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Abstract: A dynamic strain reconstruction method of rotating blade based on blade tip
timing non-contact measurement and transmissibility concept was proposed. The transmissi-
bility between displacement and strain of any point was derived in the frequency domain. The

analytical formula of transmissibility with respect to mode shapes was obtained. The three-
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dimensional (3D) finite element model of rotating blade was established to conduct modal a-
nalysis considering rotating pre-stress effect. The displacement and strain mode shapes of
blade were extracted and the transmissibility between displacement at blade tip and dynamic
strain of critical point at blade root under any rotational speed was calculated. The test for
high-rotating blade based on blade tip timing non-contact measurement was conducted. The
Circumferential Fourier transform method was applied for analyzing blade-tip displacement at
different rotational speeds in case of single mode resonance. Combining with the transmissi-
bility, the dynamic strain of five blades at some critical points was reconstructed. Results
showed that when the first mode resonance at rotational speed of 9000r/min and 13000r/min
occurred, comparing with the measuring results of strain gages, the average relative error of
dynamic strain reconstruction of three critical points on the blade root, such as the maxi-

mum-strain point, the secondary-strain point and the edge point, was less than 15%, show-

%35 %

ing the validity of the dynamic strain reconstruction method.
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Table 1 Material parameters of the blade

K FAPERCEL/GPa JHAME W/ (g/em®)

GH4169 195 0.3 8. 24

*k2 MHREEAME
Table 2 Natural frequencies of the blade

Wik 4 47 % / Hz
1 584. 6
2 b 1796. 6
3 B 3363.9
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Fig. 3 Displacement mode shapes of the blade
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Table 3 Transmissibility based on modal methods and

harmonic analysis

N &3t /m ™!
VA "
(R3S I 57 43 A
A 1. 67 1.66
1.27 1.27
C 1.09 1.09
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Fig. 8 Trend of displacement-strain transmissibility
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on blades
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Table 5 Positions for strain gages attached on blades

MRS (AW
1 A.B
2 AC
3 A.B
4 AC
5 A.B
4.2 MimERNELSR

I i 2 B o AR A5 0 T S A AR B
K CFF S 4RI 7 1 B4k 3l i o 4ig 3 g (6
FdR 2 M5 %, % 3 13 000 r/min B /Y I Fr 7 F8
fr5 W 11 s,

600 . -
— 15k
500f — 25t
35t
g 400 — 455
=S 550 A
o
= 300} ]
R
¥ 200t
100 N/
VAL oAy
s ! VYOS ree
120 125 130 135 140 145 1.50
5E34/10° (r/min)
Bl 11 CFF 3%t mnt i s 5 5
Fig. 11 Displacement signals of blade tip calculated

by CFF method

iy Campbell & A 1, M F 7E % 3 S5 13 000
r/minff & A 1 B AR, SR Br ik o 3,8k
13000-M1EO3, %5 25 9000 r/min 1) L3R 38 5l B
WHh 4,88 9000-M1EO4, i1t Campbell &l 3k
0 R B BRI B Uk, 18T CFF 3 32 B 3t 119 4R
FilE(E. 1~5 20 B 13000-M1EO3 f1 9 000-
MIEO4 ) i iig {8 F0 G Rz 3 P 451 58 43 931 4n 4% 6
MR 7 R

A B fid 2 00 Sk A A5 1 40 S R R & 0
FH o R 22 A D PR OR BE PR IE 8 4 — B0, R
W R ) M A0 58 R (B A7 7E 25 5% . 9 000-MI1EO4
L5 i i B [ A 590R /NTF 13 000-M1EO3 i 45
H X BUE T i Y e A TN AL . i AR
SEUG LS A3 B [ A AR (R 4D, R I TE S R
WA Y R AR AR R R 2ZEAE 5% LN
ol TS R 22 G AR IR AR

% 6 13000-M1EO3 M- i #f 3h i {8 Fn S0 &
Table 6 Blade tip vibration amplitude and frequency at

13000-M1EO3

MR iR /He A% 2l W {1/ o
1 663 276.0
2 646 425.2
3 650 290. 3
4 650 492.3
5 640 210.9

&7 9000-M1EO4 I i ¥ 3 g & F 87 2=
Table 7 Blade tip vibration amplitude and natural

frequency at 9000-M1EO4

M %/ Hz A% 3l 1 B/ o
1 640 98.7
2 627 146. 1
3 627 182.4
4 627 215.4
5 616 98.6

fiE 15 S0 00 A5 1 o8 4 — B A D R T L
4.3 HETRMELR

A - B 2 Fof A2 SR DN i e 6 i I 0 L 1)
[F] s o B AR B % AR ALBLC = 5 1 Bl AR AT
D5 B A% R R T e AT 0 o, R 5K
B0 B 2~5 "5 I 25 A8 0 A5 B N AR {5 i R
M EE R E 12 frs i 2-A RZoR 2 50 A
KO NE AT UE R 78 5 AR 32 21 e

2000 : : : : : 2.0
1000 1.5
E
g £
= =
Jé\b( 0 11.0 E
#
-1000 10.5
~2000 : ; : A : 0
0 50 100 150 200 250 300
NI

