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Aerodynamic Damping Calculation of Steam Turbine Last
Stage Rotors based on Harmonic Balance Method
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(1. School of Mechanical Engineering,Shanghai Jiao Tong University, Shanghai , China, Post Code: 200240 ;
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Abstract: A one-way FSI simulations of low-pressure steam turbine last stage rotors in both unshrouded
and shrouded forms are carried out by using harmonic balance method. Aerodynamic damping results of
unshrouded blade for different inter-blade phase angles ( IBPA) show that IBPA is a significant impact on
aerodynamic damping and there is a period range ( —30° to —150°) in flutter situation. With shroud , the
feature of aeroelastic stability changes significantly and it is stable in the whole travelling wave domain.
Due to the change of mode and amplitude,the phase of pressure disturbance induced by the vibration on
the pressure side no longer significantly changes with IBPAs , thus the aeroelastic stability rule on the orig-
inal unshrouded form is destroyed.

Key words: harmonic balance method , last stage moving blade , shrouded blade , flutter, inter-blade phase

angle

Wi B HA:2019 - 05 -29; #&1THHA:2019 07 - 12

HEHE 5 E AU R B (2018 YFBO604404)

Fund-supported Project: National Key R&D Program of China (2018 YFB0604404 )

EEET 8 (1991 - ), B R E A, IESGE K B 9EA | E - mail: kimihp@ sjtu. edu. cn.
BIEE ABERE(1975 - ), 5, LB3CIl R Rl .



- 48 - M

e zh h T &

2020

El

ill]3

X FIAKBNREEHL, R TIREE ST, H
RIESCRZ S A RIAE RS A g K. Wik, —7F
AL 5 52 PR 5 — I, b
IV i v 93 95 R B8R 0 4% 50 1) S A A8 3 06 ™,
S5 T ¥ v e AR 4 R BELTE BB T T £
RpyEstE. BT L EFEE, HRTARE T T4
I 22 (B384 L AT o <5 AT 0 40 il A A 45 40 B
o Sf i G B R A AL PR SR A9 B IR . Rice 5 AP XF
M A AT T AR R, KB
AR E R S R A R, (ELRAE N it
9 —35, X F B i % 2 6 B4R A 5 AR SR R
i,

MR —A~ 32 3 TAR S OCTE R G, M 48 ML Y
AEREMNRNIIR T —HER R, R FERA
DAL (9 S0 A JER ) 2850 7 Bk DAl v A i
Rt o AR RIS LAY TS 5 RO A B A
TSR T CH A AR, BT BT RE A Y B ik
o) B W 5% 7wk, E B A REAE M 2% R RE &
Bendiksen F1 Friedmann'®' 3% F 454 {8 322 % A~ [&) H- 4
AR 1) I AT T P9, Carta'® S 4R H T iR
TR SO ks T, )
FHo

A B v 38 o T i 3 R Y B {ELAE T A
R KA S ERFE . FoRRERIE T AT
B, 1 FH RS A 2 7 4% A1 AR 95 AS ) 6 I i) 6 52 £ 3
frmEdr e Fi e, A 20 gl A% EHTE,
A . Hanamura'" $8 4 T 5% 0 Z 50, B 2
A HE Y —N 4 sh , R B L3R4S 0 s
W ERCHE A v, T S R BB . 4
A NP SR I R AL R AT TR, 1k
Wrae e NI R B S ~ 7 3B SERBEA EAT T i
RARBEHHR  AUR 2 — AR E %A s mT LL§
BErA o EAAAA T RSB, Erdos F
Alzner ' ] F -4 AL AR EGS 49 FEL IO A A A 4R 1 T 4
P AER FE ) R4k, He™ LT AH {07 18 31 & b 1
N FEFAX R A S AT B o A
TR b AT B M R, R B A
YU, He 1 Denton' ') [ J5 465 1 7 ¥k 4 i 3] = 4k 37k

. Gerolymos % N\ 7 EERE F X (52 4T
At 245 DU (e L o LM, R R T WM T Bh et
R AL ERSIR R E =R EFH IR B
AR 2 A BT AR A AE R R 30 R A AT RO
EARE B E BT A AR B R B9, Hall '
P TR BOT A, K R E B Tn) R 1k A M SE R T
RECR fif , AH G T AR E B R BT R N S 2,
(BB [R] R AU/, IR A B LS B i, R —
i o RS0 TR S A ikt .

