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ABSTRACT

The inter-shaft bearing in an aero-engine dual-rotor system exhibits strong dynamic coupling, and its
excitation sources are highly complex, including rotor unbalance, rotor—stator rub, and bearing clearance.
Under multiple combined excitations, the load acting on the inter-shaft bearing becomes extremely
complicated and severe, which significantly affects the service life and operational safety of the bearing.
Consequently, inter-shaft bearing faults occur frequently and are difficult to diagnose, ultimately
influencing the whole-engine vibration characteristics and flight safety. To further reveal the coupling
mechanism of the inter-shaft bearing under multi-type combined excitations and reduce its load as much
as possible in order to improve its service life, this study carries out research on whole-engine vibration
modeling, coupled vibration simulation of dual-rotor systems, and experimental validation for a typical
aero-engine.

(1) First, a whole-engine coupled dynamic modeling method for aero-engines is presented. In this
approach, the rotor and casing are modeled using the finite element method, while the nonlinear
characteristics of the support system are taken into account. In particular, a dynamic model of the inter-
shaft bearing incorporating realistic factors such as Hertzian contact and radial clearance is integrated
into the system, forming nonlinear dynamic equations capable of describing multi-component coupled
vibration.

(2) Second, based on the principle of dynamic similarity, a dual-rotor test rig with casing was
developed. Using the proposed whole-engine coupled dynamic modeling method, a vibration model of
the test rig was established. Modal tests and critical speed experiments were conducted to validate the
accuracy of the model in predicting natural frequencies, vibration modes, and critical speeds. The results
demonstrate the correctness and engineering applicability of the proposed whole-engine vibration
modeling method.

(3) Furthermore, the validated modeling approach was applied to a practical dual-rotor aero-engine to
establish its whole-engine dynamic model, which was further verified using engine test data. Based on
this model, several simulation studies were carried out:() The influence of rotor unbalance on the inter-
shaft bearing load was analyzed. The results show that, within the operating speed range above idle, the
unbalance of the high-pressure turbine has the most significant effect on the bearing load, followed by
the high-pressure compressor and the low-pressure turbine, while the low-pressure fan has the least
influence.@ The influence of rotor-stator rub on the bearing load was investigated. It was found that
rubbing has a relatively small impact on the inter-shaft bearing load, and under rubbing conditions the
bearing load tends to decrease slightly.(® The effect of inter-shaft bearing clearance was analyzed. The
results indicate that as the bearing clearance increases, the load of the inter-shaft bearing within the engine

operating speed range increases accordingly. Meanwhile, the nonlinearity of the support becomes more

II
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pronounced, and the vibration jump phenomenon becomes more severe. The bearing load reaches a very
high value before the jump occurs, and this value increases with increasing rotor unbalance. In addition,
the combined effect of large rotor unbalance and large bearing clearance significantly aggravates the
bearing load, which is extremely detrimental to the service life of the inter-shaft bearing. Therefore, these
two factors should be jointly controlled.@ A comparative analysis of the variation trends between the
inter-shaft bearing load and the vibration acceleration at casing measurement points was conducted. The
results show that the turbine casing acceleration exhibits a trend more consistent with that of the inter-
shaft bearing load within the engine operating speed range, and therefore it can serve as an important
monitoring parameter for estimating the bearing load.

The results of this study provide important theoretical support and analytical tools for understanding
the coupled vibration mechanisms of aero-engine dual-rotor systems, as well as for load identification

and control of inter-shaft bearings.

Keywords: Aero-engine, dual-rotor system, inter-shaft bearing, coupled vibration, rotor unbalance,

rotor—stator rub, radial clearance
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SEA AL S A SR A B A

BEXT BRI, QST T AR AR S AR TR B ) A, RS AR R T
R AR BT R RIA I SRR S ) R RGO, TR I 5 SO &R
GBS EEN 1R AR S, TR T e RWNR S KA E LR S 2 R0 G N AL
BN IR AR ORI TR B b AROR T S R BIAL R A IR Sl L PR S KRR A v B
E T T H.

