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Abstract: To complete the fault characteristic extraction of blade cracks, a finite element model
of a cracked blade incorporating breathing effect was first established based on the Mindlin—
Reissner shell element. The dynamic response of the cracked blade under the combined action of
centrifugal and aerodynamic loads was solved, providing excitation signal input for fault feature
extraction. Then, fault indicators based on the nonlinear output frequency response function and
energy indicators were established. Finally, the effectiveness of various indicators in extracting
the fault characteristics of rotating blade cracks was analyzed. The results showed that the
contribution rate indicator F,(n) and weighted contribution rate indicator R,(n) are unstable and
insensitive in diagnosing blade crack faults, whereas the energy indicator effectively extracts
blade crack fault characteristics under both resonant and non-resonant state. These results provide
engineering guidance for feature extraction, analysis, and indicator selection of rotating blade
crack faults.

Key words: rotating blade; breathing crack; fault feature extraction; energy indicator; finite
element method

T - Fr SR A A R Sl B O EAYALAER s B0 5 ke O SO SR B0 AR R e
N2 AEME TP RE TR TR M R SRS R AR S O AT B R E R Y
W1 52 B A BT P AR R AR Sy KR
gy, TS A e JR 3 57 , S 20t 7 A Bl B TR 15 5 9 M R RS AR 42 R
PETT AR LA PEREAN TARRR M L,y T BFSE i 4R i TR B RS W b L PR

WFE EHE: 2023-09-13
E&WB: EXARFAELSWIITHE (11972112).
EEBN: B 22(1995—), B  WUNRIDA RIS EgE A B #E(1978—) B AL Ze A ZRAb R 2B 18 A S 0



% 3 B

B A AT A RSO A AR 5T 61

P2 TR LAY IR AU B AE AR, TR AL
W12 T 5 43 A . 2% 2 i AR S 5 VR 0 5
T R Ly i R AT R AR FE . Yang
SRR YRR L R A AS IR R T 4R
[F] 55 B 12 Wi A R A - 2468 Yu B4R
YRR R AR g ] DL W PR I 244 . Cao
SRR T — I T A B R TR A A
R B0 IR M R 2 B 7 Lang 454
T AR S M DA 3R e 3 bR 22 (NOFRFs) 3
If48 % 7 kT TR 2 W7 Peng SE1 K
NOFRFs FH F 240 s (%) W ), 38 2 52 56 56 E
T IR Liu %0906 NOFRFs 5 5Tk R
FVRFEA ARG & B0 T —Fl H T3 T2 a0
B2 W $5 5 . Liu 551 36T NOFRFs Fl 15 U %
M) o 4 11— RIS T PR T T
T 2L B RS W Wei 25178 NOFRFs i T
S48 1 5 B R AE H2 . Mao 2515 NOFRFs
T D AR R e - 1) BB REAR AR B B
2 R A 400 NOFRFs 1l T 2 28U T R 401
B AE R . 25 1 i ads | AT LA & AR 2D B oY
¥ NOFRFs FH T F (1) 24 20 S s AiE $E B

P 3 10 AR ot 2 i R 1) e e R AR 3 L UL, ik
Sl AW N T 2SO 2 W, IR T
T —YERF5Y  Zhang 45 3 T IR 20 g & I X T &R
GEEAT T REAESE %5 R TRl BE R 55 b 15 il
ARG, R 2h R B P 12 Wi 00 il 122 55
B2 R R sh o R B HE T —Fh R EE 2 WiE
B2 s R FH = 4ERE AR R R RN SO R Gk AT
Bl PR PR . Huh 552 1 AR S DR 4 T — iy
AR Z 3 M SR e br Xiong 462 3L F
PRBNAE IR T —FH e 8, IR RZ T
FHF M2 FERT 0N (40

AR SCHER R A SR AR L P R AR 1 o
BHEAT RS R A R AR A H B N B AR S
LEA N FL B2 WS b, 0 1E NV LT L R A
JE R B R AR, R I R B4 4 A T A A 2 T AR R
R AR R R, AR SR S ST S I
St 3 AU AR T A B 1 3l ) SR I R
Hh 1205 R NG LR bR AT RS S A
SR 5 BT T AR TR M [0 R AR PR A LA
MREwAshR BT, Ve TSRS R AE FE .

