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Evaluation of Uncertainty in Blade Parameter Measurement Based on Monte Carlo Method

ZHANG Xueyi, HE Xiaomei, LIU Junfeng, WANG Zhuoran, WANG Yizhang
(AVIC Changcheng Institute of Metrology & Measurement, Beijing 100095, China)

[ABSTRACT] To study the uncertainty evaluation of various parameter errors in the actual measurement results of
blades is necessary, due to the blade profile parameters have an important influence on the aerodynamic performance of the
engine. Blade quality inspection based on CMM runs through the whole process of blade manufacturing. However, due to
the complexity of blade measurement evaluation process and the diversity of parameter evaluation, it is difficult to evaluate
the uncertainty of blade measurement results. In this paper, Monte Carlo method is used to build the model and simulate
the measurement uncertainty of four typical blade profile parameters, and the uncertainty is compared with the traditional
GUM method. The analysis and comparison results verify the correctness of the uncertainty analysis method of blade
measurement in this paper, which is conducive to realize the on-line evaluation of measurement uncertainty of blade profile
parameters, and is worthy of promotion and application.
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Coordinate measuring machine
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Fig.1 Monte Carlo method for parameter uncertainty evaluation

20214655645 55 1200] - B hEBAR 95



‘_‘i.‘ »
Hl:%lﬁx RESEARCH

JERTREIY T2 I it 5 28 I AN o 3 IR 23 A o
1.2 BETAINELE RN

IR 255 Ve 1 Ay B3R AR DL A A v AR i
X T LA d, AT A2 ) At i 2 Wb 28 52 il i 52 1
i, S B R A — AN R RO AR A, IR
JEE R AR A X N 5 235 R P 5 i 2 T = AR AR AL S
Az 1] B R I 2R B8 2 S S = A bl st LA R
FECAE B, A B JE I IR R B IS DL
PEAUEIAME . ARG 1SO Al , T it 1 2 % TR N
20°C . 5% FE AT AR I 22 241 2 AR A DL A AT
FEIE

I=1x(1-(20-1¢) xa) (3)
Hor, LOARE GRS A « IR o R
X T4 28 A HETTA A BER BUR Ak 40

PR A I REETE S 2 x 10°C
B X ] T A=0.3°C, IR R TE 2341

u,=2x10°+ 3 xIx10°x At=

1.15% 107 x I x At (pm ) (4)

1.3 EiXiRE

iR B PE 5 32 B AR AR DU AL A5 Y 5 2 B
W R SEOEM AR o B Rk, R 2 &
SRR Z VRSB EEE T B RS R A F iR
FITI R A R e A IR 2E IR 3R, PR a3 A 32 2
ST R R L iR 221 FER Rz A%
OB R ST R TR B R, R R T TR
22 (kbR 2 ), BVEE & AR AR 45
8 ) A B PR R Dl GE 2R B B AR 2], TE55 1Y
HRRIEAIE) 5 i AR, BRI B (HLES D) J2
LA FRORS FE 0 S8 A BR 45, i TSR A a8 1
A 8038 BRI 7R AT R 5 s s X Re AT PR
MBI R, R AR R 22 . A, AR 2E T
1E°M 0.05um, R MEETE 23 .
1.4 RMRE

PR 15 22 J2 foft T A s D AT St s o 3R AR R
BR300 B T A ) 5 25, B SR e T Sk 1) 4% 1) S
P IR 25 VR LA B ) S - A bl S 4L A 7
RSB, PRI 158 2 2 5 A 0 e AN o 3 1 T 22 T
RO TN B Sk, BR300 3R 22 AN TR) o X 7 ) 3k
T e R FH I Sk 388 Ao AR Bl 5 AL B EBR R4 T 0 o
PR BRI R 22 0 2um, IR 5] 341

W LA EAHT, 3 3P MCM B RUEIEF LU R 2
BRI AT = AER RN SR RS
HYFABEBL Y = A bRl S LIRS 138 25 SR R 22430 LA
RSN . X T 25 SO R A B 2R
R AREAN A TR A OS2 R R PR, TSR R

