o516 #5455 5 W 2018 4E 10 A
1672-6553/2018/16(5)/453-9

¥ E®EHF R

JOURNAL OF DYNAMICS AND CONTROL

Vol.16 No.5
Oct. 2018

MR ANTSHIARENRERTIE

FH' OKEH

Lk

JEE %

(1LEBR¥ MizfiRkFR, Bl 200433) (2. FFMARS TP, FifE 201108)

WME T RGP SRR 7ER A BROCEE Tk e int, 55 57+ 7RG 40 MU R R — 4 A R
JURETRY, RV 509 [l S X AR, B XY R BE R MR K TH R A it — 2 Pt D R
THEUAHY AR BE AT AR G SRR A BN A A e 2 IR R AT SR O SRR B I L S
HeA 1) SeAME PR, TR DR UESF AL AR A R 10 o ek R B AR A5 1 28 1R, 3 el 9801 S5 A B A 1 T LA
A RS R, feli A 3 2 A AR IS HAT AR B R k. ST LU 23 S Sl Lty e 1) 1P s P28 28 g 1
FIXFGH HORS A0 4 — AT BROTAE AR A ) S A8 | b 43— 2 S A B TT AR D A58 B ) B2 7 il 5 PR
S BB T35 B 37 S RS Tt B LA R RS, B0 T 2 307 156 00 AT PR e .

K#gia Ixah, v, sk,
DOI: 10.6052/1672-6553-2018-030

51

il

T RIR SRR R 52 328 38 0, N 4
S PR T ity 7 St P (R 5% 5 5 A Y Jeffeott 5
T BT BB S 2 AR E R
FUU W ST B N4 M O vk R I e gk s
Fe s, e R R R S A, R
FE-Zh G A S TR R T AL B (R an SR
F -6 A A AR A R T AL A IR 4 5
B L AR R DK TR TR ATRE S R
], PR AR O Ak S R FH e 7 A TR BRI U,
F 56 3 — B T R A S A (R4 TASE L A B A A%
FLA HBERE N 3 3 RO o g s AR 1
F P O = 2 AR T I RO

A BR AT S — 3 15 FH A B ik, Ak
VPR TR P oy Wit 880 ) 2 et i SR
9 Hsieh 1 Abel ™) 54 % RE e e -4 10 5% 5 AR
2R, 43 B 20 A R4 v R vk ST A PR OTA
%Y. Genta H1 Tonoli'® 5 - F-2H A Fg R0 0 TS 0 3%
Tr 5 JEAE N, B A7 T B A A R A BR TS A ] A%
H %";[7]4% Nastran v FH T 555 038 20 A0 [8F5 PR
SR .

2017-09-25 B4 1§ ,2017-11-02 B E k.

PR 4 2R

ARSI R H SRR, s
T FROTA AL R A BB S A B 4 . Iy
TR SR A =28 R FH I 28 1m0 o o e e 1 2 722
e RN 32 S I PO S o S S o
DU AR S - S 2 A Y AR R, R I A 0 b i A el
R R A B = AR N Kaza A Kielb! "’
SR i SERSOCA S AR | Turhan F11 Bulut' " #
ST LARRAEART 83 R R AR i i) BRARURC AL

TEPCA 45 0 T b & 290 B 5% - DL
FET WL SEH AR A SIL R GER R R AL JE R, o
ib— 20 % JE T 0] 22 G M Fr-48 £ R Ge i 3 g 2 o B
() J7 ¥, — S22 5 B TR L Y A3 A AR R R R
LU Pan AT EES, TS TR A AR A
FROTASTHY | S = 4 SR R 55 4l 0 FR 282k Y
RIS T, BEASH A 42 w5 48 2 25 4 1) 40
BRI S5 WK B2 A SCVE & ML ] ) PR GE1Y H
2 ) B S BORBEES o3 B 45 2R et e 4 4%
ROk AT RRHEARIL ) 158 AR BRI AR | e Bk
BRI R R PG B A A AT RIS 4 19 Pl

