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Abstract: In view of coupled vibration of boosters and labyrinth seals rotor/stator structure, and for
overcoming the drawback of the prevailing method which disregards the effects of the nonlinearity of rub-
impact and fails to identify the influence of key parameters, a coupled vibration dynamic model of booster
rotor/stator was established, and the coupled vibration was calculated. Furthermore, the motion stability
was analyzed and the influence of key parameters was revealed. The results showed three vibration modes
of the coupled vibration: damped mode, sustained mode and divergent mode. Consequently, primary and
secondary instability regions can be detected. The location of the instability region varied linearly with the
modal frequencies, and changed inversely with the nodal diameters. Accordingly, the length and the

number of the instability region reduced as the rotor/stator damping increased or the rubbing force and the
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initial excitation decreased. The higher angular acceleration indicated the lower coupled vibration

amplitude. The results also showed the drawback of the traditional method based on the coupled resonance

margin when predicting the dynamic response of the rotor/stator coupled vibration. Only the primary

instability regions can be identified and the results were lower than the numerical results.

Keywords: booster; rotor/stator rubbing; coupled vibration; stability; instability region;

resonance margin

Wil 5 0 25 R ShATLAE AT BB RN 14 303 i AS W
P&y, Tt v I R A A DN R T R A FEE XL
SR B R, F G RE 7| R T e R S R B A i SR A
2R IWE M G EYEB I B 45 B
TR B 7 Ui, B4 1w W EEAIR, 7 5% i
Bl EE R VE T, HAG 0 IR s S A0 B g ), ik
e AW LS, KA GIRE), A5 #
TR [R5 AR EOR S TE IR 275 A bs 2 T AT ik A %
AHAE, B AR A LR, AR AR EAE T (SR,
P38 CE 98 55 I . R S DL AILIR Bl 7K1 35 K
MmUY, CF-6D JT15D-5% & 8 Bl iy K
i B3 P G A 38y AL okt s ™ R R 5 | R
KW,

Bl 8 5 | & FR i b 5 Ik 3 2l ) 2= et A
FE 0] 43 R A IR sl R R S RS e RIS AN T
T TERR G RSN IE 5 T, AHOCHE 5T TAE F 256
AR Bl 07 A B 3l R A 1S AR AE . Schmiechen!™ 3
TR et ML A PR TR Y A i R A ik
By B 3l 7 & IR, FE 5 o B S R R i O
W) 7 41 1 Bt I ] 228 0 15 K . e 4518 1015 31 1k
KRB IE . Legrand 550 I F 2Rl O BRI A& B8 2R
Gk MR e WA R L RS A = AIE
Legrand %8 305K Al 1 DU H BE I £ -HL I ABE 7R (1Y)
A i B B ko 107, 25 R R R G AEAEFFELIE B
fa g iz sh I FIE . Kou %7 78 58 5% i | -#1L
[FFL il B i S R 2o B v e AN ER A W) 25 it 25
T R 4R BB W A, B O 23 R PR B
Sefa ., Batailly 2%, Agrapart S5 S EHMR T
L2 A g i1 R ) L W I N R T S E I GER S
JZBEBVRAE, 0T TR R AR S X LI IR
T FRER 2 45 8 AR A ) 52 R AR, A R UR 2
FEGUN RS B AR Bl 0 e

A ) A9 3 R AE 7 T, Almeida U TBFSE T
T I R - IR FEE i S e AR AT, A S o
B B TR IR AU 2 G0 . Almeida
I — AT AR AR, i e T o3 A5 AR AN S AT H
L MLEL . Meingast 58" 22 i) 1 B0 R ALY
R TR A i Sl B 0 A T, LA SRR,

TR SR, FE L B IR 3N T i A8k ] i A7 A
T I A AU B By o Batailly 45U XY
oo W58 FIATL IR il P25 i 97 B Ss8 i) J97 44 B 0 2 460 1
I U BR B, WS T UG L 5 U R R Al B UK H 6 AR
FEARHE U0 R s 2 AR A S AR s i S
Xiao S AU 7 Tl JBE i 2l Ao Js ey 37 1
g ol Wi L = AE A ], o3 BT A 5 0 3 0 (ER DR
JF4 2 1 Campbell &, Xt 5% # kA 4R sh B 1T
flig i

