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Fig. 1 The modes of the elastic-support rotor system
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Fig.2 The model of rigid-rotor elastic-support rubbing system
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D _% [(2-L0)" + (2 +L,0)" + (y-L6,)> + (5 +L,0,)"]. (3)
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Table 1  The parameters of the rotor system

(7b)

(8)

parameters values
equivalent mass at the disc m 58.361 3 kg
equivalent equatorial moment of inertia at the disc J 4.841 kg-m?
equivalent polar moment of inertia at the disc J, 6 kg-m?
distance from the disc to the support on the left L, 0.894 2 m
distance from the disc to the support on the right L, 1.037 7 m
stiffness of the support £ 2x10° N/m

nonlinearity of the support «

damping of support ¢

clearance of the rotor and the stator r,,
contact stiffness of the system £k,

frictioncoefficient of the rubbing force u

3.8x10" N/m?
261.8 N-s/m
0.3 mm

3x10% N/m
0.1

AT B R G — Bl 5 B AT, 5 5 9 [R] 20 1 1) 364 20 ) il
e F IR A 1) Rl VRS | R ROl OB 2 IR AT LR R G A A

q; =Ajcos(T +6,), ¢, =A;sin(7 +6,),
q; = Aysin(7 +6,), q, =A,cos(7 +6,),

MR, A SO Y

(9)

Horb, A,6, F1A, 0, 5325 PR Al 5z S IRIEFIARAL SE X 1 = o) + 0, ,0) = 0] +

s, , KL Rk fpts

A, Z%[g/i - Aigu + (a4, + a;A1A,)sin(8, - 6,) -

(3a,A7A, + Aya,)cos(0, — 60,) — Ecos 6,],
= SL(bA, +bAD)sin(6, - 6,) +
b,A, + b,A,cos(6, —6,)],

Azeé =i[(b1A1 + bSA?)COS<6| - 02) - bsA,

oA, + 0,A, - b,A;sin(6, - 6,)].
LS T 0,12 6,,6,, FTLUMS B RGEAERLEE 53725 7 72

a,A,cos(6, —60,) —2a,A, —Esin,],
A0, :%[2a3A? —o A +gA - g+ aAsin(6, —6,) +

(10)
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Table 2 Transition sets of the two dimensional system with a constraint X = 0

transition sets expressions
H(X,Y,A,m) =0, H,(X,Y,A,m) =0,
B, Hiy (X, Y, A ) Hyy (X, Y, A ,m) — Hy (X, Y, A ) Hyy(X,Y,A,m) =0

Hw(X,Y.)\,n)HzA(X,Y,/\,n) _HIA(X,Y,/\,U)HZ)'(X-Y»)\."I) =0
H,(0,Y,A,m) = 0,H,(0,Y,A,m) =0

P H,y(0,Y,A,m)Hyy (0,Y,A,m) — H,, (0,Y,A,m)Hy(0,Y,A,m) =0
H (X,Y,A,m) = 0,H,(X,Y,A,q) =0,
Hy (X, YA, )X + Hy(X,YA,m)Y =0
_ H\y(X,Y,A,n)Hyy(X,Y,A,m) = Hy(X,Y,A,n)H, (X,Y,A,n) =0
1, H (X, Y, A, n)fy — Hy(X, Y, A,m)f, =0
fi o= Hiyo( X, Y A, X2 4 2H, (X, Y A, 0)X' Y + H(X,Y, A, n)Y"?
fo = Hypo (X, Y A, X2 4 2Hyy (X, Y A, )XY + Hyy(X, Y, A, )Y 2
a H,(0,Y,A,m) =0, H,(0,Y,A,n) =0
2

H,(0,Y,A,n)H,,(0,Y,A,m) — H(0,Y,A,m)H,,(0,Y,A,m) =0
H,(X,Y,A,n) =0, H,(X,Y,A,n) =0

DL, H\ (XY, A, q)H, (X,Y,A,m) —H(X,Y,A,n)H, (X,Y,A,mp) =0
Z,#7Z,,7Z = (X,Y)
H(X,Y,A,m) =0, Hy(X,Y,A,m) =0

DL, Hiy(X,Y, A ) Hyy (X, Y, A, m) = Hyy(X,Y, A, m) Hy(X,Y,A,m) =0
H,(0,Y,A,m) =0, Hy(0,Y,A,p) =0, X#0
DL, Hi(0,Y,A,m) =0, H(0,Y,A,p) =0,Y, #Y,