1) T BB

BEXF AR, BORIR R SR ARIRIE AT & Hertz it LTI /MR

Box A 4 P R B O A
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2) Az Bl RIIE A

1 .
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| ! ; R
ﬁ%? - (A~1/2 0w |
AU]“ R :/‘ﬁﬁ/“/“ r'% S
/“4‘/‘ f y

/_11',1' f
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1 1 .
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LD R [N e i N DA B AT,
H SRR KA B 0 X

FiRA HHLE AL Tl

A1 ETIREISH

D RS T

LERH BN NFIRESH

RE#FRICHTT 5E B mlinR A1 FIR A2 s, HddE LPCL. 4% LPC2 ML EES
WLH#E, £ LPT MK im e,

KA AREHETHRTER

_ SRR B H e AR AR ARERS
HTCY HELyNE

(Pa) (kg/m?) (m) (m) (m) (m)

1 2.09e+011 0.29 7850 60 50 0 41
2 2.09e+011 0.29 7850 60 50 41 82.30
3 2.09¢+011 0.29 7850 60 50 823 123.5
4 2.09e+011 0.29 7850 70 50 123.5 174.5
5 2.09e+011 0.29 7850 70 50 174.5 225.5
6 2.09¢+011 0.29 7850 70 50 2255 276.4
7 2.09e+011 0.29 7850 70 50 276.4 317.7
8 2.09e+011 0.29 7850 70 50 317.7 359
9 2.09¢+011 0.29 7850 60 50 359 428.1
10 2.09e+011 0.29 7850 60 50 428.1 497.2
11 2.09e+011 0.29 7850 60 50 497.2 566.3
12 2.09¢+011 0.29 7850 60 50 566.3 635.4
13 2.09e+011 0.29 7850 60 50 635.4 704.5
14 2.09e+011 0.29 7850 60 50 704.5 773.6
15 2.09¢+011 0.29 7850 60 50 773.6 842.7
16 2.09¢e+011 0.29 7850 60 50 842.7 911.8
17 2.09¢e+011 0.29 7850 60 50 911.8 980.9
18 2.09e+011 0.29 7850 60 50 980.9 1050
19 2.09¢e+011 0.29 7850 50 0 1050 1070
20 2.09¢e+011 0.29 7850 50 0 1070 1118
21 2.09e+011 0.29 7850 50 0 1118 1176
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K A2 RSB TY RER

5 MbR(mm) AR P BiEke)  fWOMH(mm) SREREGKem?) R Kem?)

1 0 0 0 0 0 0
2 41 XK 1 0 0 0 0
3 823 0 0 0 0 0
4 123.5 #i LPC1 16.003 0.01 0.12771 0.25412
5 174.5 0 0 0 0 0
6 225.5 0 0 0 0 0
7 276.4 4 LPC2 16.003 0.01 0.12771 0.25412
8 317.7 0 0 0 0 0
9 359 A2 0 0 0 0
10 428.1 0 0 0 0 0
11 497.2 0 0 0 0 0
12 566.3 0 0 0 0 0
13 635.4 0 0 0 0 0
14 704.5 0 0 0 0 0
15 773.6 0 0 0 0 0
16 842.7 0 0 0 0 0
17 911.8 0 0 0 0 0
18 980.9 0 0 0 0 0
19 1050 0 0 0 0 0
20 1070 K 4 0 0 0 0
21 1118 #% LPT 23.472 0.01 0.19260 0.37777
22 1176 XK 5 0 0 0 0

2) mEET
e R 1 BT AT AR B gk A3 FIZk A4 Fizn. HPC N kRS LEL, HPT Nk
wE A
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AR S AR 5
RIS SRR i 5

RA3 FEIEE T HRIUE R

=

e i ] ]
FIT S THIR L SMEm)  AAR(mM)  ARFR im)  ARER j(m)
(pa) (kg/m3)
1 2.09e+011 0.29 7850 50 36 589 634
2 2.09e+011 0.29 7850 57 36 634 662
3 2.09e+011 0.29 7850 88 74 662 692
4 2.09¢+011 0.29 7850 88 74 692 722
5 2.09e+011 0.29 7850 101 86 722 765.3
6 2.09e+011 0.29 7850 101 86 765.3 808.7
7 2.09e+011 0.29 7850 101 86 808.7 852
8 2.09¢+011 0.29 7850 101 86 852 895.3
9 2.09e+011 0.29 7850 101 86 895.3 938.7
10 2.09e+011 0.29 7850 101 86 938.7 982
11 2.09¢+011 0.29 7850 101 86 982 1026
12 2.09e+011 0.29 7850 101 86 1026 1070

RA4 BB RER

g

AtpR(mm) AR

Erh i kg) fW-OFE(mm) SRIEFE(Kgm2) HRIHEKkem2)

O 0 9 N Bk~ WD =

b—
N o= O

13

589 0
634 XK 3
662 0
692 0

722 % HPC
765.3 0
808.7 0

852 0
895.3 0
938.7 0

982 HH
1026 0
1070 Wk 4

=]

o
©O © 50 © O © © © &> © ©o o ©

==

0
0.06085
0
0
0
0
0
0.06085
0
0

S O O

0
0.12095
0
0
0
0
0
0.12095
0
0
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ZRUES

