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ABSTRACT

The high pressure rotor system in the modern aero engine generally adopts the structure of rabbet-
bolted connection, which has discontinuous characteristics in structure, the nonlinear stiffness of the
connection makes the high pressure rotor exhibit complex vibration response, in addition, the assembly
deviation of the connection interface causes the high pressure rotor non-concentricity fault. This paper
focuses on high pressure rotor systems of aero engine, studies the nonlinear stiffness characteristics
and generation mechanism of rabbet-bolted connection, and analyzes the dynamic characteristics of the
high pressure rotor system with rabbet-bolted connections and vibration response of non-concentricity
fault.

The main research contents of this paper are as follows:

(1) This paper introduces the structural characteristics and load characteristics of typical bolt
connection structures of aero engines, and the contact finite element models of bolted connection
structures with and without rabbet are established, and the nonlinear stiffness variation of the rabbet-
bolted connection is analyzed, the generation mechanism of nonlinear stiffness characteristics is
revealed, the influences of tightness of the rabbet, preload, speed, radius of dividing circle, thickness of
flange and number of bolts on the stiffness of rabbet-bolted connection are discussed.

(2) This paper establishes the equivalent models of the bending stiffness and radial stiffness of
rabbet-bolted connection structure, and the correctness of the equivalent model is verified by solid
finite element model; the finite element model of high pressure rotor simulation tester with multi-bolt
connection surface is established by using beam element, and the vibration response of a rotor system
with nonlinear stiffness of rabbet-bolted connection is simulated, and the effects of unbalance and low
stiffness on the vibration characteristics of the rotor system were discussed.

(3) This paper establishes the contact finite element model of the multi-bolt connection tester, and
analyses the rotor assembly deformation when the face deviation exists; the mechanical models of non-
concentricity fault is established, and the vibration response of rotor system with the non-concentricity
fault is analyzed. At the same time, the non-concentricity fault test bench is built, simulation test of
rotor assembly deformation and vibration response test of non-concentricity faults are conducted, the

experimental results verify the correctness of the simulation results in this paper.

Keywords: high pressure rotor, rabbet-bolted connection, nonlinear stiffness, dynamic characteristics,

non-concentricity faults
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AR VE R BE T IRBIRFE 70 M SR BCAS R L S P A LB AT 7T

(D BHYRER
FEMEL A LA 18 AN TG, BLICHIT S B AR 2.4 158 2.5 . A& 3EE 16 4
BIG, HIoHTT SUE Bk 2.6 F13 2.7 s
2.4 FeE A B oo E B

% AR VAR EE FITAME BFIGHAR BIGKEE
1 E/(Pa) u pl(kg/m?) D/(m) d/(m) I/(m)
1 2.07el1 0.3 7800 4.500e-02 3.700e-02 0.0595
2 2.07el1 0.3 7800 4.500e-02 3.700e-02 0.0496
3 2.07el1 0.3 7800 5.600e-02 3.700e-02 0.0370
4 2.07el1 0.3 7800 7.100e-02 3.700e-02 0.0368
5 2.07el1 0.3 7800 7.232¢-02 5.831e-02 0.0098
6 2.07el1 0.3 7800 8.240e-02 7.640e-02 0.0110
7 2.07el1 0.3 7800 1.091e-01 1.031e-01 0.0136
8 2.07el1 0.3 7800 1.358e-01 1.298¢-01 0.0137
9 2.07ell 0.3 7800 1.625¢-01 1.565¢-01 0.0136
10 2.07ell 0.3 7800 1.892¢-01 1.832¢-01 0.0137
11 2.07ell 0.3 7800 2.159¢-01 2.099¢-01 0.0136
12 2.07ell 0.3 7800 2.755¢-01 2.695¢-01 0.0297
13 2.07ell 0.3 7800 2.670e-01 2.620e-01 0.0636
14 2.07ell 0.3 7800 2.670e-01 2.620e-01 0.0352
15 2.07ell 0.3 7800 2.782¢-01 2.732¢-01 0.0226
16 2.07ell 0.3 7800 3.017¢-01 2.957¢-01 0.0295
17 2.07ell 0.3 7800 2.836¢-01 2.786¢-01 0.0461
18 2.07ell 0.3 7800 2.597¢-01 2.547¢-01 0.0360
2.5 MBS AER
) il ,/ﬁﬂéﬁ K £rhmE RO U ER ¥ R A5
(m) /(kg) e/(mm) /(kg'm2) /(kg'm2)
1 0 0 0 0 0
2 5.945¢-02 0 0 0 0
3 1.090e-01 0 0 0 0
4 1.460e-01 A1 0 0 0 0
5 1.828¢-01 0 0 0 0
6 1.926¢-01 0 0 0 0
7 2.036e-01 0 0 0 0
8 2.172¢-01 0 0 0 0
9 2.309¢-01 0 0 0 0
10 2.445¢-01 0 0 0 0
11 2.582¢-01 0 0 0 0
12 2.718e-01 0 0 0 0
13 3.015e-01 B 1 23.139 0.01 0.3493 0.2221
14 3.651e-01 0 0 0 0
15 4.003¢-01 0 0 0 0
16 4.229¢-01 0 0 0 0
17 4.524¢-01 A2 7.0089 0 0.0848 0.0426
18 4.985¢-01 0 0 0 0
19 5.345¢-01 B3 2.9412 0 0.0141 0.0071
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* 2.6 s E RICER