96 Wiz MEHEA - 20214F o4 55 1210]

B (MCM ) &3 T X 52 % % G2 (A vE (AT 551
B R 22 A G THPEA TR R 8 B0 B s 2 4
TE B S 0 A, DR TR p=0.95, B E T
M=10° FR I R T &4 5] M AR S B0, # A%
TR AR, T LU E R AR I R 2%

7 FH 552 AR 5 3 X A A Fe AL B I R R T S
ANH 52 BEVEE B AL IR AN

(1) 43I 780 1 2 50 B AN 5 3 A SR VR, %o A
B s AU 0 s R AR PR R A T A
DTG0 20 R A A DX o 38 5 AN o R YR
A AR SIS 2 B R (IR 225 R A 2 B LR
BN Z LR A AT E R

(2) B 5 B TE AN [F) S 70 i S0, AU A bl
BN A, 2 B A T A B2 3 A i 1R 22 AR R X g AR
TR AN 5

(3) % B E 15 2 Bl v A A T e SR Bk ST, X
B R 5 ARBEHL I AT 2 ARG 43 A A
BATRZE SRS o P AS 2 A 5 = 8dE . iR
FHRBEASR AT 1 B0 11 2 5500 A K 8 T RE , RRAR
PR B AR ELSTHIAEALL ST PRI

(4) AR AL AS B (A0l e 85  CA T B 482
BB AL SRAFIR IS EE R AR 4L, v —
AR A, FAWTH AT 5 Y ER (bR 22 1l
95% ‘Bt A DX [], SR A B Sk il 1 #6850, v 2 YD
SR TR A5 R B T S A0 AR E AR E B, B
X [A] R BRZ(EF R A B S B0 AR LI

2 BEFSREFRRZEINMFEESENE

AREEVEEREE

T A T b s i R AR TR e R N A
ZEATEM T A B TE A I B A5 A, BRI T A 4 2K S
b g MR SR, o SR B R R
AR R
21 RKEE

F R SR I A A B KSR B 1), X 7Y
SRR BE RN FE , SR i i A e R R A AT R )
S AT NI RHAR, 45 2 YT R G R,
T RN YTIR B B ARAE A i B ) e RS A

b D S R A v T B s S B
[ERL R A W iy i a1 ) W U N s
HRAY, SR 5 XKL o R AR IS 2 (4 i A S s e itk —
BT

CU)JFER 2z 8 v B e e 0 WA, 0 1o
it AT T B (LA RIS R A

(2) DTS AR (A5 53 ) 1) it 2 P38 ] 4% A2 i



PN
RESEARCH mﬁbtﬁi

i

(3) R EHCH 1T fo/ N —IRIEAU G 1B, % B Y
Tt onpntamr Oq ) Gz,

(4) AR s WA IR 508 (x;, v:), U
RO AAR R (x, v ), LA BIEAR D R,

(s =5+ -] -

ﬁ%—%fﬂx—nY—R} (5)

(5) F TR RN AL BT 5 [0 2 25 1 I
P, YRR R 2 B (A, BTG & 5 i A
BEHEAL

(6 ) FRIBUH 17 5 i) ) 1 4 L, SE B 2
AT S0 73 %1, JF AT LABLE H I % R 00 1o B4
THE A S S B T AR A

(7)) XA B 0 B4 B A 2 T AT RLUS 2
R EOFHE IR SR A A T
5 Ab 3 AR L, T LA 5 N3, MU B R i
LA I 295 b AT

(8 ) RIS Y M 2 A, BIMHF B, 22 [] I  #
MBS RS 4,

=G, =3, ) + (3, =3, ' 1, =minil }

(9) TEf/IMEA AR TR BRI E, B Ry sk A5 19 fie
KIZREEE

XS BT 5 A RIS L XA L KR
JE h=max {l,}

PRI T = AR BRI ML A 38 S A s R
P XA 1836 A~ A5, BEA s BEHLIN AR 51 53 A
23 [A] AR AR AN B 2 B ( 1.240/350 ) um 5 AR ZEHESR >
A7 O FREE R 28 X6 I 25 SR A B2 A (1,15 x 107 1At ) pm,
Hor ik A=0.3°C 5 Al N34 5) 43 A7 I A 120 8 R o
ARIRZE GBI AT E FE 2um. Hig A B KR E A B 6
TR 10 U, 75 320 X5 I AR 1 A A5 B A 301 R0, b
WE 2 B X 8] 95% 4 IX a] 3 Rl e AR5 B 15 1
i 2 fis

i 2 AT LA B AE [30.358mm, 30.372mm] [X.
[i] PHAE Ak , LA A v (A DX r A8 0 5 1 30 2
{ELAE A AN 30.365mm, b E 22 1 M bR AN 5 JE
B} 1.76pm,95% 15 X [8] 24 [30.362mm, 30.369mm],
FFBR2ZEETHAAR S 3.43um,
22 ZK