AR PR T AR 838 ) )30 4 B8 T
B HE RN FE VLR AL 800 mm A ZR gl 57 X
WP ARA TE— S i S R AR
PR BNBEJE , SRARA A it Rl AR A7 A T MBS Bh R
Je AR, X e i T AN E ARG f T 5 i 3 EdE
H T [ i S sl BEUE 2 A B9 EE fE o

1 BARAE
1.1 BEARE
I3 ERINR- 2 R T e 1123 8 W3 T

TR
. o
R et [BEAS

B

B

Bl HREETER
Fig. 1 Flutter prediction methodology

A %o BT P 4 38 38 A0 AT LA AR
J5 X R B FIRS LA 2 T R4 B SeEAT CFD 2%
T, IR U IR TH R 4035 SEbn EIE Tk
HR AT AR T %0 5, {E ) 3 AT LA 28 it
B ACEGERE . Rl E B ARG A i R T R
oy ik BE R0 18 ok R A i 2 A BROT (FE ) AR £ 4
R RS Ao SR oA 77 T, 5 25 IR sl
TREHE IR EE A 3BT 45 SR A S 0 B B TR 7, oR
ik R B LA AR AR S AR Y,V o BRR T A
Ao Bl S I o BT S BT 5 B AR 2 4R R 1 S F
CFD [ 2T , H) FH 3l WA S AR - 7% [



24

W, 5 TP AA R ALK G A B e TR e

AR SR AR B , ] i A (6] B i) A 37 £ B
At B ARERTE AW s AHENH 5 < sh e F
Hr R RRE .
1.2 geE%

REEIE I Fr PRl A HI A S5 /M AT e R Ac e
F19 A B2 X SR 1 L 2R AT A, AR X AR P R
AT RE [ SN FEHLRE R , T FR(E IR ZhRE & , LT RE A
SR CRE R, ARSI INE . Xt T A i AT,
ARG LR e/ T B FE  E i — R s E
S 2 AR E B R Sh 2 89 IE 00 A E Wik R R
RH,

A TSI
Wose == [ [pv nddds (1)

s TR0 AT p— it R E ST 5 0 —0 e
BB R BE; n W by R OE ) A A0 R
KR,

AR SCHIK] 18 | 7 AL PERHJE T T RS
shEHJE e SCA -

- che
Euw = m (2)

A ¢ —EEIRIE, P CFD HhiRIE « 5 5TRIH
— SR ¢ Z .

Mg, > 0m, SEERHIIKIE, RERE;
Yg,.. < Omt, AR, REA TR AR
SEW . TEE VLR, 2P JE R A, i IR
—SE LR A W , R R R AR SRR, R Y
ZEHIBEIR A J2 LA 52 4R A 3h BHL 2 X 8 e 1 £ T
HRE , RGEA 2R
1.3 i T

EEFFEN Y N - S FRHETA RAR
B, TSR B EUE R

al
VE+R(U) =0 (3)

A v, VI % B4 oE i AR R U—<F fE A B
R(U) —5%%.

I FH - S8 LR R DI PE4 A Br R (s B AT
8 L4, 08 My DA s B

U(t) = U(t) = Z;Aﬂeﬂm (4)

s U(e) LBl FAG 45 78 0k n— i i) 385 IR
B5 A, —n WY REI A

XTRZERAELRUBA I, XK (3) A
Hilk:

iMM (-jnwVA, +R) e =0 (5)

TRt — AR SR LA A SR S0P A AR
B 55 B 1] U4 AR A AT PR, B U R
PR3N FALIN (2M + 1) A2 49 S AE AR i o] & .