2 PAPERRE L 2 Jis BIGAME BITHAR BIGKEE
= MEL VN
E/(Pa) p/(kg/m3) D/(m) d/(m) //(m)
1 2.07ell 0.3 7800 2.600e-01 1.940e-01 0.0233
2 2.07ell 0.3 7800 2.080e-01 2.020e-01 0.0454
3 2.07ell 0.3 7800 2.080e-01 2.020e-01 0.0485
4 2.07ell 0.3 7800 2.080e-01 2.020e-01 0.0484
5 2.07ell 0.3 7800 2.080e-01 2.020e-01 0.0387
6 2.07ell 0.3 7800 2.080e-01 2.020e-01 0.0222
7 2.07ell 0.3 7800 2.100e-01 2.000e-01 0.0395
8 2.07ell 0.3 7800 2.100e-01 2.000e-01 0.0381
9 2.07ell 0.3 7800 1.908¢-01 1.808¢-01 0.0180
10 2.07ell 0.3 7800 1.572e-01 1.472¢-01 0.0199
11 2.07ell 0.3 7800 1.520e-01 5.387¢-02 0.0115
12 2.07ell 0.3 7800 7.000e-02 5.400e-02 0.0405
13 2.07ell 0.3 7800 7.000e-02 5.400e-02 0.0285
14 2.07ell 0.3 7800 7.000e-02 5.400e-02 0.0420
15 2.07ell 0.3 7800 5.600e-02 4.000e-02 0.0390
16 2.07ell 0.3 7800 5.400e-02 4.000e-02 0.0500
2.7 HME T AER
i il ,/;-Méﬁ 5 £rhmE O ﬁ?ﬁifﬁz% *&‘rﬁi;
(m) /(kg) e/(mm) /(kg'm?) /(kgm?)
1 5.345¢-01 0 0 0 0
2 5.578¢-01 0 0 0 0
3 6.032¢-01 0 0 0 0
4 6.517¢-01 0 0 0 0
5 7.001e-01 0 0 0 0
6 7.388¢-01 0 0 0 0
7 7.610e-01 0 0 0 0
8 8.005¢-01 HA% 4 15.897 0 0.2221 0.1129
9 8.386¢-01 0 0 0 0
10 8.566e-01 0 0 0 0
11 8.765¢-01 0 0 0 0
12 8.880e-01 0 0 0 0
13 9.285¢-01 0 0 0 0
14 9.570e-01 0 0 0 0
15 9.990e-01 XK 2 0 0 0 0
16 1.038 0 0 0 0
17 1.088 0 0 0 0

(2) FERSTRSH

ey AL R 2 TR R R T 2R R W FE AR B JE , BAR S HORE FI Y s sk 2.8 Far
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AR 2.8 e -tk SR EEARIFH JE 24