TR ) R S K i R AR AL A IR L, w7
SZ A R Y S s ME 5 R KA Z R BE S . 5X 4
S 3 s

€ITor = max {

min {

R G2 R TR ARG S Sk ik A YIS
e RAEVESE . R TP BT S S A TR R TR U
T = AR BRI HLXT I 5 AN ()48 T e 174 S 0 ) a5
B R AR I A ) 05 2 B B S RE AL
IS5 3 A B RO (E R 25 (1.244/350 ) pm 5 R SRR
SRATA B I3 DR 28 ) e 45 SR B R (1,15 x 107 IAY)
pm, KPR A=0.3°C 5 AR M504 A (A0 0 14 45 4% ik
TARIRZE G | ABANEE FE 2pm s ARHEIE S04 53 R
25 0.05um. H 2.1 75 R KR BRI i S 5
(AR, 32 1T 5 2R s 2R R L 100K
XT3 1) 22 41 E 8 1 FH SRR 8 T T e AN B
gERANEE 1 PR,

WL 1 R T LA B XN TR] R N R
TERE , ANTF] i B A0 2 AN o 3 25 (A Tpum AN .

B KB Mgz K S TEE i Tk B RS S
BRI AN o R AR — B
23 (EE

I A7 s P S ORI A X T L A AR A
ST B AR LA I SR e AR ) 5
SRSt R Ryl ) 47 B R ) 6

2500

2000

1500

30.358 30.362 30.366 30.370 30.374
I K mm

B2 EHFRERKEEERE

Fig.2 Monte Carlo method maximum thickness histogram

735

> Xih

3 BEEN
Fig.3 Definition of chord

20214655648 55 1210] - Bt BlEHA 97



,—‘i. N »
mﬁl‘lﬁx RESEARCH

TER /N Rk A 7 i BUAULS IF BR T A/ IME
WAHE SR EE 1 5 22, W/ MBI 4 )5 25 TR
XA BT ) 5 ] ) b RS S R A
) o7 B & (x_offset ) F1J& [ 47 H B (y_offset ), i AU EF-
THT N SRR IR RE 1 A FE R HLAE Rl WA LT, D
A U AR TR T PN DA s [l R A

AU, R H T offset X o7 & B #1744l
T offset FITH5EUTT

T offset=2- \/ x_offset’ +y offset’

K 5200 B0 B (E 5 S RO ICP B vE T, 3RS
AR FE R R V% 1) T, H v f {0 e e 4 I

cos —sin0 s . .
R{_sme },mufr;@;@u 0 5 i i VR I Bt

cos6
Ax
T { Ay} AT LISRASA B S8, I R o 3 R 1
P AR AR A E 4 PR .
3 O - = A R I S ML I e ) s B A 46 T

S A B, W3 1832 AN A, AN B LN AR A
51 KR IR 25 (1.2+1/350 ) pm 5 AR AN 25 48 256 3 A

®1 FRBENZKABEERNERE

Table 1 Uncertainty and measurement value of chord length at

different heights
e
IR/ | KIS/ | FRERTIEIE | | 95% RE{EIKIA
mm mm pum Xif R U/um
672.23 285.271 1.95 3.80
741.75 280.902 1.61 3.13
867.89 280.250 1.57 3.03
939.97 282.725 1.67 3.28
1012.03 288.037 1.52 3.00
//%A%ﬂﬁﬁﬁﬁ//
BN AR 5
Kol % v
BN T AT A
B/ MUE SRR S l
W HR Y 7 2
ICPFiC v
|
v v
B WERE R R FRERT
A i B 8 %%ﬁﬁ&%ﬁ//

