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Fig.1 The structure of rotor system

2 Jry Me bR Oxyz W D s [ 08 76 5% 3 — o o 4o 2
Jai AL bR Owryezs 5 Oxyzr F47 00 TR &P L o
Oz, T AL T 56 8 P O B BEFE Ar i o IF R )R 3
AR Oy, [ 5E 76 AR, Oy 5l 5 10 5 Oz, 30
AR A AR A . Hod oy it R A A
yo B R LR f o i R A S AR R AL B fR 1A 2
B o
Xof TR B AR e (8 i R T, FLHLEE A ] R OR
Hy(x)=y,+(yi— yo)x/Ly, v LRt K
TR A FRESETREN )
AL TR AR T REN D68 T, B HHGE U,

iy

2R
Y

MR
Yo

Vi

4
Zl'
Zy

Wi
B2 g f ML A

Fig.2 The blade installation angle and twist angle
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Fig.3 Flow chart of 3D tip clearance dynamic response calcu-

lation for rotor system with blade cracks
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Tab.1 The material parameters of the rotor system
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Tab.2 The geometric parameters of the rotor system
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Tab.3 The natural frequency comparison of the rotor
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Fig.5 Natural frequency measurement system of rotor sys-

tem with blade crack
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Tab.4 Experimental results of natural frequency of

rotor system with blade cracks
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LIECE 7 & S
- WHER/Hz SCRER/Hz MM IRE/ %
Il
LB 58.64 56.6 3.60
2B 192.59 185.7 3.71
3B 367.36 329.0 11.66

S EOM X DR 22 19 3 2R R AL - O S g L it
P B8 2P T 2 T o R T 1, B T A A R
SE A5 W E 22 1] DAy [ T 4 5 @ ph TR A AR B A
TE . 3l 3 2 1 RAS ] A b A7 A T R 25 . R A
a7 SRR R o S U AR B B R T RS
[ A7 A0 A 15 2% L AELRT 2 By [ A A0 5 A0 X 158 2 1
/NT 506, 5 3 W A R AR X R 25 0 11.66 240,47
TE R 1 32 (938 A, 3 3 B 28 3 2 S 9 35 i 2R
¥ 1 R Y8 ) WO BAT B BORS JEE

3 SMHARIWETREZHMRE
B B 75 0 R 5 15 5 47

3 MARYREMEFRE=HMHRERKRH
A

B T RS A 6 R b 15 i A2
oro MR AR B BLS EIST RO B O 3. A

F A AT 280 BE A R 0.1~0.5, [8]B& 4 0.1 ; i B A %
MY E R 0.1, NAGEE M R . 5T R 45
0 % R 1% 5 1 440 r/min( BDES 55 £k 24 Hz) . S
B 3 AR A O NS EE A, N Ol I R R . B
N=6, WS B4R H R N 144 Hz, 81K i & v A
FLEUHG F ZR G0 = 2 22 () B B 25 e g AR AR 45 5
UNGEEe7S % 3 O W S it 1 W] 169 P
e 7 40 PR 7 I o s T 2R 9 A AR 1) T B ) 245 e IO 4
P 7(a) (b)) Fis , B2 M R 24 800 B 38, 4% 1) [ia)
Wt 110 1t 2 348 O o Pl A% 1) i) B A A T, HL
Wy R B A N A (61, BRIV B 28 1 0 R
Hy T i e 4 S0 A 2 M AR 1) ) B 1 A8 3
WAEAE 2N 3N FAN A5 @ A543 43 4k o Fh AR 1o [ B £
2NARFSI (12/) AT LA H L 24 0 R H R 2800 B K F
0.3 1, 4% ][] Bt 119 2N 3% 400 1 1L B J 3 K, R BH B
I 2 SCTE B 3N, A3 1) ) Bt R B M O A 1 4R
Mo %1 22 558 0 Bl 1) v 2 A 0L 1 0 RS A 8 S e
WL 7Ce)~ (O BT, Bl 1 i 4% e R 1 i 8% #f 1) 3
S Gy [l A5 SRy B B N R AL i T e 4 S0UR B
i, A4y B R AE AR AR K, T R R AL
AR AR £ il v D % o R 1) 9 R A A P 7 AR
T A A et (ELIR (A G 35 /0, HE 2N A5 A3 40 G R
(L Bt 5 P S8 G008 1 T 4G K, AR A 1 ] B
Al o R T YRS R AT v g A A G S AR
b B £ P R 55 R B S, O A S e R S B0

