creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

[UCI]1804:21028-200000015757

FHAA FALE

27] #g°] EAg= HYl EHol=9
3 A% 4

A numerical study of the dynamic behavior of
turbine blades with initial cracks

rpx

5 %

A Ea S

2018'd 24

FIA G o

71 A &8t 3

=R



9 9 A=
S8 =

201741 129 229

Collection @ kmou



ADStract (KOREAN) ~ eeeeesseserersssssssersssssesessssssssssssssssssssssssssssssssssssssssssasesssassssesssnes iii
ADSETact (ENGLISH)  ceesesersrssseserersrsssssssessressssssssssessssssssssasesessssssssssssssessssssssasesssanss v
LiSt Of TADIES  wreeeeeersrsrerererssssssseresesssssssseseassssssssssessssssssssssassssssssssssssassssssssassssanss vii
D A R 1o — ix
TS T T S 1
1.1 QATEHITE  eevsesesescensusestncsusasussacssastsssunsscasasescscscssisnsssessssssassssssssasessssssssasasencns 1
1.2 QATEEA HD U] cereusnerssssusiirssssusaresstsssistrsssnssssssssssssssssssssssssssasassesssssassens 5
0. A TLE O] A creerssrersssusssrisessisssnssstissssisstntsssssss s sissssissssisssssssssssssissssiss 7
21 7] BH O] T 0] HAFAH ereerssersssrssssssssssssssssssssssssssssssssssssssssssssasns 7
2.2 OFZ7] BHO]T A AA] FT] e 9
23 B o]T A} W F YO A O rrmrssrsssssssssissssssisssssssssssssssssssssens 11
04 22BN A A ZTZ] cerreeeremsrssssssssssssssssssissssss s ssssssssssssssssssssses 12
3. Qt27] BH O] T O] TLRFA] errrrreererrrsnsersnrssssessssisssssisssssssssissssssssssases 14
3.1 <3 AA A Ho® 1709 QFE7] B 0]T e 15
311 £40] Q= 1719 SFZ7] BF O] T rrermrrserssersesssessesssenssessnens 15
312 Fgo] A= Y27 B o] B TLREPA] crererersesersersennes 17
31.3 B 0]T B A MY FA cesssisssss 29

Collection @ kmou



3.2 3 A AAIZAL ZAD s 24

33 Belol= AR 2H| FA| Holo] e Case Study e 31

4, F27] BHO|T Y FBHA] crrrerrrmsrrmsssersussssssssssssssssssssssssssssssssssssssssssss 36

4.1 FEo] AR FE G=7] BF O] T werrresnrennennsinnnennntiennnnens 36
411 <804 AAx0] g9 o] Helol=d u

TG BB vttt e ssaes e see e 37

412 1709 =t FAo] hah TG ZAZTZE v 38

4.2 #go] A3 7] B O]T crrrrninnninininninnne. 39
421 <803 AA 270 HeW e Beol=ol tig

T T = 40

422 1709 2=th Fabo] haF T8 ZIZDE ceererssessensenssennnns 45

43 AA &2 AEH ZAF 9 Efo]T Elo] FZE e, 53

B, Z B cecseerssererssrsesseesirvsamanoroe oo Faataeat e Bl oo Fr et cnansasssasasnsssnersaneassas 64

e [ T R 67

Collection @ kmou



27] Fdo| EAHE EHul BHo|=9
54 A% 92

dAe =7 BEgol=s ¥d 288 =90|7] 8 #AYst A 5 =4
o] Z}FZ A L o, oo wE} IF stF3 3ste] A 9T 7
FHog Qs el $1¥o] F7ska AU

AL GE71e T2Y @ e BHol=r) e 4D WA A2E

AEE FAd = As 7lsside] Hos olF s

st B dTEe] JFHI T

B AT AL FELAMS ol §F FERHNS B wa FY oA
A G F7 Kol wE Buol=e $¥ Bme 3], #4 2Ho
29 1A%, Belol= ¥ WS BHT

Y oWs BAe il Beolsel sy Fezl 9% mA 299 94X
£ AQsm, 79 dolol t@ Beol=e 54 AFL dSut)

Collection @ kmou



KEY WORDS:  Turbine blade E{®¥l E&o]=; Blade crack Ed#ol= ¥,
Centrifugal load ¥41¥; Cyclic symmetry condition <&th3 744 =71, Natural
frequency 113%&< Frequency response function 3+ SE &