ARSCEET Z R SE S 1 Y 1 28 4% 0] 5
PERIXT BRI B 2H G A | RE R I 41 G Al 1) 25
-5 Jl 1) FHLG ) Bk S S R SR FH 0 O vk S ot

* E R ARBERA (11572089) 9% B3 H AL i B S W2 7RI (15QB1404600) 5% B35t H

+ iR E E-mail ; tangguoan@ fudan.edu.cn



454 oo 5 oE o M

2018 4E55 16 4

ZATBUAAE T B )2 SR 3 IR A8 5 Pk 5
ZHROPIE, 5 LA A IR A9 1R 22150 H AR ek 5L
/MU R E SRS B 2 (e

1 MHRANEEFEREEIRE

K1 R R R AR BE SRR — A e R
R AR S S A b S B Al AR D (el %
PREEASE ANTS 4 5. o 1] HR 91 B 22 2% i R A5 A
RIESZ SRR AR, anlEl 2 FrR.

Y’ Shroud

P 1 BTG A S 2 A 7
Fig.1 Object:Bladed disk model with shroud

«c»

P2 I 2 Ak A
Fig.2 Initial and equivalent model of blade group

1.1 IEREERE

WCM LR TR M, B i Sl 1
1, RHERE R p,. W Fr N AN B Sl i) 2 A2 53 1) 2
Ry 1 R, 1 TRV EROF AT 22 0E— 1, PR 15
TR AR B B2 SR A6 0 7 AR S B p =p, , T
JEE AR I S PR A2 b DR I JEE B R AR 3R A h

. R,-r r-R,

h(r)=hy ——+h, ——

R,-R, R,-R,

H by F by SN AN 5 SR AL

HRAE R PR A (r) |, 38 3 B0 45 31 Al 1Y) S
AL S5 50

R 277/\ " N
it=p[ [Th(ryrdodr = "2 (hit, + b, 1))
Ry” 0 3

(1)

" R 277/\ T N "
]==pf%f0h(r)ﬁd@dr=—fg(h0Q + )

(2)

Hrp

R*+R,R,~2R,’

i,
M,=2R,’-R,’-R\R,

1,=R,*+R,’R,+R,R,*+R,’R,*-4R,’

1,=4R*-R’R,~R*R,’-R,R,*-R,"
SFRCARS 00 4 R LA TR (] Y S5 A
st B M=M,, T=1,.1(2) AT AL KT by
HUhy BEPETTRE4L

T . A
?p(hOMO-’-hIMl )= M,

T} A N
?g(h010+hlll )= I,

(3)

SRFf(3) TIAS hy F1 A, B0E TR 53 A PR A A ().
1.2 IRRSEESH

1 TR ARl S M e 32 20l e o AR I AN
A7 e A LA [R] A A S o] 41 5. 70 Ak B B0
M A SR, i R R — AR R AR bR R
TSRO AESZ AR IR SNV T 52 % 1 R /N
J5 e RERS PR A A i i — B A kS L, S
SRPH BB AR BE 7 SV AL il ] 4 fin 28 mT 7
A A A R TS IR

TNTE 3 Ffrs 73R 2% 1) S PR A A4 ) 32
bR R LR AL BR RIE N 0,-%,y,2,  o-vyz, HA& A
T EAPRY Ay, SRR ) BRAR A AR 1 T
x, SR IEL « A —1-9e M a. AL XY IR
e T P RS R ER At A ) 20 g, B Y o
RN PRIE — 35 B ROR 1) — B, L E o
FURER 35l A AR AR

K3 PR Aob e s T R R

Fig.3 Material principle axis diagram of annular plate

TEM B ERAR PR R T, SE R R Y IE 5245 17 5



LW R A S RO R AR R T 5 455

5 5 1]
=D& (4)
b BPERERE Dy
d,, d, d;
d, dy dy
D~ dy; dyy dy 5)
d, 0 0
0 dys O
0 0 dg

TH dy,,dy e dg 38 9 ANTEE B S B RIS
SRR bR F AR RR R A S S
F SR ABFRRT

D=T D,T," (6)
Hrr T, RN 5 R, 5/ o AR

FHAS 1] S PR SR B AR S A5 2, 12 Bt ol
Jr BB RN E] 4 BT 7. 32458 LA [ A A3 ] A RR
TR EAT  RTRES B x = {d,,, - ,dg ) BIPREL,
FOh 2 j B A RIC o, (x). B TR I 5521
BEA—EREL I @,(x) Fl i i 4L BRI
AR o, FAEIRE @;(x) —o,. 8T I35 1 5E /1
PSR x WA R 22 R T RE /N O, i E S
SHURIALE AR LR MR (7]

