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Influence of Speed Ratio on Nonlinear Dynamic
Characteristics for Dual Rotor System
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Abstract: Nonlinear dynamic model of a coaxial rotor system is established by combining the finite ele-
ment method and the fixed interface modal synthesis method with nonlinear forces of squeeze film damp-
er and intermediate bearing considered. Nonlinear dynamic characteristics of the co-and counter-rotating
coaxial rotor system with different rotational speed ratios are studied and compared in the work. Results
show that the unbalance excitation frequencies are dominant in the responses of the rotor system. Due to
coupling effect of the intermediate bearing, some combinations of the unbalance excitation frequencies
are also observed in the spectrogram while the combinations are different for co-and counter-rotating ca-
ses. Also, it is found that the critical speeds of the co-rotating system are equal or slightly higher than
those of the counter-rotating case. The orbit and periodicity of the rotor system can be quite different for
different speed ratios. Finally, the nonlinear model is validated by comparing the simulation results with
the experimental data.
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Fig.1 Structural diagram of dual-rotor test rig
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Tab. 1 Stiffness of elastic supports

Sk T SOk 1 SR T

1.45X10° 2.21X10° 9.29Xx10°

R2 HAHEASY

Tab. 2 Parameters of inter-shaft bearing
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Tab.3 Parameters of SFD
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Tab. 4 Inertia property and unbalance configuration

I I
250 W% ¥ G+
#1 #2 #3 4
AN/ (10 kg « m) 2 4 1 2
Ji &/ kg 2.3386 2.3386 3.2590 1.630 3

WG EE/ (kg » m®) 0.008 15 0.008 15 0.015 61 0.006 61

N¥
AT

(a) The first mode, 45.73 Hz
NHT

(b) The second mode, 155.08 Hz

ST

(c¢) The third mode, 231.36 Hz (d) The fourth mode, 296.28 Hz

2 P B RS

Fig. 2 The first four order normal modes

BT RGBT SN



3 FORE AU F R G AR S AR W 369
Mu + Gu + Ku = F" + F* (D) Myu, + Kyu;, =0 (6)

A P O A ) s YO AR AR T R 58
R AR LA T 1 AR TR Sl R i AR AR
Y s T RELJE v 1) AR et A 7 s ML KL G 53 3l
S AL R I O R R LA R R MR R s e R T AL

o ) &,
X TR R GE L BRI AR BE W] 5 oy
G — diag(g,) (2
Hrp
00 0 0
00 0 0 .
§=wly o o —p,| SISt
0 0 I, 0

K Iy B A BB R L S i i s o) FOR BB
JRTESE TR, i =1.2 1, w =w) s 1 =3,4 I},

5 R (D R AR LM o3 7 B A HOSR i s 3 B
TR B SR 0 SR Al 5 5 LA BRI B R EE R, R
P T ROR M RO A SR AR IROCE MBS 25 G
P = (D FR B3+ RGER AL,

HR 4 [ SRS 45 A o R e At R A
N ER A EE AL H R B BT S ORAE R A
JE R U A R HABCA A E BB Bk, D
TS H

{Mn MU} H {GH GU} H
.|t .|t
M, M; u; G, Gy u;
1 Ky u Fy 0
LW R
K, K u; 0 Fy
Kbow HNE A B EGE A8 IIEN s
poRr TRE R S B A A I N O L\ B T S e
JEE A AE A SR A T R e b R BHLJE 28 19
AELMEAEH 3R TV b At A i B L3z 3]
IR AR EER T .

AR 1 S R S 2k » ) B AR A S R A A
NI S

ol e o
u 0 1 u; u
K. @ Jy i H—h) ERSRE M @ O i
A — A 29 RS A B 5 T Ol B JE B 5 g O AR
AR T N WA

@ 1[5 5 25O TR F

o, =— (Ky) 'Ky 5

SR il RS 22w B sl 15 e LA X e R
BRIV AR T P E R SRS A I R G
AR 53 A o BIVSR g g 107 =X C6) B ARp A L[] 82, 7T 3
P B — AL Y RIS AR B @, 1R 5 40 A )
Q0