1 A IR R SR 3 )
2

SR AR SRS R A 1, HAREOE

KON G oFEmH L, AR BN A IR 258 R,
RFEKERNL Sy ML #E o it A SR
Mindlin—Reissner 7¢ 5.0 & 37 2440 B 14 BR oG
BEAY TR ) A A L SCHR [ 24 ].

E1 Rk
Fig.1 Cracks blade

TEREFEIRET 32 BVl By 5 250 3
i ) e [F] VR T i 2 A 25 Y B IR 500
LA 1] A 72 A AT LA T I 5 O 4] AR 4k
SCHR[24 ], 3 T AL Fe B0 N BUZ5E  E L TE
I g LA Xof o719 22 [ SR P 2 M 5 3 R AT 3%
PRSI 5

B PR A4 A T 80 vy Bl g 2 AR Sy

MGg+(G+CO)g+(K.+K.—K+K, )q=F. (1)

A My B AR 5 GO BEAREE [ 5 € Sy B A BH
JEFE R 3 K, R 2546 M B2 B 5 Ko 80 MM T B
KN e 56 A0 56 1 5 K, SRy W 0 X 46 B 5 F Sl A0
D, AL E B B 15 q. 4.4 IR U
P B, PEAR Y 2k UL Sk (24 ]

2 FEAR

2.1 E-TIEL M5 M M 5 ok A HE bR
2.1.1 FEAHLS

Lt RGN A S M ES 2
(] ) 56 22 ] A A A

0= ] ) fLue-n e @)

K :u()Fy (o) 35 i ARG 55 ihES;
h,(ty, 1, HAEZAE R GERY R n B Volterra 245X
s N RHZ RGN BRIk s ¢ Ak 7, (i=1,2,
s n) A A AESR
XG5 w (o) SEA T EL AR 4 L DAk
{5 T RIS G Ulw)) , HE 3Rk
1/vn
(2n)""
11 U(w,j)do,. 3)

U(wj)=

| H@ w0,



62 AR FFR(A RAFR)

% 46 %

;T:E: I:FI :f Hn (w1j7 w2j7 ) wnj) ilfll U(a)ij)do-nm ﬂ‘j n g&

P TR B H, (0,0, 0,) TTU(e,)) 1

o+to,+t+o,=0 K M T B B 4
H,(@, 05,0, ) A h, (@] 0, o, B #F1]
AR e AR T IR RGP n B Ui
R PREI N B s 0,(i=1,2, -+, n) N
JilA % 5 0, M5 m B SR AR

AR R g sy (o) B B AR
e % L n B AR 7 4 KA A

Y(@)= XY, (). “4)
1
V= ——— v,
Vi 2yt e n (5)
Vi=H, (@0 ,) TU@ ),
H, (R ka0l

+00 +o0
H, = f f h,(t,.7,, -1, Vde,dz,--dz, |
V= e—(w,r,+«~+w,,r”)j .

2 Uwj) =0 B, A2 M Sy A0 5 0 1] R 5>
LSRR A

f Hn (a)ljv (L)zj, ] wn.]) I_l:_[l U(a)ij)danu)

(6)

G, (w)=

: (7
f i1=_[l U(wt’j)do-mu
A, G, () 4 n Hir i) NOFRFs{H .

25430 (3) 55 (7) T3 A 0 7 i A 15
MR N

V@)= Y6, @)U (@), ®)

1T ALk P 2 S5 AT 4 B 0% 0 1 bR
B 28 17 DL AIF 2 6 19 6 43 AE e MR A M|
BL, K SR FH NOFRFs 6 I - 4 g B 4744 Wt
[N, % T AN 3B 20 5 3R L AR AL
18 RSN 4B P, 38 (8) R

Y(@))=G, @)U, @)+ G, @)U, @)

YQwj)= G, 2ui)U, Qwi)+ G, Qe)U, Qwj),

Y(Bwj)=G, GujU; Guj),

Y(dw)=G,(4o)U, (4wj) .