Wi EREE  REKT MgE RAEEL  GEkT
ARG BRI EE Be /N BEc, /N BUEc/N

k,/(N/m)  k,/N/m)  k_/(N/m) - s/m) . s/m) . s/m)
XK1 1e8 1.1e7 1.1e7 2000 2000 2000
K3 1e8 1.1e7 1.1e7 2000 2000 2000

BT BRGNS E, HBELMESRE R R M. WIEERERE K A FEIRAERE G, BT
KGRV RBAAE ER A LLBIfE e, RIFHJERHFE €, =aM, + BK, , HhayFiEHE RE, B
NN E R 8. Ao s & 1 5h 15 TR FT 3R N

Mg, +(C - aG) ¢ +Kq =0 (3-35)

B 2.5 Al MBI 19N 8l BT RIIEBE N 6, AT (3-35) 1,
Ui S 1 B SRR R M RN FERERE K O 114114 RIS RRAERE, FEMRSERE GO 114114 1)
SRR, Qi T SR A B &, K/NA 114X gy g R g 955 BN s B 5
)& S ) AR A R, KNI 114x1, o T AEEE, BALA rad/s.

[JER, AIA5A M & B 15 07 RN
M,g, +(C, —wG,)q, + Krq, =0, (3-36)

2.7 AL NS 17 A, ST AR EmER 6, Bk (3-36)
A ) 355 7 114D JoR B B MO R AR B Ko DN 102x102 IS FRAERE, FEMZAERE G2 N 102X 102
(R RN, @0 1T AR BT, /N 10215 Gy« gy F gy D95 5197 S sk
FEB i . SRS R A A R, KANYA 102x1.

17 OB AAT O B T L R e A A, 1 TR T B 8 A P B ¥
B A IS 4T ) 5 & A5 A S AT T 0 5 7 /49 PR, I 2 IR i a1 Bk e 5 1
e i IRV AR, T R 7 (A R 7 J 25 T R
Fpy =k, (7 =y +¢, (5] =)
Fi=k, (2] —z))+c,.(Z] = 7))
My, =k, (0, = 6,)+¢o, (0, ~ 6,)
My =k (0}, = 0.)+ . (0.~ 01)

(3-37)

Kf,  F BFL 5y BIFOR A S T 200 78 y J7 A 2 J7 I B2 e g, M, R M,
53 MR LE SRS A i B8 y BN GE 2 SRR 056, &, Rk, REERREERITE y J7 1A 2 75
AR TR, Ky, Bk, FEBRLE MG y BANSE 2 07 IS NIEE, ¢, # ¢, FoRiER:
GBS ey, Al cp, FoR B MIMIBLIE, yI o JIAIZ! . 2040 B3R 2 Bt
T AE y TR 2 D7 B ALRS . B, yT . PRIz 25 RN AT S R T
T2y DAz J7 ) EIAiRS . B, 6, . 0, R0 0. . 6. 5 BIF R A A1 5 i 4% y A 2
BB HOREE, 05, . 0, RO, . 0 5 BIFRA MBI 27 58 y WA 2 Bl £
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FAEE . AR P DA B RN, AT G Y A 2 B T F

G~ Fa RUEMS, . M2ON
T i TR FyE, RP:

Fy% =_F)}i =_kny(y]2‘ _yil)_cny(yjz' _yll)
2 1 2 1 2 .
F‘zj :_F'zi :_knz(zj _Zi)_cnz(zj _Zi)
M2 =-M =—k, (6> -6 )—c, (6> -0))
Y yi Oy \"jy iy Oy \"jy iy
M; :_M;i :_kgz(ejgz _Hilz)—i_cgz(e];z _0112)

(3-38)

o, ik FHEAEIE R E M 03 y T AN 2 7 TR AR TR &, Ak, 1K (3-34) 348,
R
k,, =k, =ncE R, (3-39)

1E PR MR A5 R 58 y A 2 B 2 AT &y, Mk, B30 (3-28) THEERAS, Bl
kg, = ko, = ky (3-40)

