik -

vigiite Jl:SINAE I

Hﬁﬁ%ﬁﬁﬁﬁ%ﬁﬁﬂﬁﬁ?wﬁ
TRENH T TCIE T B AT T eorevererereorersorens

mﬁﬁ?ﬁﬁﬁmﬁ%“ﬁﬁﬁﬁmm
H 5 =0 e

m*ﬁgﬁﬁﬁﬁiﬁﬂﬁﬁ¥ﬁﬁ%

& & i AT RUE AT

4.5.1 EE%W&%W&&E%%EE

AT

4.5.2 ﬂﬁﬁ%%%ﬁ%ﬁ&ﬁ%%ﬁ

ST e

4.5.3 Nﬁﬁ?%ﬁﬁﬂﬁﬂﬁﬁ@

mmﬁ ces s
Nﬁﬁ?ﬁﬁﬁﬁﬁﬁ%%%ﬂ%

L2 A
4.6.2 mméﬁ%%i

%E&ENﬁﬁ*WHmﬁﬂﬁﬁﬁﬁ
ceeses 155

o4

<« 5§
LEE RS R 57
LR L] 93

= 154

158

creess 165
ceeees 175
- 175
- 184
-- 192
R kT

4.6.1 mﬁﬁ?%#ﬁ@ﬁﬁﬁﬁ iy
ceeeenes R K1
== 199




-

5.1
5.2

5.3

-

6.1
6.2

6.3

4.6.3 LESEIEALIRH LA LR rererrerrererenns
«« 208

4.6.4 EIGLER TG A M oeeeererernenn
FhAGH BB
i -

5.2.1 HRBER HMEIFEIE

5.2.2 Hﬁ@ﬁﬁﬂﬁﬁﬁﬁ%%ﬁﬁ
WREFSH - "

Bk -

6.2.1 REEREHHANTEE--
6.2.2 mmﬁﬁﬁﬁﬂ%mﬁﬁﬁﬁ%
ik A .

6.2.3 mﬁ%ﬁ%ﬁ%ﬁﬂﬁﬁﬁﬁm
cessss 9289

IR WA B R

6.2.4 RGWKAZHE %Xxﬁﬁ%ﬂﬁif

%Xﬁﬁﬁﬂﬁﬁ%%ﬁ
HELeH -

6.3. 1 %ﬁ%ﬂ@é%ﬁﬁ%ﬁ%ﬂﬁ

REH -

6.3.2 ﬂﬁﬁﬁﬁﬁﬁﬁﬁ%ﬁﬁﬁm

FRIER) HgR -

6.3.3 ﬁﬁﬁ%ﬁ%ﬁﬁ%?&ﬁ 2T

ﬁﬁ%ﬁ%ﬁ%ﬁ@ﬁﬁ%ﬁﬂﬁﬁ%

%ﬁ%ﬁ%ﬁ%ﬁﬁ%ﬁmﬁﬂﬁm%ﬁ

202

= 219

«» 219

222

e 223
ﬁ .......
cereeaees 236

228

255

-+ 255

- 264

- 264

- 272

cevees 207
«» 301

- 301

- 307




27E

7.1
7.2
7.3
7.4

E8E

8.1
8.2
8.3

FEH R FEFH B IR oo —

Eh_ tesess seeerennasc st stcactorsstnccsarstone
%ﬂm&ﬁ%%%ﬁh
%ﬂﬁ&%m_%ﬁﬁﬁﬁ seeseeees
mﬁﬁﬁmﬁéﬂwﬁﬁﬁimﬁﬁ%
m%%%%ﬂﬁﬁ?ﬂﬁﬁ_ﬁﬁﬁﬁ
7.4.1 i{@pﬁﬁ& . resssscescraa
7.4.2 ﬁ%?%ﬂmm%ﬁﬁm%ﬁ
7.4.3 m@ﬁZ@ﬂﬁmiﬁﬁﬁﬁﬂ