min f(x) = Y [@’(x) _w’]z

jecC ;

sit. xe X (7)
Hr X WS R TAT ES, ¢ HIRIIBS
BT

i TR
B e,
AN A A
RS P AT,
LI DS SO SO AR
GRS SIS e e STy
E SCSSSOSSIIOCSS LFRLLARERLARR IR
e RIS T
S 2RSSy

Z
3

O O e,
SN
OSSR

SO
SRS
TSRS
IO S0RS8R
TS SCSS I STS
OSSN
oS

Pl 4 SR e i P AR A R

Fig.4 Equivalent elastic annular plate model with shroud

X FARZEPERLRI IR (7) , Hbm R f () 2AR
LRPER, AT REAFAE 221 Jm T gt | 30 6 7 245 5 B

BT AS R, A REAR A R /M. 5 2
B 25 1 3 S RO (B A A 53 07 k.

2 HHERRAEESHEE

B SE R R s AN 5 s, Herp K8
STy A I 4 JRL U ER A HER BRI 4 R (5
24 R R A DX (3 i M R A S LRI BR A 7S TR A )
SRR R MR A 0, v,y 2, FEMACAR
PRFR o-xyz 58 y RS o 135,

K5 BASAGE PR A

Fig.5 Diagram of equivalent model

SERUM A e /INFIR Ry AR T AESFE THT 5 woz A
FRIEEAT, 23 9 TR aa - 7 g A i st Ak, AT
Wz J7 ol A B2 5 AR et A ) S s [ ] K AH
85 B/ AR R 2 A BR T HEE TS xoy ARBRTATEAT
e/ N R AR AR I 71 T W K A4 7 P THT
[ RE RIS =R (1) Frs R RE R A (r).

21 EAREIE

B 22 SR SR I, AS 0 KA, A0 45
A (7) Frie Tt AR B A X (] AR G i 2 Y
SRR AT A R R AR T RAE At RV 5 18] o, 2,
ML A3 0,2, J7 Ta) A TE N A8 AN BB 7™ A2 1% 5 1) 4 1
B3, B (5) SR D, R dyy =0, [F B,
i dss=d,;=d,, =0. %8 H] d,, 5 = 4EAR A 4k
AR TEJREE 0.1 WARMBLAS sz m A 3, 0
AR, AT RIE AR R A -

d,,=dy (8)
d i x J7 I N AR 5 G R y Jr N 1 2Z e, B
A dy, RN W e AR B2 W IR AN 3% LA
AL HAE BN -

dll

b5 ) (9)
HAR = AR 1 3 S8 dy, o d gy TN dg, AT
ANIE] T B 27 SR S AR, #1755 388




456 B hoE s

JL Oy« SR80 I AR B A2 AR [R) A1 7 57 A AR TR) Y
AR SR i LGNS T f, FNAN 1A m AR E b
IRAERUE I AT SKAG (R, S5 R0 e T B2k e, 52
I AR T dR /N R S L
oSSR PR U HES A R 2 A
SEATHES B4 B A5 i B SRR S A E S BB Y
TR AHE R Y AT 7R B A A b 2R 8 B 1 S5 500
2Rt F B s AR T ] 1 A A T U BT A B R
IOV EZN it
22 HEHIEESHHEELR
B R R A = i, 7R Z B — e A )
(L&A H ) BN T R ARIE AR u 2 6
TRAZAL a WL, RN
u=N(x,y,z)a
(10)
/\EP:
u= % LL,’U,W}T, a= %(ll ,(12,(13%
Ny(x,y,2)  Np(w,y,z)  Nyg(a,y,z)
N(x,y,2)=| Ny(x,y,2)  Nyp(x,y,2)  Ny(x,y,2)
Nyy(%,y,2)  Nyp(x,y,z)  Ny(a,y,z)
N(x,y,z) BB TR IERI46 M Fr 52 F1 )5 B SEBR 22
TWBGE. AR TR 5 7 A9 A8 7 .
£=Pa (11)
FIFA K 5 BT A58 J135) , v T W B2 B v A 35 o
SE ISR SR, SO N 1355338 6T iS40
PREOE T
o(d, ,d,,,ds)=De

