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Proposal of a non-destructive evaluation method of inelastic strain

based on the eigen-strain theory for turbine blades
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Currently there is no way to estimate in situ and nondestructively the three-dimensional inelastic strain distribution occurring
in gas turbine blades. So, although turbine blades is manufactured with a safety margin with sufficient margin, there is a
problem that the risk of unpredictable damage can not be sufficiently reduced. In this research, we proposed a method to
obtain the three - dimensional distribution of inelastic strain inverse problem using the inherent strain theory from the contour
shape obtained in 3D contour scan in the non - destructive inspection of turbine buckets and evaluated its effectiveness. There
is a problem that markers and the like can not be affixed to the turbine blades and the displacement of the surface can not be
measured. In this research we introduced the necessary “virtual nodes” to define the displacement required for inverse
problem analysis. We also proposed an evaluation method for sequential positional accuracy improvement of virtual nodes.
As aresult of numerical experiments, we found that the inelastic strain distribution generated in turbine blades can be
generally reproduced by the proposed method. Moreover, it was found that the estimation accuracy was improved by iterative
calculation, and the effectiveness of the proposed method was shown. In addition, we propose an appropriate method to

improve the accuracy of the proposed method.

Key Words : Eigen strain, Turbine, Turbine blade, Inverse anlysis, Virtual node, NNLS problem

1. #

WA= L — O & BB AR OB DIRER O @B ED LN TN D, DA KTIFE

HEOHAR—C U AW E Y AT A THEERE, KESEEOHEAICHSH. BITEEEFIEDOT-DITHF/NTZ
v N TCIIBTECITAMGEN & U CRBRENE L, ARETOMR LEES THhA 2 EAICH v, Haro b
HERFIZ L o TIBE A B LWVIRILE 725 T DD, ZORRICH — BV EIERITL VB LWRE T CBEEBI SN L 91
o TETWD., 2D, KD ZXOMOHRER, REMBZENMLEL I TND.

—J7, 22— BRI TREE OB B CELEE D UE CHRIMEZ FERIME ONT B A A RO, %@io&##ﬁo
T HANE S — E VBN ORFMITEEE 5.2 5120, BLERE O 2 72 TA U A BOT BOL RO A5
FEHMEOTHEZ—FE L CTEE L, TN E OB TEDREA U0 EiH i+ 5 2 EntskiuE, Lo /%‘ﬁfﬁ
DEWH—b v EhE @%%@tm@%Lﬁ&@%ﬁ%ﬁﬁ_&ﬁﬁ%éo

ZZTCAMIFETIE 3D L= —AF v F—C L V=X — U BREOIRER E R A v a0 b, BEOT
IEE HWTH — B VBRI T DI OT HROMEFELRE L, TOFEDHENLOT- O DIERHGROA
MR AT O




1. BEFREE#ERE

21 BEROTHE

& A OF Fx(eigen-strain) & 1 IA I DD 72 VIIRFIZIET) « OFT BBFET D2H5AICEOAEMIRE L TESR
NDIHEONTHTH 0. AHIETIE, EAOTAHAEZBEEOT R, BOTH, BREOT 2 EOIEHEOT 4
DFRRE LTEZD. BAOTRELITEMNACHMEOT A, RIS 78 £ OJ15 80 b ST IC X 0 EfA
OF HOMEHET 2 FETH L. HAMBEROEG OT A HHEE T ZAUL, FEM T X 2 PMERENTIC K 0k
BIROREIS ), B, HEEOTHRELTMET S 2 L3 k5.

2:2 3D L—H—R¥¥F—

3D L—HW—AF ¥ F—ITEN G L — W — % S U CHUS U 7= BREE & A O e o xt g% 3 Ioed
KRBT —2 L L GGEkd 2 £ OC, fliffin 2 FEM 55 &L OBIFEOmWFILEE ShTns., ¥ — e v #Eicx L
THRRORZFHIT D LN TEDLFETHEN, ZOFETITRIR T 07 7 A )L LG TE 2020,
Z—ECEEOFERIR T — 21355 Z LIk W e WO MR B 5.