B IR R RIET reeeernrciininininine.
7.4.4 BHUIBRESERAFHLE - ooecrorsromiennn

BRI IR S H B IRAEBEI o ovevvevveoe

BER coovrevrrensanene e
*ﬁ%%ﬂﬁﬁ#%#m@ﬁ%§¢ﬁﬁ ---------

R W AR TR LB ooovvsoe

- 311
-= 315
325

- 334
«» 335

- 338

342

= 357

367

[ AEX N XN 367

368
379

388




CONTENTS

Nomenc]ature R LR LT Ry LT PR P P P PP PPN S il

Introduction L L O T T T X T T LT T Y I Ty 1

Chapter 1 Oscillating Fluid Mechanics Theorem For
Analysing Flow Induced Vibration ----:-eseerieiiees 4

1.1 Generalization s-sssssssoressssrionennantoninnnuneniienieennes 4

1.2 Basic Relation of Parameters in Oscillating

" Fluid Mechanics +ssrererrereessiisineietinniniinnnnieniinn, 5
Basic Equations of Oscillating Fluid Mechanics  +-+ 7
Oscillating Boundary Conditions  «s+ssesssseseensasnns 15
Oscillating StreamLine Model  «tcseeeeeceaiiiniii. 18
Criterion On Stability of Flow Induced Vibration -+22

Local Linerization Theory in Oscillating

[ T N Sy w—
~ O U

Fluxd Mechanics LR N O Y Y T uu 24

Chapter 2 Parametric Polynomial Method For
Solving Oscillating Flow Field ------++eee.. 28

2. 1 Generalization PP RN 400000000 0000000 0NN IRELIBILIRTIIEYR RESR SIS 28

2.2 Basic Theorem of Parametric Polynomial
Method R L R R Ll L R T T L e 29

2.3 Characters of Parametric Polynomial Method «--+- 35




2.4 Solving Process of Parametric Polynomial
Method I N N T N N Y N N N T Y Y R Y YY) 41

Chapter 3 Stall Flow Induced Vibration in Steam
Turbine Under Various Performance
Condition (Stall Flutter).--.cceeeeeneereencenens 53

3.1 Generalization et+sesessessesasssessacssasiasssnssenseass 53
3.2 General Analysis Method of Stall Flow Induced
Vibratlon cseessesessccsesencecacsesnncsccnsnsccsssscscssnnss G4
3.3 Three Dimensional Numerical Solution of Stall
Flow Induced Vibration in Turbomachinery s+« 56
3.3.1 Three Dimensional Steady Stall Flow
Solution in Turbomachinery sesssrsssscecisass 57
3.3.2 Three Dimensional Oscillating Flow
Solution in Turbomachinery «s++seseecescecies 93
3.3.3 Analysis Example On Stall Flow Induced
Vibration in Steam Turbine Under Various
Performance Condition see+ssseessesescssciares o8
3.4 Experimental Research On Oscillating Flow
Field of Vibrating Cascade +++es+eeserevssrnrernanenns 130

Chapter 4 Flow Induced Vibration in Wind
Turbine Blades «-ccccccvvercevicnciicierenvianacnns 154

4.1 Generalization seeessessecscrocssesccocccssssssscesssscsnoas 154
4.2 Application of Energy Method to Analyse

Stability of Flow Induced Vibration in Wind

Turbifie eeerecssssescesvsocsccescacsoscancsssasssecsssssnas 155

4.3 To Determine Two Dimensional Unsteady
o VI »




4.4

4.5

4.6

Aerodynamic Force of Vibrating Wind Turbine
Blades Using the Velocity Potential

Amplitude Method +++ses+sseessesneecssarasaeeerareness 158
Three Dimensional Unsteady Aerodynamic Force
of Vibrating Wind Turbine Blades and Analysis
of Three Dimensional Effect =eccecceceecrccrcrccenicnss 165
To Solve Oscillating Flow Field of Wind Turbine
Blades Using Parametric Polynomial Method and
To Analyse Its Stability - 175
4.5.1 Solving Method of Invisid Oscillating

Flow And Stability Analysis - 175
4.5.2 Solving Method of Visid Oscillating Flow

And Stability Analysis - 184
4.5.3 To Determine Vibration Mode And

Mechanic Damping of Wind Turbine

Blades cree 192
The Experimental Research On Flow Induced
Vibration of Wind Turbine Blades cees 196
4.6.1 Composition of Experimental Apparatus

On Flow Induced Vibration In Wind

Turbine Blades ssesterescsesesrerssniassaniens 196
4.6.2 Measurement of Aerodynamic Par-

AMNELErS +++ s serrensarannrnnsnssanssnssesaesessss 100
4.6.3 Some Relations of Experimental Data