T

(12)
B3 ATAG S S AR E -

1
V(dn ,dlz""’dﬁo) = ZEUTSdQ

(13)
IRFR 48, O AR IR 25385 = i MR 1 S B R FR ke 2 B =X
(11) \(I2)FRA(13) AT — 20 5 17 AR g
IO TR BB a 19— IRBE .
V( d11 ’d12 y e ,de.e): %aTAa
(14)
Hrr,
A= ﬂ P'D"PIO

(15)

I = - 74 2018 4F55 16 %
[ N, N, N, ]
0x ox ox
N, oN,, N,
dy dy dy
N, N, Ny,
0z 0z 0z
P= (x,y,2)
oN, 0N, ON,, dN,, ON, ON,,
0z dy 0z oy dz oy
oN, 0Ny 0N, oNy, 9N 0Ny
dz  Ox dz  Ox dz  Ox
oN,, oN, oN, oN,, ON, ON,
+— +— —
|l dy Ox dy Ox dy Ox |

HES I 5 e A R T B A Ay f,
ARG e, WS 7 368 A58 = HEAR A RN

W= [[u'fds = b"a (16)
Hrr, S
b =ﬂN(x,y,z>des (17)

T AR S H A5 A4 = 4R 52 3 T Y 52 PR /N DR SE.
AR S 5 A E R T AN A m
e 0 WTETHEASENIN, 205 m, 0 B (16)
g f,u BIA].

Z5 b, IS RS2 AN I E S IE 5 1 S A
RAWTF .

1
H(dll ,dlz"" ’d(,ﬁ): V—W=?aTAa—bTa (18)

WG /N RE SRR SE(E A E) TRk

a(d, ,d,,,dg)=A"b (19)
B (19) IR (10) H 15 BLS A AR T HE 28
HOETRE 2 S0 E W

u(d, ,d,, - ,de)=N(x,y,z)A"'b (20)

WA R 2R 2 AR [ 1 7 T 19 A2 T8 A6 B 4K
(B AT 223 A BRIGHER 1 70 A 3], S L 45 s o7
B, icha, %,

u(d, ,d,,,dg)=1 (21)
RT3 7 R, SR A5 A5 B R 28U, D
AR Ry = 4R TR E SRR,

3 &4l

BOIRRILR - AT AN 1 1, S A 72 %
W, BERE 50X 51 oA, SEARONE KRB 500 A1 B B
ZEIE R AERON A SO B AR , W 6 H TR ERAR



55

LW R A S RO R AR R T 5 457

EARUERY 508 XI5 DX k. e R B XA S5 200

B, Getbiest Sl 71 YRIAS 20 R 20 535305 1Y
—HEFR A,

6 S50 i 2 = A e BRI LA RS 7R R I8
Fig.6 Geometric size diagram of three-dimensional annular plate

of equivalent blade group
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Table 1 Parameters of blade group
Parameter Value
Inner Semi Diameter R;/m 0.2351
External Semi Diameter R,/m 0.3542
Mass M, /kg 8.9402
Moment Inertia 7, /m* 0.3596
Mass Density p,,/ (kg/m?) 7800
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Table 2 Parameters of shroud

Parameter Value
Height b/m 0.0295
Width d/m 0.0013
Mass Density p©*) / (kg/m?) 7800
Young Modulus E/GPa 211
Poisson Ratio p 0.3
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Table 3  Natural frequencies of initial and reduced model

Natual frequency comparison 0 Diameter 1 Diameter

Frequency of Initial Model 341.28Hz 263.64Hz
Frequency of 3D Reduced Model 326.89Hz 267.09Hz
Relative Error -4.18% 1.31%

SO T 1 A R AR AR ST
=Y G SRR SRS AR S ) ST R X L ]
NP 10 P, B A M (L2 26 i o B A 7R
LRI 5 A SAICHE Bk, m] DL, =2 4 SR
A SR R AN L, B RE IR A R B A L
Fity it 1] - J] o IR SR 5 00 3 B e I, SR Y AR AL
ST 1 REAR 24 ] UL [ AP - B B AR A BR T 20 A

1 A i ERCH |, B4R RS R4 21 A IR B 4% 50
AR HA ) IR R

@, =326.89 Hz
(a) A SEATI R BSARTE S ek R
(a) Model deformation nephogram of 2D reduced bladed disk