HRAE R (9) W 7% 7 4 ) NOFRFs {11 1] LA
FH 2 A g (AR IR T 005 I 3 0 £ 2 S
Fe ARG H RN TR LE 1K RS
i 0 A Y () 555 2 R AR 1
B HUAE Y2 () 1T AR

YO @0)] [AV@) AL @)][G, (@i

LMJ:LW@‘MwJ@w>

)

]. (10)

A4 (w)) 5 4% (w)) 5751 0 & G20 i A
A= (10) I A2 G (wj) 5 G, (w) 1Y
[Gmwﬁ]:{A?«m> A?«mql{Ymmm} an
Gi(w)| |47 (w) A9 (w)]| [ Y ()]

[ 3R] LAAS S HAB B YK ) NOFRFs.

2.1.2  TTHRRIERR F.(n)

A = (1) A5 2 A9 45 By NOFRFs A AT DL

T HLAE R g8 0 48 O kI, 38 o] g — 20 8

NOFRFs (Y AEZEPERFAE , DTS2 BT 5 14 4G

AR SCHE SR A SCHk 14 142 H 19 35 F 4 B NOFRFs

P2 SRS W8 o 280t g T s T L 4R

bRkl

Fo

F.m= "2
Zfﬁx|Gi(wj)|dw
X G () AT R AN A 5L NOFRFs{H. . 7]
LA S F(DIERSET 1, G (o)) 5 3 51
7, F AR LR PR 55 , vk 2R 403 L S5 0k St
2. 1.3 JAGTERZEAE S R (n)

Bifi 5 NOFRFs [ & J& , 2= 35011 K Bk s By
NOFRFs {H 17 12 W7 LA By NOFRFs {5 5 il
ATEERT N e B R g, FE AR, FOZ (4
AR /I LA AT 55 i Bk — e A, SCik [ 27 1R
TIAS A B 3 398 5 i 6 AR /N B R F L, fof L
A G BRI T TTRROR 5 R IE A AR K
NOFRFs 5 5T lik R FNRFAEACE AR LS 4, vl 75 21 0
BTk R AR £ PE o R R pR AR
(WNOFRFs) , il £ 5T #ik 2 45 45 R, (n) 1Y 3 ik
= Hy

G, (wj)|do

J1<n<N.  (12)

+00

Gm®%w
R(m= "
1<n<N,
p €(—0,+0).
Kb IR B p N3 B H 28 5
WNOFRFs (#3575 i of v Kt m A etk &
4% i B NOFRFs {19 s wik %, 2 1M 0K &R 58 i By
(AR ZRPERRAE .
X (13) AT LA, X G, (wf) BT X
NAETNAL, B 5 A2 i p 2R A AL 23 R AR AR
Ak M p=0 Bf 3845 R, (n) FUAE S F,(n) #1555 24

(13)

G, @J) } do
lﬂ




% 3 B

p<0 I}, <1, PR 1 e B A ek B R A1
HE T e T 7 By NOFRFs {8 A/ D 4R B —
2.2 BEEIBHR

S W) K= TN RTINS e o= R G-
Wl , 7E 2800 | et b f v, 2 > 24 ar T JE 4 b
T, FECR SN BT AR B 2R G W AR 4k
24400 Fr R 2 AR R, 51 A PR B AR AR
RURMFSE RS0 Fr 130 )R 4 1 248k
B2 b . IRBlfE i (W AERE) T IR

V.= %qTKq. (14)
K VoW ARRE s K RGN EE RS, K=K+
K-K+K,.

HR A SCHk [ 24 1 7] DL A i 2 S0l b fig 112 Wi
FRbR o0, AR bR A& SO TERE R I B b, A 2L
SUIRZS 5 T BCRE T X I Y B K e 4
Zk.

8=P,~P,. (15)
Ao PO PR SCIRAS T i il 2 i RAAELA 5 P,

F(1)x107> (b)

-~ o 5 99.90 0.5 1
2 99.85

i 99.80 8
w 03 99.75 03 B
& 99.70

& 0.1 99.65 0.1 4

0.1 0.3 0.5 0.7 0.1 0.3 0.5 0.7
o B A BUGNIE W A

F(2)x 107

REF At R RS S A AR RIS 5 63
NI EOIRIS T 5w i 2R B RMAE S AN A H
B L SCHk[ 24 ].