PR THER AR, 25 NI &, AR I 970 B NI

et FRE S T R AR AT mR R T R TR, R R,
JE PRI 715 73 59 D e 5 o B Al Lo 5 2 A A T A il 70 A IR e T 3 5 ) A i e 5 A
XHE B A I s 7, B

0=0,+0, (3-41)
X, QONETRGEEIRIGINE, Q, NATFHEIEIR 5 &E, Q, NBHhES M in i

THEXSIE B AR R OISRl 70, T T PR AU 0 BEAT VR BB -
(1) AR 15 A &
BB 2 M 15 PR A A 1 AR AE B en, B 1 AT 22 B fRT (0715 A 13, D)2 ) i 5 1)
AT 15 R & Q, AT R RN
13540 5 T E T
{o

~ 0 fy fq 00 0 -0 (3-42)

PR IR A my, . TR @, WS (3-42) o £, Fl £, 75 MF R

{fyl = mge,0° cos(at +®, ) (3-43)

fur = my,e0° sin (ot + @)

A M A e ik 4 60 T 15 05 8, i N my, , AN TERIAARAA O, AFAEM O R es
FIE R A, A s fal i APl 71 51 1 0

85T L M T
0,=10 - 0 f4 f4q 000 -0 (3-44)
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Rl £, B £, WA BN

{fﬂ = mye,0° cos(wt +®,)

foy =myue,0° sin(ot+ @)

(3-45)

(2) B RS AT 32 3007 2 01 BRIt
TE 5 PR TR0 28 B T AT R T AL ch, A0 ST 717 A4 19 54 DU F 5 44 1
SERBCR A, b ASE B B R R (3-37) TTAN, ZS DN 19 B0 A
Y SAL I E ot
Fyig =k (7 = Yi9) + ¢, (3 = Jio)

1 2 1 .2 .1
Fli =k, (27 —219)+ ¢, (Z] —Z9)

(3-46)
M;19 = key (‘912y - 9119y) + ¢y, (912y - 9119y)
Mg = kg, (62 = 0.) +co, (6 —O.)
PRI, e I 5 B0 BRI S0 73 21 11 @y TR 7R -
19515 4 E 1% T
0, =40 -+ 0 Fyy Fiy 0 My, My, (3-47)

B, HREEA MR (3-38), AT 5 1 2 rME 1 K 5 A
Fy =k, (3] = ¥1o) = €,y (G = Jio)

2 2 1 2.
F} ==k, (zi —zj9)—¢,, (2] —Z9)

5 5 . o (3-48)
Myl =_k9y(91y _919y)_09y(‘91y _919};)
M22] = _kez (9122 - 91192) - c&z (0122 - 0.1192)
A 0 e 7 ) B IR 71 8 1) B Q) PR IR N :
VB £ T
sz—{o Fy21 Fj 0 Myz1 M221 e 0 (3-49)
R EFTIR, &k g S M 1B 1 TR A
(3-50)

{Mliil +(C -G ¢, +Kq =0,+0,
Mg, +(C, — 0G,)q, + Krq, =0,, + 0,

3.3.3 I B RS S AT Bk B 56 E

b 22 WA T HE TH 1 v 8 A DG B8 AT RS TH A SSRGS, T e L R
gk B [ 7 B AR S ISR AL, B0 E R T 30 1 AL () IE R

(1) Bk

52 WEAR BT o PR AL G B S IR I A W P 2.62 TR, ARG R IE 5% 0%
sl 77 =0, A=A 20-300Hz, 4IRS 1Hz, RSN 2 4t IS 2808 )
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JiiE, BR8] SR A B N E SZURh 70, R IR AR 40N, TERE T IAIR S Bk EL
7 AN ACRAR IR FEAS 5, WA B 7 E A 2.63 iR

TS MAS A BT 0 A FEAR I B0, BRI I 5 0 A5 Ay A% it 2k G 1] 2.64 FToR
IR REY], £ 20~300Hz FASVEHE N, R AA7E 4 LR8I, 737104y 74Hz. 91Hz.
123Hz Ml 145Hz, F A A SERIR e 7 58 — B [E G SR, 5 PN SRR N i 75
TR EE SRR, RS H I AN SR AT 1 R R e KSR L TR WS . e
RIS IRALIE 2.65 Fin, #—. ZRBDNE T3, =, WM IREONEE TR0,
KB IAIE T 7 10 P SL IR AT R IR I 28 10 38 — IR, 5 R SR e
B MBS . A SCHREN 91HZ M 145Hz N1 1T W A R, 511 W 4R Y