>(lé(f),_5 107 10° »
= 200 400 600 800

f/Hz

(b) A& a1 [R] PRATE
(b) RTC spectrum

() 2 M BRE S
(a) RTC time domain signal

B
£, X107 o 2 X107
& g || 10 10 -
E 0 g 1r 1.8 1-‘ :
72 1 = L 1 1
% 2.00 2.05 2.10 0 200 400 600 800
tl's f/Hz
(c) B ks MR S (d) v i o f A
= (¢) ADA time domain signal (d) ADA spectrum
B x10° o X107
& 1 S 6. | 10° 107
¢ [ 1dh 1A
(4 _2 1 1 1 T
% 2.00 2.05 Z.IOE 0 200 400 600 800

t/s f/Hz
(e) JAIIBH MRS () FlER ARG
(e) CDA time domain signal (f) CDA spectrum

—E®MHA; RE=0.1; —— HEU=0.2
—380~0.3; 280=0.5; 80=0.5

B 7 ARIZRECRIE AT B 1 2 58 = 2 (8] B 3 25 i

Fig.7 Three-dimensional tip clearance dynamic response of

rotor system under different crack depths
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Fig.8 Three-dimensional tip clearance dynamic response of

each blade in rotor system with blade cracks
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Advances in Design Methods for Quasi-zero Stiffness Vibration Isolation

ZHANG Wemm'ngl s LU]iajiaZ, YAN Gé'
(1. School of Mechanical Engineering, Shanghai Jiao Tong University =~ Shanghai, 200240, China)
(2. Faculty of Engineering, Hong Kong Polytechnic University Hong Kong, 999077, China)

Abstract Quasi—zero stiffness (QZS) vibration isolation, by introducing stiffness nonlinearity, effectively ad-
dresses the inherent contradiction between load-bearing capacity and isolation bandwidth in conventional linear
isolators. As a result, it exhibits superior low-frequency isolation performance. The core challenge in realizing
QZS isolation lies in designing mechanical structures whose force-displacement curves simultaneously demon-
strate high static stiffness and low dynamic stiffness. Focusing on QZS isolation design methodologies, this pa-
per first outlines the fundamental principles of QZS isolation and categorizes the traditional approaches according
to the means of stiffness nonlinearization into four groups: geometric motion nonlinearity, geometric deforma-
tion nonlinearity,, magnetic nonlinearity, and stress-strain nonlinearity. Subsequently, it introduces emerging de-
sign strategies based on nonlinear positive-stiffness structures, including hardening and softening types, and
compares them with conventional approaches, with particular attention to their differences in static and dynamic
behavior. Finally, the paper summarizes and discusses future directions from the perspectives of negative-
stiffness structure design, QZS characteristic tuning, and potential applications, aiming to provide a comprehen-
sive overview of the latest research progress and to offer insights into future development trends of QZS isolation

systems.

Keywords quasizero stiffness; low-frequency isolation; stiffness nonlinearity ; nonlinear positive stiffness

Dynamic Characteristics for Three-Dimensional Tip Clearance of
Rotor System with Blade Cracks

ZHANG Xiaodong'*, TU Chengxiong', FAN Bochao', XIONG Yiwei', DAIFei', HUANG Xin'
(1. School of Mechanical Engineering, Xi'an Jiaotong University ~ Xi'an, 710049, China)
(2. Key Laboratory of Education Ministry for Modern Design and Rotor-Bearing System, Xi'an Jiaotong University
Xi'an, 710049, China)

Abstract To investigate the fault mechanism of blade cracks and to analyze the effects of blade crack on the
three-dimensional (3D) tip clearance of the rotor system, while comprehensively considering blade radial defor-
mation, flap-wise bending, and chordwise bending, this paper develops a novel dynamic model of the rotor sys-
tem based on continuum theory. With the blade breathing crack model under the three-dimensional stress state,
a 3D tip clearance dynamic response model of rotor system with blade cracks is further established. The accuracy
of the dynamic model is validated by comparing it with the finite element model and experiments. On this basis,
the effect of blade crack depth and location on the 3D tip clearance in rotor system is further analyzed. The re-
sults show that the amplitudes of the high frequency doubling component of the 3D tip clearance increase with
crack depth, while both the fundamental frequency and the high frequency doubling component of the 3D tip
clearance show a non-monootonic trend as the relative crack location increases. The research results provide
theoretical guidance for research on monitoring and diagnosis method of aero-engine blade crack based on 3D tip

clearance.

Keywords dynamic model; blade crack; 3D tip clearance; rotor system; fault mechanism