3 REERICS 0

KT bR F,(n) X0 (0 24808 B R A A T
& I, 36 BRI A kg 0 e (5 1 B R AR
F R IR AR 43 51 4 0.01,0.02 MPa, 2L He
y M 0.1 25 4L 5 0.5, 248040 B b A M 0.1 748 {3
0.7, 34150 0.1, 75 B (|0 4 By FAE WA 2 s
NI 2 0T DL 2SR A5 R 5 1 o i A
B, 2% By FAE AR SO, 33 2 R Ry 76 R[] i) 24 2
SRR BEAS TR A5 1R 3 wﬁ}:wré
R, B ™ E N R85 R M s R AR R 2 22
24154 200 Hz, M ifi S 205 G,,(wj HEFEER K
E55 A FARBEAT WA 2 i R AR AR R,
*Fﬁ%&l FAE G AR T X a3 S 80t Jy
LRI 2 1) ZL S0 B RRAE AT BRI, DA

E‘rﬁt %ﬁﬂx’ﬁ

F(3)x10™ (d) F(4)x 10 "

05 3.5 0.5
3.0
2.5 0.3 6
2.0 4
1.5 0.1 2

01 0.3 0.5 07
OB 2

0.1 0.3 0.5 0.7
OB 2

B2 F1MERRETHET4M FE
Fig.2 F, values at the first 4 order in the 1st resonance state
(a)—=F(1); (b)—F,(2); (c)—F,(3); (d)—F.(4).

S A S B i SRR AR B,
LG 1] ) RN Bk /)N | FE LR M R A5
I, B R AR R 5 A 150 Hz Gt B8 SRR 4% ) |, iF
GEHT 4 B FAE R 2450 S B080% A2 AR R , Qo
& 3 fi7n . Al LB H L 78 150 Hz B8R T |, R
3B F A B A 2S00 5 B0 1S R )
A P AR, Horp Y RS B L — & I, B

F(1)x 10

0.1 03 0.5 0.7
G EL 2

01 03 0.5 0.7
BB A

F(2)x10 ©

=~ 0.5 99.60 0.5 24
,fé 99.55
w 03 99.50
& 99.45
& 0.1 99.40

A RO E LI I, A5 hR FLCDZ @, i
bR F(2) 5 F.(3) B2 /) 5 [R5 24804
Fo—E mF, 845 F, (1) Bl 20T L A3 T i
ARR L F(2) 5 F(3) BF 2 SUTRIE L i3 3 Jon i sl
/N TR RS FL(4) TR, R RS 5 R
RIE B AL TO W AR L, R, SR FL(4) 48
FdE A It B4 2R S0 B A T RALE

F(3)x10" (d)

0.5 6.0 o5
5.5
50 o3
4.5
4.0 0.1

01 03 0.5 0.7
B EL A

F.(4)x10™

3 150 Hz R SRE TR 4 B F 1B
Fig. 3 F, values at the first 4 orders under 150 Hz excitation frequency
(a)—F,(1); (b)—F,(2); (¢)—F,(3); (d)—F,(4).



64 AR FFR(A RAFR)

% 46 %

R4 ] 2 1AL 3 RTS8l i 3 Sk e gt
A 1 B IR AR I T 4 By FE A AL
AR A, 5 U Rl AT e B Y AR AT i 3
By F A8 W 24 802 5038 Ak 52 90 A F0 A b s/ s o
R B FL(n) 36 FR B R 3 Brid T AR RIS
TR A (REBOR R S B ) B PR
52l 6T IR T BB AR C N FRE

K TG R R, (n) XTI R () 2480 AR 4 T
PEHC, X R — e fir B, AR 2SR E T W
WNOFRFs #1715 RS # R 0.5, 344t
TRBE LR 0.1~0.5, B9340 0.1, S A 5 R 55 1 By

1.0 P iiiiiiiiisiiiiiiiik
(a) il
08L —6—0.1
—8—0.2
—>%—0.3

. 06F —+—0.4
= —*— 0.5
~

04r

021

:;::::::::::::::::::::m‘

1.0

(c)