BN O MRAKX G I3 T 15 20 47 5 1

e 2B 2]
M, M u; G Gy u;
K, 0 qx DLF! 0
_ = + D)
0 Ky |u @ 'F1 Fy

My =M, + M@, + @' (M@, + M)

My, =M = ®; (My®. + M)

G =D,G, D,

Gy =Gy, + G @, + @ (Gy®. + Gy) (€))
Gy =G =0/G D, + DGy

K, =diag(Q?) 1<<r<n

KJJ =K, + K;®, + kj

A0, e Br ERSRIR 0 IR RS
B8 Fr o IR N ER B B L AN ) i)
Fy Ve FI7E A m A b B2 b A IR 2 AR A ) ) &

HfH
Fi
Fy =—kju, + {F } (€D)]

|

B
]

K B = [0 A5 SN SN0 D T
B B A & M o om &, F) =
L Y = = A1 AR R AR LA
RT3 o Ky B8 S S A M RE L SR 0K
XH

ki =diag(ky)  1<<i<<

<N
ki 0
k} = 0 1<<i<N (10)

ki
s kg o BB PSRN EE R B N g U C
5 S RO
WX (DRI
q: +Guq, +Kug. =@ F{ —Myu; — Gyu,
an
ZVIJJi‘.J "‘GJJ"lJ +Kjju, =
Fi +®'F: —Mq, — Gyq, (12)
MR A1, 12) /TR B R AD AL AR
M7 R X Newmark 325K fif 5 20 (12) W A7 1
Bt L 1 BELJE i R rb o il R A8 A MR R D L SR
f& X, Newmark 553K fi# .
4l Newmark-p 3 ) & %, 7£ X [
(6, o] WA

q q; q; ')
) =, |+<AQ =P |.. |+A5]. At
L}'*J M { g u ¥ L’f“ [

(13)



370 DT A | A NI N S 114

5% 50 %

w1 n * 0
qr k qr
{ ;m} - { ,} + { 7} At
uj u; uj

0.5—a | T 4al® LM (14)
u) u™! J

K, =0, + A FEFRIZEK, BAR 2 Fln+1 535
RN t, Rt BEZ,

AR (13,14) A5
g =aqit —A;
g =0gi' —B; (15)
é};-l :au31\1 7A}z
l:l}'.l:bu?{l*BY (16)
Hor
1 1. 1 .
An — n L gn - 1 n
C T et T AT <2a )‘“
1 1. 1 ;
no__ —u L S - —1 n
! a(AL‘)ZuJ JrozAlfuJ T (201 )uj
_ B B B
B1 aAtqur(a l)qk+<a 2>qﬁ
_ B (ﬁfl (ﬁfz
B; aAZuJ + )uJ + a )uJ
1 B
= ph= 17
a(A)? a At an
HXA3IDMRARKAL.12) 7
g =S, (@ Fy™" —Vur'+wW,) (18)

S —V,S,'Vouj' =Fy"' +

(@ —V,S,'®@HFy ' —V,S,'W, +W, (19)
Horp
W, =MyA! + G,B! + MA} + GyB;

W, =My A} + G, Bj + MuA; + GuB;

S, =aMy + Gy + Ky

S, =aM,; + Gy + K (20)
V,=aMy + 0Gy

V; =aMy + 0G

Fyt =Fp (o™ oul ™)

F 3 A AA O H g Fyt = Fy (u™
it R ARAK L) AT ARG BT w1 2R
PERBOTRRAL. R BE w7 A HRAR
(16) 75 %) q;'"' . BJ5 3@ i 50 (15, 16) 15 5] g5
Gty SR 2 T L R R
R 5] DX TR 400 4 25 1F S T BB B3 H 5 . AR
SERLZ 5 1 B AR AR R Y wE AT 5E A 5 (3) R
(GEP

LT R (1) W 4R B T AR AE I A Y
IR AN B T RS 5 A R R Ok TR S
ERIBAFLNE T R ARIRCR . FrRLL AR 20
P R R T BB S AR Lt A i RO
PR AIIE TN &

1.2 FFEEMEHER
AR A L 7R B Reynolds 31 4 26 0. X
() H 5 He il R BHLE A AR 4t 1 oA

s . 3 N . . o
il = Cz (Izﬁfyz NG [xCel, +epl))

el +eply)
vl el ] (21)