2-3 REHR

AWFE Iy — e BEOMEL O T 0 T 7 A VDR A v v 2 IR ER LRI TE P, ¥—vrEE
D FEHEE DR 725 (LA, RS OZENIIEHR LS DLW z®, B OTRICE S WRIETE CHEE %
ITOBITIREDARZEENECTLEY, ELKHEENTE R, ZZ TS LI D b O EiRE, EA
L, AMMEREZEINEED. (AR & IR RORBHESOERE RICBER O 7 0 7 7 A VORI S ORD
DELTELSLDOTHD. ZHICKVBEBRIOZ — U BEROBRG A v 2O L, TOREA v v 2O
ERIIT DAARE R & & T 5 2 & CEM R ORRGEE A v ¥ 2 TORROEN E RPN Z LN TE .

2-4 RYRLEHE

AL CIIIABE S A2 AW T ATIER CH DN AE G D120, EOHEER IR R OREEIKFT 5 &
BEZHIA. TR IELUHEEZ AW CIAREI R OREE O L4 BE3. kEIHOFREET LB, k— 1
HOFERTZ FEM B#AIT L, FOMREOH SEREZ AW TRHEOREESEZRE LY. 2Ly, K
FESA LY ELWESEAEICIT SN TN EEZ BN,

Wiz, kIl HOFEEZT BTk — 181 H OFHEFESR &k — 1R H OFFERERZ ISR E L L A8fin &
DFEZHD D L RBEAEOTHAEZEH L, #hak — 1R B OFEFERICINZ C0E, HETHEEOR L2 B
7

2-5 EBEERE

nEHEME NS 12 B HIREFANTE T R L, qEFTOMESIT & 20 () = {upwy,u,) 2 A E

LCRBRICBIT 2 EEOTIEY = {65 &), 65, Viy, Vip Vix), ZWIRNTT 5 2 L2 E2 5. HEOTH & ASE

FUIFDD X 5 R RRR 5 5 .

{u} = [R]{e"} 1
[RIITHIEISE~ R U 7 2 LMHEN DH3q X 6nDITHITH D, HEIEE~ N 7 2L, BHEOTHT hrdi &
HORGyDOH%LE LA TRTO & L7zl EOEFOT AT bADsA CLUTFHALEA OT ) niel & AT
L7z & 2 OEMORH R CTOENAY MVEFFETHem X 6ndOfTHID 55, WET—H% L LTHWDLT—
HIHET A3¢IT R E L THE LN 53 X 6nDITHITH 5.




BIE ST A AT & LT 21T 9 2 & TEAOTHOHEEM{EHINQD L H IR T &N TE
5.

{&'} = [R]*{u} 2
ZZCIRIE[RID L—T « Ny m— XD 18| 2 KT
F7z, LAREK[EIH O 0 3K LR CTldk — 181 H OFRRE R 2 BB ST B g o1 } & BE L7235 LT2AK
ARE S DR S 20w} & O EAwIEQ) & 5 K 5 ik EE A O A 2 HEEE@) L, Th
Zk — 1B H OFEERTH 58, 1Mz GR6)), F-eEEa 0T R E 2/ 5.

{Auy} = {wye} — {Uese -1} 3
{48} = [R]*{Aw} ©)
(&) = {81} + {48 ©))

3. BERBHMELETOMR

3.1 HIEREGE

ARFEOH M ZRTT20, RO KD REEER T2, 9, EMOIEEEOTHOMEERL, FhE
HICEMOBNEER Uiz, ZENastillT—4% & L, ZOT7 — 4 & IR S & B HARET R O LIRS A
Y aEBRURET D)L, EOMERENS ANER & 2D B2 TGS 5. RQIHE-> THEEBA O %
WHEET 5. ZORERENERNT L, HEEDEM D E1GD. EDENARD DA RO 2R DE L, (AR
REFHRETDH. NI THRE LIAABE RO L HEE DN & Dk EZEH L, Tzl b X
D IRIRFEEA O B A WHEE L, 2 ERIEHEE L7 BA O3 A0l z, Hile 2EE O Aofmiamit T 5.
INEMEDIRL, HEEZ & OEAOT AN BREH U7 IEHMEOT 20040 2 IEf & ik U B0 21T 9 .