Processing ss+ssseeesesees ceee 202
4.6.4 Experimental Results And Its Anal-




Chapter 5 Analysis On Qil Film Induced Vibra-

5.1

tion In Bearing Gecees seseescasarssnssnans vosses e

Generalization ®SS 000 EEP L N00 000 EN SN OUEIENILIETITE RES SES

5.2 To Analyse Oil Film Induced Vibration in Bear-

ing Using Oscillating Fluid Mechanics Method

9.2.1

5. 2.2

Calculation of Steady Flow Field And
Static Character

Dynamic Character And Stability Analy-
sis On Flow Induced Vibration of Bear-

+ 219

«+ 219

e 229

- 223

ing cereceeesrereesannns . 228
5.3 Analysis Examples of Calculation - 236
Chapter 6 Analysis Of Labyrinth Seal Flow
Induced Vibration - 255
6.1 Generalization esseseeerseevinnninn. + 255
6.2 To Analyse Labyrinth Seal Flow Induced Vibra-
tion By Oscillating Fluid Mechanics Method +-+-- 264
6.2.1 Determination of Labyrinth Seal Steady
FIOW steesrersresssrcncsrecenenconncanns . 264
6.2.2 Simple Introduction On Determining
Method of Labyrinth Seal Characters By
Two Control Model +eseeeeereenen. - 272
6.2.3 To Solve Oscillating Flow Field And Dy-
namic Character Coefficients of Labyrinth
Seal Using Oscillating Fluid Mechanics
Theorem - 282
6.2.4 Comparison of Labyrinth Seal Dynamic




Characters Between Oscillating Fluid

Mechanics Method And Two Control

Model Method sesececessesssiscssscessassacacns 297

6.3 Examples of Calculation seesssessscetcainnicscecasees 3(]

6.3.1 Stability Analysis of Flow Induced Vibr-

ation In Full Labyrinth Seals of A Steam

Turbine seeseeessscssccscicaccastncsscesecseasases 301
6. 3.2 Comparison of Static and Dynamic

Characters Between Straight and Oblique

teeth seseeserecrcncitaiiitiseccctsisesensssncens 3()7
6.3.3 Application On Trouble Diagnosis Using

Flow Induced Vibration Analysis of Laby-

rinth Seal sesessesesrecerrmnniatiiiniinnesenns 309

Chapter 7 Ununiform Comining Flow Induced
Rotor Blades Vibration -«-cccecovirveieinannen. 311

7.1 Generalization s=-e==sssseeeercesssercrrorsesroseenresenses 311
7.2 Experimental Research On Wake Flow Induced
Vibration ss+essseeeessercansnnaserenccsaasersrnsesasssances 315
7.3 Two Dimensional Numerical Research On Wake
Flow Induced Vibration seseseessesesersrrserseneness 395
7.4 To Determine Three Dimensional Unsteady Aero-
dynamic Force in Rotor Blades due to the Wake
Flow of Stator Blades Using Oscillating Fluid
Mechanics Theory and Parametric Polynomial
Method  sesreeererseninmiiiiiiisiieiriiacieineerereeeens 334
7.4.1 Amplitude Equations <-secesereeseseccecncss 335
7.4.2 Polynomial Representation of Amplitude
e X -




Parameters Suited For Analysis On Wake

Flow Induced Vibration «seseseeevescenceeces 338
7.4.3 Basic Equation Representation To Solve

Amplitude Equations Using Parametric

Polynomial Method «+eesessesssssssseesrerees 342
7.4.4 Calculated Example and Comparison

With Experimental Results seeseesececcenes 357

Chapter 8 Research On Correlation Between
Rotor System Torsion Vibration and
Flow Induced Vibration ---ceccccoeiiiinniee. 367

8.1 Generalization seseessssessccrorsioiacionruninnieeesiennnes 367
8.2 Basic Equations For Solving Unsteady Aerody-
namic Force due To The Rotor System Torsion
Vibration +ssseeseseentmmnniiianiiiiiieniiinni e, 368
8.3 Analytical Examples of Correlation Between Ro-
tor System Torsion Vibration And Flow Induced
Vibration ssssetesseerctinniiiiiiiiiiieiiin s, 379

Reference ccccceviriiiiiiiiiiiiniiiiereietieiteecenssererossnsscnrare 388




