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ABSTRACT

Due to manufacturing and assembly error, abrasion, structure clearance is universally existing
in aero-engine rotor-bearing-casing coupling system, which contained the following part: firstly,
fit loosening clearance between outer ring and hole of bearing; secondly, working clearance between
roller and internal and external raceway of rolling bearing; thirdly, rotor-stator clearance between
blade and casing. These typical structure clearances will cause strong nonlinear characteristics of
connection or bearing stiffness, which will cause the whole vibration showing complex nonlinear
vibration laws and characteristics. In order to analyze these fault characteristics effectively and
control aero-engine whole vibration purposively, aero-engine whole vibration modeling and
nonlinear dynamics research have been researched in this paper. The main content is following:

(1) A certain type unmanned flight for small engine whole vibration coupled dynamics model
is established by using the finite element beam element and nonlinear response is solved by
numerical integral algorithm. It can provide the coupling dynamic model of the engine for
simulating strong nonlinear vibration response problems caused by the structure clearances.

(2) The characteristics of the fit looseness fault between the bearing and bearing housing are
studied. Firstly, Outer ring and bearing housing with fit looseness fault model is put forward. The
typical connector stiffness nonlinear problem exists in the vibration radial direction in the model.
According to this connection stiffness nonlinear problems, asynchronous response characteristics of
connectors looseness fault are studied. A lumped mass model with connectors looseness fault is
established. The response of the system is obtained by numerical integration methods and the
asynchronous response characteristics are analyzed. Rig with connectors looseness fault is
established and the asynchronous response laws are verified by experiments. Based on the
rotor-rolling bearing rig, coupling dynamics model of rotor-bearing rig with bearing outer ring and
bearing housing fit looseness fault is established. System nonlinear response is obtained by
numerical integration algorithm. The influence of tightening torque on bearing response is analyzed.
Lastly, the fit looseness fault model is used in a certain type small engine model and casing
acceleration characteristics are obtained, which are compared with test data. Simulation and test
results show the same fault characteristics.

(3) The whole vibration response characteristics of engine are studied considering radial
clearance of rolling bearing. For a small engine whole vibration finite element model, rolling bearing

radial clearance at different supports are considered and the response sensitivity of the whole
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machine vibration is analyzed. For the high sensitivity support, contacting state of the rotor, outer
ring of rolling bearing and nonlinear response laws at different rotating speeds are analyzed. The
contact force between rolling bearing and rotor and the influence of different radial clearance on the
contact force were studied. It reveals the influence of the radial clearance on the stability of the
operation of rotor.

(4) Blade-casing rubbing fault model and the casing response characteristics under blade-casing
rubbing fault are studied. A new model for blade-casing rubbing fault is established. Blades are
considered as rectangular beam model, the blade-disc coupling dynamics model and the coordinate
transformation between rotor and blade are considered. Rubbing force changing caused by uneven
clearance between blades is considered. The new rubbing model is applied to a certain type small
engine. The engine whole vibration model with rubbing fault is established. The numerical integral
method was applied to obtain the casing acceleration response and blade response laws. Rubbing test
on aero-engine rotor rig with casing is conducted. Experiment validated the modeling correctly.
Finally, the single-point rubbing model and the local rubbing model are applied to the small engine

model. The casing response characteristics are analyzed.

Keywords: Aero-engine; Structure clearances; Response characteristics; Numerical integration

methods; FEM; Whole vibration
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Frxi = kgr(xcj - xri) + cgr(xcj - xri)
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i=12---N @5
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chj =-F,
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M, =-M,

(3) By -He 7[RI s 12
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|

Min = kRa (¢RRj - ¢RL1‘) t+ Cry, (¢RRj - ¢RL1‘)

MRyi =kyq (WRR/ —We) t Cry (WRR_/ ~ Vi)

F Ry — —Fry

Fryy = Iy, (2.9)
M Ry — —M .,

M Ry — -M Ryi

(4) HLI-FERLIR] (221D sk SOk
X T AL 5 BE Rl ) 223 R L SOK CBr (k=1,2,...ND, WL AR ¢ AN i g B Al F ik
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B e R A BRI R s A S LN LR Bl A 5 R 2R e 80 Ty 2290 Hr
MR X, v, o WHERAENUE AT fUi BT Fous Fou A:
{F =—k x.—c X

cxi cx’rci cx el

) (2.10)
Fcyi = _kcyyci - Ccyyc[

2.3.2 B3k ERSREKERZE

AR A E R RGN KA T FIEARPITCRA WA A, 8 NABE, 4l
HHH XL VRPN X, Y U R, R B
qe(t):[qle QZe q3e q4e qSe Q6e Q7e qSe ]T°

