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Development of the Ultrasomic Signal Processing Algorithm

for Flaw Detection on the Keyway of Turbine Rotor Disk

Doo-Yong Kim

Department of materials Processing Engineering,

Graduate School, Pukyong National University

Abstract

Cracks occurring at the Keyway of turbine rotor disk in a power plant
are sometimes caused by stress corrosion, and they have caused a fatal
fajlure of the turbine during the operation of a power plant. The
ultrasonic flaw detection technique is applied to detect these cracks. The
crack information as position, depth, size and orientation isn't easy to
determine gquantitatively because of the complex geometry of the turbine
rotor disk. To acguire characteristics of these cracks, ultrasonic signal
processing algorithm was constructed using the contact method of
ultrasonic flaw detection.

The wultrasonic signal processing algorithm is composed of four
processing steps, pre-processing, detection of crack candidate region,
classification of crack region and analysis of crack information. In the
pre-processing step, it is shown four reflected signal peaks which include
the top of Keyway, the crack tip, the crack corner and the bottom of the
specimen, respectively. Crack feature as scanning position, scanning time
and amplitude are observed approximately through adjacent averaging
processing, three dimensional image and B-scan image displaying. In

detection of crack candidate regions step, various signal processing



algorithm is applied to detect crack candidate regioms. In classification
of crack regions step, crack regions are sorted out crack candidate
regions by defining and thresholding features of crack. In analysis of
crack features step, crack information are extracted by analyzing the
ultrasonic signal of cracks.

The ultrasonic signal processing algorithm is developed to determine the
information of Keyway cracks, and it is considered as a useful technique

to evaluate the characteristics of Keyway cracks quantitatively,
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Fig. 2-4. Typical geometry of specimen and crack

Table 1. Crack angle and length of each specimen

—
S30 30 2
S46 45 2
S90 20 2
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Fig. 2-5. Schematic diagram of ultrasonic test with direct contact
method

Table 2. Transducers and couplants used in ultrasonic testing

Contact technique
Transducer Sigma transducers
Sampling time 10ns
Couplant Glycerine

- 20 -



233 229 AsAE A4

Fig. 2-601 A& A28 AFEE vetdoh. 253 AAE JHAS
We Algste] 283 ANTPAE o FAEYUHAA AZ(Yds #F
o AR olgd R AFZE QABRAFEZE FIY TAE HolHE
BgEo] sad AFEHY dHdolHRE AgEh M 2859 AEA
g G Fd st FE5I ZFARE TUHZE HF HIG.

-21 -



- = eeeo| [ —"———————
Automatic 000
robot 000 ——

I controller

| [l Oscilloscope [l

| I_

I I

| — .[[

|

I

monitoring

|
R
Screen ‘él7
1]

Specimen Processing
board

Fig. 2-6. Schematic diagram of ultrasonic signal processing system for

flaw detection

- 22 -



2e3 AE A dngF 27 94 volHEE TEAM WA of
g2 NEE fXg ¥dse gt 4F dHelHe Id 34
o] Z+=rt Z+zh 0°, 30°, 45° 2 @l3 90°%0 Al@H| distd 23 AA
g AAsgon, ol 5T dvlojH wistd zZtzt SO, S30, S45 %
S90ez PRyt FHFEPe R 53 7o vAEE HolE A
FEERHY WAl A5 AQAEZE vdeEdE FANAY RFRYE
Fig. 3-1¢] Uehdth. Fig. 3-1 a)9] SodlolEl& TEol EAA e A
#Wo] g RFFF o2 sldolet AR P& FA #Fsr] A3t
o Fldolgt AHol whte FAXZY dolHE “HEhAH. Fig. 3-1
b), ©)¢] S30, S45HICIE & d) S90ulelE ¢ Hlmdte] FEAN WALE A
59 AEFo] AOHoE S & F Utk oL 7 dAste =
g7t Fdo et BALE Rz JABIERZ 2 &3E THAEtE W F
o] ZA: xgy Ade Axe W #e dF¥oE AT FEBA
zto] A& E #ge ol % Jlde] FHo2RE Y FHAH} SIS
7] BEd, FEAAM wAlE A5V Hd AF S Yehlls A3 FAS
X @ FAAEo] TGl BAaTe] wEt FHEE HolEdA
& & dA

Fig. 3-1 b)9] S30lolEle 7%, #EXGY Eol7b 7ldle] AHET

- 23 -



3
N7k ez gl RS BIT 5 YA oA FEAAT F

9 AT AN Pe AS & F AU

Fig. 3-1 ¢)¢] S45ulclH 9 ASele #EATe gol7t 7140 AHE
o okt B3 #E3 J)dolrt BuE BAY AFL #EAT BY v
2o 7ol B9 AE7F g AA deiva, TEAEAA dALE
Az7t a2 g Yeide, Mg AFdA datd AzE #EdAg]
WAlg AE ulE Hel 93 E Holx Ytk 2 FAAAIL 719
QoA 85m oA U7 WEC] AWM watd AE7 YEHES <&
F AN

