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Fig.1 First six modal shapes of blade
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Fig.2 Blade model of an Aeroengine
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Fig.4 Vibration mode diagram of blade tip of the first six steps
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Fig.5 Calibration position of blade first-order measuring point
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Tab.1 Blade simulation calibration value

2H 5 w/NER R KA YIE
A, /pm 133.14 140.39 136.73
A,,/pm 149.97 157.60 153.79
By/(pmem ') —7.006 4 —6.553 3 —6.8137
B,/(umem ) —8.121 —7.2343 —7.7417
A,/pm —249.70 —219.73 —234.42
A,,/pm 136.25 156.54 146.63
B,/(umem ') —32.626 —24.738 —28.855
B.,/(umem ') 8.315 20.777 13.067

R2 M AT BRI RS L M
Tab.2 Blade simulation calculation of strain displace-

ment ratio response

2H 59 ’3}1/3/111 Eiz/yllz 5%1/)’31 552/)/52

K fH 498.33 503.74 1230.91 891.15
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Fig.7 Blade resonance sweep test
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der resonance
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Fig.9 Displacement and strain response of blade at second-
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order resonance
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Tab.3 Blade first-order resonance test data

- A%/ BN/ ALfi#/ B/
mm (umem™") mm (umem ™)
1 0.034 82 15.667 0.038 21 17.541
2 0.038 49 17.241 0.034 45 15.894
3 0.037 18 17.106 0.032 04 14.861
4 0.038 14 17.056 0.041 81 19.305
x4 MR2HHIRNKEE
Tab.4 Blade second-order resonance test data
a5 A Ni¥/  ByWAE/ AR/ B WAE/
mm (umem™) mm (umem™)
1 0.000 72 0.856 0.000 46 0.410
2 0.000 79 1.095 0.000 44 0.468
3 0.000 86 1.181 0.000 44 0.467
4 0.000 84 1.079 0.000 54 0.479

®5 MAKEITEREARS LA
Tab.5 Calculation of strain displacement ratio re-

sponse of blade test

éﬁ%” E}l/ylll Eiz/yw 5gl/y221 552/3/52
1 447.19 459.07 1188.89 887.04
2 447.93 461.36 1284.52 891.30
3 448.03 461.73 1373.26 1061.36
4 449.94 463.83 1 386.07 1063.64
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Fig.10  Strain displacement ratio of blade resonance test
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Tab.6 Calculation of strain displacement ratio re-

sponse of blade test

2H 51 7 e vl 7%

AR 15 22/ Y% 11.16 9.15 5.90 8.68

gh A BT 5 0 45 R vT DUAS 2 3 58 I £
19 1 B 453 S 494.38 Hz, ff 2t 589 1B 3 3
513.55 Hz, HAT R AH X 15 25 Ky 3.87 4 5 1l 46 0 45 11 2
B i R 1 614.69 Hz, {5 BT 545 21 2 B 4R oy
1 714.80 Hz,, A S A0 X 12 25 4 6.20 % o
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Fig.11 Clamp and blade clamping
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Tab.7 Optimized blade simulation calibration value

20 5] 1 2H 5 ¥{H
Ay/pm 137.0 | Ayn/pm 227 4
Ay/pm 15351 | An/um 140.13
B,,/(umem™") 6.746 B,/(pmem™") 28.545
By/(umem™)  7.6655 | Bu/(umem)  13.733

x8 MMALFH FARBTE R AL L R
Tab.8 The optimized blade is simulated to calcu-

late the strain displacement ratio response

2 5 eh/yh elo/yl e /vh 5/ vk

K fE 492.4 499.35 1225.28 980.01

A 56 AN A AR AR B E R B X R 25 i ER 9
Jin o iF R i A A A % 5 4 BRI e AR S AR X L
M 10 s

F9 MAKEMALERRERBEINIRE
Tab.9 Relative error of calibration coefficient of

blade test and optimization model test

415 7 7 UH B

MXFIR 2/ % 9.84 8.2 6.34 4.28

F10 MEESIRERILE

Tab.10 Blade modal frequency comparison Hz

B Awfbrr ARk I MH
1B 513.55 489.45 494.38
2 i Zs 1714.80 1628.70 1614.69

1 10 AT 0 : 1B RS A X 5% 22 0.997 40 5 2 B
RSN iR 2204 0.868 4

M9, 10 AT LA A ) i 05 BT A4 R o
T2 T AL, LA I A X R 22 B AN B A
BIF 52 ) b 2 05 SRR B8 45 e, D A TR I A9 A B 3 5
S A



304 w3, W

w5

2

W 044 5

45 B

1) il 3 i 7 % 4R I3 RT R A i 1B K
2 By Fe R 26 T IO A A B L L S RS AR (A
JUAa] 2806 5, 3 i 7 sl i g iE AR AL T O o
1 1) 5 460 2R

2) AU H SIS L W TR 26
FER AL T N AR AR S AR A /9 32 T 1 O, 23 B
TR TR R R B RS B SR L AR T R AL RS
RN 50 R 07 A RN

3) A5 i 25 2R 5 05 TS A5 R AT HexE F AR
P g 45 R Oy HA R AT fe e iE . e B IE)m
R A R 45 2R Y e X 2R B AW 5T BT 4R A
i sy 07 A8 I a0 A 7 B A A 1R 22 /N T 1006, AR 3
ZE/NT 105,

z % X

[1] 9N, XI2r, sk R, 5 . MW ZURHLIRAE T it i
B ATLC /2011 4R o [ T2 #400) B2 25 LS Bl 44
D15 G RARPUM R 2808 S0 R T E TR
Yy 2x, 2011 1-9.