_iv_

Collection @ kmou



A Numerical study of dynamic behavior of
turbine blade with initial cracks

Dongkwon Choi

Department of Mechanical Engineering
Graduate School of
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Abstract

In order to increase power generation efficiency, turbines are operating
with longer blades at higher pressure and temperature. The risk of damage
iIs increasing to accumulations of fatigue due to thermal load and high
pressure operating conditions. A broken single blade affects the entire
compressor stage, and thus power generation efficiency is significantly
reduced due to stoppage of power generation until repair and recovery of
the compressor. Therefore, it is necessary to develop a technology of fault
diagnosis and failure prediction that can detect the damage before the

breakage of blades.

In this study, a series of structural analysis of blades are conducted using
the finite element method. The effects of initial cracks on the blades are
investigated in terms of the stress distributions near the cracks and the
displacements of the blade tip. In addition, the influence of crack sizes on

dynamic behaviors are discussed by analyzing the blade tip displacements.
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From an aspect of numerical simulation, a applicability of cyclic
symmetry boundary conditions applied for an efficient analysis of
compressor blades are verified with different number of blade. In addition,
vibration analyses are performed to examine the natural frequencies, nodal
diameters, and frequency response functions that depend on the presence
or absence of initial crack and cyclic symmetric boundary condition. As a
result, a feasibility of failure prediction from the dynamic behavior analysis

1s discussed.

KEY WORDS: Compressor blade +=7] EJHl &-o]=; Blade crack E#|olE #E;
Centrifugal load ¥141¥; Cyclic symmetry condition <=3-t)% A =4
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2 24 4 AA s&=cH(Thapa, et al., 2015; Chung, et al., 2017)
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Fig. 5 Cyclic symmetry model and real model of compressor stage 1
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Packet A|2HIE 7]Fo =2 )4 =
Edolry A% dtF xxio]l HHl EHo|EvtE 7lE3stA] ] uwjEo o
Mol BEgol=2 AL A7IA Feth AT B Ao =IH AAx
o] AF 9 A8 93 Packet Al2=Hla} FALSE HE)
ARz AL AFA &al 3} Packetoldt 7FA sl x84 =
g Aol o] &¥ Packet AlXHIE #FHo] gle EHO|ENICR
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L Beolms) 7ol EASE &4 Buolmel ta x4

Y w3 Al AEE Ases HEALR 4=7], HY Efol=o ARSEE

ety 79 B4 HABRE o3 o Table 13 7t}

Table 1 Material properties of Ti-6Al1-4V

Young's Modulus Poisson’s ratio Yield stress
[E] [v] [oy]
Ti-6Al-4V 114 GPa 0.33 827 MPa
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Fig. 6 Stress distribution of compressor blade
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5, Mises

(Avg: 75%)
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Fig. 7 Stress distribution of compressor blade

with an initial crack at 0% span

100 mils 200 mils 300 mils
2.54 mm 5.08 mm 7.62 mm

Fig. 8 Zoomed plot of the stress distribution of compressor blade

with an initial crack at 0% span
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S, Mises

(Avg: 75%)
+9.432e+09
+8.000e+09

+3.655e+05

8.0e+09 Pa

100 mils 200 mils 300 mils
2.54 mm 5.08 mm 7.62 mm

Fig. 9 Stress distribution of compressor blade

with an initial crack at 25% span
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[1/4] o
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Fig. 10 Zoomed plot of the stress distribution of compressor blade

with an initial crack at 25% span
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Fig. 11 Stress distribution of compressor blade

with initial crack at 50% span
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2.54 mm 5.08 mm 7.62 mm

Fig. 12 Zoomed plot of the stress distribution of compressor blade

with an initial crack at 50% span

_19_

Collection @ kmou



S, Mises
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Fig. 13 Stress distribution of compressor blade

with an initial crack at 75% span
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Fig. 14 Zoomed plot of the stress distribution of compressor blade

with an initial crack at 75% span
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3.1.3 Eglol= ¥ AH WY BEY