U = [U(),,U05),, Utyy) 17

U(,) —HRsIFIIANES i Mo ZIMZERE. [
B, 5220

R* = [R(3), ", R(2;) ", R(ty1) 1"

U* Al i PR

U* =E'U (6)
E™' — B8O B AR

o e.f""w‘l o e’fM@‘] o
E = oMok i oMot

| gMetams1 P e Metay 1 |

U = [A_y, A ,A09A+l""!A+M]T
KR(6O)WARB)HERLERE" &

- jwVE'NEU® +R* =0 (7)
P N—XF LT M B il i 690 f AR Fe . TREARYH#E
SHBEWIER[19] .

AR 2 (7) A A 0, BT A A
REEFDAERF 6 S50, {1 B i 4 30 ok HEAT R B X AG
Ko

TR, A HEAR 3 2238 40130 R
U e ] VA S 5 A 4 4 R B T, 47 L 53
ST, RS R T B SR A B R X T
ISR 3 AN G R R, (R, AR, B3R AT R,
SEHTE LTS S A

Up (1) = Up (1 + AT) = Up, (1) ™ (8)

Up,(8) ~ Uy, (¢ = AT) = Up,(2) ¢ (9)
Ko AT = B/w , B—MHAIARL A . ORE AT
AR THRE, JORA HHRE I

%ot - M AEUE , SCHR[ 20 BRFT A 0 T 774
0 M1 RIS 4 R, X 7 T
M TEEI 3 A RSB R SR, A BT )
i M L3,



« 50+ M

e zh h T &

2020

2 MIRNH

LA ML 800 mm AL T A 24 s i B4
IR TG ST R, RS R AR R R
W Z IR, i R S 11 mm, SR M %L
R 96, RSN Ky 50 Ha, ARG 84351k H
H eh o 5 2B % B 7 24T B 2 T, P RD
BB R 2 B, X A dr A, TR i
3 mm [A] B ; FESE PR A7, MR AL F B 90RA, i
2 FEBE 8 T SR W el R AR B T SR TR S IR R Y
BB EWIER, EF R, RS ERH A
JUfarss 2, ot R R S5 H . 4E CFD 3, ff
FARGE R B L s R, TR SR KR RS E
BYFRAH K, TR A Sy SST M8 | 1 R & ikt
T F 2 YIRS R P, 3 HRE R R
JEA A I 45 e I A A AR BE, i 1R
S RS S

(@ A

(b) B A

B2 R LR
Fig. 2 Geometries of both blade forms

R H T2 , A B AR IR A5 A v 2
AT T el X FHHEAY, MM %
B, ARG R B9 [ AR A R B e A, (R
e R Z 0 T AR, TR R Ay CFD g
B, B AN X T 3hid 2 xS B8 5Tk i 8 i
IR IRE R, £ CFD BR o B (A 1ok

CFD 1 FE 4% 43 5 5% J| ANSYS TurboGrid 1
ANSYS Workbench #4734, 22 Rk IS5 AL RHE
S0k PR TC O UE LA , BT SRe F 9 A 5 s
F 1 fi/m. CFD &% ANSYS CFXI18. 0 #4T,
S H R L A AR Y, B4R R SR A R AR
LRy HTE ANSYS Workbench | 34T .

F1 FEEBEMET B

Tab. 1 Number of nodes for different models

iy 258 CFD (P§3iE) FE(M-J)
e 1219400 72280
e R 1097460 83405

3 HESERESH

3.1 #RESHh

XHT E R, AR SR 28T 19 45 SR A D B AL
T HEATREZS BT, BT 6 BB A SR ANS% 2 fis . M
H— B LA (— ) Al— B s (=B ) 4R
RGN 3 Brm o

F2 BEIANMEFNE(Hz)
Tab. 2 The first six eigenfrequencies( Hz)

— M —kr =W iy Tilr 7<Br
95.039  176.81 345.96 512.92

270. 81 426.47

- ./

N

(@ —Frh (b) —Briiee

B3 BHMHESRE
Fig. 3 The 1st bending and torsion mode shapes

vt A 45 2 AT T 2405 5
SR IR AR R S R T
AR AR A i B LT 7T B2 T A
BN AR S A, B A
A AT (0L 4 L X BB, 7T BRI
PR R4 B 7 A BB A7 R