B4 MRUEEMAZETNEERRER

Fig.4 Flow chart of blade position and torsion evaluation algorithm

98 Wiz A - 20214F o4 55 1210]

) A5 TR 28 X6 it 235 SR A 52 ( 115 x 107 IA¢) pm, H
TR A=0.3°C 5 MR 5] 53 A1 (A o 26 B 4R Al T2 AR
BREGIARAHE R 2um 5 JRNFEIE 010 958 ki 22
0.05um, AU AZ B P 0 28 B 10° 250090 iy A 2147
B ERCEARR T R I 5 5 (A S A
P22 K 95% A X 8], 1 LAAS 2 4 g 47 B )
7 —0.1013mm , bR A B R 0.089um 5 J&] [ {37
W R 0.0538mm, Fi AN E JE - 0.045um, 455
&5 (B D7 R LG B A A A A R
FRBEEA R T R I T S B B
X535, BRI A 20T Bk 43T
24 HER

I TR Ff e S ECEAR T B I A AR 1
AT I AL A BT, R N SE R R O A

A X 2.3 7 TR LA A A B R
FHRES, XA B B S EUE A T 0T, nT AL
FAIEEE A 0.0512°, bR ANH E B (B~ 0.00031°, Horp
95% BB DX [R)%F 07 A A B 2 A 0.00021°, FR IET 6 41
A E T RT LUE R R RS R AR
FEREm R, BB PR 2

150 ¢
100 +
K
=
50
1
-0.1016  -0.1014  —0.1012  —0.1010
il 37 B /mm
Ca ) il {2 B
200
180
160
140
X 120
= 100
80
60
40
20
0.0537 0.0538 0.0539 0.0540
JE 1157 B /mm
(b)) JE o B

5 mmEmLEEESE

Fig.5 Histograms of axial and circumferential position



PN
RESEARCH HI:%&I

25 BEE

SRR B — e R AT b AS TR A 8 R R AR
S/IME 22 A FG IS AC B S G Ae iR I 2R R
FE R ISR R . R R AN 7 PR

RIS BTN B A I RR 25 R A B, i B
JE B PEA S LA i 2 T o S B B ) i
FERLA X — R T 528, R i AU 40 B 3R P R 52
T 5 SRR R 55 A LU R TR AR

(1) Sk P 75 48K T 4 00 5090 AR 48K T T 2 19 B9 2K
PEHEAT 1ICP S50k

(2) 4% 108 2.1 b e KRB EAR R i 4 i
I 2540381, % e 2R3 i oA R AT 401, A5 2] 4 4 XI5
it

(3) X HE e AU AU 5 54T NURBS Hh 26 475 {5 420
A e IS

(4) BET [R5 Fn A= AR 57 S 5 2] NURBS
IS Eaa =

(5) Foc S AR Al 1 e SCRRL i DR 0 66 A 22 7 i) 149 )

450
400
350
300
250+

200+
150+
100+

50+

0 . . .
0.0511  0.0512 00513 0.0514 0.0515 0.0516
()

6 HEREAE

Fig.6 Torsion angle histogram

7T BEEENX
Fig.7 Definition of profile

e [

B IR T = AR A B AL I e ) e i 7 e S
I A5 25 B8, XA 1832 A a5, B> sl B ATL I A IR M2
S A B RORAEIR 2% (1.2+1/350 ) pm 5 IR M ZEAE 255 15
) BB DR 28 X6 it 235 SR A2 ( 115 x 107 IA¢ ) pm, H
TR A=0.3°C 5 MR 5] 53 A1 (A o 26 B 4R Al T2 AR
TR2E5I ARASHAE B 2um 5 IR 43 A B AR 25
0.05um & T 2R I T I B A5 B 1) 0 = B A 7
R 10° Uk, i A S5 30 2 T ek () B A i v 5 51 2
2 A T P AU I 1, 30 e AL P 15 450 e
JE (SR bR 25 K2 95% B A X Ja], 45 2 I -8 A bR
WEANHA E 5 o 0 R B A 1T 6 B it B v DX 35 43 1 19
[P, DT A7 S8 R0 0 B AR AN B DA rh i 3]
TRFEEE, N2 2 FioR o 5 A B/ INER 80 1 43 A7 &
8 /N

gh a3k 2 FE 8 T LI AR BIET 5 4o AR R
JE LU 2 T B AN S B VT S SRR, XA AT
Jei G 40 I R AR K B SEBRIN I 0 o T 4 MR
RO S 7% IR S AN TR ZE BRI R
SERSE AR L, ] D B R R L T AR
T 40 R B T3P 1 3 5 BE B 6 SRR I