Fig. 15 Node set of blade tip for detecting the displacements
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Fig. 16 Tip displacements depending on the position of initial crack
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Fig. 17 Node set of uncracked blade tip for analyzing the displacements
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Hlomw F E'_%]Q] Leading edge¢} Trailing edged] A g 7I|Fo&E He &
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Aok HIEdS GA &QAsty] st 28] W= AzdskA fa XrdF
Ybeel #x gk 5l el s £43do. Figo 113 Fig. 128 Fasid &
gol=e] Wl Aol= FUo =2 FE Jhestth. #do] EAskE &4 £
ole7l B A WHET Ae AAY = e dHY HREE o]&ste FXF

Leading edge
o 7[& E2F
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Fig. 18 Node set of cracked blade tip for analyzing the displacements
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Table 2 Displacement of uncracked blade tip node set

) ) Displacement
Displacement (X) [m] | Displacement (Y) [m]
(X, Y) [m]
Leading
0.00949 -0.03293 0.0427
edge
Trailing
0.02202 -0.054 0.06317
edge
Table 3 Displacement of cracked blade tip node set
) ) Displacement
Displacement (X) [m] | Displacement (Y) [m]
(X, Y) [m]
Leading
0.00428 -0.18762 0.1876
edge
Trailing
0.03503 -0.21397 0.21682
edge
g Bkl XS Wy o w2 Y5 B diE HeE £4sta
diid oz 27t 2o Edols ¥ WMo & ¥ VXA &e I =

A=7] EdFol=9 Leading edge AH™ANAL W= 0.0427mo]™ Trailing
edge AHoA2] WY+ 0.06317m ol ZF Ao WLl =AV|7F g2r=E
o] BT Add = Jlom HEH i AEE D] TAE

43 F #e A2l 0.021Im= 7+ 5k

| ™3k Leading / Trailing ¢ Z+ A9l ¥W$
+ Table 37 2o o] EAstes &4 Edol=9 Leading edge A A
o] W= 0.018747m ©]¥ Trailing edge olA¢ W= 0.21682mo|t}y. o] =
e

ke
r (

o] EAstE &4 Edole

2
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Table 22} Table 39| Z+ &&

He dde ¥z WAy 22kHa, nEH e g v

FX = oF
0.021m¢} 0.029me] =}¢l 0.008mE %3 7}538lth. #do] EAstE &4 29
ol=eo] FX7F ¢ Z7] wEo] WY} HEHS FFo] ¢ =25 AT
Atk 3 Ao Efol=-2H FxRINE T FEo FF mt E o]
T glo] Wt nEPe] 9y Aol ZEig S ElstgTh
a““‘h‘ : LA NAVAWL TS
oA Blade 4 N %‘Eﬁ#{:}s Blade 4
avas” : PAVAVAVATS

Blade 3 Blade 3

Blade 2 Blade 2

Blade 1 Blade 1

4 Blades 1 crack

Cracked blade : Blade 1
A E2{0|E (no cracked) =4 =9 0| = (cracked)

Fig. 19 Node set of cracked/uncracked blade tip
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Aol Belol=-2H | g W9 B MEY A ppr AR 4o B

Table 4 Tip displacements of four uncracked blades

) ) Distance of each

Displacement X | Displacement Y . )

node in blade tip

[m] [m]
[m]

Blade 1 0.00948 ~0.03296 0.0343
Blade 2 | | . 0.01370 ~0.03144 0.0343
Blade 3 | ~cadiné 0.01769 ~0.02938 0.0343
Blade 4 0.02138 ~0.02682 0.0343
Blade 1 0.02199 ~0.05466 0.05892
Blade 2 | . .. 0.02894 ~0.05132 0.05892
Blade 3 aring 0.03539 ~0.04711 0.05892
Blade 4 0.04124 ~0.04208 0.05892

Table 5 Tip displacements of three uncracked blades and a cracked blade

) ) Distance of each

Displacement X | Displacement Y . )

node in blade tip

[m] [m]
[m]

Blade 1 0.00998 ~0.03399 0.03542
Blade 2 | | . 0.01344 ~0.02929 0.03222
Blade 3 | ~cadiné 0.01716 ~0.02730 0.03225
Blade 4 0.02057 ~0.02478 0.0322
Blade 1 0.02187 ~0.05367 0.05795
Blade 2 | . .. 0.02843 ~0.04921 0.05684
Blade 3 aring 0.03462 ~0.04510 0.05685
Blade 4 0.04018 ~0.04015 0.05680
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Table 6 Blade angles of four uncracked blades