X TR ST , O 7R R, A —
M AT A R R TR, B
M A £ AT B

360° x ND

A =N,

S ND— 58, A FAT R, 7T AN

(10)



24

W, 5 TP AA R ALK G A B e TR wal =

PSHE; Ny, —M 78 R B B9 IE SR B TAT BT
[ JE 775 5 e 7 [l A ) o
T3 GHH TR, IR T —
AR EAE AR, X ST AR AR L 1 ARk Ay P [ A o
Ao WRATR, MR R FARA IR , X T A
A5, B LR B AR AR BRI B B e
o, AELEH T B0 T B A, BT LA SR 5 A A L
FOH AR R T — e HWRA TR, It A
8RB AR RLASFEAR 7] , b i 5 1) 249 SR T iR e 44
FH ARG R AR BESE A, [ A B 3% BTt
®3 BEREMAFATEE-—RESEFRE
Tab. 3 Eigenfrequencies of the 1st
family of vibration

ND B/(°) f/Hz

0 0 92.636
+8 +30 226.04
+16 +60 305.75
+24 +90 304.71
+32 +120 300.41
+40 +150 296.44
48 180 294,92

K4 T A drt RAA Bl B A TR — Ry
BRI AR M ) 470 1) A g U — Ak 3V S Y
fiio MFM A BEERERE S FRHRFAERST R, &
KIRIEHFERE £, FmBdA R, EAH T
LAz, B WaEs TR RN I RS S
H it AR AR B AE TR, Wl © 2T R
HIW AR JEF R FESIRB IR S BB K
b, FEEEFRINAE T 24 o DL B KA S B
BT, STRAT 16 LUE, ARETETHREA
AR R T2

FESE oA g SR o AN R T B H A — B
B ERETR TSR —-ESKIERE T A
F AW BT WS, VS AES, Bk
AEAI i 2Z EAFAE AN 22, BB, % F
AN AR I T — B HR BU 4% O 1) AR I 4y AR AL
OB £ 10°5HE A, ZEEATT,

3.2 EHMASEBERITE

Xt B R AT T — B 2SR PR A Y B

THE, (Rl R F B4 2 T A7 e B Y B e 8 TR

BT T Sk

SCHR (20 ] a8 30 - 15 A L3 AR s TR
T, R ETTRERMRERE. BSHHET
—r S ES T WM TR RX . WTRIEH,
BRI B A 45 R A R, SEPRA X R 22
3% LI,

100 +
80 =
& g0}
i
t =
20 -
0
100 -
80 =
g 60|
£
40 ==
T fliE - ND=224
20 - « ND=0 —+ND=+32
« ND=x8 -ND=+40
o ——NDzx16 — ND=48
0 0.2 04 0.6 0.8 1.0
el
(b) i1l

B4 —MESEXRREREE—LIEEHESR
Fig. 4 Blade mode shape description

0.30
diakl o — S T
- « —FrEh EE R IR
ﬁomr—*QME%ﬁWWQ&
™ 0.5t
= N
g 0.10
I 0.05F
ﬁ 0.00 == — =
—0.05 | X\FJ/ e
-0.10 . . ‘ . _
-180 -120 -60 0 60 120 180

- [E] AL £ /()
BS5 —KdphisERSSeERe i
Fig. 5 Predicted aeroelastic stability of the

1st bending and torsion modes

P VRT3 I BELJE il 26 Pl B 30° 1



< 57i# M

e zh h T &

2020

] ARAL A A BEJE LU BRI 3 4 45 T AW i [a]
AEBLA Y ERR T, PR 7 25 B s 2 A SR/ e
B HAE L. TESERR TR, AF 2 W TR A i ] 25
BCE R WAR A B 17192, X TR [R] ] AE 6z
A, BT BAR B CSURE O , BT 7 fr A O
i E)7E 90 ~ 140 /b2 h], X FE e A rARE
WHEB,B =0°mf TR mf[E] A 54. 5 B/ ;8 = 180°
TSI ] D 102. 2 /NS5 B = + 90° B T i [A]
252 210 B/, BAAORE  AEAH R AR LT, BT
FT AR Y, (EAH SRS A R R A B AR E
WA AR L [R]AR AL M T 7 B S R A
TV A A A P L . X F A, il AR
WA 2 BT A A BT i T A ) B 1] DA i
AL 4 15