(2] JGMMg, skE, Eilgs), 5 BTk JE i R p

ok s A M I s BAR [T diR 3 5 ek i, 2016,
35(5): 96-102.
FAN Bonan, ZHANG Yubo, WANG Haidou, et al.
Research status for dynamic monitoring impellers’ of
blades based on blade tip-timing [J]. Journal of Vibra-
tion and Shock, 2016, 35(5): 96-102.(in Chinese)

[3] SKUE, BREE, T4, 45 . 35T WA S 70 5080 135 S Bl

Il RE W T i [T, KL AR, 2018, 60(6) -
75-82.
ZHANG Ya, CHEN Kang, WANG Weimin, et al.
Health monitoring method of turbomachinery blades
based on transient start-up data[J]. Chinese Journal of
Turbomachinery, 2018, 60(6): 75-82.(in Chinese)

(4] SKUE, BRERE, F4ER, 45 . b 2400 L 400 e i
JrEmRFE[T]. RBLE A, 2017, 59(4) : 45-50, 73.
ZHANG Ya, CHEN Kang, WANG Weimin, et al.
Early monitoring and warning method for crack faults in
blades [J]. Chinese Journal of Turbomachinery, 2017,
59(4): 45-50, 73.(in Chinese)

[5] Jwide, E4eR, XVmoE, 4 RBE I XL
JEEXF B N Ty By B m BE S [T]. WALEL A, 2017, 59(6) :
41-48.
QU Wei, WANG Weimin, LIU Binbin, et al. Effect of
moving blade angle on dynamic stress in large axial fan
[J]. Chinese 2017,
59(6): 41-48.(in Chinese)

[6] BALLARD R, MCCARTY P, THOMPSON J R J.

A noninterference technique for measurement of turbine

Journal of Turbomachinery,

[7]

[9]

[12]

engine compressor blade stress[C] //16th Joint Propul-
sion Conference. Hartford: American Institute of Aero-
nautics and Astronautics, 1980:65-66.

ZIELINSKI M, ZILLER G. Noncontact vibration mea-
surements on compressor rotor blades[J]. Measurement
Science and Technology, 2000, 11(7): 847.
PROCHAZKA P. Methods and measuring systems for
calibration of non-contact vibrodiagnostics systems
[C] /2017 IEEE International Instrumentation and
Measurement ~ Technology — Conference (I2MTC).
Turin: IEEE, 2017: 1-6.

LIGOT J, HOFFAIT S, DE CAZENOVE J, et al.
Stress calibration methodology of stator blades using
experimental SAFE diagram [ C] //Proceedings of the
ASME Turbo Expo 2018: Turbomachinery Technical
Conference and Exposition. Oslo: ASME, 2018:
V07CT35A035.

WANG W M, HU D F, LI Q H, et al. An improved
non-contact dynamic stress measurement method for
turbomachinery rotating blades based on fundamental
mistuning model [J]. Mechanical Systems and Signal
Processing, 2020, 144: 106851.

HU D F, WANG W M, ZHANG X L, et al. On-line
real-time mistuning identification and model calibration
method for rotating blisks based on blade tip timing
(BTT) [J]. Mechanical Systems and Signal Process-
ing, 2021, 147: 107074.

FEYER, AL =R, BRary, &R FEE RS S
BRI Bt (S| 50 ) [T]. ik sh 5w idi, 2017,
36(17): 127-133.

WANG Weimin, REN Sanqun, CHEN Lifang, et al.
Tests for synchronous vibration parametric identification
method of a turbine’s blades [J]. Journal of Vibration
and Shock, 2017, 36(17): 127-133.(in Chinese)
BN, TR, XSeal, A AR Al U i Y e
B wk gy A AR O R [T]. A 8 g oE i, 2020,
35(3): 569-580.

AO Chunyan, QIAO Baije, LIU Meiru, et al.
Dynamic strain reconstruction method of rotating blades
based on no-contact measurement[J]. Journal of
Aerospace Power, 2020, 35(3): 569-580. (in Chinese)

E—EEE T TIAR, I 19964 1 H
A WA ARG T 1) S i e R
s AR/ e AU 5 3 ¥
E-mail: 2205775708@qq.com

BEMEEEN: TR, 5, 197844 A
Az BB R RN E BT )
e T AR GE RO S W A R A
A

E-mail: wwmbuct@163.com