Blades O (degree)
Blade 1 and Blade 2 7.499
Blade 2 and Blade 3 Leading 7.499
Blade 3 and Blade 4 7.499
Blade 1 and Blade 2 7.499
Blade 2 and Blade 3 Trailing 7.496
Blade 3 and Blade 4 '7.500

Table 7 Blade angles of three uncracked blades and a cracked blade

Blades O (degree)

Blade 1

Blade 2 R 7.586
Blade 3 7.499
Blade 4 7.501
Blade 1

Blade 2 Trailing 7.481
Blade 3 7.499
Blade 4 7.500

A gEghe] Efolt A4E 4870 2E Efole 7teo] Z+e 75° 7}
ook 3tk FEo] Fle e Edol=e A EFols § YL V|Fo =R
EHol= 3t o]F+= Zt=7} Leading edge Aol A 7.499° |, Trailing
ol A 7.499° & Leading edge®} Trailing edge =5 I A3 Z=E o|Er} A A
Edol= 2t 7]l 7.5° & fFASHA EAEOE SAANTE EntEs ST

T St

(@)
(@)
o
(@)
i
2
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3.14 9] Fig. 10& &3l E#ol= & He £4& T3 Edol=e #do] &
B AgR IAdd AASEsE EHols HY WY FUF Fo] WS &<
g 2= olth wEla Fgo Ao TE AT o, Ao ¥
slFo] 71 & dEY HAA= AFE ZAHLES d5E 5 Utk old #E 9
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Table 8 Material properties of blade, rotor part

, Young's modulus Poisson’s ratio Yield stress
Materials
[E] [v] [oy]
BLADE GTD 450 203.395 GPa 0.28 814 MPa
ROTOR A182F11 204 GPa 0.29 585 MPa

A WM FEe Zol= 100mils, 200mils, 300mils, 500mils, 700mils,
900mils, 1100mils, 1300mils, 1500mils, 1700mils, 1900mils, 2100mils, 2300mils,
2500milsZ F 14719 Case studyE 3stARtt. a4 dHE o] &3t Fig. 9
oA dAH A HAE EATTH

_31_

Collection @ kmou



0.012

0.011 +

0.010

| |

/- ®

- | "
/ '—__.—__-‘

0.008 - pe

|
’_.__.—-I-.___.___._-—l
] @ 9] @ L o—

0.007 - //o/ —B— Max displacement [Leading Edge]

—e— AV/G displacement [Trailing Edge]
] ‘/' --- B+ Max displacement [Leading Edge]

- @ AVG displacement [Trailing Edge]
T T T T T 77T T FAMMMAL. T T 7 7T 7 1T T 1T 71
100 300 500 700 900 1100 1300 1500 1700 1900 2100 2300 2500

Node Displacement [m]
=
3
|

0.006

Crack Length [mils]

Fig. 20 Vertical displacements of the blade tip at leading and trailing
edges, depending on the crack length
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Fig. 21 Axial displacements of the blade tip at leading and trailing edges,
depending on the crack length
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Fig. 22 Torsional angles the blade tip at leading and trailing edges,
depending on the crack length
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Fig. 23 Eigen modes of a blade with cyclic symmetry condition

Table 9 Natural frequencies (Hz) of a blade with cyclic symmetry condition

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6
59.9943 59.9943 68.1788 68.1788 68.372 68.372
Mode 7 Mode 8 Mode 9 Mode 10 | Mode 11 | Mode 12
68.434 68.434 68.484 68.484 68.5382 68.5382
Mode 13 | Mode 14 | Mode 15 | Mode 16 | Mode 17 | Mode 18
68.5994 68.5994 68.6668 68.6668 68.7387 68.7387
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Fig. 24 Eigen modes of 48 blades without cyclic symmetry condition

Table 10 Natural frequencies (Hz) of 48 blades without cyclic symmetry

condition
Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6
59.9943 59.9943 68.1788 68.1788 68.372 68.372
Mode 7 Mode 8 Mode 9 Mode 10 Mode 11 Mode 12
68.434 68.434 68.484 68.484 68.5382 68.5382
Mode 13 Mode 14 Mode 15 Mode 16 Mode 17 Mode 18
68.5994 68.5994 68.6668 68.6668 68.7387 68.7387
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(m) Mode 14