P LA WU T R G RRAR SR B BT

A2 ERESH

B BT AT S Bl sk A5 MR A6 Fi.
*AS5 HLHEBITER
L | HAPER R HEEVN R HhME K e LIy LIy
51 (Pa) tk (kg/m?) (m) (m) i(m) Jj(m)
1 2.09¢+011 0.29 7850 400 389 41 147
2 2.09¢+011 0.29 7850 400 389 147 253
3 2.09¢+011 0.29 7850 400 389 253 359
4 2.09¢+011 0.29 7850 440 387 359 412.5
5 2.09¢+011 0.29 7850 440 387 4125 469.5
6 2.09¢+011 0.29 7850 440 387 469.5 526.5
7 2.09¢+011 0.29 7850 440 387 526.5 634
8 2.09¢+011 0.29 7850 400 390 634 742.4
9 2.09¢+011 0.29 7850 400 390 742.4 850.8
10 2.09¢+011 0.29 7850 400 390 850.8 959.2
11 2.09¢+011 0.29 7850 400 390 959.2 1067.6
12 2.09¢+011 0.29 7850 400 390 1067.6 1176
# A6 HLHT HE R
JP'5 AAbR(mm) e b P (kg) fhi L2 BE (mm) FRIE R (kg.m?)

1 41 K 1 0 0 0

2 147 0 0 0 0

3 253 0 0 0 0

4 359 K 2 0 0 0

5 412.5 0 0 0 0

6 469.5 0 0 0 0

7 526.5 0 0 0 0

8 634 K 3 0 0 0

9 742.4 0 0 0 0

10 850.8 0 0 0 0

11 959.2 0 0 0 0

12 1067.6 0 0 0 0

13 1176 K 5 0 0 0
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LU o o e AL BB A OALES:
HISA AR AR S G i

3) SUKMRZH
FEXUG 5 R G 8 )yl op, 7 SHLE SORS L HLR-REBER SRS 8 #1-F1h
I RIRIESSORSH IRSRRARS BB THASEL 20k A7 23R A11 R,
K AT Hr H5PLESORSE
G 7 G o 1117 S o 1111 R 1 1 1=
b3 Fermid pLEAER

s B 1 Je 1 1 e 1
= (85D 0D

kg Blkg /(N/m) /(N.s/m) /(N/m) /(N.s/m)

RIE¥T  HLE
RCI 020 10  7.0e+t007 1000  7.0e+007 1000

(2) (1
RIEFT  HLH

RC2 020 10 6e+008 1000 6e+008 1000
(9 (4)
T WL

RC3 020 10  3.25¢+007 1000  3.25¢+007 1000
(2) (8)
RIE¥T  HLE

RC5 020 10  58et006 1000  5.8¢+006 1000
(22) (13)

R A8 PLH-FERZER SRS
¥ RREUKFRIE  REAKFEE #fAEENE fREEEE PUE

= /(N/m) /(N.s/m) /(N/m) /(N.s/m) =9
CBI1 1.0e+008 2000 1.0e+008 2000 HLIE (4)
CB2 1.0e+008 2000 1.0e+008 2000 ML (7)
CB3 1.0e+008 2000 1.0e+008 2000 ff;

A9 HT-H TN KEE SRS HL

S R CE [ R el 0 1) S e
) IR WEET  AMET

SR R R g 1 2 JE2
1/(N/m) (P RO (P RO

kg  =/kg /(N.s/m) /(N/m) /(N.s/m)

KR T mR¥T
RRM4 02 02  55e+008  1000.0  5.5¢+008  1000.0
(20) (13)
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% B SN T U XU T R G A Bl AR IR 3 o B

R A0 BERENASE

N . N ke \ - N 5
RER i %37 S WAL REE SRR
Tk ; PR -5 S e e fih
W& Hff  HEE WEE EEE R R
H (mm) £ ) K
LivR= (mm)  (mm) Pt (GPa) (GPa) e
H (Deg) £
6012F
14 775 1032 0015 0 0.52 210 2010 03 1.5
AG
6014F
14 65 85 0015 0 0.52 210 210 03 1.5
AG
* AL BFR T HRSH
Wk RT  YHERSR O RTFHES W LEE A% HE&R Uk
e ¥H (mm) (mm) (mm)  (mm) KE  KE H
N1012FA
24 78.1 8 0.03 0.02 8 7.6 10
G
N1010FA
22 65.5 7 0.03 0.02 7 6.2 10

G
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