TE R JEE 5 | 2 1) 1A 5 4R S A M D T
W2 TAEEMG RS K Fai % . Schmiechen™
H1 Legrand 5PV AR 5 5% 5 1 50 5 47 9% I 1 — B0 5%
PREG T G IR S R RS s M A 45 2R, JF 58
AR RXT . Salvat ZEU VBRI AFE T ik 3l
F) 4 i AL I A PR TR R B R S R B
WREZ 2 bR B SR [5] 8 9 A0, ML 1 35 AR A
B9 F5 R I Lo FNfE - 1 R i BSAESE
e TS EEH AR . Batailly 5 7
IF S E 5 | 2 1) O e e R 5 IR 30 10 A
e, X P s 3 i 17 SR A A2 A AR R B
6 C A TR TR R L w1 R g AR Lt
I 2 0] 17 0 T IR R RE TR TR AL, AN RE 5 5 L it
MR 3l R A8 5. Song 4517 L8 i e 3 7 (A I
Tl E I R ) KM AR T 5 AR, 4R
HE Al PR S B R S D R ) A R

g5 b, O SRR BE 5| B e R B IR
B o B R AR PR B BT 5 8k o 3, (BN R IR
e YRS WA 78 53, FERIAE B = A 2K
P R R 321 B 53 BT J7 1 R O B 2 O R R P 5% T R
AT I 1 o AR SCTE A 45 111 C A il & 4k
SRR VAL 7 0 B L, ST B R GG A i
B YR S BIAL, 43 B 8 Gt S AL i 1y R R RS E T
FHE, JFRIFTE G, i T RSIR | BSTRAL
e BHJE | BIEEE 7 . W) 46 43 /N AT AR
XoF R T 1 R M R

1 BEshAFE TG
TR TR 2 BB XA I P



%1040

Wi 4 R 1 2 0 0% TR R w0 R IR S R 20 A O i 2235

17, AU e 1t A 1) RO R, HLR BERGH,
S TR G 7 R 58, B 11 AR IR Sl A
ASHRANL, Femh 7RG LR K. PEAG ISR
LR BE TR S RSl B 1~ R R A s R shPLEh
FROTHEZENE .

e
Casing /

(thin shell)

[ opade

Booster stator
(thin-walled drum+strut)

Fan blade
(flexible plate)

) Booster rotor
"= (thin-walled drum-+blade)

K1 R s SR | 1S TR 2 T 14
Fig. 1 Structural diagram of high bypass ratio aero-engine fan

and booster stage

1.1 BEFIEEHZE

X E B 5 | R T e R B iR Bl B ) 2R R DT
{775, B 51 & T T EUE T I A, R 2
2 R BNPLBETHEN] . T2 R PG R i R G
LR B A TR BE 0 An Sk (1] 25 T KU B
i B AL RS 5 4R Bh PEAG 1k R A i AR S o)
Bris 3 & AR B S S , 78 [T 5E Aa bR 22 R 19X
Jad AL I A 8 &1 b [ Ik 22 1 8 5 5 42 n, FIAIL
[ 422K n, BB JE A7 i A il 2k, qnlsl 2 pr
7N, R g A 7] 15 42 50 A AL i £ 1) B4 28 A A
S, LT Ry R A L R B, B AR A

fin =1Ly = —fun (1

HrpQ NG LRI, fo, 5% T n WAERLASB)
W, fo R n ARSI . WS IR E S
E SCN TAREE 3N e 1 A A S AT PO AR 22 B
LSS T BOAT B A 11 20 50, L AR S P R A5t

s = 2o Im 1009 (2)

nh
o UYL TR, £k T AR R 4
TRATHMR S IR0] i T 0 1 A A LR
B
Q. -0
Q
B BB P 4 5 O A T 0 5 5

S = x 100% (3

§ Rotation speed/(r/min)

T
: v\Operating rotation speed

n= —
=4 : n=2
n=3 : \ "
|
Stator n=4
Rotor n=5

Traveling wave frequency/Hz

4 Interaction point

&2 KRB HLIE B 1

Fig.2 Interaction diagram of a certain aero-engine fan casing

RO B R IR IR B
1.2 FEAR

IR EE RS IR B 3h ) A R VAR AR AE
PSR — 2 BRI i AR B2 X LA | T
A7 U A3 — AT AR /DN, T A R T A R HF 2 M
PR B 0e) J37 Fp U/ VS I 53 Y B, R A 7% A JEE
1A B 24 SR A5 T B i AR S R (Y S ) 5 02
AL VLB — (4 BE S B Wl G 4R 30, SRR B
L AERBEJE | R G R AR R AR OCHE SO A
EoIlip Al