©,=27824 Hz

@, =326.99 Hz @, =267.09 Hz

(b) =4 A AR AR T S e R L&
(b) Model deformation nephogram of 3D reduced bladed disk

10 45 = Ent S R TURLS T BT e B 1]
Fig.10  Comparisonof modal deformation nephogram for

2D & 3D reduced bladed disk

TERG /NI b R el P 42 8 T g [l
B R B A 1 X B ) ) S0 T R A AR R
B RUBE b S Al Jo S0 1P A 3 T LA 0 259 J5
A, SR AT A5 A R B AR JRE DR R e AR o T
Fir 2L AR S5 AR AR B, 2 S P 4% TS P PRI M 5
KRR E A i 2 = A R OCRE R 7R ORAIE P
Tl R R M OLRAAE RS — 5 e A T i A 15 e A ] )
ZRAETR 20 3 R A PR AR A Y 5 M A A S
0, (AT B R R R 25 S R 114 = [T A A3 A RIS
SRAMUUAFFE.

BRSO 2R ia T S 1A T Y
e/ NSBEAEIEURE, 45 T AT AT 1R E A5k
BRSO TT 1 JF LA K shpLs i e i AR T 7o
R AR T O BN HTSE 9], 7R T BT 4
R AR T B IR S E 00 E 19 5 g 4, 555K
PR AR AN AE LA A R AT RIS FRRE A1, SO RROR
i, A BN T T R R S g e R e
¥ 7 ZRGU LA LT 25 R B BORS B2 A A80R e it



460 PR ST I S 2018 4F5 16 4
S I R4 SR AR, ~94
10 Huang S C, Chiu Y J. Shaft-torsion and blade-bending

2 £ x W

WK e e s A bt Bl R,
1990:1~7 (Zhang W. Rotor dynamics. Beijing: China
Science Publishing and Media Ltd, 1990;1~7 (in Chi-
nese) )

EICsE R, PRI B - E R G A RS S
Hr—C_N BF EXSFREE M RS L5 5. A ) 224,
1988(1) :17~25 (Wang W L, Zhang J, Chen X J. Mo-
dal analysis of coupled vibration of blade and disk-modal
synthesis of symmetric structures in C_N group theory.
Journal of Solid Mechanics, 1988 (1) :17 ~25 (in Chi-
nese ) )

PR, FAE5E  VEAE L. 2220 M B 454 3 3 FRE o B
9 —Fh k. fizs 8 2, 2015,30(6) 11507 ~ 1511
(Chen Y D, Wang Y R, Xu Z S. A method of structural
dynamic characteristics analysis multistage bladed disks.
Journal of Aerospace Power, 2015,30(6) :1507 ~ 1511
(in Chinese) )

[ 'SR i DAk L iR S U AW e LIF L R SRS e
FH4s | 1994 (3):75~77 (Zhang W. Some problems of
modern mechanics in rotor dynamics. Science Foundation
in China, 1994(3) :75~77 (in Chinese))

Hsieh S H, Abel J F. Comparison of two finite element ap-
proaches for analysis of rotating bladed-disk assemblies.
Journal of Sound and Vibration, 1995,182.91~107

Genta G, Tonoli A. A harmonic finite element for the
analysisof flexural, torsional and axial rotordynamic be-
havior of blade arrays. Journal of Sound and Vibration,
1997,207(5) :693 ~720
JER ARG, S 5. R e AR G
RGARFE TR R R S BT, 2000, 13
(2):36~39 (Zhou CY, ZouJ X, Wen X Y, et al. Cal-
culation of the blade disk coupled vibration characteristics
of gas turbine. Gas Turbine Experiment and Research,
2000,13(2) :36~39 (in Chinese))

Srinivasan A V. Vibrations of bladed-disk assemblies-a se-
lected survey. Journal of Vibration Acoustics Stress and
Reliability in Design-Transactions of the ASME , 1984 ,106
(2):165~168

Tang G A, Ding J, Xu X F. A new method for stress anal-
ysis of a cyclically symmetric structure. Applied Mathe-
matics and Mechanics-English Edition, 2000,21(1) ;87

11

12

13

14

15

16

17

18

coupling vibrations in a rotor system with grouped blades.
Journal of System Design & Dynamics, 2007,1(4) 748~
759