0.8
6 0.6
=

0471

021

0 OO OO segteegecesEed

-30 -20 -10 0 10 20

P

AR 1 4 BY WNOFRFs (5 401Kl 4 7~ . 7E
K4, [ A B p N-307284k 3 20 B5F, R, (1) H1 0
EAEE] 1.0, JF Hi A F8E7E 1.0 R, (2) 5 R, (3)
IO 2 T 4G 2 B — B KA, SR 5 Ss/INE 0, B
ZAE O Bt T RUE s M R, () W5 R (1) AR 4
FRZ , Hod ARG 8 16 O B3I . AIRT 4 R ] LA
L BB SR RN, 1T 4 B WNOFRFs Y {H
HINEA B AR AR R , 1 7E SCHR [ 26 ] v T LLBH
WA 1, R 48 b Bl B ™ EE M A RS, ¥ 2
S I R A R B R L R i A Rl
ok TR 5 2480 B AR AL

2.5

®) y
—e—0.1
2.0 502
) —%—0.3
o 1.5k ”’%g —+—0.4
% gl —%—0.5
S 1.0
o U0
0.5}
0
1.0g
0.8 |
0.6 L
_
I
04t
02}
0 S =K
30 -20 -10 0 10 20
P

B4 F1MERKETARE yHIET 4 B WNOFRFs &
Fig.4 WNOFRFs values at the first 4 order at different y under the 1st resonance state
(a)—R,(1); (b)—R,(2); (¢)—R,(3); (d)—R,(4).

SR RRE B 7 3 % [R) — 24 S R i - e 24
SR E AN [ 4G DL AT o b B SUIR B Ly
0.3, 2480 B H A M 0.1~0.7, 5K 0.2, 18 il 4
FONER 1 ILPRIR AT 4 B WNOFRFs ({E n1&
SR 24 A28 p W -30 284k 5 20 iF, R, (1) 3|
R, (4) 7246 5 [l — 28007 AL AN R BE S0 FE 1)
A ACARALL, e AT T 0 8 1.0. ffi 5 248007 1
Fb R 3G, B it R 248 0 i R 32 T /DS | T 4 B
WNOFRFs [R{E -t JC I AR L R .

55 1B RS T a7 R SN K AR
LR PERs , FBORH R, (n) 38 A5 M LA Hdb A7
WREI2 T 5 T2 2 IR DX, P R0, D555, >R FH R,

(n) 8 AR AT 20 HT . B 6 4 150 Hz il M % T A
[ 24 20 VR B2 HE R B9 AT 4 By WNOFRFs {H . A &
ATDVE M, &S S IRRE T R —F A
M2, fE A — R T f8PR R, (1) 5
R, (2) Fifi 45 ZE L0 R LU 1) 3G 32 40 05 /N 5 48 4% R,
(3)5 R, (4) WA BH 5 AR AL R , 100 BH O 55 24
armt ) FE PR AR I, o [F] — 24 S0 i AN TR
FLUCTR L W S B0l AT R FH R, (1) 5 R, (2) 4845
HEATIL

XF 150 Hz b5 B A [R) 24 800 & Ab i
e B % TRT 4 By WNOFRFs #E4T2 W7, 11Kl 7
Fiin RTLAE Y, Y p—E i 845 R, (1) Bl 244L



% 3 4 BORF T A LR ARG AT 65

(DA REAIUR: DI BZ 3 T I/ NN S35 Qi 4 S =] IS D b 07 T ST S TR L N N S35 g A S
R, (DER, Wi hr R,(2) F R, (4)5@%@ ”’Wa A BRSO ] EECR, (1) R PR A T2 W

2.5

(b)

2.0
v 18

(=)
1.5 (=14

10

1.0 o
067

i |:

R,(1)

R,(2)x10™

0.5

1.0 5“7‘3:::;'_‘;“'_“

0.8 —%—0.1

—+—0.3

~ 0.08
0.6 r [ — |
Q 0.07 B=—|

L 0.06
0.4 298 3.06

R,(3)
R,(4)

-30 -20 -10 0 10 20

B5 #1MERRETAREAKE 4B WNOFRFs &
Fig. 5 WNOFRFs values at the first 4 order at different A under the 1st resonance state
(a)—R,(1); (b)—R (2); (¢)—R,(3); (d)—R,(4).