F4 HBTEEMEEEEEETRE

rHiEE L TR R R D RER
Tab. 4 Best model reduction of IBPAs with two methods

TIE
B/(%) —
BT BT

0 1 2

30 12 2

60 6 2

90 4 2
120 3 2
150 12 2
180 2 2

P 5 et 5 T — s i AL RS T s
Je g oA, MEIFRRTRLE 3 FAE—FEE,
8N BHL @ b 32 i i) AR 47 A 22 Ak (9 5 ma JE 8
= e R W S o TR T T K £
-30° ~ —150°Z [a] i}, B BHLJE e o T fE, it A g
ik FERRA, HAESARERAEX A
RS A B AR X R — 2, {5 25 ity A5 % B e A2 £k 31 Rl i
KPR BHE b B /M B /N i A
Ao MR R - 90°RT , — B Hi AL A 19 < Bh
FEJE LR 3 T e/ ME, B2 - 0.09% . fH L] LLE
H A LT — B L s, — B i ST F i R R
PaFRE MR A AR
3.3 BEFENSEEENFIT

2 A3ro 4 e W N i o 11 = v B D 2 N i B
XA — R S 0 T I X I PR T AR,

i S — R RS A AN A i — B iR A N R
SIFAJE A 6 B o

T T % 0 5 A2 Y [ A R S R AL, BhE
JE He R 26N T B 26 A0 IE 5% PR B 4 A, e AR
R RS LR teBR A, IR L B = 0° A X FRA,
PN E K NFEARIT R . 33X AT LAIA Ay S Bl s Xef i T
TR ALY AR B , XA (6] 1 A B R sh e B
AT I S B AR AR, B R IS S BE JE L AR R
T A TR AE A A S AR R R . e E
Bl R she th 2 ¥ 72 0 LA L, BIAE M (M) AR oL
FAAR A B I I iR A TR R R RS .

030 T B mF
0251 « FEHHHF
g 020r
g 0.15F
PO
) .0 ¢ BE
& \/ T
-0.05 |
-0.10
180 —120 60 0 60 120 180

- (] AE AL #1(°)
Eo6 WA ShEREL
Fig. 6 Predicted aeroelastic stability of both blade forms

BT EAGHTRF BB T At i 2
SLOREBCT AmM R TR SR KRR
PRSI EL A AL AR (B = £90°) T A9 A 3R TH iy
By oh S B A , BRI I it BB 8 AR A e () A
PN, BT ST A0 — o SR R A
FES A A fE L. BT T LE H, ANiE
i T8 2R BT A f I TR ARL7 £, i - i o B B
B REE A A B YR LR SRR B A
Xt I R e R T 5 X Rl i R i
¥R AT, 3R AT R A< sh B B R
B 4 70 el A5 - - 2 1T R R S e ) L 48 ) (o AT
FITRA AR, AE %o 137 A 7] g o (R] AR £, FR]— P 6
5% [ 7 B R 3 46 44 1) B A B A Kt O
It (] AL AR R — 90° B, i 7 He 7 o A &) 4 A, S Bt
B H I TR T3 Al Je ot AR o, B4
Wh i &, 5% R e BN B &, (E 7 (4 IE B ofi B
M R R T 8 2 R A S A O SR
R B4, X 5 B B R S e
A %t