R2 BEHERHEE
Table 2 Uncertainty of profile
I N N

B WA / FREEARTIERE /| 95% M E {5 X[
mm pum X U/um
-4 0.166 0.844 1.578
-1y 0.180 0.954 1.751
e 0.138 1.025 2.037
JE %k 0.125 1.096 2.150
140

0.1765 0.1775 0.1785 0.1795 0.1805
5 B /mm

8 MEREEEAE
Fig.8 Leaf profile histogram

2021464 5 55 1210) - BB HAR 99



‘_‘i.‘ »
E{%tﬁi RESEARCH

Mt DAAS [ BE S T T 1 28 1 2 5 0 ANl
HFHA.

3 BEFGUM MM RZ&SHNE

RHEEEE

3 3 R — I [ B A R T AR AR [ S5 R T
S 22U, N GUM X i 5% K S8 AN 7
TEE . B TR R AR 2 B A 45 A

(1) A AR AR ST e K ARV (E IR 225 AR
SN BE u, o

A o ) AL RO S A Y e R Fe VR A IR 25N
(1.2+1/350 ) um , 334951 534, u,=( 1.2+1/350 )/ /3 = 1.163

(um ),
(2) B T8 28 10 BRI K 2R 05 | B AN T o
I Uy

B R 25 1 I Ak R AR AE 2 96l 2 x 10°°C
(IR [T N USRS 934 , k=+f3, A=0.3°C I,

0,=2x10°"+ 3 xIx10°x At=

1.15% 107 x x 0.3=0.098 (pum )

(3) i 0t o A 5 LA A e AN R B s

Xt e R AR P ISR R A BRI 2 «

u,=2.087 (um)

S5 i 8 A3 A I T A B R R T %A
HANHE N

u, =~fu’ +u,” +u’ =2.391(pm)

i 40 A R p=95%, W k=1.96, ¥ J& A1 52 FE
Uys=1.96 x u=4.686 (um)

4 WHMFEBHLLETNS

BT GUM LTTHRAS B P AN B 5 JBE TR T 5¢
R A I R SRR AN R P SR R R
PHA L, RN e TSR IE M A LKA A 46
RAFEMRGET AT, U T 5 R Ik
I 2R T 2 RO AN R JEE P AR A TR B

T SRR IIA I A s R IR AN S L P E 4
R5 GUM AT 2 I &5 bR AN E FEAH L
SERFR ISR AT LAGS Hh I s A0 o BE A6 5 R, W] AT
U M s I TR 25 R RRIE . TR AN H E LI,
GUM k1 i R R i Hh i J T IR A0 A, SR A 5
77 2, L PR A —E R IES AR OL S, A
—E R BRE s 6T SR RIS L AN 1, i o
DRAR AU B A, 25 SR AL T I (R A R R 0 A 5
TE | By Xt i 48 0 A B B s A DR 22 R T, B
e B AR

100 i hNEEAR - 20214 55648 55 1210)

5 4ig

ARSCHR N T —Fh L T 52 8 T A bR L
Wk - T SO B R R . RO RA
TP e S0 5 2 B R B AR | 5 - 0 T S
T Bk M SR RIS B S , ST i 5 AU SO
B0 B B MR AT A L i T2 B HEAT B I 78 1T S5
A R B I 45 R S 558 GUM IR E b F—A
G FIUTRZOr I AR T R R
A J3E 2RI 0 2K U 0 7 2 1 kA 0 BT A
B, S GUM IE ik AR L, 26T SR RIS B
WG AN A B 7 AR B b A ISk | T4
MERNLELR M , (EASAENT - 5 T 55000 5k S S S5l 7
e

& % X o

[11 ZRAR . ZAbR A A R ALESH S Jr i 9T [D]. Kk -
RHEK2E, 2012,

LI Xiang. Research of the structure and dominating system of
coordinate measuring machine of axisymmetric body[D]. Tianjin: Tianjin
University, 2012.