3-2 EBRETILEEBWEH

AT, #—ErBEITEWVEIROET VAR Lz, MEFREIT 13475, HHEIREIT 16456 TH D, K
M CEmPREITo 7z, WAL, R7 Y I NI EAEETHEL, TNZE1 190GPa, 03 & L7z, #HMEHE
(IXHBREZRMT Y 7 b Abaqus (ABAQUS Inc.) % v 7=,

ANNERIL S — © BE OO R DOND 2728 mDx,y, z 5O OFE 8184 [ L Lz, REFUIANRS
R 6 W ON, TN TIXRIEOAEYIMEORE TS, £ 2 CIMIEOT MRS A1 51 & EE &
FroZ b b, BT 2BOBERNFFORMEITE L ETDHUEZFIH L 750 SUCHEKN Li-. Wi OBICIT
TSVD JEIC KX B EBbZ T TV D, iR T 713 L I —7EE AV THEREZELICRE L TN 5.

F77, VB LI IEEOIERMEOT Ao O 3 o X — K%K 1 IRT. MR SHUTO DA IR O 7 % SR
JeAb L7e S I OT B TH 5.

3.3 RERER

FERFEEZHOTHEE L0 K LEEL 1 BOFER E 3 BIOFEREZZNENK 23 18T, X1 &[RERICH
MIEFEEOT HOEZ R LTV D, ISRV IR LEHRERE HEEREDOEEE RMS ETiHMEiL72bDE2E 112
FeHn K1 EX2 EERHKTHE, DTHAGMERBBOLRHBITE CWD EnD. i, 1 Dk=1¢
k=2L%HET 5L, MVIRLFRIZEDY RMS, E—2E, (UEESRENREL S RoTWD ZENSNDE. T
RTCOFERTE—7 N1 LY RK&EL, #@URT7 7N 25HiETHY, BEMEWHEE TS EEZLND.

3.4 HERHKIZS XN

HEEX G T HIFFMEOT IMNIMLTEDMH L 725, 1> T, HEEMNIETH D &) KIS 2N 2 Tt &
1795 2 & THEEREE D M 9% rIREMED N B> 5. £ 2 CAMFZETIE NNLS RIEOZ M L CHEE 21T > 72, £ Dk
REMAITRT. K2R3 L0 SHEEREMETLTWD Z ER3gn5d. Ziuk, ANERE 22 2 BRI
OV SN2 ORERLEA LTI K5 b D72 EEZ BND.




4.

ALV ELNDFEmE I TICE L D5,
1. A—bEr@EICAELIEREOTHAOMEERO T 07 7 A WD DHEET D FEEEREL, TOHE)
AR LT,
2. MEFEIEMTEX 2B 0NHEUMLTFIEEZREL, BADOAREMEZ MG L7z,

il

1500 1500 1
1400 | 1400

1300 1300 s
1200 E 1200 g 0
1100 = ‘ 1100 = 05
1000 . 1000

900 900 -1
800 800

-120-60 0 60 120
x [mm]

-120-60 0 60 120
X [mm]

Fig.1 Creep distortion distribution Fig.2 Creep strain distribution
estimated by the proposed

method(Repeat count(k)=1)
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Fig.3 Creep strain distribution Fig.4 Result of estimation of creep strain
distribution using NNLS problem(Repeat

count(k)=1)

estimated by the proposed
method(Repeat count(k)=3)

Table 4.2 : RMS and peak of results

Repeat count RMS Peak value Peak ratio virtual nodes’ accuracy
(rank) (estimated/exact) (RMS)[mm]

exact 8.69 x 1073

k=1 (23) 2.02x 1073 1.59 x 1072 1.83 9.04 x 1071
k=2 (20) 1.63 x 1073 1.44 x 1072 1.65 4.86 x 107!
k=3 (21) 1.61x 1073 1.59 x 1072 1.60 5.61x 1071
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