2 BERFEHHEHUESHT

AT BLS AR 2 R FE Bl ) AL, SR AR )
GRS il BE 2 AR S e AR IR Sl e e iz 943
Hr M o A3 R R AE, WIFSE R SRR
21 WEBLRZEHENHFER

3 5 K B HLIG TR GRS R, #R L
[ RN 22 900 | whmt r 2B s, Wil 1 R o BT e
K AR LI S R R sh R R 4%, 3
PEAILIFE 05 5 7 Ak HOR B AR ) ) P B2 A Lk (B
B, R f Ak S T B e 4 I 2 i G EE A
DT Bt 5 5 i A, B AR B AN ] 3 B i 4 e 900
A RGN 1A, B b & R AR R OXY
A A S S T AL [0, Bl AR 5 7% A bR R OXL Y,
PRFE G FIERe , xi. o0 R # AR A

Casinge® =

Blade

Drum”~

B3 SRR RGN 12

Fig. 3 Mechanical model of booster rotor/stator coupled system



2236 o= 3

VAN S 1

537 %

T R0t % Sk, Haz g i iRl
P s o3 07 Rl ik, SRR A N B 9%, 5 Bl R G
P B R AL bR . R A LR R LR I, 254
F) R S AL S W ke LR, I s o 1 b H B A
F2 5, T HAASE 25X R 3h TR/, BRI AR 1 2
TR R — P R IR SRR
x1 (6, 1) = i, cos (n,0;) + 17, sin (n.6;) 4

X, (6c,1) = n3 cos (n.0,) + 1, sin (nc6,) (5)

Herbg s mMins, a3 iR EE | T IBLS AL bR, B
AR B T0] ¢ A PRER, n, o n 0 00 o i | B AL S
WAL, 0N AR R OX Y, PR AR — A
ML, 02/ R OXY T AL FAE— s 1) f
o I R GE AL A DU AR A A B i 3 1) S
Y.
R WL R (A6, (i = 1,0, Ny, N, g

FEO A

6; =mcos (n,6,) +m,sin (n,6,) —

nssin (neo;) —nycos (nea;) — 6 (6)
Hrhe,=2 G-1) /Ny, a; = 6, + Qt, QN5 T4,
So NIRRT o BN i 7 A A lE B T o

0 6,<0

ko, 6,20 e

Fu=k.(5) ={
Hor e, Ry 5 TG EE M o G IR 5 | S P A BB Ay

V= Z %kc<6i)2 (8
BT A S A bR R S, 19 B4 B AR BR R T
X HyT, BPAR A AL bR N B RIEEE 1, IR RS Bl fi o
7 A5 A i

Ny
Mlﬁl + leh + K1771 = —kcz<5,~>cos (nrH,-)

i=1

Ny
Msip, + Cotp + Kompp = _kcz<6i>5in (n.6;)

i=1

(9)
Ny
Mijs + Csips + Kans = kcz<6i>8in (nea;)

i=1
Ny
My + Canga + Kympy = ka<5i>COS (nea;)
i=1
Horhm,, CRIK,(i=1,2,3,4) 55 5 8 B8 %t
B S BT i . BEABEJE L FS NI . XK (9)
Jom Mk 15

Ny
X +26 X, +X, = —,812(5,-)005 (n,6,)

i=1
Ny _
X"+ 26X 2+ Xy = =, ) (8)sin (n,,)
i=1
Ny

Xy +28SEX 5+ 52X, = ﬁzSzz(g,»)sin (nea;)

i=1

Np
X, +28EX s +5%X, = ,82S22<5,~)cos (nea)
i=1

(10

Horf15, = 6,/60 R He A~ I % 7 1Y) TG B ARG R
i, LW TR X = 101/60 Xo = 12/60, TC
HNE TSN X = 13/60, Xy =14/ 603 Fe TS
BHJE bE2¢, = €1/ VKM, FF TS HLE [H28, = Cy/
VEM;5 w w, 53 3 R i | H T RS R i L
Q=Q/w, TEMNN B Er = w1, ) RREHIT
E‘Jﬁiﬁj\, %%éﬁ]ﬁﬂﬁéﬁ]ﬂﬁﬁl =k./K, B = k./Ks, 5’?
FRAHX B SRS = wa/wio