= +Ly2> [y GL, +epl )+
f(éll +€¢Is):|
Horp

Je=m/c
=it (VT T ) (g9
o= (yx —ay) /(@ + ")

tan¢=y/1‘

Ao 2 Fy 0 5 Ry 5 it R BEL @ i i TR Bl AR Ak 1Y
KR 7 AR 1, (G =1.2.3) 4 Sommer-
feld FL73 5 R FL 4353 0 5% 15 il K BELJE 4% 1) 2 A2
] AR BT RE 5 e F e 530 Ry dh Bl ) R EE AR RO
FELJE % B 42 [a] B8] B

T Hertz 32 fil FH8 F 4l 7R sh R 1%, 20 (9) p
Hh Al R Y A R R 2R

NI)
| . .
fr =k, E us; H (ug ) sind
i=1

(23)

f’; - kn Z Ltng (ugj) COS@j

j=1

H

_2n(—1)
aj 7]\[]) —+ w.l

uy = (2" — 2°) cosd;, + (3" — y°) sinf;, — %

Hay -0 =’
! lugj ugj > O

w. = (wi,r + womR) /(R +r)

24)
A BAR i A or J3 5l 32 7R il R (19 9 B8 0 50 35
Ry %75 25 12 s N 6 o 5 A k1) 6 RE RIE AR
A 5K Ny R R ER I A0 X A48 30 1 H 9 4l

= g:% 3 0, Tt W2 MR AR s v

@ 7 ) 2 70 B 7 A4 A2 T ) 5t 0 DR R 200 1 e 2 sk
BE s wy RN ] DRERMFANEALIE s » MR 73513
7 R A Bl AP B B AR s win BT wow 23501 2275 il
TR Y FB R A1 Pl ) A e

2 BT RGERVARL MR RS

R F A RS (124 L X0 i)
L P 2R 0 0 I 2 o L T T



%3 EORGEF R T T R G AR LA B S SRR R 371
Mot A FELE R 4~400 rad/s, iF5 2K

2 xad /s R R R PR — 9 0 0 £ e o
5 AR R — W R A B T I . R 2k a °r\ Zi:%ﬁgg
B AR SC AR 2 BEE 4 B T 4 B 1 L 81 @@%‘ EESREE——
I T 1 S - 48 0 e
B3 hAa=+1.65 Ma=+2 B F& 2 = . \00 100 ﬁg‘;{z
YRR . P 4 g A =+1.65 Fl A=+2 8 F 4 “VJ’ e
LR AR L 5 R [ i A BT B 2 -
U B s A T B . T 6 A RS I ke 5 2o,
00T 4 2 WV B 40 AP, Pl 36 T LA M gz w420,
() i1 oA R (0 47 76 149 L 5k 010 0 I T2 5 100,
H A R [ L 50 A 2 AL = A I I
2 LS 4 R 7 e 06 P 1 7 AN
NSNS T I LB w0 T oo 2 48 30 17 14 41 5 " (©) 11,65
T 10 R A 9 6 7 010 TR TE 2R o o
24 X O B B IR BR 2 A UM B4 I = Soo;he0;
3,4, ﬁ /Wzm: :
@%;;300 N =
%&/@ O‘.(_J,_ S 500 250 300 350 400
SO $i% /Hz
7 © =2
S £ 8 dorin
. $i% /Ha 26 O 12
7 (a) 2=1.65 ﬁ 2
@7%;2)00 N
@;@ S 0 > 500250 300 350 400
%o on % /Hz
(d) =2

Pl 4 4 4 KT 5 1] o 7R = 28 A - A ) 2 3 L

Fig.4 Spectrum cascade of horizontal response of Disk 4

for different speed ratios

E 10
g 5 20 ,tw,
R 0,20,
s &
40 3
Az%ﬁ 300 == D
@/@ o 50 100 150 200250 300350 400
Q'°@\, M /Hz
o (c) A=2
g 10 - .
o i 50 100 150 200 250 300 350 400
Z w, O,Fw, ,/(rad * s7)
@ 2w|+wz w1+2w2
4B : 5 4 2 4% Bl ke 2
7%'%?;00 : X Fig. 5 Change of amplitudes with rotational speed for
@‘/@ 0% =5 100 150 200250 300 350 400 Disk 2
*oy AR /Hz
(d) =2 (2) XTElE 3 FEl 4 T LIARBH B & 4 2 Al
3 4% 2 K F Iy 1 W L B = A A AR [ 3 L Ay i o R 2 AL 38 SUAR A % T 41 A A