B Bifurcation sets, H: Hysteresis, DL; Double limit point set
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eb,x xgco8( x5 — x,) — 22,0, — &byx, | .
WAk, (7)) WS (X,,,0,X,,,0,X,,,0,X,,,0), Hidb X0, X, , Xy, , X, F2 RGEHI TSI
7 PRI X3 (17 ) e As 4, 4

=X, + X, %, =X, 23 =X; + Xy, v, =X,

x5 = X5 + Xy, 0g =Xg, 27 =X, + Xy, x5 =X,

le =X,, Xz =fl’ X3’ =X, XAV =f2a Xs = Xe, X6 :sz X7 = Xg, Xs =f4, (18)
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SRR (18) #Y Jacobi 48 M AR AE )5 T2 N

AP+ AT +8,A° + 8,07 + 8 + 8,07 + 5,47 +8,0 +8, =0. (19)
80 -
el .
p ---BSU
60 «// ______ R //
//// BSD mg;D . /////
< / Jl 40,
/ N ™
oL 0 s - : s -
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B 10 il B R RSB SR Ay 25 R (B =7, £ = 0.9)
Fig. 10  The stability regions of the steady-state rubbing motion and the bifurcation boundary (£ = 7, ¢ = 0.9)

R3S RGBT

Table 3 The influence of system parameters on the evolution of system’ s motion

working condition range of parameters evolution of motion
{=2.01 no rubbing
1.97 < < 2.01 no rubbing—SFARM—no rubbing
0.93 <¢ < 1.97 no rubbing—SFARM—jump—mno rubbing
run-up (E = 7) 0.84 <(¢<0.93 no rubbing—SFARM—QPRM—SFARM—jump—mno rubbing
0.58 <¢<0.84 no rubbing—QPRM—SFARM—jump—no rubbing
0.43 <¢ <0.58 no rubbing—QPRM—SFARM—QPRM
{ <0.43 no rubbing—QPRM
(=1.95 no rubbing
0.88 <¢ <1.95 no rubbing—jump—SFARM—no rubbing
run-down (E = 7)
0.84 < ¢ <0.88 no rubbing—jump—QPRM—SFARM—mno rubbing
{ <0.84 no rubbing—jump—QPRM—no rubbing
E<3.12 no rubbing
3.12 < E<3.18 no rubbing—SFARM—no rubbing
run-up ({ = 0.9) 3.18 < E<3.76 no rubbing—SFARM—jump—mno rubbing
3.76 < E<6.03 no rubbing—SFARM—QPRM
E > 6.03 no rubbing—SFARM—QPRM—SFARM—jump—no rubbing
E<4.93 no rubbing
run-down ({ = 0.9) 4.93 < E<8.46 no rubbing—jump—SFARM—no rubbing
E > 8.46 no rubbing—QPRM—SFARM—no rubbing

HRHE Liapunov A5 PERE , X5 HACH N (19) BYMRAYSEERI/NT O i 8 W fig e A /9. 181 10 2
ST THE IR E-or, SFTHIFT Z-0r, P17 b filf 58 J&) S0 gk ) A 340 R0 e 3. Ferp BR 3R
PRBIEE Y S AR A3 5 BH 3878 Hopf 432531 5L, BSU 7R THdU N #2573 22 30 L BSD 7R T it
IS M 20 RO IX IR s T o ) il 2 J] S8 50 ) At 9 L, 52 B DX s e e
NG P22 J) 3903 Bl RS Y TRl T S 3k Hopf 437, RELNIE 3L X i JR 9132 3078 S 18 i) 39
188l W S, RGURIR A AR BRER , RS L E. B I Sl i Hopf 707, REL Iz shiE
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A B Wz 2l ] 2R a2 sl w3 A0 2, AR R AR B BRBR S 2R SR 18 K, it 2 J) 01z
BB 32 3 A T I 10 B AP FIRHJE X 2 Gtiz shis AL LA A 520, w] LR B0 AN (]
WIS, RGN 1A A7 R A e A S B A9 AS TR] s 4k 75 30, e SFARM. 7R [R] 45 4 JA
flf BE iz 3l , QPRM /AL Ja) 10 Jey e it JEE 15 2.