mal(10) il W, RGE R IR H T RaER —
WA S, TR A RS AR bR Y A R GE . 35k,
J7 B A7 U HlE B 7 5 5 OB Wisin [ (6, + )|k
cos [ (6, + Qr)|. LW, BEEEAEF 1A Y K2y
ORI B AN 2 5, T B ) R A AR A R, B
i 8] 1 AR LS I 20 [R) A o 2 AR Lt S 4
P Bl [m)Et
2.2 Bt 87 i Rz 45 iE

2 (10) HARL M S BAR 3h Ty R4, MELL
K BT 7 16 3K i, 7 SCR 1 455 Newton-Raph-
son F7A 1Y Newmark B 3B 73 7 74 SR fiff 22 G 1
RS EOLTE 1. HER G T L A
X; (r=0) = 1.2, HHE RGEAEA 755 3T BEAS 0 L
RS 2 FRTUARRAE 30 P 4 181 5 Fm

F1 BELGRZAHEERSHE
Table 1 Parameters of multi-degree-freedom model in

modal coordinate

ZH BE
& 0.02
& 0.02
Bi 1
B 2
S 2
n, 3
n, 3
N, 30




%510 3 W R34 RIERE ) A 38 TR GG R & IR Sl AR e T O ik 2237
200
1.0 — X 5 _f(l M
£ 05t — X g 100} = 3
5 5 £
2 O g 0 8 0
5 g &
a 05 2 —100 | f
-1.0 5t
: : : 200 3 :
0 20 40 60 80 0 0 50 100
Time Time Time
(a) &9 L1 0. 8% 52 18 5 (b) e L 1. 164218 5 (o) FEH LA 1145515 3)
4 BT R GEBRAS R L S 2
Fig. 4 Transient vibration of rotor/stator system in time-domain
0.20 100 5
80 -4
g " 2 s 3
£ g060r 2
2 0.10 = =
E E 40t E
< < 1 <
0.05 f 20+ | 044
0 0.5 1.0 0 0.5 1.0 0 0.5 1.0
Frequency Frequency Frequency
(a) BeHHLH0.8 (b) FE LM 1.16 (c) HeHHA 1.

5 ST RGBSR B AT

Fig. 5 Transient vibration of rotor/stator system in frequency-domain

M &4 o] I, # 2 0ia sl e, Bk R AE
ARG 3T A = s SR A IR IR E s/ B &
L P RS TR A | R MR R R A R AR A DA R
PRIE AR R IR LR S o B S 45 T s o 1y
) PRl fR BEL TR e (FFT) &5 51 . AT UL, B e 38 30
ARAETT, B o # - ma R A 4 4 i DL 0.16 Al
0.32 2 3=, B4 1A A0 5, it D] 2 i 1 il 28
R Bl T G EE 5 T K Aes B sk KR SRis sk AR,
FR 50 M o A3 18 43 Wi e R AR Ak, R A A
TR 17 451 %6 1 4 AR )

T2 HNH T AL T A Rz sh
K& AW, Rgis dRAE —ROR R e, (R
1.15< Q <139z g K £, £1.06< Q <115 F 3
hFrgiiz kA . XRIFEH TG IRIER
IR KA A T i R A IR S Q,=1.0 &b, 143

x2 TREHETHEHTHEIKRE
Table 2 Response behaviors of rotor/stator system under

different rotational velocities

L2303 EHRE

<1.06 e
1.06~1.15 e
1.15~1.39 NS

=3

>1.39 o

H BT — B S DX W) PAY X PR Ry R B e X T
AL, xR — W R R R R G, AL GV T ik
i BHE S IR B AP 2 R & 5 LS A
i 25 o WEAE, n, # nchF, 22 GE4R e B ik 28 2 1 E
AR, X BN PR AR DL A IR sl 7 it £ . IS
R DT RC I, #8154k sl af LA A=

3 XEXNSHEZIMAE

WFFE AR, w7 1A R BT RLE
fill BE 3 . 1R PIE B A0 2 R X 2R Gt A A X []
AR JREa TR T K 3 PSS HOT .