[2] AN BB, AR A ) A RN TR B e
JE G A [7]. =241, 2015, 36(5): 1695-1703.

LIN Xiaojun, CHEN Yue, WANG Zhiwei, et al. Model restructuring
about leading edge and tailing edge of precision forging blade for
adaptive machining[J]. Acta Aeronautica et Astronautica Sinica, 2015,
36(5): 1695-1703.

[31 E%. fiias kbt i =4E5e B 7 k5% [D]. K5
ERRE B KDL AR MU S W BT T AT |, 2005.

WANG Jun. Study on measurement of 3D photography in aero
engine vane[D]. Changchun: Changchun Institute of Optics, Chinese
Academy of Sciences, 2005.

[4] BAO J D, ZHAO R, SUN Y H, et al. Research on the
evaluation of plane orientation error based on uncertainty theory[J].
Applied Mechanics and Materials, 2014, 635-637: 932-937.

[5] SLADEK J, GASKA A. Evaluation of coordinate measurement
uncertainty with use of virtual machine model based on Monte Carlo
method[J]. Measurement, 2012, 45(6): 1564-1575.

[6] BRkSEWE . fias A L R e SR KB s 240 Hr (3], BHE
BIH AR , 2016, 13(20): 14, 16.

ZHANG Baofeng. Analysis of the current situation and new
methods of blade measurement of aeronautical engines[J]. Science and
Technology Innovation Herald, 2016, 13(20): 14, 16.

[71 HABIB H, TASLEEM M. Diagnostic of critical factors in
uncertainty measurement of coordinate measuring machine in reverse
engineering of acrospace products[C]//Proceedings of 2016 International
Conference in Aerospace for Young Scientists (ICAYS). Beijing, 2016.

[8] HOPP T H, LEVENSON M S. Performance-measures for
geometric fitting in the NIST algorithm testing and evaluation program

for coordinate measurement systems[J]. Journal of Research of the



PN
RESEARCH Hltﬁbtei

National Institute of Standards and Technology, 1995, 100(5): 563.

[9] LA . CMM R I AN E BERCRL S5 3 5E 55 [D]. &
JIE - AT R, 2015,

LI Hongli. Uncertainty models and its evaluation methods of
dimension measurement results for CMM[D]. Hefei: Hefei University of
Technology, 2015.

[10] XY . FBALB2E it (AR E 2 IPSE [D]. AL - LT
A2, 2010.

LIAN Huifang. Evaluation of measurement uncertainty in result of
form and position error[D]. Hefei: Hefei University of Technology, 2010.

[11] ANGELES HERRADOR M, GONZALEZ A G. Evaluation
of measurement uncertainty in analytical assays by means of Monte-Carlo
simulation[J]. Talanta, 2004, 64(2): 415-422.

[12] LI H, CHEN X, QIAOY, et al. Task-oriented measurement
uncertainty evaluation of CMM under multi-strategies[J]. Journal of
Electronic Measurement and Instrumentation, 2015.

[13] JALID A, HARIRI S, EL GHARAD A, et al. Comparison of
the GUM and Monte Carlo methods on the flatness uncertainty estimation
in coordinate measuring machine[J]. International Journal of Metrology
and Quality Engineering, 2016, 7(3): 302.

[14] MR, T % . RIEERZE R SN EANE & BT (1], M
T RREBE ( FARRMEM ), 2015, 13(1): 1-5.

PAN Jun, WEN Xiulan. Evaluation of circularity errors and
computation of measurement uncertainty[J]. Journal of Nanjing Institute
of Technology (Natural Science Edition), 2015, 13(1): 1-5.

[15] WE/NAE, BURAE, R, 55 UaS RSBl A B = Ak
FRIEHLIN A (7], SRR BRI RS, 2012, 18(1): 125-131.

LIN Xiaojun, SHAN Chenwei, WANG Zengqiang, et al.
Measurement techniques of coordinate measuring machine for blade
surface of aero-engine[J]. Computer Integrated Manufacturing Systems,
2012, 18(1): 125-131.

[16] MIURA 'Y, NAKANISHI S, HIGUCHI E, et al. Comparative
evaluation of estimation of hole plate measurement uncertainty via Monte
Carlo simulation[J]. Precision Engineering, 2019, 56: 496-505.