XAER sk, T M A f-h R GRS AR 3h
b BRI R S ESE, 1996(1) :30~34 (Liu T
Y, Zhang J, Wang J M. Blade-disk-shaft coupled vibra-
tion analysis. Gas Turbine Experiment and Research, 1996
(1) :30~34 (in Chinese))

FEE TR, EHZE 3-D A MRICE: T R Ge 8 T4 it iR 1
RS LRE T 1 Ko 1. iz 3 144, 2016,31(8) -
1929~1934 (Zuo Y F, Wang J J. Component mode syn-
thesis for dynamic reduction of 3-D finite element rotor
system and its application. Journal of Aerospace Power,
2016,31(8) :1929~1934 (in Chinese) )

Kielb R E, Kaza K R V. Effects of structural coupling on
mistuned cascade flutter and response. Journal of Engi-
neering for Gas Turbines and Power-Transactions of the
ASME, 1984,106(1) :17~24

Turhan O, Bulut G. Linearly coupled shaft-torsional and
blade-bending vibrations in multi-stage rotor-blade system.
Journal of Sound and Vibration, 2006,296 (1-2) :292 ~
318

Bladh R, Castanieri M P, Pierre C. Effects of multistage
coupling and disk flexibility on mistuned bladed disk dy-
namics. Journal of Engineering for Gas Turbines and Power-
Transactions of The ASME, 2003 ,125(1) :121~130
Bhartiya Y, Sinha A. Reduced order model of a multistage
bladed rotor with geometric mistuning via modal analyses
of finite element sectors. Journal of Turbomachinery-
Transactions of the ASME , 2012,134.0410014

Pan W, Tang G, Zhang M. Modal analysis method for
bladed disks based on 3D blade and 2D axisymmetric disk
finite element model. Journal of Engineering for Gas Tur-
bines and Power, 2017,139(5) :52504

Fg IR SEH, FEE . B TS BOMRE R )
W A YR 5 IR 3h o M O 1. B e SR e
2016,14(6) :526~532 ( Jiang M, Zhang M Y, Tang G
A. A coupled vibration analysis method of bladed disk
modelbased on equivalent blade group of annular plate
with variable parameters. Journal of Dynamics and Con-
trol, 2016,14(6) :526~532 (in Chinese) )
BT ke, B AR . LR ¥ 5 ARk, dt
IR R, 2005:131~142 (Tu M W, Zhang



55 5 1) e RN URE S 2N TR §E L RES 461

X, Ge D Y. Engineer elasticity mechanics and finite ele- HAe. ALat Bl iR, 2004238 ~257 (Chen Y K.

ment method. Beijing: Tsinghua University Press, 2005 A practical course of finite element dynamic analysis and

131~142 (in Chinese) ) optimization design. Beijing: China Science Publishing
20 FEFLBR. MSC.Nastran 5 FRITE) 1 dr S iz it 5c A and Media Ltd, 2004:238~257 (in Chinese) )

AN EQUIVALENT MODELING METHOD BY SIMPLIFYING BLADE
GROUP TO AN ANNULAR PLATE WITH VARIABLE PARAMETERS”

Jiang Meng' Zhang Meiyan' Guo Qiwei’ Tang Guoan'’
(1. Department of Aeronautics and Astronautics, Fudan University, Shanghai 200433, China)
(2.Research & Development Center, China Academy of Launch Vehicle Technology, Shanghai 201108, China)

Abstract Complex rotor system usually contain multistage bladed disks, which result in tremendous DOFs when
leveraging FEM to analyze its dynamic characteristics. Computation efficiency also remains to be improved since
the DOFs of single bladed disk is still large even though leveraging the rotation period characteristics. With the
purpose of DOFs reduction, simplified and equivalent modeling of single bladed disk can be treated as a feasible
way. In this paper,an equivalent modeling method is proposed to simplify the blade group into an annular plate
with variable parameters based on the criterion that dynamic characteristics of annular plate canstay approximately
the same as the original one. Physical parameters of annular plate including geometric and material parameters
can be obtained by theoretical derivation and calculation. In the end of the paper, the equivalent modeling
method is verified by taking a bladed disk model of aero engine as an example. It turns out that the equivalent

modeling method can not only ensure precision but also improve computational efficiency.
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