R3 BURRSLRSEHERBSHE
Table 3 Revised parameters of multi-degree-freedom model

in modal coordinate

28 HofE
¢ 0.02
& 0.05

B 1

B 2

k. 1

S 2

n, 3

n, 3

X; (=0) 5




2238 o= 3

VAN S 1

537 %

3.1 FHEFEXESRE

AN A B AR R RS AR S, T R S
REEANREHE T et R mE 6. &
hERR RGBS, E6 . HOME 65
B R RGN R TR | Frgis sk M e R
Ao @ sg =D EAR 20 o AR A 3k
PRI HQ,, 210 L N (1 +10% ) Q25 H, 3%
A LR N 10%. & 6 nf L.

1) RGEAEAEZ AW S 2Rk 728 1k B 26 Fa s 3k
DX i), A ST 2T 2 2 9 1 DX TR R o 2 R AR
DX R], Al A R Sk TR 2 R e 1l DX T, S R TR
FARLM: R G A R

2) RGEE . WRFREH X A B S 135K
MRS K (GRS ), 3 2 R I 3k DX ] T 3k 2
oI o0t DX ) o7 F B S A8 A 38 5 5 (1) AHAE, T
SRR KRR IX A BE S 0 s Ak AR 1k .

3) Qu/NFAAH:E BRI H X M 2, X
] (1 £ 10% ) QoA BE 56 4 7 5 2% B I 3k X (1] 17 %
e, 3% 2 B L OE f R HRAR B 1AL 58 T AN RE
G VSRR PR3 3h 01 2E AT o, H R R 3
PR ], ELT0 25 A . PRk, 7R A5 B 5
D715 TF e T W b 5 4IR ol 2 S R VR AR s, T LAY/
70 IBCTEL 7 394 R I A ICMEL, L 2 IR 5 1Y
IEREE .

3.0

Damped
25 Divergent
2.0 P Sustained
215
1.0
— Q.
05 --- (1£10%) 2,
0.5 1.0 1.5 2.0

Rotating speed

6 AT FEA AT RO X ]
Fig. 6 Unstable region of system under different stator

natural frequencies

A5 D0 ) 2, 7 R 5 i s A 1 ol A
+ [ A RPN AR IR R S [F e, Y S PR T
S e AL T 6 rh e AR X A R i), FE A
RN — R FR, HAR G il 5 1§ FBHJE L &
A FINETIE GERSIE LA PSR IF EP
32 TRE

AR S AR H n, A g B, R GEAE A )5 R
wizshi et 7, afhl, 5001 —%%, &4

AR X I B S AR R R e &, HAK(D)
LR QAL RIS X (B 72 . SEBR b, g3k
PR RFR A 1 20 AN [ 5 AR OB S O R AR
ANTR], X T A By Iy 2 A5 R v A~ T e % 18 B Y
B £ 2 2P

D (-1 n2(n-1)>
= - Q@  Aan
fa \/th4 n+1 " n?+1

Horhon RATREL, o I MBHE RS, by R 43 5 BiPE
IR BERIEAE, D o 5 RIS AR A R B4 56
HHE R AR RECN R T R A IR KR
SRR IX [ AP 8. AT L, FR 404k R o X R K
Bl AT AR B IN, 5~ 9 AR X I Y 46 B
WX E) 43 A 7E DX ] 1.8~2.4 N, HAC T, %3
WIS TR i 1 i R BB R G R B e AR
B L DX () 43 A A R R0, A R RS R S A 1 B

et

14
- Damped

12
B Divergent
2 10 .
£ [ Sustained
S 8 5
= cr
B 6
z

4

2

0.5 1.0 1.5 2.0
Rotating speed

7 AR T RGERTREX ]
Fig. 7 Unstable region of system under different

nodal diameters

Il Damped

Divergent

[ Sustained

Nodal diameter

0.5 1.0 1.5 2.0 2.5 3.0
Rotating speed
8 AR R BB R AT RS
RASHEHIX [H]
Fig. 8 Unstable region of system under different nodal
diameters considering that modal frequency varies

with nodal diameter

3.3 ®#EFTHERE
IR A B o AR SRR [hé). &, TR A
GURTAFE X 0] /T X R G ke e MR 52 i AL



%1040

Wi 4 R 1 2 0 0% TR R w0 R IR S R 20 A O i 2239

FRARIR, AL 25 AL T A A BELUE LU A 3158 45
A, AN 9. T UL, BHE K/ R GRS E R B R R
PR

1) RESFEHE XA . FHIE R, R R ik
DCTA] B /N, X 1758 3 S8R, BB s, >
0.0741F, I A &% T DX ] 71 2%, e BHLJE HE R 1 5
BELJE L5 Iif 55 BHL S 645 i EE 1 K/ | Pl s 4 3h 45
A%, nTEL 10, Bl Al EE K EE D 46 T8 Sl I/,
I 55 BELJE AELI8 /) o