[17] ERE, KERE BT = AR ALY 5 5 2 A
VAR ] AR K724 ( FLARRLSERR), 2014, 44(5): 952-956.

WANG Dongxia, SONG Aiguo. Uncertainty assessment of
circularity error based on coordinate measuring machine[J]. Journal of
Southeast University (Natural Science Edition), 2014, 44(5): 952-956.

[18] RUFFA S, PANCIANI G D, RICCI F, et al. Assessing
measurement uncertainty in CMM measurements: Comparison of
different approaches[J]. International Journal of Metrology and Quality
Engineering, 2013, 4(3): 163—168.

[19] ALI S H R. Performance investigation of CMM measurement
quality using flick standard[J]. Journal of Quality and Reliability
Engineering, 2014, 2014: 1-11.

[20] RAMASWAMI H, KANAGARAIJ S, ANAND S. An
inspection advisor for form error in cylindrical features[J]. The
International Journal of Advanced Manufacturing Technology, 2009,
40(1-2): 128-143.

SEIAER /N, BFSE B, 507 1 40 5 i T b AL b
(it h %)

(L% 93 1)

2 % X

(17 FRN, W, 2Rk, 5 . s R il iy st i i
SE ARSI [7]. BB 22440, 2009, 31(5): 101-105.

TIAN Wugang, PAN Mengchun, LUO Feilu, et al. Borescope and
eddy current integrative in situ detecting defects in aeroengine laminas[J].
Journal of National University of Defense Technology, 2009, 31(5):
101-105.

[2] f‘&ﬂﬁ e wia . as RSB 5 WAL Y A
5T EMGE ). Az k8L, 2009, 35(3): 58-61.

ZHAO Ping, HE Qinghua, YANG Zhiguo. Summarize of
investigation and method for blade fatigue fracture of aeroengine[J].
Aeroengine, 2009, 35(3): 58— 61.

B] T . CHURSINLN RSB A RS AR DTS [D]. Eat
JERTHL TR, 2014,

YU Xia. Research on electromagnetic nondestructive testing of
defects in the engine blades of aircraft[D]. Beijing: Beijing Institute of
Technology, 2014.

[4] AMINEH R K, RAVAN M, SADEGHI S H H, et al. Removal
of probe liftoff effects on crack detection and sizing in metals by the AC
field measurement technique[J]. IEEE Transactions on Magnetics, 2008,
44(8): 2066-2073.

[5] AR RREREIN (M]. b - [EB7 Tk dihiett: |, 2001.

REN lJilin. Electromagnetic test{fM]. Beijing: National Defense
Industry Press, 2001.

[6] XA , ARICHT, SO, 45 . SRR 2 TCRUG I B IE
). Wizt H A | 2016, 59(4): 43-47.

LIU Zhanwei, ZHU Wenying, SHI Wenxiong, et al. Progress
in nondestructive testing of thermal barrier coatings[J]. Aeronautical
Manufacturing Technology, 2016, 59(4): 43-47.

[7] AR mPERERE IR (M. bt - Ak Tl it | 2004,

DENG Shijun. High performance ceramic coatings[M]. Beijing:
Chemical Industry Press, 2004.

[8] BAFAJEL, B . SR KSR POD BB RS/
R BRI [J]. 25 sl 12240, 2007, 25(2): 236-240.

ZHAO Songyuan, HUANG Mingke. Application of simulated
annealing method and reduced order models based on POD to airfoil
inverse design problems[J]. Acta Aerodynamica Sinica, 2007, 25(2):
236-240.

[91 ZEWg . s i e Bl i 4 A s i A I H AR BESE [D].
Jemt L TR | 2016.

QIN Feng. Research of scanning eddy current testing technology
for the defects on aircraft turbine blades[D]. Beijing: Beijing Institute of
Technology, 2016.

[10]  Phaiar . ToHiRa I S AE i zs e H it A (M. dbat - [ By
Tl Hy A , 2004,

SUN lJinli. Non destructive testing and its application in aviation

maintenance[M]. Beijing: National Defense Industry Press, 2004.

EIRAEE: sk IS, B2, i, WF 5307 17 A K HLIG UG -5 4540
e
(vigm %)

20214655645 55 1200] - it hl&E A 101