(o) Mode 15

Fig. 25 Eigen modes of a blade with a 700mils crack under cyclic

symmetry condition

Table 11 Natural frequencies (Hz) of a blade with a 700mils crack under

cyclic symmetry condition

Collection @ kmou

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6
60.09 60.09 68.4208 68.4208 68.613 68.613
Mode 7 Mode 8 Mode 9 Mode 10 | Mode 11 | Mode 12
68.6721 68.6721 68.7185 68.7185 68.769 68.769
Mode 13 | Mode 14 | Mode 15 | Mode 16 | Mode 17 | Mode 18
68.8265 68.8265 68.8907 68.8907 68.9599 68.9599
- 40 -




A TN Nt
YIS AN

(d) Mode 4

(o) Mode 15 Q) IVI_ode 17 (r) Mode 18

(m) Mode 14

(n) Mode 13 (p) Mode 16

Fig. 26 Eigen modes of a blade with a 1100mils crack under cyclic

symmetry condition

Table 12 Natural frequencies (Hz) of a blade with a 1100mils crack under

cyclic symmetry condition

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6

59.7939 59.7939 67.7246 67.7246 67.9109 67.9109

Mode 7 Mode 8 Mode 9 Mode 10 | Mode 11 | Mode 12

67.9663 67.9663 68.0089 68.0089 68.0551 68.0551

Mode 13 | Mode 14 | Mode 15 | Mode 16 | Mode 17 | Mode 18

68.1081 68.1081 68.1675 68.1675 68.2318 68.2318
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(q) Mode 17

(p) Mode 16

Fig. 27 Eigen modes of a blade with a 1500mils crack under cyclic

symmetry condition

Table 13 Natural frequencies (Hz) of a blade with a 1500mils crack under

cyclic symmetry condition

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6

59.5945 59.5945 67.3051 67.3051 67.4929 67.4929

Mode 7 Mode 8 Mode 9 Mode 10 | Mode 11 | Mode 12

67.5484 67.5484 67.5908 67.5908 67.6367 67.6367

Mode 13 | Mode 14 | Mode 15 | Mode 16 | Mode 17 | Mode 18

67.6892 67.6892 67.7478 67.7478 67.8108 67.8108
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(@) Mode 1

Fig. 28 Eigen modes of a blade with a 1900mils crack under cyclic

symmetry condition

Table 14 Natural frequencies (Hz) of a blade with a 1900mils crack under

cyclic symmetry condition

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6

59.0253 59.0253 66.1519 66.1519 66.3269 66.3269

Mode 7 Mode 8 Mode 9 Mode 10 | Mode 11 | Mode 12

66.3747 66.3747 66.4091 66.4091 66.4465 66.4465

Mode 13 | Mode 14 | Mode 15 | Mode 16 | Mode 17 | Mode 18

66.49 66.49 66.5394 66.5394 66.5935 66.5935
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(@) Mode 17 (r) Mode 18

(p) Mode 16

Fig. 29 Eigen modes of a blade with a 2300mils crack under cyclic

symmetry condition

Table 15 Natural frequencies (Hz) of a blade with a 2300mils crack under

cyclic symmetry condition

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6

58.6242 58.6242 65.5018 65.5018 65.6768 65.6768

Mode 7 Mode 8 Mode 9 Mode 10 | Mode 11 | Mode 12

65.7233 65.7233 65.756 65.756 65.7912 65.7912

Mode 13 | Mode 14 | Mode 15 | Mode 16 | Mode 17 | Mode 18

65.8322 65.8322 65.879 65.879 65.9303 65.9303
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Fig. 30 Eigen modes of 48 blades including a 700mils-cracked blade without

cyclic symmetry condition

Table 16 Natural frequencies (Hz) of 48 blades including a 700mils-cracked

blade without cyclic symmetry condition

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6

60.1452 60.1477 68.5425 68.5493 68.7348 68.7425

Mode 7 Mode 8 Mode 9 Mode 10 | Mode 11 | Mode 12

68.7954 68.8025 68.8436 68.8498 68.8953 68.9013

Mode 13 | Mode 14 | Mode 15 | Mode 16 | Mode 17 | Mode 18

68.954 68.9598 69.0193 69.0251 69.0896 69.0955
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Fig. 31 Eigen modes of 48 blades including a 1100mils-cracked blade