2) RIGFEHIXEEH o BB/, R G
FEAEZ2 AN UG RS IX 0], 38 B JE RE I/ G AR
X BEH, & > 0.0588F, HAFTE TR Fa il
DXTH]

0.10

- Damped

Divergent

0.08

0.06 - Sustained
g O

0.04

0.02

0.5 1.0 1.5 2.0
Rotating speed
K9 ARIFFRARLE LT R R 5 HIX )
Fig. 9 Unstable region of system under different stator modal

damping ratios

Intial displacement
4.0 4.5 5.0 5.5 6.0

: T T L T )
0,10 o yp4al displacement /

. —— Rubbing stiffness £,

5 :/

%‘3 0.09

a

g

<

<

= 0.08 [ ;?f/

-2 ]

E L

o) /l
am;///

0.06 : : : — .
0.8 0.9 1.0 1.1 1.2

Rubbing stiffness £,
P10 RAGHLSAFIGEEE J3 %kl FERELIE R/ N5
Fig. 10 Critical damping ratio under different initial

disturbances and rubbing forces

3.4 #liEEA

B R PR g R IN IR Tl FEE I R AR A i
T L AR i EE B &, LA SCAS A EE T K/, B 1
25t T AEAS R R /INGIE BE T 551 R R G R A e il
DXTR] ] D, 38Rl B g 25 ) IE G K R ge e e i

2.0

1.5

- Damped

Rubbing force

Divergent

P sustained

0.5 1.0 1.5 2.0
Rotating speed

0.5

1L OR[RIREEE J) T RGeS Aa X a)
Fig. 11 Unstable region of system under different

rubbing forces

DX TR B RN B, TG JEE D B /NI, AT R R
TR —HAARRE
3.5 WA HEE

R LR 2 Ge iR sl 7 23 BER) 4R 5% 14 0 AR T
Ak, B2 5 T REAEANFWIGEIES X; (1=0)
TR R X R, BT U, 5 EE S /N B 5
PR, 8 R F P R P 3h, & W3R &
G Rl ol X (R B RSB0, R LR AR sh /N,
R T RY— AR E . W T TRERSER
T DS N B AN ST A A A 2 ey
KB BRI YL S L R A, DARE SR s &
RS IR R AR

8
g7
=
g6
=
g
;E 5 |l Damped
<
-'_é: 4 Divergent

I Sustained

w

0.5 1.0 1.5 2.0
Rotating speed

K12 AREE T RIS R R XA
Fig. 12 Unstable region of the system under different

initial displacements

3.6 FiREER

IR THE YR T E T RV RS &
T B BRAS R N JETF . SEPR T AR, s & shbl
SR A X SRR A i DI, A A s Sy
BT T/ 380 0 R 9 W A T 1 R T Y T
RGAE AR THE R T Quegin = 0.5 F Q. =
LSt R, FER A R Q, = 0.8, Q, = LK 45 5E
s b 5| R H R EE . B 13 45 T THE
1 B R G2 W AR Y 3N S i A R AS e N (5%



2240 o= 3

DI H31%

Wi N 5 S, RS ) o il 13(a), D
U e 3h kAR T Im R R AR A B IXR) A2 i A
(2=0.8), RGIRMEE/N W8Ik, BT} HE
BRI IS, FRGE YR MR 3 A, (H sk B o lf R g
B R A, A5k WA RS . & PRE
B RATREEEERXEN(Q=1.1), & 13(b),
TG R a B/ (a = 3x107° R H/N ), HEA PR3
AR, IR R ] T RGEH G R SR
i, R kA . I, TRk sh i &4
B R IN, R P 3 3 A R A X R 34 A
T 2 G