A BN

Pl H

K 2.63 155 KAk R AT BT Ron A
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(c) H=Br (d> EEPYH
K 2.65 e B T REDLA G S A A B iR 7

(2) HEMHEIH

MR 3.3.2 *5 EE LI vy 5 e 7 B B0 % (O e B oA PR TR, R RS 5 (i SR e e
T ARGUHT PP A PR AR, SR 7R A I I I A B RS S, A I
WA 2t B 2.66 P, i A5 RARW], £ 0~300Hz FIZAJEH N, 7l 834 F 86Hz
A 150Hz P [ A A, A SR B ST A R R 2.9 P, DIR[0 R 2%
BLE 10% AN IR A S IR AT S A R 2.67 o, 28— IS IR ROV #7130,
B RS IR TN, BAIR S WG R &, WAL 13 T3 ) AR Y IR

P

0.04
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i =002
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o
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(a) WA 1 (b) Wl ki 2
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0.03 0.03
0.025 86 0.025 86
0.02 0.02
§ 5 150
{50015 Eoms
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00 50 100 150 200 250 300 00 50 100 150 200 250 300
P fIHz HifIHz
(e) WM& s () W& 6
0.04 150
m0'03
2 86
igo.oz
0.01
0O 50 100 150 200 250 300
B fIHZz
(g) M7
P 2.66 FRAS A B 25D i PR i A 28
(a) M (b) M
K 2.67 & B ARG AR A T R
* 2.9 R AL R0 25 [ A AR 7 1 5] T
, [EA 5%/ (Hz) ,
Neve n A . mE (%)
Brex R i el (o
—% 91 86 5.49
F i 1 145 150 3.45

3.4 Z[RIE OB IR MR T R RN N IE S

b A 2 Ay 25 i ) 2 S5 SR R R S s T SR 5 R AR B, 25 NI ke SR B 73
BRI . it — DR R i RO R, ASCHE DR B & MW E(R] “ S TR AR MR AR
(oBbati b, RmES gl IR DR N BRI B, (PR B e B BORVER NI BE B B, A 45 44 25 41
JEE kg RE— AL BT ERNIEE, B

ky = koo MM, (3-51)
ko |M|>M,

Forft ko 9 1B FUREHIRZS S I VI RIS, A SCHEUE N 4.6X 10N m/rad; & J9 IR MIRE B B
(0725 TR, IR B 9 B 25 P2 B BT S AR A B, A SCR O SE A, RIS Dy
25 WA AR R AR R AL, A SC ko BRUE O 38 45 45 M I W BE i B 25 Y 9 2 7 — o=, T
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ki=4.41x10°N-m/rad, 5 SRR ke SR M2 B B 25 il ) 2 E AT 4 T8 TSR Mo Ik VRS
AR, ASCHUE Y 150N-m. 7EBUADT Hid AR by, Sl BUE G Bl Y 2500~15000r/min,
HUHA S J 515 Newmark-BiZi, HAP BN SHy=1/2. p=1/4, BHLKR le-Ss,
THE ST B A 2s.

AT F BT M NIBE &k, RIARLRMEARE N i 7 R A8 IR PR SR, P A P R
KNGS BRI BE &, BYBRASAC IR, 1k AR S B A M I 20 FE IR 2 AR . 22 B A 5y
SR FIRRE T 7) 552 B 2 B0 AN BER B 25 NI BE o, ETTSE M1 R 3 )
Rtk B, ATIEMTEE T RGARLAES) JE R B Al b, B — B0 AP R A
I EE 1 B 140725 it P88 ) 1 30 1 R ) 2 T A