24

W, 5 TP AA R ALK G A B e TR =3

m&ﬁﬁ

0 75
0.50
0.25
0
-0.25

TFEEIE

-0.50
-0.75
-1.00

RS
1.00
0.75
0.50
0.25
0
-0.25
-0.50
-0.75
-1.00

FRHEH

—

B=90°

=-90°

1707

v

B WHE  EAE RAE

7 MARENHP-UHERZE

Fig. 7 Time-averaged normalized wall power density

distribution around the blade surfaces

TFEREI

EAiEE

B=90°
L)
1 I180
| 135
90
—45
0

-9
I—135
-180 .
M)
180
I135
90
45
0
—45
90

3

Ejﬂﬁﬁ

-

Xt T AR R B A, R AR AL A A S, 48R 22
oL M R LA B R RE RS TT b
Wi, X R R v AR s A sh il S5 B AR A
PRhR I, PR 22 18] B R A3 222 % i R i s A5l
TR SR, ZHTHY R R AE L
()R A7 M R AP TE B X BRI I, 224 ]
FHALA Hh 90° 7%k — 90° i, JF T ] By - - i 59 i
Yy LA IR B, RO AR T 90° 4 T £
MIIES) . IERM T — R H W0, R E A
RS EBE et 25 B R B R IR S B
LT 4316

HTHE—BRFEM R E AL, E8 AT
Xt L B8 R AR R R R AEL S AR 204 , Bk
el R T A R T . P R ARG LA A
TRAE ARG IS, H I R R X IR
Yesh B SRl AR A 230 0 2, R X B
Fn YL I S ¥k s BEAR {22430 180°,

H1 T A Hi A RBY S  BA— , B LAEAR B B4 i 6]
HRALMA T R R e 2 — 3, R IRIR
DX BT P TOUAT J 4 B 5 (LAt LR (o7 A 42 T i
Fr REPCBIIE T) AL, SEAR XS DAL, 2 B 35
PRI IRAV R LT S e, T BT D B 3E

B=-90°
AT iﬁfﬁ/
) |

10
' il 135
“08

06

04
I02 I—135 '

. aml - | el
At AHBLI(°) .
77 \

2 180 f
' 135
“08 S0
" 45

0.6

0
'0.4 =4

- 90

“02

135 -
' ol
! _180

FE AR isakic L

B8 MArREHAXNENRESHELSE

Fig. 8 The distribution of relative pressure amplitude and phase around the blade surfaces



- 54 - M

e zh h T &

2020

Bl It I IO 24 SR A iR B i 43 TR &
F% , BEL A S -] A 2 £ T 32 1T R T MR AEL 43 A6 A7 AE
W2 HREAR L2 R K, 16 B[] AH A7
T B A T A 90° B FE A i, i s R AL A
F F P ot LR 04 U, X R ) R A R AE
AHRUEY IR o SR 1T, 24 (8] 407 A R — 90° B, AR [R]
T A R, B 5 R TR S 4 B A AR IH
FEI 0°, BXARE B T YR W A R G

HRAEE 7 B 8 B b g SR, 3 E A it 95%
I e b T B 5 70% It e Ak BB A TR 9T, L 9 LT
10 ffERE T X Rh SR IR A AL

M9 "I LLE H, B i R — B PR Y 4
PRI, DRI AR [ e e A o e IR R T 5 1) AR AR AR K, 4R
R/ IME IR B TR ARER 85% LA B, XTI,
FRIHE I 3R 0 AT 18] )5 S 08 I, R S WR i LT 2
ALY 2 £ .

LOF Atk
5%
i) T
=
® 08| 2
= *
E o4l -0 BT
: T0%"
06} __.-="
0.5 . : - .
0 02 04 06 08 10
EADTA S

9 MR ZEERIE
Fig.9 The relative amplitude of the blade

along the chordwise direction

P 10 45 7 Xk o 25 I o 48 AT 9L T ) RO T
i I = g AN R M e TR R - -
ARSI BR A7 B X R T R e g B B ) X R, D
B TR i 2 A0 P 3 T R 4, TR TR 4 R R 3 R IX
B, TR AR EE O, 3 28 DX A T 1 e sh X T
i B R Sl S R AR, FE IR 3 JA N S R B B R H v
i WEHRAT AR Y, T R G B e A
TCIE 2 T0% 2 95% MR i, 1 -5 R W 7 T P
G5 2 Sy R RS T HHAHE A R
BEo XHFE B R, BT IR 30 AT SR 2 iR
BEAIDT , P T g 410 3l ¥ B 2 32 o] A 437 A 5
Wi o T FRA A A, Fh TR AR R A 2R AR, X