Fig. 3-1 )¢ S90UlolE e AfolE TEXTo] ol AHET 2m
E7) g&d 7ol BHAN vAlE Az FEADAA ¥R AT
7t A Jehwth £%, FEAGA SR 25 JAFo] T el
ALY Ase) AEZRT IA YEhd A TEATe] 253 AT
FAZHNZ 1w & AR Y3, el =&AL Ao #dAd
ol Hls) AP os AAW Fgel AFL FHEE AR 37 HE
dAE oz HELeA Riln AFEHE WAL 359 FFYoE BEHU.
gz FEol 71dlel BA AXE A7) AE, FAAAI AHA x
Arxe AEAZ7F YehdA] &gkt

Fig. 3-1 a), b), ¢) € AN FEAAZe] #A&EFE FIAGAA
dAtg AE s mAZA HALE AE o) AR FaEE AE B#IEY
F At o|AL FEAAZ o] RA¥FE FIEHGH FTEEAY ¥

o] A7k AHAER 2 g3t ARAFZI} FobAs] HEoITh

_24—



keyway

0.15 _ P
S o ]
=]
g ]
2 oo e e »
Y 4
E -
<007 ]
015 1 Scanning position : 0 mm a) S0
‘D'D Bl"D B&D 10::!0 ‘2'0“ 1 "uﬂ 1 GIC’G "a.!]n :En‘cln
015 _ Time (us)
] keyway  cracktip crack comer back wall

o
]

L

N/

e AN A~ mrene

Amplitude (V)
o
8

P I ' B |

-0.07
015 Scanning paosition : 9.5 mm b) S30
160 v GD‘D N u:'n T IOIDD T 12'Dﬂ 1‘::“) i ‘ID T 15'0: T znbu
0.15 Time {ps)
] crack tip
] keyway crack comer o backwl
= 0.07 _} \ \ /
o ]
S 000
3 i
E -
<007 _'
015 1 Scanning position : 8.5 mm c) 545
015 - . ' Time (us)
1 crackti
1 TP _akeway
< oo7
© ]
©
2 000 ] . e PR
o 4
E -
<007 ]
015 ] i Scanrn' ing pzosition:(')rm‘ . . d) S0 .

Fig. 3-1. Obtained ultrasonic RF signals a) SO, b) S30, c¢) S45 and
d) S90

_25_



2e9 g9 e AEGelA F A ngE A Atole A
g} A] ZH(time of flight)e] W3t} Z &3¢ 32 &€ 4 Utk K
Date S, A. J. hayman, D. K. Makell & AxA|zte] wiste A& A
sto] dgk ARE FEY ¥ol, X, 283 = FAH F&}A AL
2 5 geo 2y 8@ v Qo mEy 2 AFdNE A Helgd £
gt YE AL AELS AAs, 4 WA As7E dute] Z1EEel o
s & dgow yehd £ JxEF 7198 deleHe AF gl o
e 3 3 408 &4 P TF(40 points adjacent averaging)S T WA
AZ ¥ A (amplitude envelope)S F3tGTH H714 4038 ZHFETES 4
£3 o]l gE e ZHYFEA v usy £+ FSAA &FHE A7
T Eolt} 3] FEAA wAlY AZUF HU IFE deElE FASA
oA FAL AZH wat Jehde WE xZHe] d@de] Aste J)4 o
2 AR R FEIAFH(FEAG - TEEA )Y =27 A 7
23] vebsty] dEd, #9999 AEHA AP Fo2 B
=3

Fig. 3-2= S0, S30, S45 283 S901A Ao AZ& el E Fig.
3-19] #3< 404 =HFFA s JeEd Ro|th Fig. 3-1¢1 RFH¥
3 wlmate] zh whA} AF 9 Hm AzExte] E WFAV|E AW HAE
3 wHo) stsstez, A% 94X, A, =9 HERE JHIHE
o]F o] ATHE HAd FE&F AR AIHUG.