3.4.1 IR AFE 547

FERNASTF RS, B0 RN 0.0 1mm I, 1E VR e i 1 2 IS 144 04 13 110
PR MEAE B R AR K 2.68 (2) Fivn, N T HHTICEL, TR Ze) 1 B fA xU 11
WS (RSN, IR D . BRI LG, kMg s T —
Byl 5 e 3 9 5200r/min, B /N T 0% S8 1 I L B 5500r/min, 55 B I O A E N
10700r/min, 5 IELEEE TG FAL AR R o 55 — Wi I S o 1R A0 A0 3R B L VMR o e 5 4 7
T RIEER R, TR T % 7 RGUMRIEE, (57 I Sl TR a0 28 55 — IR
RUONEFF5)), BRI FE 1 B AR 8 1l S oG — e e, 3 IR 88 3 IR AU N i
TR, 2 A TR, BTN AR I S LA A . B 2.68 (b))
PR 5 I, A PRI UG, EAR RN, RN N2 M A 1 R
X RV T IREN S — b A WIPER S, A 2.69 ATLAE Y, 1k B RE T SN T AR IR 2/
TR FE R AT TR ISR Mo, X R BV i R 25 i NI EE R FE MR AR i AR BOK

0.05 1

5200 N
0.01 — ErURRERR T ..
- — EgT 0.04+ .
. 0.03
E ~~
= £ 003}
2 0.02 E :
d 0,02/
o . -.\/
\ ll 4
~ -, 10700 I ——
0.00F L
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M (r/min) &5 Crimin)
Ca) IR 8 5 1) A% 1 ith 22 (b) arE (JEEstT)

B 2.68 1E SRR E R E5 M 2 1 IR Bl i o2
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4000 6000 8000 10000 12000 14000
il (r/min)

P 2.69 e - e 1Y e 25 I A T ) A A it 2
DAL IE 4000r/min FIARBNERAE], M0 2.70 FiR. EEANATERE T, 7 R
PG AR IR LW, SN RAEAE— e i, B OB BOSIRIRE, D8 K
WA R EES, KR TRy —F R IVEIESZIR3): 1k DA e b 1 25 it NI 2
N—EAE, FEEEN RN EE IO IEZE S, XK I NI ) AR 2R R AE v R B
Ko BIUAENAFHRET, B R S MR T8 25 M NI 3k
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(e) HEHEE K M2 (O EE REE
Kl 2.70 1 ile g IR s B (4000r/min)

R RA TR T, B O N 0.08mm I, 1h FTBE R 35 1 (1048 3 8 18 it 4%
A A R A 1] 2,71 P, B TSR — W Il S R G808 4900r/min, 5 T I SR GEA
10700r/min, SE/NA P TR A AL RA L, 55— WG Rt — 0 R, B iE At
B AR REANAS,  IX R 1b MR T 2 (1025 B s — 2D A, 2 ot B R AR
FERY B, 1E 5500~5800r/min FRIFEETEFE Y, SRZDIRAE A LI, 2 5 Bl 25 o 40 0 32
ko T b VR Y R S B R 1 AR A R 1] 2,72 R, EE 5 5500r/min,
B SIS ALY 240N, R TR B R TR IS0 Mo, % T EEF NI BE I AR 2R 1 RS AR B
Wk BT IRshma NIy & BN 2.73 Bros, Hop (b) J4 5400~5800r/min %3 i il Y J&j 78
sl HEREE, 1F 5600~5780r/min FE VL N, RSN 2N E 4
(e SR Bl o SRR 2 B S IS PN AN TSR &, R, BER
RNEAH, WE 273 (b) Fis,

0.20 : 400
4900
320 F
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VE o 2401
0.10 =
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= i 160
0.05F
80
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~ 1 0.22f pt don,
02} el S
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N r$|. E -:|:| il' i i
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§ |':| .-. E Bk ' :|.,:_:. 3 II.
NI = 0.16 ch Hips ' T
= o1 TN 1 B “H!I“:H ngatdl 2 )
< 11 \/\ 0.14 I:|-. . i.; .
I L et U
0.05F . 1 CFE I R
I 012 ity
W 5400: :5800 . |
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3 C(r/min)

(a) AFE T3 K
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