TALAEFEALS:, BT RS WAL WIS TRER:
M. g, +(C, —aG,)q, +K.q, =Q, (2.1
Kb, O HRGIRZINENT: M, RETEAE; G, RAEE M KA
RGN R C, Sk RGIB JRAERE -
ASCRA GRS, B C, = agM + oK, FTUFSE i [rPe
& :%(%‘:+ala}iJ (2.12)
L AR AR AE L, SR .0, SKIFRGEMBLB I C, .
MTHT RS WUE RS, KA Newmark-AH: sk BV 1 (m R CHLFEmIRND o % T 85
ARG, T Newmark-Pik GBI BoRBUNE-B 78D, ik /Moy oy e sk
i, FRAFRN AR TEHINIRN, R JEEILSRAEE R D AERIBIRBER B, dt,
TR A RARIFEF], BV NIRB BN o %7 B K Newmark-B (R 1 76 iz g
SRR, BRGNS S AN, LRI TR . %7 i
(IR AR SR A AR e AR 2. 4 s

BRI MUFAT i | [ AR LRI
ML R YER ) M7 o T

] | v
K Ba R PR EETE WAy K H AU
(Newmark-B) 3K CGRITHE) ki (Newmark-) 3K
¥ [ T ¥
f H B [ ) HRSARE AL IR e 1 AL o
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D) BRI EERREIK], PR R M] X B FEFE[C:
2) PAFVILAME (X0~ (Vo {4o}s
3) EFELKAL B e B IR
Yij 1 1

a =——,a, =——,a, =— —1,

oAt 2a

v (2.13)
a, =£—l,a5 =— é—2),a6 =At(1-p),a, = At
a

2 a
4) T AT R -
[K]=[K]+a,[M]+a,[C]
5) SRR [K]
(2) SR IR KA 5
1) n+1 IS 20 3807 1) 2

(P} = {PY+[M(agiX,}+a, W, +a {4, N +[Cla (X, +a, 7, +a{4,))  (2.14)
2) SKRfE n+1 N ZIALAE . B N Ina &

X =K1 (2.15)
i =a (X -X,-ali-aid} (2.16)
Wiy =W +agid,j+a{4,.} (2,17
IR
{x,. =), +{V},,At+[;+w)m},,mz S ERTS
{V}n+1 = {V}n + {1+¢}{A}n At—¢ A}n—l At

A AR DK IR n—ARF =nAe BEH; NS n+1—REE =(n+ DAL B FHR n-1—
& =(n-DAt By ¢—BIDSH, WEIER y=¢=1/2,

2.4 HNFRESLY

SRR S A il AR LR S EULE I UG 3R R BB = 4o sk
B, AN EE—J7 B AR H 17, 5 — IS5, Wk 2.1-% 2.13 Jis.,

Horb, R 2.1 WP RFLE AT o R 2.2 WEESH, ARSI T A
WA R 23-K 2.6 WEETSEL GE K RSN SREREE X0 ARBRAT B 1 AR 3R 2.7-
® 2.8 AHHESE, QU NI, FUREE RSP S, R 2.9 4 4 A3 B INRE)
HARZH, % 2.10 0 4 DR T-HUFE SRS HRCi RCsv RC3 S RCas 3 2.11 %1
WU PRS2 4, T TARDUZAR IR 5 5 S mE A M EE s 3R 2.12 D AL I -J il TR (R 4 1 2
FHFBAET . 52y, R 213 N -3 T sE s 4.
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o SR R BRI LA R S LN L IRl i S AR R 3 0 22 0

R 2.1 Fer HHLEATH T oo

W 1 RSN T T HLIH
11 10 11 24
£ 2. 2HFSH
S Py P, £ Ps 5 Py £ Ps
Dig==% 3.88 1.41 0.695 0.81 0.639
WARERE Jap/(kgm?) 0.028 0.0028 0.0047 0.0058 0.004
FRE PR Jaa/ (kg m?) 0.024 0.0024 0.0024 0.0029 0.002
S %% Pe Py £ Py £ Py £ Pio
g » 0.678 0.64 1.758 10.28 10.28
WARERE Jap/(kgm?) 0.0022 0.0041 0.0089 0.0503 0.0503
FRE PR Jaa/(kg-m?) 0.0043 0.002 0.0046 0.0315 0.0315
* 2.3 K TR S5

w5 AR FR/mm A% /mm M 4%/mm

1 0.0000 30.0000 0.0000

2 30.0000 48.0000 0.0000

3 71.0000 30.0000 0.0000

4 90.0000 30.0000 0.0000

5 114.0000 36.0000 0.0000

6 162.6000 24.0000 0.0000

7 230.0000 24.0000 0.0000

R 2.4 NN RIS

5& AR FR/mm AMNE/mm N #2/mm
1 230.0000 37.6000 24.0000

2 248.5000 37.6000 24.0000

3 286.5000 37.6000 24.0000
4 307.5000 37.6000 24.0000

5 329.5000 37.6000 24.0000

6 374.5000 37.6000 24.0000

7 408.5000 37.6000 24.0000

8 427.5000 37.6000 24.0000

2.5 TS

5& AR BR/mm AMNE/mm N #2/mm
427.5000 30.0000 18.0000

2 463.5000 49.0000 36.9000

3 593.5000 49.0000 36.9000
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4 625.5000 49.0000 36.9000
5 670.5000 49.0000 36.9000