1.5
(b)
. 1L 1.55
R a 1.0 ;}’22
< X S 1.40
ol > = 135
& 05
:‘ GEgdgagaz RinkE i
-30 20
o S
' &

20

6 150 Hz # i3 ZE T AR [E y R8T 4 B WNOFRFs (&
Fig.6 WNOFRFs values at the first 4 order under different y at 150 Hz excitation frequency
(a)—R,(1); (b)—R (2); (¢)—R,(3); (d)—R,(4).



66 AR FFR(A RAFR)

% 46 %

R(1)

R,(3)

-30 -20 -10 0 10 20
P

5
X
8
o
1.

xR, A,

08} ® —%—0.1

¥ —+—0.3

—%—0.5

06} ——07
I
>

-18 -17 -16
o

30 -20 -10 0 10 20

E7 150 Hz# R TARE A THIET 4 r WNOFRFs &
Fig. 7 WNOFRFs values at the first 4 orders under different A at 150 Hz excitation frequency
(a)—R (1); (b)—R (2); (¢)—R,(3); (d)—R,(4).

oS s T S R R | s W
ARSI, BT NOFRFs 42 HY 14 ik B 12 W 48 #
F.(n) 523 InKUAL B WNOFRFs R, (n) 84514
T I 2R g B S AL W 24l A R
JLPRATR IS, F5 05 FL(n) 54845 R, (n) 53 Bk al
HF Wit B 24800, $5 45 F.(n) WAE STk
(29 ] gk B , X 3l A0 3 G 5 4 80 iy g
BT IZ AR AR e TN R M ar S50 et
F B A 4 B2 W 5 I AR A5 R, (n) 78 STk [27 ]
R I BH | B R AR P 0 sl R AL, TR bR
R, (n) S5 51 I/ NS BN, AR 45 (&1 4 51 5 0]
DU R, (n) FEBRATF IR0 56 1 i L4 4m
RINBE B 2 WA E B R #B A Fr ik
Al T2 Wi AR SRR T A 2 80l . Rt LA
BRI A B R AR BUA A AE AN I

SR FH B f 46 b 0F I R 1) SR B B R AR 1 AT
PRI, 2 AN RIS R T A RE 45 A S Bl %5 244
TR EE LN a0 B e AR A 35, 2 1 B/ A
Tl LU, it R oG, 2 AR AR T
RET AR 8 MU IE YN 05 2L EE LA 2] T i
P gL (Al y=0.5) , IPRRE T REE TR bR o 1Y
{2924 0.021 J, 150 Hz Sl Ml 5 T a5 51 T 3.62x
1077, thy=04 Bf E K T 245 % . [FIEF i v] LLA

B, B A 2L B0 LG Y B, BB A 4 B 6 72 T 1Y
K, IR, $8 4R 6 BEAR 47t A i 7 ZREU TR B i 72
.o T Rt — 2B U RE R 6 X AN [R) SRS
b BRSSO AT B L 3o AN () SRS A7 B A ) fE
FEARVEAT XS LU, 205 o3 M 1 280t F A5 1 B
PR 5t B LR X A BE LR A . Bl U B
UGN, 4545 & BUMELZ I N s 4 5REU 0 B R T
0.5 Ak (B L0 7 5 I R ) B o - - B Y
—2) FEERIB NN, R RS AR

£ LTI i i >R R 3 e AL AN AG B A BE
e AR R RO B2 W R B, A ISR AR
LT RS 1 SRR S i g am B AR X
X AN ) REUTR JEE A [R] 28U B 1 2R ae it J, fig
G bR 6 B REAR I i 4 B RAE I A 19 2R AT
By 1 Ul W] RE SR R AR A DL B , T DR LR 4R
bR S RERLFEARIEA TS L, 0T LS5 R AN 3R 2 s A
Frpal LI Y e R i A TIPS S AR R
ARZSTT MR SREU B2 W i 18 b 2 RE AR A 6.
ARSCHR B BE R AR PR AN UREXT 2 PR T Ay
Horb AT SR I, HRE R b i e TR, R
B 8 H TR TR B0 B SRR . A, R
JHIZAR SCAR H A R 415 o R AGL I - SR8 3 il e
D7 AR