without cyclic symmetry condition

Table 17 Natural frequencies (Hz) of 48 blades including a 1100mils-cracked

blade without cyclic symmetry condition

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6

59.9984 60.0076 68.1242 68.1806 68.2987 68.3703

Mode 7 Mode 8 Mode 9 Mode 10 | Mode 11 | Mode 12

68.3991 68.4285 68.454 68.4742 68.5052 68.5238

Mode 13 | Mode 14 | Mode 15 | Mode 16 | Mode 17 | Mode 18

68.5619 68.5804 68.6247 68.6435 68.6925 68.7116
- 47 -

Collection @ kmou




"N
\ et

-,
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Fig. 32

Table 18 Natural frequencies (Hz) of 48 blades including a 1500mils-cracked

I . ‘ p
(m) Mode 14

(€) Mode 3

(o) Mode 15

(p) Mode 16

without cyclic symmetry condition

blade without cyclic symmetry condition

ik
(q) Mode 17

i \‘ ! 1\

Eigen modes of 48 blades including a 1500mils-cracked blade
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Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6

59.973 59.9943 67.8139 68.1788 68.2302 68.372

Mode 7 Mode 8 Mode 9 Mode 10 | Mode 11 | Mode 12

68.3933 68.434 68.4554 68.484 68.5107 68.5382

Mode 13 | Mode 14 | Mode 15 | Mode 16 | Mode 17 | Mode 18

68.5709 68.5994 68.6371 68.6668 68.7081 68.7387
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Fig. 33 Eigen modes of 48 blades including a 1900mils-cracked blade

without cyclic symmetry condition

Table 19 Natural frequencies (Hz) of 48 blades including a 1900mils-cracked

blade without cyclic symmetry condition

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6

59.9111 59.9855 66.2336 68.1513 68.1813 68.3419

Mode 7 Mode 8 Mode 9 Mode 10 | Mode 11 | Mode 12

68.358 68.4009 68.4174 68.4473 68.468 68.4976

Mode 13 | Mode 14 | Mode 15 | Mode 16 | Mode 17 | Mode 18

68.5231 68.5549 68.5845 68.6187 68.6512 68.6873
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Eigen modes of 48 blades including a 2300mils-cracked blade

Table 20 Natural frequencies (Hz) of 48 blades including a 2300mils-cracked

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6

59.8626 59.9061 66.8176 67.8992 67.9319 68.0849

Mode 7 Mode 8 Mode 9 Mode 10 | Mode 11 | Mode 12

68.1011 68.1413 68.1578 68.1853 68.206 68.2331

Mode 13 | Mode 14 | Mode 15 | Mode 16 | Mode 17 | Mode 18

68.2588 68.2878 68.3179 68.3489 68.3823 68.415
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Fig. 35 The third eigen mode of blades without cyclic symmetry condition
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Fig. 38 Arrangement of compressor blade with crack or no crack
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Fig. 39 Frequency and acceleration of blade No.l leading edge
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Fig. 40 Frequency and acceleration of blade No.l trailing edge
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Fig. 41 Frequency and acceleration of blade No.2 leading edge
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Fig. 42 Frequency and acceleration of blade No.2 trailing edge
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Fig. 43 Frequency and acceleration of blade No.48 leading edge
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Fig. 44 Frequency and acceleration of blade No.48 trailing edge
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Fig. 45 Frequency and acceleration of blade No.3 leading edge
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Fig. 46 Frequency and acceleration of blade No.3 trailing edge
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Fig. 47 Frequency and acceleration of blade No.47 leading edge
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Fig. 48 Frequency and acceleration of blade No0.47 trailing edge
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Fig. 49 Frequency and acceleration of blade No.13 leading edge
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Fig. 50 Frequency and acceleration of blade No.13 trailing edge
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Fig. 52 Frequency and acceleration of blade No.25 trailing edge
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Fig. 53 Frequency and acceleration of blade No.37 leading edge

: No crack
10000-;‘ - — =700 mils
% 10001 1100 m!ls A
g i —-—- 1500 mils /}&
> 1004 1900 mils IS
2 i ------2300 mils e /'/ k
&7 10 2T
é ; ',/’(’.:"// // - \
E 13 ,,""/"’ - - ~~
o) 3 et L—"
g MY _aET T //\\
= 3,,—":"'«("‘ -~
g o= -7
< 1.-7
1E-3 E’/
1E-4 —

1 ”””10 ' "'””100
Fequency [Hz] (log scale)

Fig. 54 Frequency and acceleration of blade No0.37 trailing edge
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