12 T 3 5 56 17 728 A e o
Fig. 12 Strain and rotation speed at rotor

speedfacceleration test
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TR RS MR 5 AR A R A KT 2R B 1 0 R
[F B % B - 7E 9 300 r/min A1 13 000 r/min Fft
A WA, X A I {H B X} i Campbell & 9000-
MIEO4 F113000-M1EO3, 7E % W45 3 T L %)
A TN AE R BN AT I B e AR 4, 13
N2 BN R A SR B R, R AE A B A
13000-M1EO3, A X N £ e 4 4ig 531 2 Al Rij A% 4ig
g . HrbdF 150k 5 f A AR B 7E S50
TP IR 1 B A 0 7 K B AN 43 B
L5 5 1 3 A% 504

JBE72/1076
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600
500
e 400
300
200
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230 235 240
Al /s
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Fig. 13 Time-frequency diagram of strain

of point A on NO. 2 blade

$EEL 9000-M1EO4 #1 13000-M1EO3 4k iy 3t
AR IV AE R (EL MR . 2~5 S5 I B 45 1 4 8 A
K9P,

8K O HAR 6.K T P AL B PR A A
ARCBEE R — B0 UL 1 AR fih 5000 X 4k ) =
RO HER L

%8 13000-M1EO3 [z 2= 704k 3h 871 % Ll B

Table 8 Measured strain amplitude and vibration
frequency at 13000-M1EO3

M 137 B Wi /Hz  RAE/107°
A 646 737.10
’ C 646 592.00
A 650 506. 89
’ B 650 428.15
A 650 1020. 10
! C 650 643.03
A 640 406. 82
’ 640 304. 24

F 9 9000-M1EO4 F7 3 F R 3 871 % KB
Table 9 Measured strain amplitude and vibration

frequency at 9000-M1EO4

MR (AT Wi /Hz  AE/10°°
A 626 218.58
’ 626 178. 23
A 626 246. 20
’ B 626 210. 04
A 626 371.74
' C 626 231.52
A 616 204. 90
’ 616 155. 01

4.4 HETEHERHSN

I F L FE-Ry AR g R A% 3 HE i B9 000-
MI1EO4 1 13000-M1EO3 3t} A.B.C =19
NS =S R RR RS R A3 LL AN ER 10 TR

® 10 HIREETHEHL

Table 10 Transmissibility at resonance rotation speed

A ¥ 3/ (r/min)

e 13000 9000
1.7384 1.7100
1.2917 1.2885
1.1499 1.1258

FIHIE 6 FI 7 By n i W AR T S AR L A
B.C b 3y i 728 1 508 5 52 3 (8 /Y % BE 43 1 &
148 15 16 Jif 7~ » AH A 5 25 CHCA % (ED T %
11 s & N2 I EM R Z R 12 s,
IR ETE SISV &)

1) 13000-M1EO3 B R A8 f K A S E
e R, 2 5/ 3 Sk B EMIRELLE 1%L
L EARE B 4 SRS S e 17 LA
BT A A 22 R | b o E 0 AR R R
2838 B A R R 22 AR R OKR L (AR AE A
T FE N L B E T EE AL O i I MR

2) 9000-M1EO4 LR T A 55 1 T 1% 25 3
&K F 13 000-M1EO3, J& B & it /£ 9 000
v/ in ¥ 9% Bl 0 (B /D o I g B 5 AR )
Tt 1) 15 W LU A AR, 39 O T I A A 1R 2

3) PIMALIRAETS L B AR RO S B Y I AR
PR 22 B 7E 15 %6 LAPY S FRVR UG B T AR 38 SCr 4 1
14 5 o BRLAREZA H iR J07 A8 T A 118 A A8 5
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Fig. 14 Comparison of the measured and the reconstructed strain of point A on blades
600 \ 300 Rl MAREEHIRE
T —— N
I A Exond Table 11 Strain reconstruction error of blades
¢ 400 ¢ 200
= = HIXHIR 2/ %
A 5 WA :
= 200 # 100 13000-M1EO3  9000-M1EO4
2 A 0. 28 14. 30
0 0 C 17.41 7.71
3 5 3 5
5 S 3 A 0. 44 26. 69
(a) 13000-M1EO3 (b) 9000-M1EO4
B 12.42 11. 89
i} 5 AR SN 48 R B e g
B 15 i B R S S TR RS A 1 , N - oo
Fig. 15 Comparison of the measured and the
reconstructed strain of point B on blades ¢ 11.96 4.
5 A 9.88 17.71
1000 B 10. 46 18.04
I 00 e
800 I A B A
12 BENTREHRE
g 600 g 200 Table 12 Mean error of each strain point
& )
= 400 > R
B - VR Y
200 7 7AE R
13000-M1EO3 9000-M1EO4
L 4 0—"5 4 A 6. 68 14.91
I - 2 M
Rl s 11. 44 14. 97
(a) 13000-M1EO3 (b) 9000-M1EO4
14.69 6.23

16 W C i A8 SE N 25 5 5 4 45 3% L
Fig. 16 Comparison of the measured and the

reconstructed strain of point C on blades
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Fig. 17 Dynamic strain frequency spectrums of point

C on NO. 2 blade
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