)

z
==

I‘E

=X

- 26 -



-

— 030 _]
b keyway
[} -4
©
= 015 /
a
£ N
<
0.07 —
i a) SO
o'm T T T ¥ T Y T ¥ »
00 SO0 san Woo 1200 1400 1600 1800 =000
0.45 ] Time (ps)
S ox
% ]
2 015 | back wall
2 crack tip  crack corner
£ . keyway
< 007 \ \ /
b) S30
0.00
‘E‘Iﬂ EC;D ﬂﬂlﬂ 7 ‘Iﬂlﬂﬂ T 12'ﬂD T 1“0[3 1éD 1u=:l':| Zﬂbﬂ
0.45 _ Time (ps)
g 030 _|
3 . back wall
2 015 ] i
=4 1 keyway Cracktip crack corner /"
% v 1/
<
0.07 \
c) 845
0.00
‘O'D E;m Bﬂ.ﬂ 'lﬂ.ﬂﬂ |2‘CID h ‘:JD 1 ﬁ::ln | ﬂ;ﬂ znbn
0.45 Time (us)
< 030 .
s crack tip keyway
- ]
O
2 015 /
a ]
£
%97 7 d) 890
o'w T i L T T T v T L]
L0000 [ =]~} =|Oo 1000 1200 1 4«00 AS0O0 1|00 200
Time (ps)
Fig. 3-2. Obtained ultrasonic signals after 40 points adjacent

averaging

_27_



3.1.3 283 4359 A F33)

2R BEYRe B3 B8d Az dstd FE2EAY olFHHCd mE
AZ zIAd 3P L FH3 3349 LR AYY 1¥<E Fig. 3-3~
Fig. 3-691 YEAT

Fig. 3-32 Z%o] gl S0 tis) dA s A= ae AAH
Ql WAL A3 E FAEE Zolvl, FAAZL & 600usA Hell B =2
H(lobe)E 7IslololA wkatE A& e, FAAZE F 1300usA A

o dehd BERE A”AA wAE 458 Uedch v)se) A5 A
W 0% Aoldle o}FA AAF YEniA grom, oRe Aol glrke

AL 9T Fig. 3-3 b% oF WAL 59 DHERA FAL X
# 7 WAL A5 AZWE Fo]E Yehd Aolth Fig. 3-3 bE 714
olel A AR Aze) PEWMEE vhehd Ro|H, Fig. 3-3 o)t A"
dalE A5 AE AEE JEd Aotk Fldel AFE dHeE FA
NRsgenz, QMM Fldo] A W A ABI Ho AF
AEh=

Fig. 3-4% S300] tigh Ao, F1golelA wkatg A&k A wt
g A3 Atole] AAIZF UEhE, FARAIZE oF 900us~1050us3] 3 ol A
Fdo g AAZE YEtE AL B F Ut EF FEAGY AA
gt 43 797t e 2AY 999 AT FEAS UEde ¢
& 9%tk Fig. 3-4 b)$} )9 FASINE 2d, TERAHEY AE7
FIMGe) AsET AA HAEHW, Fig. 3-4 )& BW AT o)
He FIAG A37F FEREAIHEY B4 Yehts 218 B 5 U0
T3 #do) el BAEY Aol AUHom JhE E SAFE
S45, S90 AWM ET TE AEVL AEHE FAYAT FolFe &
F AR

=

o miu

_28_



Fig. 3-5% S459] did Aoz, #3AYH sl BHIAY wo| Ao
A

7b 3A gof FEMGAA wkatE Azt Tl olel A wAtdE AETE o
npo ZHH g:, gREE ZHI glon, FAAGANA wAE A
57} 7140l A ALY Az R %4 A Yeds #FE 5 AU

Fig. 3-62 S90°] g Aoz, FIHAGA A" Az e 714 o]
A owatE AE7E $As 588 A AdzE e, At F A
A gzd YdEhd AE7F FEMAGelM vAE Az, tidd yehd
N&7F 1ol A watgl A Fojth FAL Wa(scan direction)E 714 °]
FANA HoxEe WgFoz APy f&, 71dol AE7t HEY=
Fzro] FEMwe AE7 devtE FHET © dojdd. agx
Ao A whatg AF e AZFo] FigoloA wuiatE Az AFEG T
g olfe TAAHL 28599 dAFEFH FH dF 1me F& M=

g Fldole THEL JMXm glemz FdoleA viAE xEIe) o
B7h A E o2 HELeR R AFH7] wEoljth

- 29 -



2
L)
0.25 3
._é
0.15 &
0.75
0.00
400 800 1200 1600
Time (us)
a) Integrated echo pattern
04 0.4
s £
S o3 03
.g %
£ 02 0.2
g‘ 0.1 | 0.1 1
0.02 Hlln 0.04 Ll IH
0 5 10 15 20 25 [+ 5 10 15 20 25
Scanning position {step) Scanning position (step)
b) Keyway c) Backwall