2.6 ¥ S5

SR & E/Pa B p/ (kg/m?) NELYN =T, EEAGIBH JE 2 El oo G BH JE ZR B

2.07x10" 7.8x10° 0.3 5 1.35x107
2.7 HLEBIAI S
5 AR5 /mm AME/mm N 4% /mm
1 0.0000 260.0000 230.0000
2 200.0000 260.0000 230.0000
3 360.0000 260.0000 230.0000
4 526.0000 260.0000 230.0000
5 670.5000 260.0000 230.0000
# 2.8 PLHIE>SH
E/Pa ao al
15 2.07x101! 7.8x103 0.3 5 1.35x10°
% 2.9 BHHIERSH
Va5 A o VST 5 e o e e 7R o
Wa ANERE NRE BB eI Cy  BIZRIEIBR A SR iy
1 S At N (N/m372) ry/um my/kg o
my/kg
Si 39.5 29 13 12.4X10° 0 0.2 10
S» 39.5 29 13 12.4X10° 0 0.2 10
Ss 32 17 14 11.9X10° 0 0.2 10
S4 32 17 14 11.9X10° 0 0.2 10

K 2.10 ML A

ok il HLUE O RD ky/(N/m) ¢/(N * s/m) ke/(N/m) ci/(N + s/m)

RC; 3 2 1 X108 2000 1 X108 1000
RC; 1 9 1 X108 2000 1 X108 1000
RC;s 11 16 1 X108 2000 1 X108 1000
RC4 8 22 1X10% 2000 1X10% 1000

#2111 ¥ plEESH

HEE Wil HUE C D ka/(N/M)  ca/(N'S/m)  keo/(N/m)  Coo/(N-s/m)

RCC; 6 4 1X 108 0 1X 108 0
# 2. 12 HUE-SEREE S

R MU (WD) k/(N/m) ko/ (N-m/rad) ce (N-s/m) co (N'm -s/rad)
CB, 8 1X10° 1X10° 2000 0

CB; 23 1X10° 1X10° 2000 0

2. 13 - IR A IR S A

ERE kr«/ (N/m) kro/ (N-m/rad) cre(N-s/m) crq (N'm -s/rad)
RRC, 1X 108 110 2000 0
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B B2 R S BN LIRS B (F RN T ) BT

RRC, 1 X108 1X10* 2000 0
RRC3 1 X108 1 X104 2000 0

2.5 AN FIEELIE
J9 T WA O BRI TERPE, R SRR | #e AL IR LLS U A RS
HEATHRE <
2.5.1 BRI IIE
(1) e o ARSI

2.5 (@) MU EIFEASRIN A HRE IS B A ek £, B 2.5 (b) Aty
SR AR A AR TR R, A T DU SR S (B A i S
0.006 109
Z 1569Hz z
3 0,005 900z o008 o5 173N
= = Hz
% 0.004 & % 0.6 \
E 0003 Zlg 044 2071Hz
% 0.0024 i 0.2
£ 0.001 : : : , = 004
500 1000 1500 2000 2500 500 1000 1500 2000 2500
S f/Hz WA fHz
(a) VI A bR %L (b)) S AR) R 2K

4] 2. 5 LT 5 S M B e

() JRAMUEE AT
2.6 (a) AOFLHSATEIN E doRA T, G R B R, B 2.6 (b ki
S PREINY [ HIRAS IR LR T4 B . A Py DA HH S S A SR £

0.06- 350-
> > 3706Hz
Z 3627Hz < 300
£00.05 1 T~ & N
= = 250
= =
T 0.04 T 200
= 5 150
=003 =
E = 1004
B =
% 0.02 ™ 504
= =
T T 0
=0.01 ———————————— —————————
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F% £z i f/Hz
(a) THELAI R %L (b) SEEGHI bR 2L

2.6 HAHUF b SRR A AR L

(3) U e RS 7 #
K2.7 () RO EAARIN A HeRET, a3 2 s s L 2.7 (o) At
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SCHAT BN AR B UL T pR 5. R RT LA H VT ST S IR RS IR S AR 15
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