TR A1 RS , Hok 3h B 40T T AE — 1 BE [ 2 H9
I N AR B , PRI b 4k 32 2 e [a) A 437 £ B3 i 22/
R, BEIM LA 3 e ARG 2RI/ s (ERS T
TTRT2 V8 A SRS R L/ , (B 7 B K0 B4R 30
(LA I A 5 4[] A 2 ) B2

AT
K
I 1.00

0.76
0.53

0.29

0.05

(@) BT OSTR R (b) FARER 0%

B 10 EMEEEaMELSH
Fig. 10 Relative pressure distribution at

constant blade height cross section

4 % it

(1) WEBCFHIA T R B SR S AT iy
THARRE H IR A5 R B R B R T 4 3k
TR A H IO 6 % e, AT Rt w1
7. B, X FARR M, PP E A
B[]S A 4807 1 W BB {E R 174

(2) T @R, —Br 2 R 2 — 4 5%
PRBUIIAELY - 30° ~ — 150° - [a] AH {57 £ [X. ] A2 AE
SEATE X, HA—a iR <3 ek
02 B B K, ELA R B /S, PRI T B AR,
SEPEAT A HE N s 3 R 5

(3) L% BRI, b TAHLBM R =205,
P B (7] A 90 3 ) 4 2 2 i 3 28 19 A2 A g 72
A, eSS BEJE L Bl - 1] AR 37 F f) 22 A6 AL AR A ]
T H M A, B TR ERE;

(4) B M Rt AR T B i A6
R PRPR T Rl B 2 RS A R B A AR A
Sk, MR T MR IRIE RN B B RZES X



24

W, 5 TP AA R ALK G A B e TR

« 55 .

W i s 1 T 1 7 A St AR (57 Bl - [ AR 7 ) i A
AR, BE MR T M 2 - PR A RE R sg
%m% o

S 23R :

[1]

(2]

[3]

[4]

[5]

[6]

[7]

(8]

9]

FUHRER C,VOGT D M. On the impact of simulation approaches
on the predicted aerodynamic damping of a low pressure steam tur-
bine rotor[ C] ]. ASME Turbo Expo 2017 : Turbomachinery Tech-
nical Conference and Exposition. American Society of Mechanical
Engineers, 2017 ; VO08T29A007 — VOO8T29A007.

5=, 5T, BRI, . RFR AR G i A B E A
WAL, $AESHH TR ,2009,24 (1) :31 - 36.

GONG San-wei , ZOU Zheng-ping, YANG Zhen-ya, et al. Numerical
simulation of fluid-solid coupling of blades in the last stage of a
steam turbine[ J|. Journal of Engineering for Thermal Energy and
Power,2009,24 (1) ;31 —36.

RICE T,BELL D,SINGH G. Identification of the stability margin
between safe operation and the onset of blade flutter[ C]. ASME
Turbo Expo 2007 ; Power for Land, Sea,and Air. 2009 :147 - 178.
X SCRR] , MBS Xof 2 T T Pt 1 S R A 1) AT K v
PrRBds PEr B 3 [T, db R 2 R K= 4, 1986 (4)
120 -129.

LIU Wen-ge,FENG Yu-cheng. Analysis of empirical flutter predic-
tion method of blades and establishment of a flutter data bank[ J].
Journal od Beijing Institute of Aeronautics and Astronautics, 1986
(4):120 -129.

BENDIKSEN O O, FRIEDMANN P P. The effect of bending-tor-
sion coupling on fan and compressor blade flutter[ J |. Journal of
Engineering for Gas Turbines & Power,1982,104(3) :617.
CARTA F 0. Coupled blade-dise-shroud flutter instabilities in tur-
bo-jet engine rotors[ ] |. Journal of Engineering for Gas Turbines &
Power,1967 ,89(3).