Fig. 3-3. 3-D plotting of S0, a) integrated echo pattern, b)
amplitude distribution at keyway and c) backwall after

pre-processing
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Fig. 3-4. 3-D plotting of S30, a) integrated echo pattern, b)
amplitude distribution at crack tip and c) crack corner

after pre—processing
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Fig. 3-5. 3-D plotting of S45, a) integrated echo pattern, b)
amplitude distribution at crack tip and c¢) crack corner

after pre—processing
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Fig. 3-6. 3-D plotting of S90, a) integrated echo pattern, b)
amplitude distribution at crack tip and c) keyway

after pre-processing
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Fig. 3-7. Ultrasonic B-Scan image of S0
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Fig. 3-8. Ultrasonic B-Scan image of S30
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Fig. 3-9. Ultrasonic B-Scan image of S45
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Fig. 3-10. Ultrasonic B-Scan image of S90

-39 -



32 2¥FRY4q9 AE

A A" AR3E Tt AT o AL A5 HAHYI EAE #F
stgth 2@z B-FA G A FIselst Adel did JHd 2HD
o) Y& FEY F ALE FUEA, A 5AE 53U AR
Wlog WAl AEE 239 HHoR el Z¥FFe FEL A=
stk olgd AE FAS) 8 ZFo] EAste YAIIHR AF
o] gl UGN S vusty FEHYE R TEEAHE L= 2HTD
de AEse dnIdEFE FAHIAG

tlo
rir

321224 ALY

A¥F99 AEe AT A3AHY LudFY EFHFHA HIAE A
AP Y dolEE 23 FHIYLE Yo A E 73
gtk olRAL A HIYGANA ZFWAFGHe AFHE TIAE H
TERAYY Hart Fidojst Ao ] F3o] TFEH 234 AL
AY2 AF9dde HEe] /M5 A2 #EHUY] WEClH Fig.
3-119) ZZ+e] dHolHE AMdte 2xd HHe FHE HeEpUTh

_40_



a) SO b) S30

c) S45 d) S90

Fig. 3-11. 2D images after adjacent averaging processing of S0, S30,
S45 and S90 data
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Fig. 3-12. 2D images of SO after binary and dilation processing
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Fig. 3-14. Results after template matching processing
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Fig 3-15. 2D images after subtraction processing S30, S45 and S90
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Table 3. Features and threshold conditions to classify crack region

Threshold conditions

Position | Erase : over than scanning depth of backwall (130mm)

Area | Accept : over than threshold. (about 30 = 1/5 x area scanned area of crack(lmnx2mm))

Shape | Accept : 025 < V/H < 40 (H : h-length, V : v-length)

Table 4. Numbers of crack candidate region after position term applied

S30 545 S90

Crack candidate region 39 18 22

Results 7 5 5
® ® ® @ Cf,) ® ? ® -®—-
OB e @ ~—=t

= & |° L
® ®

a) S30 b) S45 c) S90

Fig. 3-16. Crack candidate regions after position term applied
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Table 5. Numbers of crack candidate regions after area and shape terms applied

Features S30 S45 S90
@ 171 D 171 @ 165
@ 17 @ 7 @ 3
@ 19 @ 15 @ 1
@ 18 @ 164 @ 19
Area(mn?) ® 12 ® 7 ® 17
® 183
@ 8
O, ® Q@ @
@ 6.0, 4.3 @ 10, 3.2 @ 6.0, 1.8
@ 20, 1.2 ® 1.0. 06 @ 20, 0.3
@ 4.0, 0.8 @ 3.0, 0.7 @ 2.0, 0.8
@ 3.0, 0.7 @ 10, 3.2 @ 50, 1.0
Shape ® 3.0, 0.6 ® 1.0, 05 ® 3.0, 0.9
® 9.0, 40
@ 1.0, 0.6
026,000 e, 6| 6 06
Results 2 (@, ® 2 (0O, @) 1 (@)
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Table 6. Features of crack regions

S30 S45 S90
© | ® © | @ 0)
Position (mm) 64.2~123.4 64.8~95.6 471~875
Area (mn?) 171 183 171 164 165
Shape 0.7 04 0.3 0.3 0.3
g s Crack Crack | Crack | Crack .
Result of Classification region | region | region | region Crack region
R
a) S30 b) S45 c) S90

Fig. 3-17. Results images of crack regions
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Fig. 3-18. A-scan image of scanning time being the maximum

amplitude of crack region for the scanning position of S30
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Fig. 3-19. A-scan image of scanning time being the maximum

amplitude of crack region for the scanning position of S45
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Fig. 3-20. A-scan image of scanning time being the

maximum

amplitude of crack region for the scanning position of S90
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Fig. 3-21. Scanning position considering returning time difference and

amplitude of ultrasonic echo

Table 7. Obtained information by analyzing the crack region

LI s30 S45 S90
F1(m) 38 15 -18
F2(m) 49 25 0
F3(mn) 95 8.0 0
F4(mn) 8.0 70 0
F5( °) 302 46.1 90.0
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Fig. 3-22. Crack information related to position, depth and angle of
S30, S45 and S90
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