6
4l a=5x107
v . a=2x107
— -3
g 2 Mﬂﬁn a=1x10
LA A oA
g ° e
z |l
"L
-4
-6 L L L
0.8 1.0 1.2 1.4
Rotating speed
(a) 2=0.8
1500
1000
s
£ 500
§ 0
<
& -s00 - e=x107
A — a=4x1073
—1000 F a=4.5x107
— a=5x107
—-1500 * - -
1.1 1.2 1.3 1.4 1.5
Rotating speed

(b) 2=1.1

13 ARRIFERT RGP RSN T ABEAm
Fig. 13 Transient response of system under

different accelerations

4 ZieERE

BT RS IR 2 A i Rl BE 5 K (9 5%
FIM S IR B 8l ) 2 R R BEA T 007, WP T SR
B IR ShAEAS [R5 TR () B AR AR, 5245 3
BRI LSRR | AR, BB | RIEEE T R
AN GE/R=IPNA N BB SL SO e R LIV PN
R X R ML . EREEEA

1) 3 s 20 e i R 45 4R B O AR S AR ek
SRR B IR, RSE R Bh e A FRUE | RREE AR
o = Fhiz SR, i R LA 5 A o R T

2) TG IE UM B AR e T 1k AN RE A B
VAR A IR 30 3 1 AT O, R BE B R AR A
BRI AL, LI 4 5 /)

3) BEEES| K B REHAR G IR SN A7 AR T IR AR
Bl SR DX (W), HG e 1 A R P A S PR 3 3 )
PRSE IR B 1l X W) 7 " O A A R e M A
e, Bl AR B0 L B A2 5 2 A A 3k X (] K A
A ROBERE T L A9 R L il BE ) A 4R B Y
T/ INTITT /N

4) AR B S A e R T i A e R
5 IR Bl ) 7 A2 0, {ELJRU PR e G A % T X []
PA M) T 1 R G AR 0 sl i ZURE SR B A A

ARSCT AR Bl BE 51 A B e A 2 I 3l ) 4
AHLEBESE, T3 BA — 7 R IR, — 2 BT el 57
RS H 2 [ iy BERE R AR B I — B2, g
W e 20 2R 8 B0 ) S AT s R Rl T
SRR A DI BEEE Ty o J5 S 4 5 AR LR R AR
Jry AR ST A i AR S A, A A
(7 1 AR RS TN A W S e Rl A Pk sh 3h

SR
S E -

[1] 2BRZ. Uz &S LBt 0k 45 170 486 Je ML & O 14
588 B 23 BT M. A6 50 2 Tk AL, 2001,

National Transportation Safety Board. Aircraft accident report:na-
tional airlines, incorporated, DC-10-10, N60ONA, near Albu-
querque, New Mexico, November 3, 1973[R]. NSTB-AAR-75-2,
1973.

[ 3] National Transportation Safety Board. Preventing catastrophic fail-
ure of Pratt & Whitney Canada JT15D-5 engines following bird-
strike or foreign object ingestion[R]. ASR-17-003, 2017.
SCHMIECHEN P. Travelling wave speed coincidence[D]. Lon-
don, UK:University of London, 1997.

LEGRAND M, PIERRE C, CARTRAUD P, et al. Two-dimension-
al modeling of an aircraft engine structural bladed disk-casing
modal interaction[J]. Journal of Sound and Vibration, 2009, 319(1/
2): 366-391.

LEGRAND M, PIERRE C, PESEUX B. Structural modal interac-

tion of a four degree-of-freedom bladed disk and casing model[J].

[’}
—

~
—

[5

—

[6

—

Journal of Computational and Nonlinear Dynamics, 2010, 5(4):
041013.1-041013.9.
[7] KOU Haijiang, SHI Yuxiang, DU Jiaojiao, et al. Rub-impact dy-
namic analysis of a rotor with multiple wide-chord blades under the
gyroscopic effect and geometric nonlinearity[J]. Mechanical Sys-
tems and Signal Processing, 2022, 168: 108563.1-108563.40.
BATAILLY A, LEGRAND M, MILLECAMPS A, et al. Numerical-

experimental comparison in the simulation of rotor/stator interac-

[8

—

tion through blade-tip/abradable coating contact[J]. Journal of Engi-
neering for Gas Turbines and Power, 2012, 134(8): 082504.1-
082504.11.