HANAMURA Y, TANAKA H, YAMAGUCHI K. A simplified
method to measure unsteady forces acting on the vibrating blades in
cascade[ J|. Bulletin of JSME,1980,23(180) ; 880 — 887.

B AT 7, ERESR. ESHLRAER S L R g
(=) ARE R BB ]. 2274 ,2008,29 (4) :795 - 803.
YANG Hui, HE Li, WANG Yan-rong. Experimental study on aero-
elasticity in linear oscillating compressor cascade. Part I; unsteady
acrodynamic response| J |. Acta Aeronautica et Astronautica Sini-
ca,2008,29(4) .795 - 803.

TR, AT, IR, 4. R m gL R s L
HHEIFEI]. 21254 ,2011 ,43(5) :826 833,

ZHANG Chen-an,ZHANG Wei-wei, YE Zheng-yin, et al. An effi-

cient method on aerodynamic damping coefficient caleulation for

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

turbomachinery [ ] ]. Chinese Journal of Theoretical and Applied

Mechanics,2011,43(5) :826 —833.
ERDOS ] I, ALZNER E,MCNALLY W. Numerical solution of pe-
riodie transonic flow through a fan stage [ J |. AIAA Journal,
1976,15(11) :1559 — 1568.
HE L. An Euler solution for unsteady flows around oscillating
blades [ J 1. Journal of Turbomachinery, 1990, 112 (4 ).
714 -722.
HE L, DENTON ] D. Three-dimensional time-marching inviscid
and viscous solutions for unsteady flows around vibrating blades
[1]. Journal of Turbomachinery,1994,116(3) ;469 —476.
GEROLYMOS G A,MICHON G J,NEUBAUER J. Analysis and
application of chorochronic periodicity in turbomachinery rotor/
stator interaction computations| J]. Journal of Propulsion & Pow-
er,2002,18(6) ;1139 —1152.
BIRZR , BdeV-  2e 10 8s , 5. ARG 28 3R 11 S 2 (e i S AL AR
SR 43 A o A9 R R [0 ). AL =5 3 ) 22 4R, 2014, 29 (8) .
1846 - 1854.
YANG Xiao-dong, HOU An-ping, LI Man-lu, et al. Flutter analy-
sis of turbomachinery based on phase lagged boundary condition
[1]. Journal of Aerospace Power,2014,29(8) ;1846 — 1854.
HALL K C,THOMAS J P,CLARK W S. Computation of unsteady
nonlinear flows in cascades using a harmonic balance technique
[J]. ATAA Journal ,2002,40(5) . 879 —886.
THOMAS ] P,DOWELL E H,HALL K C. Nonlinear inviscid aer-
odynamic effects on transonic divergence, flutter, and limit-cycle
oscillations[ J |. ATAA Journal 2002 ,40(4) . 638 —646.
Wi B, PRURR, BER, AF T AR IR E W WL R
REFIL . A2 2240 ,2014,35(3) 1736 — 743.
CHEN Qi, CHEN Jian-giang, XIE Yu-fei, et al. Application of
harmonic balance method 1o unsteady flow field[ J ]. Acta Aero-
nautica et Astronautica Sinica,2014,35(3) .736 —743.
MOFFATT S, HE L. Blade forced response prediction for industri-
al gas turbines; Part 1—methodologies[ J|. ASME Paper No.
GT2003 - 38640,2003.
THOMAS J P,CUSTER C H,DOWELL E H,et al. Unsteady flow
computation using a harmonic balance approach implemented a-
bout the OVERFLOW 2 flow solver[ C]//19th AIAA Computa-
tional Fluid Dynamics Conference ,2009.
PATIL S,ZORI L, GALPIN P, et al. Investigation of Time/Fre-
quency Domain CFD Methods to Predict Turbomachinery Blade
Aerodynamic Damping[ C]//ASME Turbo Expo 2016 ; Turboma-
chinery Technical Conference and Exposition. American Society of

Mechanical Engineers,2016; VO7BT34A028 — VO7BT34A028.

(XTH %HH)