Fig. 3 Spectrum cascade of horizontal response of Disk 2 ZRAT L 52 MR RIS S8 % 5% 2 i o i
for different speed ratios 4507 .



372 M o= = Mt R OKR % ¥ O % 50 B
1(5)_ . —, RSBl Bl 5 — 2 T8 BE Y R B PA A il 2R
DY SRV VLI 68, e b B T AT LU A ) 5 2
2l P Y A A= LSNP 4R
:}(5)' T I o0 HL Al 35 P Y B LT A = 1. 65 B B T AR
ey O . AU [0 « LTI 160 e 3 B0 T 2R 5 M L
(a) A=—1.65 (b) 2=1.65 2%, oI T BUR G AE A S (R s sl B
 —  — SR LTS
82 F i g 2[ i 7
cort ol Lo )
L A I S ‘
00700 200 300 400 0 100 200 300 400 5
o,/(rad * s) o,/(rad *s")
(©) i=2 (d) =2 0 5 0 5 10 5
¢ x/10°m x/10"°m
Bl 6 ARG E B L £ 2 K ST [ i) B 11 43 22

Fig. 6 Bifurcation diagrams of horizontal response for Disk

2 for different speed ratios

(3) 1 F SFD Ml ol & ) AR 2t H 7
2 FNEE 4 W B ER T w0 Al w. BRI Z 51
BT EHABIE. 200 +wrs o1 + 2w, P
H d o W R T e LT B AR AR E
BARK AR o) + o (UEA= 2 00T H B
R AL I 3w + 2w 5 200 + 3w, WALHE X =
+£1.65 AL T REMEE R, WIA 3, 4.

(4) B3 b o XH{ELAR [] A4 15 D0 T & [ 1 e % 119
25 i 5 B AN N T S 1) T A s 48 R i B o o
(EL 2 (AT ARG 1y T 9l B i SR A T L ARG T
Oy SRR i S T L DL 3 AR 5. MRS
Ha] LU 24 A= £2 BFAE 0~400 rad/s {8 Bl N £
TEPT B LA A 5% 5 O 35 00 /9 i S FE L T A =
1. 65 MHMAAAE— B o 31X 150 B 4 R e 3 L T g
T A 3 T A e 5 2 3 o 2 s AR 5 1
ARG E sh M ik BeAh . B S " LU L B
KA o S 18] JHE 1 0 T I 1 s /N ) 1o e 4%

(5) M S Al LAFE 2, [7) 5% 175 0L i 57 2 3 Y
UTEE 2 WL w1 T o, B3R IR0 1 IR (E 3 /N T
Feth ol .

R5 FREEL THIGREE

Tab.5 Critical speeds for different speed ratios

B/ (rad s s7') —1.65  1.65 —2 2
N T E i — B 174 180 172 180
P F 80 — Wy 286 288 286 288
ST W — B 104 106 84 88
SN R — B 136 140

(6) B LE X T 5% 1 R G0 Bk Fis 3h iy
JABAPEFEAE M . A=+ 1. 65 5L T # 7 245
b F 4 JE ST AR U I IR S il B S X R B A6
MR A= L2 1500 T 7 R0 AL+ 5 5 W32 )

(a) Orbit, A=—1.65 (b) Poincare map, A=—1.65

i |

0
-10 -5
x/ 10 ‘m
(c) Orbit, =1.65

x/10”°m
(d) Poincare map, A=1.65

K7 %2 i WM (w, =170 rad/s, A==+1.65)
Fig.7 Response analysis of Disk 2 (w; =170 rad/s, A=
+1.65)
6 ~ 12
3r ° 6
g ‘ME .
s Or 2 o
= -3 5 6
-6 ';;—12 H i H
-6 - 6 -8 -4 0 4 8
x/lO m x/10°m