NYSSEN F, BATAILLY A. Sensitivity analysis of rotor/stator in-

teractions accounting for wear and thermal effects within low-and

[9

—


https://doi.org/10.1016/j.jsv.2008.06.019
https://doi.org/10.1016/j.jsv.2008.06.019

%1040

Wi 4 R 1 2 0 0% TR R w0 R IR S R 20 A O i

2241

(10]

(1]

[12]

[13]

[14]

high-pressure compressor stages[J]. Coatings, 2020, 10(1): 74.1-74.
23.

AGRAPART Q, NYSSEN F, LAVAZEC D, et al. Multi-physics
numerical simulation of an experimentally predicted rubbing event
in aircraft engines[J]. Journal of Sound and Vibration, 2019, 460:
114869.1-114869.25.

ALMEIDA P, GIBERT C, THOUVEREZ F, et al. On some physi-
cal phenomena involved in blade-casing contact[R]. Porto, Portuga:
9th International Conference on Structural Dynamics, 2014.
MEINGAST M B, BATAILLY A, LEGRAND M, et al. A qualita-
tive numerical analysis of rotor-casing interactions in centrifugal
compressors of helicopter engines[R].Portland, US:ASME 2013 In-
ternational Design Engineering Technical Conferences and Com-
puters and Information in Engineering Conference, 2013.
BATAILLY A, MEINGAST M, LEGRAND M. Unilateral contact
induced blade/casing vibratory interactions in impellers:analysis for
rigid casings[J]. Journal of Sound and Vibration, 2015, 337: 244-
262.

BATAILLY A, LEGRAND M. Unilateral contact induced blade/
casing vibratory interactions in impellers:analysis for flexible cas-
ings with friction and abradable coating[J]. Journal of Sound and
Vibration, 2015, 348: 344-364.

XIAO Jiaguangyi, CHEN Yong, OUYANG Hua, et al. Investiga-

[17]

(18]

[19]

[20]

(21]

tion of fan blades vibration due to blade/casing rubbing interac-
tions using in-plane two-dimensional model[R]. Oslo, Norway:
ASME Turbo Expo 2018:Turbine Technical Conference and Expo-
sition, 2018.

SALVAT N, BATAILLY A, LEGRAND M. Two-dimensional
modeling of shaft precessional motions induced by blade/casing
unilateral contact in aircraft engines[R]. Dusseldorf, Germany:
ASME Turbo Expo 2014:Turbine Technical Conference and Expo-
sition, 2014.

SONG Xuyuan, CHAI Zeyu, WANG Chenguang, et al. Vibration
performance of rotating thin-walled cylindrical shell with tip-rub-
bing excitation between drum and stator vane segment of aero-
engine[J]. Journal of Sound and Vibration, 2022, 525: 116759.1-
116759.24.

B SOk, WRAR 55, TH 48 SO 28 T L 0 el s HIL &S # it
TN 55 S e 7 RGER]. AL mt b B s Tolk 8 =/l & 3)
PLARG TR R, 1997.

TFHE B L R S AL T TS 180 i R A B iR
MY, db 5 A Toll R A, 2000.

A s R SR TS 19 e 3h3h 2 B IR Sh M.
Lm0 AL 2 Tl 4, 2000.

2 A . T B e ML AR 3l (M. b 5 B Tk R
1994.

(4. R3ZE)


https://doi.org/10.1016/j.jsv.2014.10.010
https://doi.org/10.1016/j.jsv.2015.03.027
https://doi.org/10.1016/j.jsv.2015.03.027
https://doi.org/10.1016/j.jsv.2014.10.010
https://doi.org/10.1016/j.jsv.2015.03.027
https://doi.org/10.1016/j.jsv.2015.03.027
https://doi.org/10.1016/j.jsv.2014.10.010
https://doi.org/10.1016/j.jsv.2015.03.027
https://doi.org/10.1016/j.jsv.2015.03.027

	1 目前动力学特性评估方法
	1.1 已有评估方法
	1.2 存在不足

	2 耦合系统动力学特性分析
	2.1 模态坐标多自由度动力学模型
	2.2 时频域响应特征

	3 关键影响参数及影响规律
	3.1 转静相对模态频率
	3.2 节径数
	3.3 转静子阻尼
	3.4 碰摩力
	3.5 初始扰动
	3.6 升速速率

	4 结论与展望