4 4k 1w

AR SCHET S RSP T R GRS R B LEE 1 2R Ge T Al S — 1> S SR M
i1 280, N Lagrange T REEE ST T 3 S KI5 R G R EE A s 12 R 8 5 v
Liapunov F2 5 YEHIE XS REEAIZ S 7 B IEATOTST U 1 LA R BCR , N T R G Ry ARL At
PO RIS W T E IR 2%,

H PRRASAL B B 2 TR 73 3 PG B OV T 205 1 R GURE BE R o» TS Th okl gs th T T
JCl: B AV BE [ B ST AR AN 0 20 I TR AR 25 5 20 1 T B 1 ZR GO BE S R N S8 B Y
AR NGy 3B TR T 1AM 0 SR BH S X 22 G il 5 Bk BR 0 52 1) 52 il

G T RSB CAFAFFIBLIE ) — % - T F9 #5285 73 7 1 Hopf 7322 140 57 ith £ A il g
el RS DX, TR T SO0 RGeS 1 2 AT A Bt ) AR A i T A 5 2R L

Mt xR

fi =-28a,X, —2¢ea;, (X, + X;p)” —eg(X, + X)y) + &E cos(X; + X)) +

2(X, + X)X, - 3eay (X, + X0)*(X; + Xy9)cos( Xy + Xy = X, — Xyp) —

ca, X cos(Xs + Xy = X, = Xp0) — ea,(X; + Xyp) Xgsin( Xy + Xy = X; - X)) +eg +

e(X, + X))o, + (X, + X,))X. - ga,(X; + X;y)cos(X, + Xy = X, = X)) —

ea, (X, + X)) sin(X; + Xy = X, — X)), (A1)
fr =Xy + X))o, —e(X; + X))o, +eby(X; +X5) +

2(X, + X)) Xg + (X, + Xy0) Xg — &by (X, + X,0) cos(X + Xy - X, = X,0) +

eb, (X, + X;p) Xgsin( Xy + Xy = X, = Xpp) — &b, X, + &by (X, + Xy0) X —

eb (X, + Xjg)cos( X5 + Xy - X; — X)) —

eb, Xycos(Xs + Xgp — X, — Xop) + &b, (X, + X)p)sin( X5 + X5y — X, — Xyp), (A2)
1 .
fio= o L 2K eay (X0 + X)) (X + Xy)sin(Xs + Xy = X; = Xy) -
1+ Ay
2X,X, — eay(X; + Xy) Xgeos(Xs + Xy = X, = Xpp) —
2ea,( X, + X)) Xy — egu( X, + X)) +ea,(X; + X;)sin(Xs + X5y - X, - X)) —
eEsin( Xy + Xg)) + egu — 2ea,(X, + X,p) +
ea, X,sin( X + Xy = X; = Xp0) = €a,(X; + Xy ) cos(Xs + Xy = X; - Xy) ], (A3)
1 .
fo = X, +X30[_ 2X, - &bs (X, +X10)351H(X5 + X5 = X; = Xyg) =
&b, (X; + X3) Xy — &b, (X; + Xp)sin(Xs + X5y = X, = Xy) ~
£b, Xysin(Xs + X5p = X7 = Xp0) = 2X, Xy — £b, (X, + Xyy)cos(Xs + X - X7 - Xp) -
eb, (X, + Xg) Xgcos( X5 + Xy = X, = Xpp) — &b, (Xy + X3y) — &b X, ] (A4)
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Bifurcation on the Synchronous Full Annular Rub
of a Rigid-Rotor Elastic-Support System

ZHANG Hua-biao, CHEN Yu-shu, LI Jun
(School of Astronautics, Harbin Institute of Technology, Harbin 150001, P. R. China)

Abstract: Aero engine rotor system was simplified to be an unsymmetrical-rigid-rotor with
nonlinear-elastic-support based on its characteristics. Governing equations of the rubbing sys-
tem obtained from Lagrange equation were solved by averaging method to find the bifurcation e-
quations. Then, according to the two-dimensional constraint bifurcation theory, transition sets
and bifurcation diagrams of the system with and without rubbing were given to study the influ-
ence of system’ s eccentric and damping on the bifurcation behaviors, respectively. Finally, ac-
cording to Liapunov stability theory, the stability region of steady-state rubbing solution and the
boundary of static bifurcation and Hopf bifurcation were determined to discuss the influence of
system parameters on the evolution of system’ s motion. The research results may provide

some references for the design of aero rotor systems.

Key words: unsymmetrical-rigid-rotor elastic-support system; rubbing; two dimensional con-

straint bifurcation theory; stability