% 34 B ORF AT R AR AR S AT 67
R®1 BTt
Table 1 Change trend of indicator §
ey BE L HIRIR T e A8 Ar 6x10°) ARSI T e B4R 6x107/)
0 0 0
0.1 0.46 0.35
- 0.2 0.83 0.48
MR IE ey
0.3 4.31 0.85
0.4 12.39 1. 44
0.5 20.92 3.62
0 0 0
0.1 28.4 2.32
4806 A 0.2 9.80 1.23
0.3 4.31 0. 85
0.4 1.41 0.31
Fz2 EMRITLE
Table 2 Comparison of the indicators
o JLfRRA e LR .
;ha*/]T — — — E—— q:ﬂ“'r\'\
NN N DAL NN N DAL
F(1) x x N v
- F.2) x x N N
1) F.(3) x x N N
FC(4) X X X X
I LN
R(1) x x J J
R(2 x x N x
R,(n) )
R(3) x x x x
Rn(4) X X X X
At tE bR o N N J N TR My R s S AT

PG EPRME S neT ) E I o 21 [ W 0 F3 4 4 A O 8 o

4

B

1) 5 T AR 2 i Y A0 3% W) 7 R Y 48 AR

F.(n) LR R (n) FEFHRARZS R A n] JH T80
FRECBEZ I, TR AR SRR ST AR A B b
AT AR T 2880 iR a2

2) $6h5 F.(n) LA K R, (n) X0 7 BESCHR R 1E

FTZ WA E M 2 AN BURR, T BEHE 4R AR 6 A Y
REAT RR U A s, HAE IR 5 AR SL PR AR
S N EIREA RSB ALk

Sk

(1]

Witek L. Crack propagation analysis of mechanically
damaged compressor blades subjected to high cycle fatigue
[J]. Engineering Failure Analysis, 2011, 18 (4) : 1223-
1232.

Esfandiari A, Bakhtiari-Nejad F, Rahai A. Theoretical and
experimental structural damage diagnosis method using
natural frequencies through an improved sensitivity equation
[J]. International Journal of Mechanical Sciences, 2013,

[3]

(4]

[5]

(7]

[8]

X7 RN IO T TR -y RSO R S A

70: 79-89.

Ma T C, Song D, Shen J X, et al. Blade crack detection
using variational model decomposition and time-delayed
feedback nonlinear tri-stable stochastic resonance [J].
Structural Health Monitoring, 2023, 22(2): 1478-1493.
Madhavan S, Jain R, Sujatha C, et al. Vibration based
damage detection of rotor blades in a gas turbine engine [J].
Engineering Failure Analysis, 2014, 46: 26-39.

Huang X, Zhang X D, Xiong Y W, et al. A novel
intelligent fault diagnosis approach for early cracks of
turbine blades via improved deep belief network using three-
dimensional blade tip clearance [J]. IEEE Access, 2021,
9: 13039-13051.

CaoM S, LuQT, SuZQ, et al. A nonlinearity-sensitive
approach for detection of “breathing” cracks relying on
energy modulation effect [J]. Journal of Sound and
Vibration, 2022, 524: 116754.

MR . 2 g is 2 S R A B IM . b5t - AL ol i hi
k. 2020.

(Chen Xue-feng. and health
management[ M |. Beijing: China Machine Press, 2020.)
BB, B, TR, A5 R RIAR R B I B ik
A SURRAE ST ], 4% 3 TR 2441, 2017, 30(3) : 510~
518.

(Li Hong-kun, He Chang-bo, Yu Gang, et al. Blade crack
feature extraction by using sparse blind source separation

Intelligent maintenance



68

AR FFR(A RAFR)

% 46 %

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

algorithm [J]. Journal of Vibration Engineering, 2017, 30
(3):510-518.)

Yang L H, Ma M, Wu S M, et al. An improved analytical
dynamic model for rotating blade crack: with application to
crack detection indicator analysis [J]. Journal of Low
Frequency Noise, Vibration and Active Control, 2021, 40
(4):1935-1961.

Yu Z X, Xu C, Du F, et al. Time-domain spectral finite
element method for wave propagation analysis in structures
with breathing cracks [J]. Acta Mechanica Solida Sinica,
2020, 33(6): 812-822.

Cao S P, Hu Z J, Luo X H, et al. Research on fault
diagnosis technology of centrifugal pump blade crack based
on PCA and GMM [J |. Measurement, 2021, 173 108558.
Lang Z Q, Peng Z K. A novel approach for nonlinearity
detection in vibrating systems [J]. Journal of Sound and
Vibration, 2008, 314(3/4/5) : 603-615.