(a) Orbit, A (b) Poincare map, /=2

¥/10°m
v o v &
O d
|
r [\
(@x/d)/(10°m » 57
L o &
—

I

-4
4 2 0 2

x/10°m
(c) Orbit, A=2

|
| [><]

4 -2 0 2 4
x/10°m
(d) Poincare map, 4=2
8 % 2 W W 5 M7 (w, =146 rad/s, A=E£2)
Response analysis of Disk 2 (w, = 146 rad/s, A=
+2)

Fig. 8

3 REIE

B T W iE A SCHE R B BT S5 S A TE B 1
Bt R B 0 AE T A = + 1. 65 1500 T B8
BGRB8 LA R B b R B

SCORMIEE JBHJE 5% 2 K0 5 452 B8R S i BTG
LR T Jede 4. i B TR O = FAREE

LR ML AR 7 4 30 F 40 B4 R 9 A
B o 4 FL A S 4 2 0 0 2



%3

AL 4 HAHIE B A5 1 AR Zme N . SEER A5 RS
i BCE R DASP 8% 53 M 4k 3 5 5 91 5 1 o iy
iR b T 2 AN 4w AR AL B
2 IR Z5 R .

9, 10 HA=—1.65 1500 T &k 2 BUE IS5
REREEERLOXT L, B 11, 12 5 21=1.65 1
T2 B LS R SR 45 R R b, a1 9—
12 W LR ARSI BRS84S RY & 5%
U U T AR SR RN T R A AR

1.0 3
0.5t f I
E ' E
5 0.0 Hi 5 Or
E-0.5¢ =00
-1.0 M 1 -3 1 1 I ol I
-1.0 -0.5 00 05 1.0 -3-2-10 1 2 3
x/10°m x/10°m
(a) Orbit-numerical result (b) Orbit-experimental result
0.8 2.5
E06F §2.0r
= 04 o151
@ 1.0t
=02t EO.S L
0.0 oo | ! ! 0.0 "..\L 1 ! 1
0 50 100 150 200 250 0 50 100 150 200 250
I /Hz HH /Hz

(c) Spectrum-numerical result (d) Spectrum-experimental result
B9 B2 O Bk FE 1 (0 =128 rad/s, A= —1.65)
Fig. 9 Orbit and spectrum of Disk 2(w; =128 rad/s, A=

—1.65)

_6 1 1 1

. . 4l
-6-4-2 0 2 4 6 -14-10-6-2 2 6 10 14

x/10°m x/10°m
(a) Orbit-numerical result (b) Orbit-experimental result
4 12
10
8 3t =
s, s 8l
= a [
= =
2k
0

0 AL 1 1 1 L ' 1 1
0 50 100 150 200 250 0 50 100 150 200 250
B% /Hz B /Hz
(c) Spectrum-numerical result (d) Spectrum-experimental result

B 10 #% 2 fle Bk A Kl () =160 rad/s, A=—1.65)

Fig. 10 Orbit and spectrum of Disk 2(w, =160 rad/s, A=
—1.65)
s B @

VIR 23 K S HLRURE § RGBT TR R SE T
& SFD b A il K (9 XU 5 R GERR G 8l ) o A
TR B T SFD R A il R AR e 1 (9 R
M o BAE B BT 1A [R) B LR WU T RS
FRL A R S R AT R . AR

EOR A O XU TR G AR L B T 2 R R 373
1.0 4
0.5 2r
g g
'2 0.0 ‘2 of
\F\—O_S = -2t
-1.0 -4
-1.0-05 00 05 1.0 -4
x/10”°m x/10°m
(a) Orbit-numerical result (b) Orbit-experimental result
0.8 2.0
E06F E15F
o =
=041 =1.0F
21 Q.5+
00 (" L L L 00 Ll 1 1 1
0 50 100 150 200 250 0 50 100 150200 250
HH# /Hz % /Hz

(c) Spectrum-numerical result (d) Spectrum-experimental result

K11 3% 2 Hho Bl F 3% 8] (w, =146 rad/s, A=1.65)
Fig. 11  Orbit and spectrum of Disk 2(w; =146 rad/s, A=1. 65)

4
3
20
= -1
-2
_3 S
-4 2 0 2 4 -10 -5 0 5 10
x/10°m x/10°m
(a) Orbit-numerical result (b) Orbit-experimental result
3 5
g g 4r
S 2r S 3t ‘
2| 22
= E=2 1- ‘ |
0 b 1 1 L 0 RS L L
0 50 100 150 200 250 0 50 100 150 200 250
% /Hz Bi# /Hz

(¢) Spectrum-numerical result (d) Spectrum-experimental result
Bl 12 2 B BuB A A (o, =170 rad/s, A=1.65)

Fig. 12 Orbit and spectrum of Disk 2(w; =170 rad/s. A=

1.65)

AR itog (I

(1) A3y 1 AT DA J5 (i PR b 7 WU 1 &R
G AR LR o J1 F AR, HL Bk A Newmark 8%
RGO EERR T T R PAELM b A
H 8 B8, BRI HL A B e B T B RIOR

(2) ZBE MR T35 1) 52 MR, B 30 L 246 ) {8 AH 7] 7
O 5 [ 1) e i UG - 22 G 1 s 5 ol A /N I
) R - FLICRE I 00 45 2 B4 i 10 1 {5 16 /0N )
0L . 3 R LU 28 B 23 A5 N 4 1 30U
e St 5 380 T, SN - T2 380 1) e S A i B

(3) w4 il R il A5 N L AN B AR B AR A
BT RS0 A T 0 S8 SO R I 4
L 13 H B T PN A B - B AS SF- 4 35l AR 22 AR
LT LS A H RN [ B LN L T Y
W AN LI — A

(D A=E1 65O T 5F R T 4 AW



374 Mo =

m X K

¥ AR

5% 50 %

E’J{Awkﬂﬂ RA Bl O BT 2= XS AR IR IR A =

2 50U B T R GUAL T R s SR A

g’t@aﬁ*EﬂfE 18 AN LI PAT 5 ) 5 5 ol e A

B 5 2 GE 00 L SN A2 2% L 9E T 5 BOMA 2 ] R Y s
SPEE IR IR .

SE 3

(1] ZEEKR. X mEERT 7T S R BT, s Kl

(2]

[3]

(4]

[5]

(6]

7]

(8]

2006, 32(4) :49-53.

JI Lucheng. Review and prospect of counter-rotating
turbine[ ] . Aeroengine, 2006, 32(4):49-53.

B4, BBk, WA Aas &S HL A SR Ry
orHrLI0. M2 307124 . 2007,22(3) :439-443.

HU Xuan, LUO Guihuo, GAO Deping. Perform-
ance analysis of aeroengine intershaft bearing [ J].
Journal of Aerospace Power, 2007,22(3) :439-443.
A, BB ST B ] e U T AR AR I T
Boamr 5 E 0I]. M= 3h g4, 2007, 22(7):
1044-1049.

HU Xuan, LUO Guihuo, GAO Deping. Numerical
analysis and experiment of counter-rotating dual-
rotor’s steady-state response[J]. Journal of Aero-
space Power,2007,22(7) :1044-1049.

B ok, S, ok, S WU R s AR Lk
BT PR3 LAR%AR . 2009,22(3) :268-273.
LUO Guihuo, HU Xuan, YANG Xiguan. Nonlinear
dynamic performance analysis of counter-rotating du-
al-rotor system[]]. Journal of Vibration Engineer-
ing, 2009,22(3):268-273.

e B ok, T8, S R ERE T REMN
Josd e R EBE SR LT ], IR 3 5 ehdi, 2014, 33(2):
105-111.

YANG Xiguan, LUO Guihuo, WANG Fei, et al.
Acceleartion response characteristics of a counter-ro-
tating dual rotor system[ ] ]. Journal of Vibration and
Shock, 2014, 33(2):105-111.

BE o6, B 5 BIRTE S5, R 4k R ) e B DU T &
G I T Uk B3l Jy R v whge LD . M as B 1 AE A
2014, 29(3):585-595.

YANG Xiguan, LUO Guihuo, TANG Zhenhuan, et
al. Modeling method and dynamic characteristics of
high-dimensional counter-rotating dual rotor system
[J]. Journal of Aerospace Power, 2014, 29(3):585-
595,

B4, PRk, mETE. BAR T P R LI T %
SyHrlI]. ALz 1 E 4. 2006, 21(6):1069-1074.
HU Xuan, LUO Guihuo, GAO Deping. Quasi-static
analys is of cylindrical roller intershaft bearing[J].
Journal of Aerospace Power,2006,21(6):1069-1074.
ook, RS, £ S FR SRR R 1 R R
Il T 2 AU ¥ FR 48 Bl g 2 g L) . M2 3l J 24l
2012,27(8) :1887-1894.

LUO Guihuo, ZHOU Hailun, WANG Fei, et al.
Dynamic response of co- and counter-rotating dual-ro-

tor system supported on ball bearing[J]. Journal of

[9]

(10]

[11]

[12]

(13]

[14]

[15]

(16]

Aerospace Power, 2012,27(8) :1887-1894.

FENG Guoquan, YUE Chengxi, ZHANG Lianx-

iang. Dynamic analysis of a two-spool engine with

counter rotating rotors[J]. Aeroengine,1993,19(5):

43-48.

4L, A, PRI A SR AR 3R G S P

ARAXT Ay HELT]. PR3l 5 ohidi, 2012, 31(7):142-147.

FENG Guoquan, ZHOU Baizhuo, LIN Lijing, et al.

Misalignment analysis for support bearings in an in-

ner-and-outer dual-rotor system[ ] ]. Journal of Vibra-

tion and Shock, 2012,31(7):142-147.

SRR SC, RN, REE,F. E R TR

Gl S SR g s [T ], HE#EH R, 2015, 36(2):

292-298.

ZHANG Dayi, LIU Yehui, LIANG Zhichao, et al.

Prediction for critical speed of double spools system

in aero engines[ J]. Journal of Propulsion Technolo-

gy, 2015.36(2):292-298.

BRI, BUE T i 28 K sl L3 AL IR ol @ 8E 5 3w LT .

PR3 TR, 2011, 24(6):619-632.

CHEN Guo. Vibration modeling and analysis for du-

al-rotor aero-engine[ J]. Journal of Vibration Engi-

neering. 2011,24(6):619-632.

JGEA, B, ALE K 3L XU 118 3l il - L R
GRS I I]. Aia 3 Ji2E 4k, 2009, 24

(6):1284-1291.

ZHOU Hailun, CHEN Guo.

dual-rotor-ball bearing-stator coupling

Dynamic response of
system for
aero-engine[ J |. Journal of Aerospace Power, 2009,
24(6) :1284-1291.

CHIANG H W D, HSU C N, TU S H. Rotor-bear-
ing analysis for turbo machinery single-and dual-rotor
systems| J]. Journal of Propulsion and Power, 2004,
20(6) :1096-1104.

GUSKOV M, SINOU J J, THOUVEREZ F, et al.
Experimental and numerical investigations of a dual-
shaft test rig with intershaft bearing[ J]. Internation-
al Journal of Rotating Machinery, 2007, 2007 (2) .
308-321.

PHAM M H. PHILIP B. An impulsive receptance
technique for the time domain computation of the vi-
bration of a whole aero-engine model with nonlinear
bearings[J]. Journal of Sound and Vibration, 2008,
318(3):592-605.

[17] PHILIP B, PHAM M H. A receptance harmonic

[18]

[19]

balance technique for the computation of the vibration
of a whole aero-engine model with nonlinear bearings
[J]. Journal of Sound and Vibration, 2009, 324(1/
2):221-242.

PHILIP B, PHAM M H. Computational studies of
the unbalance response of a whole aero-engine model
with squeeze-film bearings[J]. Journal of Engineer-
ing for Gas Turbines and Power, 2010, 132(3):1-7.
PHAM M H, PHILIP B. A computational paramet-
ric analysis of the vibration of a three-spool aero-en-
gine under multifrequency unbalance excitation[ J].
Journal of Engineering for Gas Turbines and Power,
2011, 133(7):1-9.

(%R % : TR 3B)