Peng Z K, Lang Z Q, Billings S A. Crack detection using
nonlinear output frequency response functions [J]. Journal
of Sound and Vibration, 2007, 301(3/4/5): 777-788.

Peng Z K, Lang Z Q, Wolters C, et al. Feasibility study of
structural damage detection using NARMAX modelling and
nonlinear output frequency response function based analysis
[T]. Mechanical Systems and Signal Processing, 2011, 25
(3): 1045-1061.

LiuY, Zhao Y L, Lang Z Q, et al. Weighted contribution
rate of nonlinear output frequency response functions and its
application to rotor system fault diagnosis [J]. Journal of
Sound and Vibration, 2019, 460: 114882.

LiuY, Zhao Y L, Han J Y, et al. Combination algorithm
for cracked rotor fault diagnosis based on NOFRFs and
HHR [J]. Journal of Mechanical Science and Technology,
2019, 33(4): 1585-1593.

Wei K X, Ye L, Ning L W, et al. Nonlinear dynamic
response of a cracked beam under multi-frequency
excitation [J]. Advances in Vibration Engineering, 2013,
12(5): 431-446.

Mao H L, Tang W L, Huang Y X, et al. Research on
NOFRF entropy-based detection method for early damage
of pillar porcelain insulator [J]. Shock and Vibration,
2020, 2020: 2841254.

Rk, AREDG, 1SRG . HE T AR LM R TR ] R
114 2 RECH T B2 Wik wr g [T]. 02, 2015,
36(6):1096-1103.

(Li Zhi-nong, Du Yi-guang, Xiao Yao-xian.Fault diagnosis

[20]

[21]

[22]

(23]

[24]

[25]

[26]

(27]

[28]

[29]

method of rotor system with multi-crack based on nonlinear
output frequency response function[J]. Acta Armamentarii,
2015, 36(6): 1096-1103.)

Zhang X T, Yang Y F, Shi M M, et al. An energy track
method for early-stage rub-impact fault investigation of
rotor system [J]. Journal of Sound and Vibration, 2022,
516: 116545.

Zhang X T, Yang Y F, Ma H, et al. A novel diagnosis
indicator for rub-impact of rotor system via energy method
[J]. Mechanical Systems and Signal Processing, 2023,
185: 109825.

Zhang X T, Yang Y F, Shi M M, et al. Novel energy
identification method for shallow cracked rotor system [1].
Mechanical Systems and Signal Processing, 2023, 186:
109886.

Huh Y C, Chung TY, Moon S J, et al. Damage detection
in beams wusing vibratory power estimated from the
measured accelerations [J]. Journal of Sound and
Vibration, 2011, 330(15): 3645-3665.

Xiong Q, Guan H, Ma H, et al. Dynamic characteristic
analysis of rotating blade with breathing crack [J].
Mechanical Systems and Signal Processing, 2023, 196:
110325.

Lang Z Q, Billings S A. Energy transfer properties of non-
linear systems in the frequency domain [J]. International
Journal of Control, 2005, 78(5): 354-362.

Liang HY, Lu H H, Feng K P, et al. Application of the
improved NOFRFs weighted contribution rate based on KL
divergence to rotor rub—impact [J]. Nonlinear Dynamics,
2021, 104(4): 3937-3954.

FHE . ST NOFRFs HFE T R GEREIESRH2 W7 i 1 F
7¢ [D] TEM: AR, 2021.

(Li Jin-tao. Research on diagnosis methods for rub-impact
fault of a rotor system based on nonlinear output frequency
response  functions [D]. Northeastern
University, 2021.)

LiuY, Zhao Y L, Li J T, et al. Application of weighted
contribution rate of nonlinear output frequency response

Shenyang:

functions to rotor rub—impact [J]. Mechanical Systems and
Signal Processing, 2020, 136: 106518.

RO . T RS T B HHL IR 0 e Bl g S R A S
[DJ]. 2kBH: ALk, 2021

(Zhao Chen-guang. Research on the dynamic characteristics
of rotating blade with breathing crack [D].
Northeastern University, 2021.)

Shenyang:



