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Abstract

SAFT-UT technology is shown to provide significant
enhancements (o the inspection of materials used in
U.S. nuclear power plants. This report provides guide-
lines for the implementation of SAFT-UT technology
and shows the results from its application.

An overview of the development of SAFT-UT is provid-

ed s0 that the reader may become familiar with the
technology. Then the basic fundamentals are presented
with an extensive list of references. A comprehensive
operating procedure, which is used in conjunction with
the SAFT-UT ficld system developed by Pacific North-
west Laboratory (PNL), provides the recipe for both
SAFT data acquisition and analysis.

The specification for the hardware implementation is
provided for the SAFT-UT system along with a descrip-

tion of the subsequent developments and improvements,

One development of technical interest is the SAFT real
time processor. Performance of the realtime processor
is impressive and comparison is made of this dedicated
parallel processor to a conventional computer and to
the newer high-speed computer architectures designed
for image processing. Descriptions of other improve-
ments, including a robotic scanncr, are provided.

Laboratory parametric and application studics, per-
formed by PNL and not previously reported, are dis-
cussed followed by a section on field application work
in which SAFT was used during inscrvice inspections of
operating reactors,

NUREG/CR-6344



Contents

A S e S i
L e e e Xvil
e e R B A 1.1
20 Overview of SAFT Fundamemal .. ... ..o0ouninununtinieinasse s e sen e s etsams e 21
2.1 Background and History of SAFT ... .. ... ... . 21
22 Overview of SAFT Fundamentals . ... .............. 00t 24

30 Where 1o Go for Additional Information . ... ............. o 31
B I e a nan % e ST AR B A e R T et o e i b R 31
3.2 Synopses of Key SAFT DOCUMENIS .. ... ..ottt e 3.5

3.2.1 Review and Discussion of the Development of Synthetic Aperture Focusing Technigne  4FT-

UT) (Busse, Collins, and Doctor 1984) . . ... ... ... 35
322 Development and Validation of a Real-Time SAFT-UT System for the Inspection of Light

Water Reactor Components, Vol. 1 (Doctor et al. 1986) ... ...............ovvro. . 3.6
323 Development and Validation of a Real-Time SAFT-UT System for the Inspection of Light

Water Reactor Components, Vol. 2 (Doctor et al. 1987a) ... ... ... 37
324 Development and Validation of a Real-Time SAFT-UT System for the Inspection of Light

Water Reactor Components, Vol. 3 (Doctor et al. 1987b) ... ... oo 38
3.2.5 The SAFT-UT Real-Time Inspection System Operational Principles and Implementation (Hall,

Reid, and Doctor 1988) . . ... .. 39
3.26 Program for Ficld Validation of the Synthetic Aperture Focusing Technigue for Ultrasonic

Testing (SAFT-UT) (Hamlin 1985) .. . .. ... ... . 3.10
327 Development of a Real-Time Residue Number Processor for SAFT Inspection, Phase 11 Final

Report, September 1984 through April 1986 (Polky 1986) . ... .................... ..., 3.10
3.28 An Ulra-High Speed Residue Processor for SAFT Inspection System Image Enhancement,

Final Report, October 1983 through March 1984 (Polky and Miller 1985) ... ............. 3n
3.29 Design and Development of a Special Purpose SAFT System for Nondestructive Evaluation of

Nuclear Reactor Vessels and Piping Components (Ganapathy ot al. 1985) . ... ... ......... in

4.0 SAFT-UT Field System Operating Procedures . ... ... 41

R DUMTIRE TBPIINE .« v s o 153 50 b b o oA 0 S i crirn 6 4 Al A b T 5 s ke Do 41
411 Background Information ... ... ... ... 41
4.1.2 Power-Up and Log-On Procedures . . ... ... i 42
413 Initiating the Data Acquisition Software . . .. ... ... ... ... ... 42
4.14 General Header Requirements . ... ... ...t 43
415 Pulser/Driver SEIUP . ... .o 45
105 MMOBE SOIOOMON . « .+ ¢ o v e da i iaho it aabamdsmes st e ks s ene smdssenssssssetsnss sy 4.5
4.1.7 Time Variable Gain Setup . . .. ... . 45
LA T T T A L R T N S . VR A TP S P | I Tl 45
419 Data Acquisition Software Entry Points . ... ... ... ... 47
4110 System Shutdown Procedures . . .. .. ... . L 47
42 Single Transducer Pulse-Echo Operation ... ............. .. .. ... . . . . 4R
823 PubseBoho CoOmMGUERMIONE . .« <. :ooi 0 sisosnssiss sosssonseastonsnsssssteiosis 48
422 Piping Considerations . ... .. .. ...t 4%
423 Thick-Section Considerations . . ... .. ... .. e 49

NUREG /CR-6344




Contents

A3 DT nualoces, TADBEM COBOEREON .« & ¢ 5 0 v ot5 548 308 %0858 A0 0% S ook e 08 s 3008w mpin 4.10
B3 WanBosn ONBOREIINE ;. & - - o0 v b 0 a5 5igas el vaGie s s 685840 5 e 5 ek 4 X e o 4.10
e e LI Sy CE RN e G s 412
S35 TRIOROEEInn TONKBREEIMINE - . o i ol 000 ATl s e wion o e s, T, Bt ot s el oo e o e i 412
434 Tandom Procoating ParbimOlOrs ; . . . . oivavssssanissredasavsssasgnsnsvnsssnssss 413

44 SAFT Data Analysis Techniques . ... ..ot e 413
A ERONDND SRS & . v i o7 0/ihra wnsd 0 e e e A 413
T D U e s 3 il s g B e - - A T o o A R 414
BAS TR AR . dvian v s s aR e s e b WL R TR P AN EARAA A AR S L 415

S0 Laboratory ADpRoation TRretomelh BRIMIIRE . . . < oo os v aonins @0n o ae 0 4 va sk s WA e e e A 51

5.1 lovestigation of SAFT Imaging in Thick Material .. .. .............. ... ... ........... cuis B
1) TRAFT-SDevelopEenE . . . . ;. conniiiiimonssasassnsessasidsasaaastasesassadss 52

5.2 Application of Advanced Signal Processing Technigues to Improve SAFT-UT Performance on CCSS
T e e e e RO, L s T e P S L T WA T T W e e e 5.3

5.2.1 Applying the Spectral Analysis and Subsequent Filter Technique to a CCSSRRT Data File .. .. 54
5.22 Software Tools Used to Define the Optimal Bandpass Filter Used to Enhance the SAFT-

PUDORIRIE DIDIIP - w501 500 e k- 9 s S 8 T A A R g - e T R 55

5.2.3 Statistical Analysis of Defect and NonDefect CCSS A-Scans ... ... ...y 56

524 Composite Spoctra of (he OCSBRRT . . . .. couvuinivisvsnssinssoscsssasssasdinnsss 5.7

A B T T I b SR St B S IR et LSOO b8 e S 59

50 Labotatory Parnmtlist BRORINE s ¢ 5ol e n i 5 W8 b TR AT 4 AT R e 8 S e i 3 6.1
6.1 TSAFT-2 Configuration Velocity and Thickress Parametric Study . ... ... .. ... ... ... ..., 6.1

B3 DI DRI UM ..o n 5 o 55 5,00 o802 0 o B e 3 s B S W 6.2

70 Bngloying the SAFT Tochaology In (e Plell .. .. .. oo viissicigivavasiiverassssiasens soanvtess 73
7.1 indisn Point Station Linst 1 I0acrviot TRSPOORION & -« <« o« o5 o5 s v s s aaisis snis o wieisla e s s a'a anisess 71

AN TN PRI - . vt v i 03 55 A R AR S R S T T8 R T 8 71

4 T T I S e e L BRSPS I S g A RS Se e 73

I RO s 0. vt 0§ A1 T 6 s i e 250 v T g T ST B R A 7.3

RS RO 5 -3 whin w5 ke bR WO A A A SR A4 SR A AT A A S 74

T2 Wrchom Nnclens Power PRRIE . . . o« oo o0 v usdnesnios ans eoo vlissassasansss syt s 74

TR L TR NECEE ORI - .. 5--50Ee. ooy ol B b b, B S, v, o e Wi e D -8 74

TR EERE ABENINS |- & it il 5t o 5 5aresg b s B R AR 23T 0 G B RN KA 7.6

T IR - v o Ty e o tp o el sl St Ao kB Wl s don, ek of o e 8 50 o 1 Sk SRk 78

L A 00 i i s e 55 o 3 1 i 8 8 e R W TR0 L A 600 160 04 4 1 i s 79

8.0 SAFT Real-Time Processor Performance Analysis and Overview .. ... ... ... o i 8.1
0 DT ORI+ s s b0 o s i, S & X a0 W 8 0 0 8 o e 8.1

8.2 TSAFT/TSAFT-2 Configuration Performance . . .. ... ....ovivvuiiinrneiisnasiananrasns 84

8.3 Overview of the Software Implementation of the SAFT-UT Real-Time Processor . .. ........... ... 8.6

33 Dotapmont BERY oo o2l ona sy iaas g s ier s A ST R e B 8.6

BEE TR AT IR & v v 5 4 b oAb A0S 6 A & U8 5 S 5 0 ok dkd A ) W AT gD 86

8.3.3 Configuration Modifications . . . ... . ...oouiit it e e 89

A I A e T e, 1w i o R 0 U 0 A O 06 0 I W e Tealak wred 8.10

RAS Do AT O CIIIT 11 v .05 54 o8 b 0908 Bt 7 A X4 B B it 6 10k 4 e B ik et T, g L 58 8.10

NUREG /CR-6344 v



Contents

90 Upgrading the SAFT-UT Field SYBtem . . ... ... ...0iiiuitiniratttnie s enanesnnsnsnsennsees 9.1
9.1 SAFT System ArchileOIUIC . . . . .. ..o vttt et s ettt s et i e et e 9.1

9.2 Installation of a MicroVAX TI1 . . . ..o 92

9.3 Other System Upgrades for the Inspection of Nuclear Reactor Pressure Vessels .. .............. 9.2

9.4 SAFT-UT Upgrades for NRC's NDE Mobile Laboratory ... ..................0iiiinn.... 93

P T e T Y S e T R SR SO RS I TN 10.1
10.1 Validation of SAFT-UT in the Mini-Round Robin . . ... ... ... ... ... ... .. ... ...... 10.1
10.1.1 The Mini-Round Robin . . .. ... . ... 10.1

10.1.2 SAFT-UT Inspection Procedure . . . .. .. ... e 103

BRLE BAFTEIT Anmuln PUOBBINIE - i« xcio 56 % ic 6% %59 % 55 4k 40 08 4 5589195 9504 8 48U T2 10.3

10.1.4 SAFT-UT Performance Results and Discussion .. ... ............ ... ...00uoun . 103

10.1.5 Conclusions of the SAFT-UT Performance onthe MRR ... ... ... ... ... ... ......... 104

10.2 Validation of SAFT-UT for JOBOC BIBIME . .« « « ¢« oo vovivssrossnsssnssaosssisnsesssssis 104
10.2.1 SAFT-UT Validation Testing Procedure . . . . ... ... ...t 104

10.2.2 Discussion of SAFT-UT Sizing Results . . .. ... ... ... ... i 10.5

10.23 Conclusions of SAFT-UT from the IGSCC Sizing Test . . ... ........................ 10.5

103 Validation of SAFT-UT for IGSOC Deteotion . . . . .« o oo vvmusncvsarsssansensasssessnss 10.5
1032 SAFTUT Detection Tem Protodiie . . . ccoovvussscirians vminstasisniniaossssss 10.5

10.3.2 SAFT-UT Detection Test Results and Discussions . .. ... .......................... 10.6

1033 Conclusions Based on the IGSCC Detection Test .. ... ... .. 10.7

104 Validation of the SAFT-UT on the PISC-III Full-Scale Vessel Test .. ....................... 10.7
304] Overview of the PEV TR . ... i o iuvioniiiincaniaisisssinatinngstnnesessesenss 10.7

042 PEV SAFT-UT RESUME . . .o vvoovvnsvnsomasnsenssamesssssssnessssosss s 10.7

304D Concluslions Basdl 0B FEY TEBE . oov oo nnemvmmosmws s nmnwnnen s s smd s e s 109

R I = 140 71 1R KRR F £ AR & AT & X ¥ LA 5 A Rl S BN I 607 0 & 5 i Nt b e o . L 109

BN NREININE - 1i.ry i ex-oar-y o g (s & 4 e B 3 9.3 1 0 Y (G00mis 1) AT 6 1 Rk S W 01 T B 111
BRI - + v 55650, 4, T s Aok, € P R R T & 0 60 A ok 4k 08 st AT 4 12.1
Appendix A: Detailed Description of the SAFT-UT Field Inspection System . .. .. ..................... Al
Appendix B: Tutorial Procedure for Operating the SAFT-UT Robotic Scanner . ... ... ... ... B1
Appondix ©: Changes 1o fhe SAFT Heador . ... convnaicrtsntraasosadsssanngdssstonstsnestnsss o |
Appeadix D: Definition of SAPTUT ASCH Header . . .. ..« . cvcivisianurrissnaninossisaionsosona D.1

vii NUREG/CR-6344



Figures

2.1. Schematic of the Results Produced by the Original SAFT-UT Experiments ... . ................... 25
2.2. Demonstration of Signal-to-Noise Improvement Gained by Subtraction of Front Surface Signal .. ...... .. 26
2.3. lHlustration of the Effect of Front Surface Signal Removed upon SAFT-UT Processed Images .. ......... 2.7
4.1. SAFT-UT Field System Identifying Switches, Knobs, and Modules . ... ... ....... ... ... ......... 4.18
B2 BAFTAIN Righ RSN » - 75 o da-g o b s G dds FR ki 56 A3 b & T 0 F QABEGN T ¥ 7§ 8 4 €5 d Td b 6B 4.19
B RPN AT TN DU 5 + o b o7 s ai 3 4 AN W 8§ 6 0 B8 A, FXF 5 DT B SR S5 R e K e 420
4.4, Transducer Configuration MEenU . .. ... .ttt 420
S5 RNt O TR BRI =i o5 o i 95§ 5 7 5 3 SR F 0 F B R 6 6 6 R 421
46, Main Menu for SAFT-UT Parameters .. . . .o v oo ovo s o v sons soasscannvennssoonsssinssenssss 421
37, Visw af Curvdtt Parnoioiens TPUMSH-TIN0) + « <« «6 v i v s iss s aasaes s saassanshds v n s sy b 422
4.8, View of Current Parameters (Tandem) . ... ..ot 422
45 Teannuoer ERon00r TRBOREDRENN - /.o 5 15 553 & 4358 €68 5 % A0 865 5% 8K &4 Tk 48 &R0 508§ gk 4 b 2k 4 423
B0 0l DRy BaOMIRIERON ... 5 . 5 ¢ s a5 wm x50 S S A E A ek e e e P 423
4.11. Sampling Header Information . . .. ... ...t 423
412, Scap Htador Iormation TP IOND) . o ¢ v couiv s vm s qnceninmnswns s i s vos o wis W wssam s 4.23
4.13. Scan Header Information (Tandem) . . . .. .ot e e e e 4.24
S0 I TRRTIIE DI & 5 v 5% 45 540 A RUA S TS XS L HR W AR e D 4 6 A 424
NGRS T TR e TTE T T e T T 425
435. View of Mosdor Saformation Bolore BOatBig « « - i+« v o covunssrossasssnansearnrsennsawsyrias 425
4.17. Repositioning the SCANNCT . . . . .. ...ttt ettt e e 4.26
AEE N R DIBIME. 5 - b 5w g o % 505 0 e T 0k o 5L A L o O 8 0 0 O R 9 3 4.26
4.19. Connection to the VAX HOst ComPUIST . . v < v ucvuscavmornarinssssrmyrsnsrtarnsssysnesie 427
4.20. Starting Data Collection on the VAX Host Computer . ... .. ... it 427
SRl T OO RN = 5 2 i v 565 v 5% 0 50000 5 B 6 A B W 428
A2 BAFT Procossing DInGons, Cotlmnbd - . . .« . - suisdomnvanstrvss onenscnanesenmesysngsenssns 428

NUREG/CR 6344 oiii



4.23.

4.24.

4.25.

4.26.

4.27.

428,

4.29.

4.30.

431

432,

434,

4.35.

4.36.

4.37.

438,

5.1.

32,

53.

54

3.3.

5.6.

Selection of Sampling Reduction . ... ... .. 429
Entering Comments and Setting the Scanner Speed .. .. ... ... ... ... ... ... 429
Normal-Beam Pulse-Echo Inspection Using a Water Column . ... ............................. 430
Angle-Beam Pulse-Echo Inspection Using a Lucite Wedge and Small-Diameter Transducer .. ........ 431
Comparison Between Pulse-Echo (top) eénd Tandem Images of a 0.3-in.-deep (0.8-cm) Semicircular

Sawcut in a 0.6-in.-thick (1.5-cm) Aluminum COoupon . ... .. ...t 432
Angle-Beam Tandem Inspection Using a Lucite Wedge and Small-Diameter Transducers .. .......... 433
Four Propagation Paths for Ultrasonic Energy Produced by the Tandem Transmission Technique . . . . . . 434
TSAFT-2 Configuration Using 1/2-Vee Transmit Path ... ... ... ... .. ... ... .coivuurn... 435
TSAFT-2 Image of 0.7-in.-deep (1.8-cm) Sawcut in 9-in.-thick (22.9-cm) Specimen, 54° Transmitter and

R R e 2 D e & L il S S e S e oA S el sk e oy S ST 435
TSAFT-3 Initial (a) and Ending (b) Transducer Positions for a Single Sweep LR T T PR 436

3. TSAFT-3 Configuration Showing Paths Contributing to the Real (Path 2) and Conjugate (Path 1) Image . 4.36

Side Views of TSAFT-3 Sctups Showing 9-in.-thick (22.9-cm) Steel Block with 0.7-in.-decp (1.8in.) Saweut

and Fictitious Material Thickness with "Folded" Transmit/Receive Paths .. .. ... .. .....00vron... 437
TSAFT-3 Image of 0.7-in.-deep (1.8-cm) Sawcut in 9-in.-thick (22.9-cin) Specimen, 47.2° Transmitter and
T R R s A e I S S e N e S e et e T e D 438
Additional Tandem Processing Parameters, Initial Screen Display . ... .......................... 438
Additional Tandem Processing Parameters, Subsequent Screen Display .. ... ..................... 439
Pulse-Echo Image of a 0.2-in.-diameter (0.5-cm), Side-Drilled Hole, 0.5 in. (1.3 ¢m) up from the Far

Surface of a 2-in.4hick (5.3-cm) S1eel BIOCK . . . . v 20 v v in v vensen e ses e owsesasbenae s 4.40

Pulse-Echo Image of 0.050-in.-deep (0.13-cm) Sawcut in a 9-in.-thick (22.86-cm) Steel Block . ... .. ... .. 5.10

Pulse-Echo Image of 0.700-in.-deep (1.8-cm) Sawcut in a 9-in -thick (22.86-cm) Steel Block ............ 510

TSAFT-2 Image of 0.050-in.-deep (0.13-cm) Sawcut in a 9-in.-thick (22.86-cm) Steel Block .. ....... ... . 5.11

TSAFT-2 Image of 0.700-in.-deep (1.8-em) Sawcut in 9-in.-thick (22.86-cm) Steel Block . . ............. 3} |

Images of Specimen 5 of the CCSSRRT Data Set . ... ... .ttt iiiineniinnnnn.. 512

Image of Specimen S, Selected A-Scans, and Spectra Obtained After Application of Step-Wise Filter to

RIS PNNE 0 TR BRI < 5 o o .5 550 3 ST N [ Ak s T e W, W K BT BB 513

ix NUREG/CR-6344



Figures

5.7. Image of Specimen 5, Selected A-Scans, and Spectra Obtained After Application of Time Derivative Filter

D RN 0N A0 DAY TUOIBRIINE « /e vvn e ae s & 50 605 6 A S A0E 5% 08 555408 AWHS D E0 ok A 0 514
5.8. Image of Specimen S, Selected A-Scans, and Spectra After Application of Time Derivative and Stepwise

T 0 D0ate Priar 50 SAPT PPODBMIMIE - » « 5 o s 25 d o508 6160585858523 5 k0% Nd A0S 088000 0aHNS S8 515
5.9. Maximum Correlation Values at Different Frequencies for Equiaxed Material . .. .. ................. 5.16
5.10. Maximum Correlation Values at Different Frequencies for Columnar Material . . .................. 5.16
5.11. Composite Power Spectra for Saweut Test File .. ... ... ... ..o i 5.17
5.12(a). Composite Power Spectra Plot for Equiaxed Shear-Wave Data Files . . .. .. .................... 518
5.12(b). Specimen 3 Images Showing Before (top) and After (bottom) Processed Images (Filter parameters for

Afler image were selected from the power spectraplot.) .. ... ... o i 518
5.13(a). Composite Power Spectra Plot for Columnar Shear-Wave Data Files ... .................... . 519
5.13(b). Specimen 4 Images Showing Before (top) and After (bottom) Processed Images (Filter parameters for

After image were selected from the power spectraplot.) . ......... i 5.19
5.13(c). Single Slice End View 0.5 in. (1.3 em) from Weld Center . ... .. ... .. ... i 5.20
$.13(d). Single Slicc End View st Wold ComMEr . . ... cvonvasnssosasensiiasessanrsasssanssnssssss 5.20

5.14. Images of the Equiaxed Side of Specimen 6 Showing the Before (top) and After (bottom) Processed
Images (Filter Parameters for After Image were Sclected From the Equiaxed Power Spectra Plot) . ... .. 521

5.15. Images of the Columnar Side of Specimen 6 Showing the Before (top) and After (bottom) Processed
Images (Filter Parameters for After Image were Selected From the Columnar Power Spectra Plot) . .. . .. 5.21

5.16. Plot Showing the Composite Power Spectra for Equiaxed Shear-Wave Specimens that had a High
PrORERINRY OF EIOMOEREOB © . . v viocoovowmmndaananmibnnmesssdstnsssehans et nsatsssnsees a4 522

5.17. Composite Power Spectra for Columnar Shear-Wave Specimens Havag High Probability of Detection . .. 5.22

6.1. TSAFT-2 Images of a 0.3-in.-deep (0.8-cm) Sawcut in 0.750-in.-thick (1.9-cm) Aluminum Material with the

Processing Velocity Set as Noted . . ... ... .. .. it iiiiiiaiiirrarrannaariasannsnans 6.4
6.2. TSAFT-2 Images of a 0.3-in.-deep (0.8-cm) Sawcut in 0.750-in.-thick (1.9-cm) Aluminum Material with the

Processing Thickness Set as Noted . . ... ... . ..coiiiiioiiiarriairanrunsarisiasaninsnsaans 6.5
6.3. Image of Unprocessed Data (C-Scan View) from 0.5-in.-diameter (1.3-cm) Steel Sphere .. ... ....... 6.6
6.4. A-Scan Near Center of Unprocessed Data from 0.5-in.-diameter (1.3-cm) Steel Sphere .. .. ... .0 6.6
6.5. A-Scan Showing Only Echo Trace from 0.5-in.-diameter (1.3-em) Steel Sphere ... .. ... 6.7
6.6. Fourier Transform Plot of Echo Trace from 0.5-in.-diameter (1.3-cm) Steel Sphere . ... ... ... ... ... 6.7

NUREG/CR-6344 X



Figures

6.7, C-Scan View of SAFT Processed Echo Trace from 0.5-in.-diameter (1.3-cm) Steel Sphere .. ... ... .. .. 6.8
6.8, C-Scan View of Time Derivative Raw Data Echo Trace from 0.5-in.-diameter (1.3-cm) Steel Sphere ... . .. 6.8

6.9. A-Scan Near Center of Unprocessed Time Derivative Data from 0.5-in.-diameter (1.3-cm) Steel Sphere . ... 6.9

6.10. Fourier Transform Plot of Time Derivative Data from 0.5-in.-diameter (1.3-cm) Steel Sphere ... ... ... .. 6.9
6.11. C-Scan View of SAFT Processed Time Derivative Data from 0.5-in.-diameter (1.3-cm) Steel Sphere . . . .. 6.10
6.12. C-Scan View of SAFT Processed Echo Trace from 0.5-in.-diameter (1.3-cm) Steel Sphere After Applying

Square Punction 10 Sntonslty VOIES . ... ..cioessavansassaesiossorinsssssesssnssaaassiss 6.10
6.13. Pulse-Echo Image of Raw Data from 0.3-in.-deep (0.8-cm) Sawcut in 0.585-in.-thick (1.5-cm) Stainless

T L e P PN R IO e D P S P e 6.11
6.14. A-Scan Near Center of Raw Data from 0.3-in.-deep (0.8-cm) Sawcut in 0.585-in.-thick (1.5-cm) Stainless

R g R R R T T TN Fep P 6.11
6.15. Time Derivative of A-Scan Near Center of Raw Data from 0.3-in.-deep (0.8-cm) Sawcut in 0.585-in.-thick

UL R DRIt T TR | .+ 6 2.5 50 R R N3 s T T e R N A 6.12
6.16. Pulse-Echo Image of Time Derivative Raw Data from 0.3-in.-deep (0.8-cm) Sawcut in 0.585-in.-thick (1.5-

Ol SRalnlnns SO0 CIOMPON .« .+ 2 o v« vniwin s aanasioainionssnssnssedsedsssssssssesanysysssss 6.12
6.17. Pulse-Echo Image of SAFT-Processed Time Derivative Data from 0.3-in.-deep (0.8-cm) Sawcut in 0.585-

in.thick (1.5-cm) Stainleas Steal COMPOB . . .. ..ovvvcrarrnnnsrnsasnesasssrnsressassesnasses 6.13
6.18. Pulse-Echo Image of SAFT-Processed Data from 0.3-in.-deep (0.8-cm) Sawcut in 0.585-in.-thick Stainless

Steel Coupon After Applying Square Function to Intensity Values .. ... ... .. ... ..., 6.13
7.1. 45° Shear-Wave Image of Corner-Trap Echo of 0.3-in.-deep (0.8-cm) Notch in 9-in.-thick (22.9-cm)

Cladded Vessel Calibration Block (Waltz Mill) . ... .. ... . i 79
7.2. 45° Shear-Wave Image of Corner-Trap Echo of 0.3-in.-decp (0.8-cm) Notch in 9-in.-thick (22.9-cm)

Uncladded Calibration Block (PNL) . ... ......00iiiiiiiniinaaoansiasiosisaessssesasnns 7.10
7.3. 45° Shear-Wave Image (3-D Processed) of the Vessel Indication at Indian Point Unit 11 .. ... ......... 7.1
7.4. 45° Longitudinal-Wave Image (3-D Processed) of the Vessel Indication at Indian Point Unit I . ...... .. 712
7.5. 45° Shear-Wave Image (3-D Processed) of 0.2-in.-diameter (0.5-cm) Side-Drilled Hole 0.5 in. (1.3 ¢cm) from

Far Sstlaoe af 22040 <hick {(S3-om) Stegl Motk .« coovvwvnnisunnd s trsiasssineyenaiaionsdds 7.13
7.6. Composite Spectra Plot of Suspected Defect and Non-defect Areas of Data File TROSHSD ... ......... 7.14
7.7(a). B-Scan Side View and C-Scan Top View of Data File TR9SHSA .. .. ........ ... ... 000 7.15
7.7(b). Expanded View of Indication #2, TRISHSA . ..........cciiniiiiiiinrrinniniiiinnnas 715

% NUREG /CR-6344



Figures

7.7(c). Expanded View of Indication #3, TRISHSA . .. ... ... . ...t iiiiiiiiiiiiiiiinneas
T Bapanted View of SnBication &5, TRIBEIBA. . o .0 oo oo v voonsdoads s e s s s wnsionsoasnsns s
78(a). B-Scan Side View and C-Scan Top View of Data File TROSHSC . .. ... ... ... ... .. ..........
A% Bapaded View of IoSicalion 2, TIIEIEIE . . . covavasisansaansasimqdind vamanssnsssassa
78(¢). Expande’ View of Indication #3, TRISHSC . . ... .. .. i
T8(4): Bapanied Yiow s Iodiostion #8 TRIBMHIC . ... o ccinsirasasnsnsvanissnanstrssinsnnnses
78(¢). Expanded View of Indication A, TRISHSC . . ... .. .. i
T8D). Espanded View of indication B, TRISHIC .. ... . . ivovriiiinsrsorsesrssasonsnriaseasss
79(a). B-Scan Side View and C-Scan Top View of Data File TROSHSD . .. ... ... ... ... .. ... ......
79(b). Expanded View of Indication #4, TRISHSD . . .. ... ... ... .. ity
7.10. B-Scan Side View and C-Scan Top View of Data File TROSHSG
8.1

8.2,

8.3

84,

8.5.

B.6.

8.7.

LR

LR

SAFT Computational Device or Real-Time Processor . . ... ..vvviuivnciiniisinisnsvatsonsnnss

Real-Time Processor Performance on Pipe Data File with Selective Processing Disabled and Output

Reocord Sise Compression Pactor 8e1 801 .. ... .. ovneisiisisasonasqrnioqoassamansnnssans

Real-Time Processor Performance on Pipe Data File with Selective Processing Disabled and Output

Rocord Sixe Tompreasion Pator BEEAD S .. .0 o0 v iumos i ianiiinssonaqnssdss s dmidoagssgssss

Real-Time Processor Performance on Pipe Data File with Sclective Processing Set to -20 dB and Output

Rosord Shs Comprossion PARr SO 10 8 .. .. . oivieiuibonsaassanisaranssnasmivynnasssens

Real-Time Processor Performance on Pipe Data File with Selective Processing Set to -20 dB and Outpui

Becord Sint Comprestion Pastr SR 308 .. .. ... viinhasnsssasanisannessansssansnsesinnsss

Real- Time Processor Performance on PISC 11 Data File with Sclective Processing Disabled and Outpr

Reocord Size Comprosslon Pastor St 801 . . ... cviviianvarnonsvsadansussgasosensgnensenn

Real-Time Processor Performance on PISC 11 Data File with Selective Processing Disabled and Output

Reoord Sise Comprossion Faslor Set 008 . .. coccvivsiinivindivaasnanassicsanssanssnseans

Real-Time Processor Performance on PISC 11 Data File with Selective Processing Set to -20 dB and
Output Rocord Size Compression Factor 881101 . ... .o v vvauiimassvanasawssasssfonvess s

Real-Time Processor Performance on PISC 11 Data File with Selective Processing Set to -20 dB and

Output Record Size Compression Factor Set to 5 ... ... . i

8.10. Real-Time Processor Performance, Tandem Configuration, on Thin-Pipe Data File (TSAFT; 0.585 in.

thicl [1.49 cm]) with Selective Processing Disabled and Output Record Size Compression Factor Set to 1 .

NUREG /CF-6344 xii

..............................



Figures

¥.11. Real-Time Processor Performance, Tandem Configuration, on Thick-Pipe Data File (TSAFT; 1.5 in. thick
[3.8 em]) with Sclective Processing Disabled and Output Record Size Compression Factor Setto 1 ... . .. 817

K12, Real-Time Processor Performance, Tandem Configuration, on Thick-Pipe Data File (TSAFT-2; 1.5 in.
thick [3.8 em]) with Sclective Processing Dis. Wled and Output Record Size Compression Factor Set to 1 .. 818

8.13. Rcal-Time Processor Performance, Tandem Configuration, on Thin-Pipe Data File (TSAFT; 0.585 in.
thick [1.49 cm]) with Selective Processing Disabled and Output Record Size Compression Factor Set to 5 . 818

8.14. Real-Time Processor Performance, Tandem Configuration, on Thick-Pipe Data File (TSAFT; 1.5 in.
thick [3.8 ¢cm]) with Sclective Processing Disabled and Output Record Size Compression Factor Set to § .. 8.19

8.15. Real-Time Processer Performance, Tandem Configuration, on Thick-Pipe Data File (TSAFT-2; 1.5 in.
thick {3.8 cm]) with Selective Processing Disabled and Output Record Size Compression Factor Set to 5 .. 8.19

8.16. Real-Tim: Processor Performance, Tandem Configuration, on Thin-Pipe Data File (TSAFT; 0.585 in.
thick [1.4 em|) with Sclective Processing Set to <20 dB and Output Record Size Compression Factor Set
T T T o e o e P Far e 8.20

8.17. Real-Time Processor Performance, Tandem Configuration, on Thick-Pipe Data File (TSAFT; 1.5 in.
thick [3.8 em]) with Sclective Processing Sct to -20 dB and Output Record Size Compression Factor Set to

K18, Real-Time Processor Performance, Tandem Configuration, on Thick-Pipe Data File (TSAFT-2; 1.5 in.
thick [3.8 em]) with Sclective Processing Set to -20 dB and Output Record Size Compression Factor Set to

K.19. Real-Time Processor Performance, Tandem Configuration, on Thin-Pipe Data File (TSAFT, 0.585 in.
thick [1.49 ¢cm]) with Sclective Processing Set to -20 dB and Output Record Size Compression Factor Set
Ty T O ey O S A S oy S-S I J O FpE AP S ynr JOL DR T Y 8.21

8.20. Real-Time Processor Performance, Tandem Configuration, on Thick-Pipe Data File (TSAFT; 1.5 in.
thick [3.8 em]) with Selective Processing Set to -20 dB and Output Record Size Compression Factor Set to

8.21. Real-Time Processor Performance, Tandem Configuration, on Thick-Pipe Data File (TSAFT-2; 1.5 in.
thick [3.8 ecm]) with Selective Processing Set 10 -20 dB and Output Record Size Compression Factor Set to

b AU B koot ko 8w o o B0 o B oo v b o e R e e ok m Ry e B b e S 8.22
8.22. Example of How Transducer Locations Translate to Memory Locations .. .. ... ... 8.23
8.23. Logical Flow of Events During SAFT Data Processing Using Real-Time Processor ... ............. 824
R DT RIE DN IR -y s 6ors b s 603 500 0 05 88 0 8 NG R b 6 b A AW 9.5
N2 SAPTUT Host Computer SUREYRSIOMD. . . & o+ o« 5 v v s s ke s s s aneaansssssnisssnioiossessoness 9.5
93. SAFT-UT PDP11 Data Acquisition Subsystem ... .. .. .. g g e g R ey K e A 9.6
94. SAFT-UT Ficld System Used at Pressure Vessel Rescarch User Facility (PVRUF) .. ... .. Sne 215 1R 96

xiii NUREG/CR-6344



Figures

985, SAPT-UT RODOUE SCRRMET , . . . . . o« ¢ oue st smasessnsnesnstnsnsssssssssosassansssnssnsn 9.7
9.6. NDE Mobile Laboratory SAFT-UT Field System . .. . ... ... i 9.7
9.7. Electronic Component Diagram for the NRC Mobile Laboratory SAFT-UT System .. ................ 98
9.8. NDE Mobile Laboratory SAFT-UT Field System Scanner . ................0ouiiiiiinieiiiinins 99
99. I;irsl Deployment of NDE Mobile Laboratory SAFT-UT Ficeld System Electronics at a Reactor Site--WNP- L
9.10. NDE Mobile Laboratory SAFT-UT PC486 . . . .. ... .0ttt 9.10
9.11. NDE Mobile Laboratory SAFT-UT Host Computer . . ... ...ttt 9.10
9.12. Typical Data Analysis Display from NRC Mobile Laboratory SAFT-UT System . .. .. ............... 911
10.1. SAFT Team ROC Curves for D" and "S" Cracks . . ......... ..o iiiiiiiiiiirinneanannnns 10.10
102, SAPY Team ROC Curves 108 10" 008 1" TEROME . 2 ¢ « o5« & v5 o oo sinom aon oim e s mn i & w80 a e o wre 10.10
10.3. Manual Teams' (Average) ROC Curves for "D" and “S" Cracks . . ........ ... ... ............... 10.11
10.4. Manual Teams' (Average) ROC Curves for "'D" and "L" Cracks . .. ... 0 i 10.11
10.5. Advanced Tcams' (Average) ROC Curves for "D" and "S" Cracks . ............................ 10.12
10.6. Advanced Teams' (Average) ROC Curves for "D" and "L" Cracks ... .......................... 10,12
10.7. Results of SAFT-UT Technique on 1GSCC Performance Demonstration Sizing Test Conducted at EPRI

0T Y R e R N el o [ i 8 . Sl iy g i AR L) Sy el T 10.13

NUREG /CR 6344 xiv



sa.
5.2.
7.1.
8.1

8.2

8.3
8.4,

9.1

10.1,

10.2.

10.3.

10.4.

10.5.

10.6.

10.7.

10.8.

Typical Printouts of the STATANAL Utility . . .. ... .. ...t e 5.7
Intended Characteristics of CCSS Specimens 3,4, and 6 ... .. ...................coiiviiuunnnin. 58
SAFT Sizing of the Static-Cast-Elbow Indications . ... .............. ... i, 1.7
VAX 11/780 TSAFT/TSAFT-2 Executive Time (-20-dB sclective processing implemented) . ............ LE
So::;’l‘ -UT Real-Time Processor TSAFT/TSAFT-2 Executive Time (-20-dB selective processing implement- &
SAFT-UT Real-Time Processor TSAFT/TSAFT-2 Executive Time (selective processing disabled) . ... ... 8.5
Tandem Mode Analysis (Total Number of Points Processed) .. ...................0iiiuninn... 8.6
Performance for Upgrades to SAFT-UT System . . ... ... i 9.1
DS NS LI BRI . . o0l aie ks e dmad £ 5 & AT TS S obd Bk 8 5 D 0Tk 2 s 10.2
Properties of IGSCC Cracks in MRR Specimens . . .. ... it 102
Crack/Merack PO 888 POP, BAPTRIT ..o v ot an ol n s insdhe s s i aasdissdeassassisss 104
Crack/No-Crack POD and FCP, Average of Advanced Teams .. ........... ... ................. 104
Crack/No-Crack POD and FCP, Average of Manual Teams .. ... ............................. 104
PISCIM Action No. 2 Faill-Boale Vossel TEat « PROSC B .o o oivi s 00 noniennssinssainisnnssassssse 10.8
Statistical Values of SAFT-UT Performance on ALL FSV Flaws . .. ... .. ... ... ... .....0.u0. 109
Statistical Values of SAFT-UT Performance on All FSV Flaws Except No. 6 . ... .................. 109

- NUREG /CR-6344






Executive Summary

A multi-ycar program for the Development and Valida-
tion of a Real-Time SAFT-UT System for Inservice
Inspection of Light Water Reactors was established at
the Pacific Northwest Laboratory (PNL) to develop the
Synthetic Aperture Focusing Technigue for Ultrasonic
Testing (SAFT-UT) and demonstrate the technology in
reactor inservice inspections.

The objectives of this program for the Nuclear Regula-
tory Commission (NRC) Office of Nuclear Regulatory
Research include:

. Design, fabricate, and evaluate a real-time flaw
detection and characterization system based on
SAFT-UT for inservice inspection (IS1) of all re-
quired light-water reactor (LWR) components.

. Establish calibration and field operating proce-
dures.

. Demonstrate and validate the SAFT-UT system
through actual reactor ISls.

. Generate an engincering data base to support the
American Socicty of Mechanical Engincers
(ASME) Codc acceptance of the real-time SAFT-
UT technology.

The scope of the program is defined by the following:

. Conduct laboratory tests to provide engineering
data for defining SAFT-UT system performance.

*  Complete the development of a special processor
to make SAFT a real-time process for 181 applica-
tions.

* Fabricate and ficld test a real-time SAFT-UT sys-
tem suitable for field inspection of nuclear reactor
piping, nozzles, and pressure vessels.

The technology has been developed and put into a form
for casy transfer to others. A substantial laboratory
data base exists for showing the effectiveness of the
SAFT technology for reliably detecting and characteriz-
ing defects. Some field validation work has occurred,
but the extensive work for ficld validation can only be
said 10 have begun. Several field trips occurred to
Dresden Unit #2 and to Vermont Yankee where data
was gathered on-site but the data processing portion of

the SAFT-UT system, which became the real-time
SAFT processor, had not been developed at that time,

Subscquently, data processing and analysis occurred in
the PNL laboratory,

The objectives of the program, for the NRC, have been
achicved with the end product being a transportable
ficld system that can achicve realtime SAFT imaging.
In conjunction with Westinghouse and Dynacon, it was
shown that other commercial data acquisition equip-
ment could be used to acquire suitable data, which was
subscquently SAFT processed and analyzed. These
data were acquired from the reactor pressure vessel at
the Indian Point Unit 11 Nuclear Power Plant operated
by Consolidated Edison of New York. Further demon-
strations of this capability came when Combustion
Engincering and Amdata, Inc. performed an ISI with an
1-98 ultrasonic testing (UT) system of a static-cast ¢l-
bow in the hot-leg of the Trojan Nuclear Power Plant
operated by the Portland General Electric Company.
Data was subsequently SAFT processed, analyzed, and
used to further characterize the indications found.

With the evolution of the real-time SAFT processor,
pre-processing techniques such as selective filtering
were used on laboratory and ficld data to evaluate if
improvement in the images would result.  Slow process-
ing times had previously prohibited utilizing different
pre-processing techniques because feedback of the
results was too slow in coming, Pre-processing tech-
niques proved most uscful on coarse grained inhomoge-
ncous materials such as Centrifugally Cast Stainless
Steel (CCSS). All the defects in round-robin studies on
CCSS have generally been detected by SAFT, but the
problem has been one of a high false call rate because
of coherent scattering from the large grains, False calls
were reduced significantly by the pre-processing filter-
ing, leading to the application of the technique to static-
cast data files from the Trojan Nuclear Power Plant.
Results from the Trojan data files were not as dramatic
as were observed in the large grained CCSS data set;
however, the signal-to-noise ratios of the images did
improve substantially, thereby making interpretation of
the images more straightforward.

Subsequently, fast processing times have also opened
the door for thick section materials such as pressure
vessels. Previously, thick material data files were too
large to process in a reasonable amount of time and
would typically take days or weeks to process. The
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Executive Summary

speed of the real-time processor performance is impres-
sive. A typical thick-section pulse-echo data file that
previously took 36 days with 260 hours of host CPU
time was completed in 64.2 minutes and required only
6.8 minutes of host CPU time! Thus, a real-time
SAFT-UT field system is a reality, meeting the primary
objective of the NRC program.

The ability to SAFT process data files in real time has
reduced the time necessary for conducting parametric
studies that help predict the effects of errors in process-
ing parameters and algorithm assumptions. Thickness
and material velocity errors in TSAFT-2 data files were
studied. The placement of the resulting image is dra-
matically affected by deviations of either thickness or
velocity from the true values of the specimen under
test. However, the general image integrity is retained.
Another study focused on the narrow band approxima-
tion of the SAFT algorithm. By performing a time
derivative prior 1o SAFT processing, it was found that
the signal-to-noise ratio imoroved for wide-band data
files.

Computer technology has greatly advanced since the
SAFT-UT ficld system was first designed and developed
by PNL. The original SAFT-UT ficld system consists
of three equipment racks plus a RAMTEK image pro-
cessor. The most recent system developed at PNL, for
the NRC NDE Mobile Lat:oratory, fits on a single table
top based on a 486 PC and a SUN workstation.

NUREG/CR-6344

Beginning with an overview of SAFT history and basic
fundamentals, this report provides a single source one
can use to become familiar with the SAFT technology.
A comprchensive list of references as well as summa-
rics of key SAFT documents are provided. Laboratory
and field application work not previously reported, a
comprehensive operating procedure used in conjunction
with the SAFT-UT ficld system developed by PNL, and
new parametric studies will be of interest to both the
novice and experienced SAFT investigator. The Con-
clusions section highlights the significant achievements
of the SAFT program and discusses the future possibili-
tics for the SAFT technology. The SAFT-UT ficld
system was assemiled from commercially available
hardware; a complete description of the specifications
of the hardware used, equipment model numbers, ad-
dresses of vendors that supplied the hardware, and
pertinent drawings are included as an Appendix.
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1.0 Introduction

Since the mid-1970s, the Nuclear Regulatory Commis-
sion (NRC) has supported development of the Synthetic
Aperture Focusing Technique for Ultrasonic Testing
(SAFT-UT). Specifically, the inspection of structurally
important components in nuclear reactors has been the
major application emphasis. Rescarch began at the
University of Michigan, which included laboratory adap-
tation of existing SAFT algorithms from radar applica-
tions 1o the ultrasonic realm. An extensive database
and laboratory-oriented software library was developed
on a Digital Eqaipment Corporation VAX-11/780
running the UNIX operating system.

The NRC also funded Southwest Research Institute in
the late 1970s and carly 1980s to take the SAFT tech-
nology being developed at the University of Michigan
and demonstrate technology for some limited ficld
applications.

In 1983, the rescarch effort was transferred to the Pa-
cific Northwest Laboratory (PNL) to develop a ficldable
system based on the technology developed at the Uni-
versity of Michigan. At PNL, the cffort was focused on
accelerating the computation process, streamlining the
software package, and reducing the physical size of the
hardwarc involved. "Portability” became the key word
in terms of both the hardware and softwarc.

A major objective was 1o offer a practical and ficldable
technology to commercial companics. This process
many times is referred to as "technology transfer.” It
was considered important 1o the success of technology
transfer to provide a user-friendly software package and
offer the ability of integrating the developed SAFT pro-
cessing aceelerator (Real-Time SAFT Processor) on the
user's host computer,

Section 2 is intended to give the reader an overview of
the SAFT technology, beginning with background infor-
mation from a historical perspective and concluding
with an overview of SAFT fundamentals. In the back-
ground and history section, one is led from the early
radar applications of the SAFT technology. through the
carly ultrasonic applications at the University of Michi-
gan, to the culmination of the SAFT technology at
PNL. The SAFT fundamentals section provides a basic
understanding of the logic employed to process data
files that have been collected using the SAFT pulse-
echo configuration.

1.1

Section 3 provides the reader with a complete bibliogra-
phical listing of all NRC publications written about the
SAFT technology, including all publications written by
the University of Michigan and PNL. Further, synopses
of key publications are included for readers whom may
have only this SAFT final report at their disposal.

Section 4 provides a complete operating procedure for
the SAFT-UT field inspection system developed at
PNL. Included is an in-depth review of the analysis
logic that has evolved from the many ficld and laborato-
ry studics that have transpired over the years. Both the
novice and experienced SAFT user will find this section
extremely beneficial.

Section 5 reports on the outcome of a thick-section
study; i.c., pressure vessels. Further, a discussion of the
development of TSAFT-3 is included. Centrifugally cast
stainless steel (CCSS) has historically been a difficult
medium in which to reliably detect and size cracks.
Included in Scction 5 is a section on advanced pre-
processing technigues developed at PNL, which can be
used prior to SAFT processing to enhance the subse-
quent images, thereby reducing the number of false
calls and improving the nspectability of anisotropic
materials such as CCSS.

Laboratory tests were performed to examine the effects
of thickness and velocity parameters on TSAFT-2 imag-
es. Section 6 goes on to report a bandwidth compensa-
tion study performed by PNL to document the limita-
tions of the narrow-band approximation used in the
SAFT algorithm. A utility developed to improve the
SAFT images of wide-band data files is described and
explained.

Twice SAFT was used to process data acquired by com-
mercial equipment during inservice inspections of oper-
ating reactors. Scction 7 begins with a report on the
Indian Point Unit 11 pressure vessel inspection, where
data was acquired by Westinghouse /Dynacon and sub-
sequently processed and analyzed by PNL using the
SAFT technology. A second report describes the Tro-
jan Nuclear Power Plant inservice inspection, where
data was acquired by Combustion Engincering/Amdata
from a static-cast stainless steel hot-leg elbow. Once
again, data was subsequently processed and analyzed,
using the SAFT technology, at PNL.
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1.0 Introduction

One of the most important contributions made by PNL
1o further the SAFT technology is the development of
the Real-Time Processor (RTP). Section 8 covers in
detail the performance benefits of the RTP for both
pulse-echo and tandem SAFT applications under vari-
ous conditions. Also included in Section X is an over-
view discussion of the implementation of the Real-Time
Processor from a programmer’s perspective.

Section 9 covers the upgrades to the SAFT-UT inspec-
tion system. The field host computer, described in
Appendix A, was upgraded from a VAX 11-730 to a
MicroVAX II1. A robotic scanner was added to the
SAFT-UT system. The robot permits the scanning of
large objects with complex surface geometry, A new
dats acquisition system, based on a PC/486 computer,
was assembled and installed. This upgrade increased
the amount at data that could be acquired in a single
scan. The SAFT code was ported to a Sun Microsys-
tems, SparcStation computer. This permits SAFT data
processing and analysis on incxpensive graphics work-
stations. A redesigned SAFT-UT system has been
assembled for the NRC's NDE Mobil Laboratory. This
new system is significantly smaller in overall size and
significantly faster in operation.

Section 10 discusses the SAFT-UT technology that has
been validated by participation in various blind tests
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including the Mini-Round Robin, the performance
demonstration test for intergranular stress corrosion
crack (IGSCC) detection and sizing and the PISC 111
Full Scale Vessel Test. These tests have shown that the
SAFT-UT technology is a viable technique for detecting
and characterizing defects in light water reactor materi-
als.

In an cffort to tic together all of the years of rescarch,
both at PNL and the University of Michigan, a conclu-
sions section (Section 11) is included. I this section,
the high points of the SAFT technology are reiterated
pointing out the significant achievements that have
brought the SAFT technology to where it is and an
insight as to what the future of SAFT might be.

Section 12 provides a list of references used to write
this final SAFT report.

The SAFT-UT ficld system was assembled from com-
mercially available hardware. The specifications of the
hardware used, equipment model numbers, addresses of
vendors who supplicd the hardware, and pertinent
drawings arc described completely in an appendix.



2.0 Overview of SAFT F undamentals

Section 2 is intended to give an overview of the SAFT
technology, beginning with background information
from a bistorical perspective and concluding with an
overview of SAFT fundamentals. The background and
history section leads the reader from the carly radar
applications of the SAFT technology, through the carly
ultrasonic applications at the University of Michigan, to
the culmination of the SAFT technology at PNL. The
SAFT fundamentals section provides a basic under-
standing of the logic employed to process data files that
have been acquired employing the SAFT pulsc-echo
configuration.

2.1 Background and History of SAFT

The resolution of all imaging systems is limited by the
effective aperture arca, that is, the area over which data
can be detected, collected, and processed. Before syn-
thetic aperture techniques were developed, this maxi-
mum aperture size was limited by the ability to fabri-
cate and control the physical aperture used for data
collection; ¢.g., in optics and astronomy, large-aperture
telescopes were limited by lens/mirror aberrations and
atmospheric turbulence; in radar and radio astronomy,
the physical size of antennac was limited by the need
for portability. SAFT is an imaging method that was
developed to overcome some of the limications imposed
by large physical apertures. SAFT has been successfully
applied in a broad range of imaging « ontexts--radar,
geophysical exploration, radio astronomy, ultrasonic
testing, and others.

First applications of SAFT involved improving the later-
al resolution of airborne radar mapping systems. For
airborne data collection systems, anlenna size is neces-
sarily limited to some fraction of the size of the air-
plane being used to scan the antenna. By scanning a
small antenna over a large arca, a large effective aper-
ture can be synthesized and resolution can consequently
be improved.

Analogies between SAFT processing of radar data and
SAFT processing of ultrasonic data are significant; how-
ever, there are some fundamental differences between
microwave propagation and ultrasonic propagation.
These differences have led to different implementations
of SAFT processing.  First, radar frequencies are many
orders of magnitude higher than ultrasonic frequencies.
This requires the use of special detection and recording

technigues to maintain nhase cohcrence in radar sys-
tems. In ultrasonic systems operating in the 1- to 10-
MHz frequency range, the propagating disturbance can
be recorded directly using high-speed, analog-to-digital
conversion techniques. Second, radar imaging is per-
formed in a relatively uniform medium with a single
index of refraction and a single mode of propagation.
Ultrasonic imaging, on the other hand, uses media with
variable indices of refraction. This fact leads to a num-
ber of complicating phenomena such as beam steering
caused by refraction, multiple-mode propagation caused
by mode conversion, and guided-wave phenomena
caused by material anisotropy.

Original ultrasonic applications of SAFT followed di-
rectly from the radar experience (Prine 1972; Burck-
hardi, Grandchamp, and Hoffman 1974). Ultrasonic
data were recorded on photographic film by means of a
phase reference or coherent demodulator. Such a
recording procedure s diagrammed in Burckhardt,
Grandchamp, and Hofiman (1974). The received sig-
nals were amplificd and mixed with a signal from a
reference source to provide a coherently demodulated
signal used to modulate the intensity on the oscillo-
scope. The output of the oscilloscope was recorded on
film using a camera that was scanned in synchrony with
the scanning ultrasonic transducer. The results of such
a scanning procedure are illustrated conceptually in
Figure 2.1. Figure 2.1(a) shows the plane to be imaged
(including two point reflectors), the scanning ultrasonic
transducer, and the divergent ultrasonic beam. Figure
2.1(b) shows the data that were recorded on film. In
range Z, the signals arc highly confined. This range
resolution, DZ, is determined by the bandwidth of the
ultrasonic pulse. In azimuth X, the indications from the
two point targets are smeared laterally because of the
divergent beam used to collect the data; however, these
smeared indications arc modulated and appear as one-
dimensional Fresnel zone plates. The phase variation is
slow near the center of the indication and fast near the
edges. The spatial frequency content of these indica-
tions is dircctly related to the range of the point reflec-
tor. This recorded data was processed optically by a
laser and a series of lenses that allows refocusing of this
data in the X direction only. The processed image was
then recorded photographically.

Even though this mode of ultrasonic synthetic aperture

focusing has long since been outmoded, it does illus-
trate a number of points inherent with SAFT:
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20 Overview of SAFT Fundamentals

»  Imaging is a multiple-step process. Some kind of

collection and storage scheme must be implement-

ed to organize data for a subsequent reconstruc-
tion process.

«  The object being imaged must remain stationary
while it is scanned.

+  Range resolution is controlled primarily by the
bandwidth of the insonifying pulse.

. Lateral resolution is controlled by the effective
aperture. The effective aperture is limited by the
divergence of the insonifying ultrasonic beam, the
directivity of the targel, and the size of the
scanned aperture.

¢ Lateral resolution can be independent of range
because points located at larger distances have a
larger "effective aperture.”

The first digital implementations of one-dimensional
SAFT processing in ultrasound soon followed these
initial demonstrations. Digital SAFT processing was
demonstrated in the arca of nondestructive testing
(NDT) by the University of Michigan (Frederick et al.
1976) and in medical imaging at the Mayo Clinic
(Johnson et al. 1975) recording, and coherent summa-
tion to demonstrate the feasibility of digital SAFT. The
major differences between the two demonstrations lay
in the data collection procedure. The NDT system
used a single, scanned, focused transducer to simulate
an array of point sources and receivers. The medical
system used multiple-channel recording and an acoustic
array for data collection. This method was used be-
cause the medical system had to image moving objects;
all the data had to be recorded before the objects
moved an appreciable distance,

This need for high-speed data collection in medical
imaging has subscquently caused the SAFT imaging
approach to be abandoned in favor of phascd-array and
annular-array imaging techniques. In nondestructive
evaluation (NDE), the goals of high resolution and
imaging sysiem flexibility have far outweighed the data
acquisition speed requirements.

Research, sponsored primarily by the Nuclear Regulato-

ry Commission, has been carried out at the University
of Michigan (Frederick et al. 1976; Frederick et al.
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1977; Frederick, VandenBrock, Elzinga et al. 1979,
Frederick, VandenBrock, Ganapathy ct al. 1979; Gana-
pathy et al. 1981; Ganapathy, Wu, and Schmult 1982;
Ganapathy and Schmult 1982; Ganapathy et al. 1983).
In addition, cooperative programs have been carried out
at the University of Missouri at Columbia (Seydel 1978,
Hamano 1980) and at Southwest Rescarch Institute
(Jackson 1978a, 1978b, 1981). The original goal of the
work at the University of Michigan was to demonstrate
the feasibility of SAFT to “obtain improved resolution
with respect to other NDT methods, and in this way to
obtain a better idca of the size, shape, and orientation
of a discontinuity in the pressure vessel or piping.” The
initial results demonstrated improved lateral and axial
resolution with planar SAFT-UT applied to a series of
artificial defects (side-drilled holes) in aluminum test
blocks. All of the initial work was performed with
longitudinal ultrasonic waves (Frederick, Seydel, and
Fairchild 1976).

The second year’s work at the University of Michigan
concentrated primarily on extending the SAFT process-
ing algorithm to three-dimensional data sets (Frederick,
Fairchild, and Anderson 1977). This extension involved
far-reaching changes in data collection, processing, and
display techniques.

During the third year of research (Frederick et al.
1978), three-dimensional longitudinal-wave (L-wave)
SAFT processing was demonstrated with natural and
artificial defects in several scries of test blocks. At this
time, the University of Michigan joined the University
of Missouri at Columbia in a collaborative effort to
develop signal processing procedures that would yield
further improvements in axial flaw resolution and sup-
pression of "front-surface ringdown.”

Signal processing technigues studied intended to decon-
volve the transducer impulse response for the reflected
ultrasonic signal. Spectral division and linear predictive
deconvolution were two technigues successfully applied
to this problem. Linear predictive deconvolution was
suggested as a means for performing “real-time” decon-
volution because it can be implemented in the time
domain as a recursive digital filter.

Also demonstrated was a digital subtraction technique
for suppression of the large front-surface echo encoun-
tered in L-wave SAFT. Figure 2.2 shows the benefits of



applying this technique. The raw A-scan shown in
Figure 2.2(a) contains a large indication caused by the
ultrasonic signal reflected from the front surface of the
test block and from a small side-drilled hole located 4.6
mm below the front surface. By subtracting only the
front-surface signal from Figure 2.2(a), it is possible to
improve the signal-to-noise ratio of the side-drilled hole
indication as shown in Figurc 2.2(b). Figure 2.3 shows
two SAFT-processed images derived from this type of
data. Figurc 2.3(a) shows the contour plot of a conven-
tionally processed SAFT image. Figure 2.3(b) shows
SAFT images produced from the same data; however,
before processing, che front-surface echo was digitally
subtracted. With this sort of preprocessing of the raw
radio frequency (rf) data, it appears possible to detect
artificial defects within 2.0 mm of the top surface.

A significant effort during the final years of the pro-
gram at the University of Michigan was the design and
development of a special-purpose SAFT processor for
real-time operation. A processor was built and demon-
strated by GARD, Inc. (Ganapathy et al. 1985). This
pioncering work in parallel processing established per-
formance marks that proved that the SAFT processing
could be performed at rates making ficld implementa-
tion a real-time process. However, the advances in
computer equipment and performance resulted in the
design and fabrication of the PNL special-purpose
processing using off-the-shelf boards. The successful
PNL SAFT real-time processor was a logical extension
of the work at the University of Michigan and GARD,
Inc.

Starting in 1977, a "Program for the Field Validation of
Synthetic Aperture Focusing Technique for Ultrasonic
Testing” was undertaken at Southwest Rescarch Insti-
tute (SwWRI) (Jackson 1978a and 1978b). The thrust of
this program was to apply many of the techniques de-
veloped by the University of Michigan group and to
produce a SAFT-UT system suitable for use during site
examination ol actual nuclear power reactors. The
nitial work performed by SwWRI was aimed at improving
the ultrasonics and clectronics "front end” of the SAFT-
UT system. A final report on all of the work per-
formed by SWRI was published (Hamlin 1985), and the
reader 1s referred to that report for all of the details.

Over the past twelve years, work has continued to im-
prove SAFT-UT inspection systems for both ficld and

2.0 Overview of SAFT Fundamentals

laboratory applications. The following list summarizes
the highlights of this work:

Software was developed and implemented for per-
forming SAFT-UT on specimens with regular sur-
face topography; ¢.g., cylinders, planes not parallel
to the scan plane.

Software was developed and implemented for per-
forming SAFT-UT on specimens with arbitrary
surface geometry.

Software was developed to perform multi-depth
focusing and expanding aperture SAFT-UT.

The focusing propertics of SAFT-UT were numer-
ically analyzed. The point spread function of
SAFT was studied as a function of aperture size,
pulse attenuation, random position errors, pulse
bandwidth, horizontal sample intervals, and front-
surface variations.

Advanced data presentation technigues were ana-
lyzed. Perspective contour plotting, grey scale,
color plotting, and interactive displays were con-
sidered. Finally, a RAMTEK high-resolution
graphics imaging display system was selected and
a graphics/analysis utility was written.

Processing needs, associated with performing real-
time SAFT-UT, were analyzed. Commercially
available computer systems and array processors
were analyzed and found to be cither inadequate
or too expensive for performing real-time SAFT-
UT. The concept of a special-purpose, harGware
implementation, SAFT processor was proposed
and developed. However, this also was inade-
quate (variations of the SAFT algorithm could not
be casily implemented) and a second real-time
processor was developed using a parallel proces-
sor architecture. This second real-time processor
utilized commercially available hardware and the
software could be casily modified to accommodate
different SAFT algorithms (pulse-echo, TSAFT,
TSAFT-2, TSAFT-3).

Special-purpose scanning head hardware has been
developed. Such hardware allows for high-speed

scanning of arbitrary surfaces and allows for con-
stant transducer offset. The scanning hardware
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2.0 Overview of SAFT Fundamentals

was further modified to accommodate multiple
transducer configurations such as TSAFT-2 and
TSAFT-3.

*  Tandem SAFT configurations were developed to
overcome the ambiguities inherent in pulse-echo,
single-transducer configurations. Further, a spe-
cial tandem configuration (TSAFT-3) was devel-
oped for thick-section materials such as reactor
pressure vessels.

. Parametric studies were performed to study the
effects of errors in parameters used during SAFT
processing. Included in these studies were effects
from assumptions made within the SAFT algo-
rithm itself.

*  The SAFT-UT ficld data acquisition system was
developed and employed in the ficld during inser-
vice inspections of operating reactors (Dresden
and Vermont Yankee) with subscquent data pro-
cessing at PNL. Further, SAFT data was acquired
using two different commercial data acquisition
systems and subsequently processed and analyzed
to characterize real defects in a reactor pressure
vessel (Indian Point Unit I1) and a static-cast
stainless steel elbow in the hot-leg of a reactor
(Trojan Nuclear Power Plant).

*  Advanced preprocessing techniques were devel-
oped for anisotropic materials such as centrifugal-
ly cast stainless steels.

. Installation of the SAFT utilities on a VAX
11/750 owned by Combustion Enginecering (CE)
constituted the first step in educating CE person-
nel in the operation and inspection requirements
of SAFT. This step paved the way for ficld vali-
dation testing,

* A real-time processor was built for Sandia Nation-
al Laboratories and the SAFT utilities were in-
stalled on a Micro-VAX computer, which was
designated as the host computer in the Sandia
SAFT-UT system. This was the first attempt and
trial for technology transfer.

To summarize, much developmental rescarch work has

been performed over the past twelve years to improve
and implement SAFT-UT. Many of the basic questions
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regarding the ultimate resolution and computational
complexity associated with performing SAFT-UT have
been answered. Culmination of the SAFT program has
resulted in a real-time SAFT-UT field system and hand-
in-hand work with commercial companies performing
special inservice inspections on operating reactors.
Transfer of the SAFT technology to the commercial
sector has been a goal of the NRC. This goal has not
been fully met, but the process has started.

2.2 Overview of SAFT Fundamentals

The reader is referred to Busse, Collins, and Doctor
(1984); Frederick and Fairchild (1976); Frederick, Fair-
child, Anderson (1977); Frederick, VandenBroek,
Elzinga, et al. (1979); and Frederick, VandenBroek,
Ganapathy, et al. (1979) for extensive details on SAFT
fundamentals. The following is a brief overview of the
SAFT process and why it leads to significant improve-
ment in full-volume imaging. SAFT relies on the phys-
ics of ultrasonic wave propagation and thus is a very
robust technique.

Synthetic aperture focusing refers to a process in which
the focal properties of a large-aperture focused trans-
ducer are synthetically gencrated from data collected
over a large arca using a small transducer with a diver-
gent sound field. The processing required to focus this
collection of data has been called beam-forming, coher-
ent summation, or synthetic aperture processing.

Inherently, SAFT has an advantage over physical focus-
ing techniques in that the resulting image is a full-vol-
ume focused characterization of the inspected arca.
Traditional physical focusing techniques provide focused
data only at the depth of focus of the lens. For the
typical pulse-echo data collection scheme used with
SAFT-UT, a focused transducer is positioned with the
focal point located at the surface of the part to be
inspected. This configuration is used to produce a
broad, divergent ultrasonic beam in the object under
test. Alternatively, a small-diameter contact transducer
may be used to generate a divergent beam in the speci-
men material.  As the transducer is scanned over the
surface of the object, the A-scan record (rf waveform)
is digitized for each position of the transducer. Each
reflector produces a collection of echoes in the A-scan
records. If the reflector is an elementary single point



reflector, then the collection of echoes will form a
hyperbolic surface within the data-set volume. The
shape of the hyperboloid is determined by the depth of
the reflector in the test object and the velocity of sound
in the material under test. This relationship between
echo location in the series of A-scans and the actual
location of the reflectors within the test object makes it
possible to reconstruct a high-resolution and high sig-
nal-to-noise ratio inage from the acquired signals.

If the scanning and surface geometries are well known,
it is possible to accurately predict the shape of the locus
of echoes for each point within the test object. The
process of coherent summation for cach image point

2.0 Overview of SAFT Fundamentals

in*lves shifting a locus of A-scans, within a regional
aperture, by predicted time delays and summing the
shifted A-scans. This process may also be viewed as
performing a spatial matched filter operation for cach
point within the volume to be imaged. Each clement is
then averaged by the number of points that were
summed to produre the final processed value. If the
particular location correlates with the elementary point
response hyperboloid, then the values summed will be
in phase and produce a high-araplitude result. If the

o 1 does not correlate with the predicted response,
th . ostructive interference will take place and the
spatial average will result in a low amplitude value,
reducing the noise level to a very small value.
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Figure 2.1. Schematic of the Results Produced by the Original SAFT-UT Experiments
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WITHOUT FRONT-SURFACE REMOVAL

WITH FRONT-SURFACE REMOVAL

Figure 2.2. Demonstration of Signal-to-Noise Improvement Gained by Subtraction of Front Surface Signal
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Figure 2.3. Illustration of the Effect of Front Surface Signal Removed upon SAFT-UT Processed Images
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3.0 Where to Go for Additional Information

Section 3 provides the reader with a complete biblio-
graphical listing of all NRC publications and sclected
other relevant publications concerning the SAFT tech-
nology. This listing includes all the documents written
by the University of Michigan and PNL. This section
also provides synopses of key publications for readers
who may have only the SAFT final report at their dis-
posal.

3.1 Pibliography

A comprehensive, but certainly not complete, biblie
graphical listing is provided to readers interested |
further pursuing the SAFT technology.
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3.2 Synopses of Key SAFT Documents

For readers who may have only the "SAFT Final Re-
port” at their disposal, synopses of key SAFT docu-
ments have been assembled. These synonses are in-
tended to give an overview of past information pub-
lished about the SAFT technology. For more detailed
information, readers should acquire the particular docu-
ments desired.
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3.2.1 Review and Discussion of the Devel-
opment of Synthetic Aperture Focusing Tech-
nique (SAFT-UT) (Busse, Collins, and Doctor
1984)

The synthetic aperture focusing technique for ultrasonic
testing (SAFT-UT) is an ultrasonic imaging technique
designed to enhance the performance of conventional
ultrasonic, nondestructive testing procedures for per-
forming two basic functions: 1) detection of flaws and
defects within structural and functional components;
and 2) classification and/or characterization of these
detected defects in terms of size, shape, orientation,
location, and composition. This enhanced performance
is brought about by a high-resolution ultrasonic image,
which is the output of the SAFT process. SAFT-UT is
a particularly flexible imaging method that can be
adapted to many different materials, specimen geome-
tries, and propagation modes. SAFT-UT is accom-
plished by applying a signal processing algorithm to a
collection of raw amplitude versus time data (A-scans).
The algorithm allows cach point within the inspected
volume to be focused upon by mathematically simulat-
ing the action of a lens specifically formed for imaging
that point in the volume. This method of image forma-
tion permits each of the points to be imaged at the
maximum available resolution. The images produced
arc volumetric; i.e., they provide a three-dimensional
map of any defect and the surrounding arca. Such a
map can be accurately interpreted.

Many aspects of SAFT-UT are treated in this report:
. Historical Background of SAFT-UT

. Theory of SAFT-UT

. Implementation of and Results Using SAFT.
From the results presented, it appears that SAFT-UT
has been truly successful in providing a flexible high-
resolution imaging system for the laboratory environ-
ment. This method of imaging appears to be ideal for
the inspection of critical industrial components, espe-
cially in the nuclear power industry.

The application of SAFT-UT imaging methods to field-

testing of reactor piping, pressure vessels, and nozzies
appears to be a feasible and highly desirable extension

NUREG /CR-6344



30 Additional Information

of the basic research carried out so far. With the de-
velopment of a special-purpose, real-time SAFT proces-
sor, this transfer of defect detection/imaging technology
from the laboratory to the ficld appears to be both
practical and feasible.

3.2.2 Development and Validation of a Real-
Time SAFT-UT System for the Inspection of
Light Water Reactor Components, Vol. 1
(Doctor et al. 1986)

A three-year program for the Development and Valida-
tion of a Real-Time SAFT-UT System for Inservice
Inspection of Light Water Reactors was established at
PNL 1o develop SAFT and demonstrate the technology
in reactor nservice inspections.

The objectives of this NRC program include these:

*  Design, fabricate, and cvaluate a real-time
flaw detection and characterization system
based on SAFT-UT for inservice inspection
(IS1) of all required light water reactor
(LWR) components.

. Establish calibration and field operating
procedures.

* Demonstrate and validate the SAFT-UT sys-
tem through actual reactor inservice inspec-
tons.

. Generale an engineering data base to sup-
port ASME Code acceptance of the real-
time SAFT-UT technology.

The scope of the program is defincd by the following:

*  Conduct laboratory tests to provide engi-
neering data for defining SAFT-UT system
performance.

. Complete the development of a special pro-
cessor to make SAFT a real-time process for

ISI applications.

* Fabricate and ficld-test a real-time SAFT-
UT system suitable for ficld inspection of
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nuclear reactor piping, nozzles, and pressure
vessels.

Ongoing work is advancing the evolution of the SAFT-
UT field system from concept to reality. The final sys-
tem was operational by the end of fiscal year 1985.
Reported here are a system overview, optimization of
front-end electronics, and procurement of hardware for
the final system configuration.

In demonstration tests, a special-purpose SAFT proces-
sor being designed by General American Research and
Development, Incorporsted, met its speed requirement
for real-time operation. However, because the hard-
wired system was intended to implement pulse-echo
mode only, it could not be easily changed to accommo-
date other algorithms, ¢.g., Tandem SAFT. Also, rede-
sign was nceded to produce a reliable unit suitable for
field work because the first version had been intended
only for laboratory demonstration of the concept. PNL
proposed a new design based on commercial hardware.

The theory of pulse-echo operation is described here
and extended to cover the tahdem mode of operation.
The tandem mode was developed to image vertically
oriented defects by overcoming the ambiguities of cor-
ner-trap pulse-echo data. Laboratory experiments were
conducted to begin refinement of criteria to be used for
sizing vertically oriented defects for both modes of
operation,

SAFT data were obtained from several examinations of
material samples and piping welds in the field. Samples
included a specimen provided by Southwest Rescarch
Institute from the Duane Arnold reactor, a thick section
of steel plate with induced defects examined by Risley
Nuclear Laboratory, and plate 2 of the PISC II pro-
gram. The ficld welds included four at the Dresden
Unit 3 power plant and nine at the Vermont Yankee
power plant. Analyses of these data are presented.

Several changes were made in the SAFT processing
scheme to speed up the processing of ultrasonic data
for SAFT analysis. The changes included optimization
of the SAFT algorithm on the VAX 11/780 computer,
selective processing, acceleration of the envelope detec-
tion algorithm, and conversion of SAFT software from
the UNIX implementation of the C language to
VAX/VMS C.



3.2.3 Development and Validation of a Real-
Time SAFT-UT System for the Inspection of
Light Water Reactor Components, Vol. 2
(Doctor et al. 1987a)

A multiyear program for the Development and Valida-
tion of a Real-Time SAFT-UT System for Inservice
Inspection of Light Water Reactors was established at
PNL to develop the synthetic aperture focusing tech-
nigue (SAFT) and demonstrate the technology in reac-
tor inservice inspections.

The objectives of this program for the NRC include
these:

. Design, fabricate, and evaluate a real-time
flaw detection and characterization system
based on SAFT-UT for IS of all required
LWR components.

. Establish calibration and ficld operating
procedures.

. Demonstrate and validate the SAFT-UT sys-
tem through actual reactor inservice inspec-
tions.

. Generate an engincering data base (0 sup-
port ASME Code acceptance of the real-
time¢ SAFT-UT technology.

The scope of the program is defined by the following:

. Conduct laboratory tests to provide engi-
neering data for defining SAFT-UT system
performance.

. Complete the development of a special pro-
cessor to make SAFT a real-time process for
ISI applications.

. Fabricate and ficld test a real-time SAFT-
UT system suitable for ficld inspection of
nuclear reactor piping, nozzles, and pressure
vessels.

Ongoing work is advancing the evolution of the SAFT-
UT ficld system from concept to reality. The final sys-
tem was operational by the end of the fiscal ycar 1985,
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and its features are described in terms of operator-
oriented software designed to minimize operator com-
puter skill requirements. Features such as transducer
view, compare, B-scan, C-scan, and cnlarge are
described.

The modes of signal processing with the emphasis on
the implementation of the tandem SAFT mode are
described. Examples, where image ambiguity is
reduced, are presented. Processing speed-up routines,
including selective processing and envelope detection,
are described and performance is demonstrated.

The real-time SAFT processor box using the 68000
family of microprocessor is described and performance
matrices pre.entes [or tn design versus the VAX
11/780 and VAX 11/730 for both thin material (pipe)
and thick material (pressure v2ssel) files. This design
approach clearly provides the prucessor speed necessary
to achieve real-time SAFT operation.

The ficld experience consisted of taking the SAFT-UT
system to Commonwealth Edison and demonstrating

for the first time in-field processing of SAFT data on a
narrow-gap pipe weldment containing fabrication flaws.

A detailed analysis was conducted on PISC 11 Plate 2
data and compared to other PISC Il team performanc-
es. This block was the first out of laboratory testing on
the SAFT-UT data acquisition system with subsequeni
PNL processing of the data. Many things were learned
about how to develop procedures to reduce potential
inspection errors. The SAFT results were very good
under the circumstances and were better than the glob-
al average and average of the advanced teams. The
data clearly shows that image sizing criteria must be
applied as a systematic function of defect type (i.c.,
planar versus volumetric); otherwise, consistent over- or
under-sizing will result. For the data presented, a loss-
of-signal criterion was appiied resulting in an over-sizing
trend.

Data was collected on a series of 15 centrifugally cast
stainless steel weldments that are part of a round robin
beinz conducted under PISC I1. The data collection
methods are described, but no analysis was performed
on the data during this reporting period.
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3.2.4 Development and Validation of a Real-
Time SAFT-UT System for the Inspection of
Light Water Reactor Components, Vol. 3
(Doctor ex al. 1987b)

A multiyear program for the Development and Valida-
tion of a Real-Time SAFT-UT System for Inservice
Inspection of Light Water Reactors was established at
the Pacific Northwest Laboratory (PNL) to develop the
syathetic aperture focusing technique (SAFT) and dem-
onstrzte the technology in reactor inservice inspections.

The objectives of this program for the Nuclear Regula-
tory Commission (NRC) include these:

. Design, fabricate, and cvaluate a real-time flaw
detection and characterization system based on
SAFT-UT for inservice inspection (ISI) of all re-
quired LWR components.

. Establish calibration and ficld operating proce-
dures.

. Demonstrate and validate the SAFT-UT system
through actual reactor inservice inspections,

*  Generate an engincering data base to support
ASME Code acceptance of the real-time SAFT-
UT technology.

The scope of the program is defined by the following:

. Conduct laboratory tests to provide engineering
data for defining SAFT-UT system performance.

. Complete the development of a special processor
to make SAFT a real-time process for ISI applica-
tions.

. Fabricate and ficld test a real-ime SAFT-UT sys-
tem suitable for field inspection of nuclear reactor
piping, nozzles, and pressure vesscls.

During this year, a formal agreement was put in place
with Combustion Enginecring in which they joined the
program and began a: <isting in validating the SAFT
technology on nuclear power plants.
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Ongoing work is focused on advancing the evolution of
the SAFT-UT ficld system from concept to reality. The
final ficld system was operational by the end of fiscal
year 1985; and the emphasis this past year has been in
terms of parametric sensitivity studies on operational
parameters, further development of the real-time SAFT
processor box, and detailed analysis of a number of de-
fected samples.

The tandem SAFT mode was developed in 1985 to
overcome some of the serious shortcomings of the
pulse-echo mode. This first implementation of the
TSAFT mode was developed by using a fixed source
and scanned recciver. During this year, the TSAFT-2
mode was developed, which uses a scanned source and
scanned receiver. The performance of the TSAFT-2
mode is clearly superior and allows defects with depth
larger than the transducer beam diameter to be sized
accurately and shows an improvement of the resolution
performance.

Extensive efforts were expended to conduct parametric
studies on the sensitivity of the SAFT-UT system to
some of the processing variables. The variables studied
during :his reporting period included: pulse-echo sam-
pling rate, 3-D SAFT mode versus the Line-SAFT
mode, TSAFT velocity changes of up to +20%, TSAFT
thickness changes of up to = 20%, TSAFT resolution
performance, imaging of nonvertical defects, and per-
formance of TSAFT and TSAFT-2 for accurately sizing
vertical defects. The SAFT-UT system performed as
predicted based on theory. As the sampling rate in-
creased, the imaging resolution improved until twice the
Nyquist sampling rate was achieved. The resolution
petformance of the 3-D SAFT mode was shown to be
very superior to the results for Line-SAFT for reflectors
exhibiting high spatial frequencies. The surprising
result for changes in velocity and thickness was 1o have
a large shift in the defect location and a minor blurring
or resolution loss in the image. The SAFT-UT system
performance deteriorated the same as other acoustic
methods because of signal loss when defects became
non-vertical and scattered the acoustic energy outside
the receiver aperture. The changes are documented
and predictable from simple acoustic scattering theory.
The superiority of the TSAFT-2 mode over the origina!
TSAFT configuration was demonstrated through a
series of sawcut sizing measurements showing the in-
crease in resolution performance by a factor of 1.4,



The evolution of the real-time SAFT processor box is
continuing, and further studies of the performance is
showing that the real-time rates of ten A-scans per
second can be achieved when the new 68020 micropro-
cessor boards are used.

Some very good studies were performed in the labora-
tory on blocks and pipe specimens from a number of
sources. The SAFT performance was very good and
was within predictions for the apertures that the speci-
mens allowed. TSAFT-2 was shown to provide
improved near-surface performance over pulse-echo on
the NAVSEA block. The large-diameter pipes in the
Materials Reliability Center at PNL were examined and
much was learned about refining the SAFT procedure
to minimize efforts during the data collection phase.
Furthermore, it was found that if the clectronics satu-
rate, the resultant image will be blurred and result in
systematic oversizing of the defect. Data were collected
on a series of KAPL specimens, and the images were
good although no fecdback has been received on the
SAFT result versus the destructive results or even in-
tended defects. Results were obtained on a series of
CCSS specimens and all thermal fatigue cracks in the
specimens were detected; but at the same time, a num-
ber of false calls were made. The false calls result
from the coherent backscattering that is produced by
the large anisotropic graia structure. Data were also
collected on a series of 45 quadrants of pipe specimens
that are part of the Mini-Round Robin study in prog-
ress at PNL. These data were analyzed and has not
been compared with true-state destructive results. This
is planned for next fiscal year.

3.2.5 The SAFT-UT Real-Time Inspection
System Operational Principles and Imple-
mentation (Hall, Reid, and Doctor 1988)

A multiycar program for the Development and Valida-
tion of a Real-Time SAFT-UT System for Inspection of
Light Water Reactors was established at the Pacific
torthwest Laboratory (PNL) to develop the synthetic
aperture focusing technique (SAFT) and demonstrate
this advanced imaging technology in reactor inservice
mspections. The developed system presents a visual
image of ultrasonic indications from reflectors located
in piping and pressure vessels of nuclear reactors. A
significant portion of the effort at PNL was oriented
toward building a system based on SAFT technology
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that is transportable to field environments, and provides
on-the-spot (real-time) images for defect sizing and
characterization. This includes accelerating the compu-
tation. process, streamlining the software package, and
reducing the physical size of the hardware involved.

In addition to ficld system design, it was considered
necessary for the advancement of SAFT-UT technology
to offer a software and hardware package that is easy to
use and could readily be implemented by other organi-
zations. "Technology transfer” became an important
item in the scope of the project and, "Portability” be-
came the key word in terms of both the hardware and
software.

Development of a real-time SAFT processor was an
important achievement in providing rapid SAFT-UT
images. This device is a parallel architecture peripheral
to the host computer and performs all of the computa-
tionally intensive SAFT computations. It significantly
accelerates the SAFT computation and relieves the host
computer so that it may more effectively perform the
executive and graphics operations.

A variety of software utilities were developed to assist
the user in processing the data collected and interpret-
ing the results. These include an on-line editor for data
files and their associated parameter blocks, an interac-
tive interface to the real-time SAFT processor and
SAFT processing software, and three graphic utilitics
that provide extensive defect sizing and characterization
capability.

A major hardware design goal of the transportable real-
time ficld system was to implement off-the-shelf compo-
nents. The purpose of this was to facilitate technology
transfer. While it is apparent that the overall size of
the field system could be reduced through custom de-
signs of certain modules, commercially available compo-
nents were chosen wherever possible to make this tech-
nology more available to other organizations. The few
exceptions to this objective are detailed in the final
portion of this document.

This document was written as a basis for implementing
the SAFT-UT sofitware and hardware developed at
PNL. A theoretical overview of the PNL implementa-
tion of SAFT-UT is given. Included is an architectural
overview of the SAFT-UT field system including the
real-time SAFT processor. A detailed operating de-
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scription is provided for each SAFT-UT software utility
offered in the package. A precise description of the
installation SAFT-UT software utilities is also given,
along with an explanation of the technique for interfac-
ing foreign data files to this program set. Finally, an
itemized parts list and hardware description is given to
complete the comprehensive documentation of the
SAFT-UT real-time ficldable imaging system.

3.2.6 Program for Field Validation of the
Synthetic Aperture Focusing Technique for
Ultrasonic Testing (SAFT-UT) (Hamlin 1985)

An NDE system capable of using the SAFT-UT tech-
rigue was developed and tested. The performance
capability of this system was evaluated and is summa-
rized below:

1) SAFT-UT is a viable NDE technique capable of
performing accurate measurements of the spatial
location and extent of acoustically reflective sur-
faces contained in objects similar to the structural
components and weldments in nuclear power
reactor systems.

SAFT-UT inspection equipment demonstrated
effective operation at higher sensitivity levels than
is practical using conventional UT inspection
equipment.

3) Interpretation of the SAFT image displays is
much more definitive and easier to perform than
the evaluation of indications obtained from con-
ventional UT equipment.

4) To provide a SAFT-UT system possessing the
flexibility necessary to perform general ficld-rated
flaw analysis functions, both 0-degree and angle-
beam inspection capabilities must be incorporated.
5)  In contrast to the use of an immersed focused-
beam inspection mode for SAFT-UT, the surface
inspection mode can also be utilized. The surface
contact inspection mode can be applied to compo-
nent surfaces representative of actual field compo-
nents. Use of this inspection mode offers engi-
neering advantages over the focused-beam mode
because of greater simplification (lower cost,
shorter development time, higher reliability) of
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the mechanics and software control of the algo-

rithms required to permit system operation.
6) The SAFT-UT technique can be used to generate
images of both volumetric and crack-type defects.
7)  The SAFT-UT technigue can be used to generate
images of defects located bencath cladding or
located in the vicinity of strong geometrical
reflectors.

x

) SAFT-UT can be utilized to produce images of a
variety of defect types and will be successful when
the UT technique employed returns sufficient
energy to the receiving transducer for image gen-
eration.

The single most important criterion limiting the ability
of SAFT-UT to image defects is the ability to define
the physics of the acoustic interactions that take place
at the surface of the defect. The SAFT-UT technique
depends on the acoustic energy returned from the de-
fect and, if not present due to orientation or other
problems, results in failure to image the defect. Fur-
ther work in evo!: ing this technique should concentrate
on defining a better understanding of the limitations of
the UT technique itself from an acoustic physics stand-

point.

3.2.7 Development of a Real-Time Residue
Number Processor for SAFT Inspection,
Phase II Final Report, September 1984
through April 1986 (Polky 1986)

A high-speed SAFT-UT imaging system has been de-
signed using residue number system (RNS) computa-
tional methods. The imaging system is based on a new
frequency domain correlation process applied to con-
ventional pulse-echo ultrasonic data, whercin the data is
collected over a two-dimensional aperture. The result-
ing three-dimensional data set in x, y, and “time-of-
flight" may be processed by the frequency domain
SAFT (FSAFT) system in either real-time or batch
(post-test) modes. In the real-time mode, it is expected
that true flaw recognition would be of primary interest
and the resulting images would be competitive with
current time-domain SAFT techniques. However, the
greatest benefit of FSAFT is for detailed analysis of
critical flaw types using the high-speed batch or fast



inspection mode. The system’s performance results
from using custom RNS hardware to speed the correla-
tion process, which for typical sub-volumes of 64 x 1258 x
400 sample points would execute in 11 seconds. This
rapid execution time includes all memory exchange
overhead as well as forward and inverse number theo-
retic transforms (NTTs) and point spread function
(PSF) multiplications.

The hardware design concentrated on a custom memo-
ry management processor and RNS computational
modules. Although no hardware was fabricated, it is
believed that a commercial system could be realized
with conventional electronic components operating at a
base clock frequency of 10 MHz.

A FORTRAN-coded software simulation was developed
in conjunction with the analysis phase of this cffort.
Through the use of this code, it was determined that
data volume shicing, overlap save, and frequency domain
techniques could be used effectively in the real-time
hardware implementation,

It was determined by analysis and simulation that the
PSF is the critical element in the effective use of
FSAFT for inspection. The PSF may be customized by
the user to affect a variety of reconstruction results.
Most important of these is the ability to mold the PSF
to enhance unusually difficult flaw characterization
problems. However, more research is required to
better understand the nature of optimum PSFs and
their limitations in the FSAFT algorithm. Not only can
the PSF be customized for direct imaging, but it may
also be hybridized to include image enhancement pro-
cessing within the reconstruction process. The over-
head incurred by forming a composite PSF is zero.
Therefore, FSAFT imaging can give the user greater
capability for characterizing flaws than other methods,
and can do so without any additional computational
burden.

323 An Ultra-High Speed Residue Proces-
sor for SAFT Inspection System Image En-
hancement, Final Report, October 1983
through March 1984 (Polky and Miller 1985)

The Phase-1 feasimlity study of residue number system
(RNS) image processing for SAFT inspection has suc-
cessfully determined that an advanced inspection system
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may be built using a correlation-reconstruction SAFT
algorithm, implemented with RNS techniques and off-
the-shelf electronic components. Images are recon-
structed in a number of theoretic transform compo-
nents. All computations can be made in a highly paral-
lel computational architecture. These methods also
allow image enhancement to be easily performed for
improved flaw visualization, and with negligible speed
reduction. It has been determined that high-resolution
three-dimensional flaw images may be generated and
that a commercially viable product could result through
development of a prototype real-time RNS processor.
The hardware is expected to be made up of 100-nsec bit
slice microprocessor components and large RAM stor-
age units. Such a processor would provide the NDE
community with a valuable new tool that could generate
significant improvements in real-time flaw visualization
of critical components encountered in nuclear power
plant inspection. Special inspection conditions, such as
multiple reflections and crack tip detection in the pres-
ence of corner reflecting effects, may be overcome by
modifying the functional form of the PSF. It is also
possible that semiautomatic flaw classifications could be
included in the process without significantly adding to
the computational burden. Based on the performance
estimates of the Phase-1 effort, this new image process-
ing system has the potential to acquire and focus the
equivalent of 145 A-scans per second, which translates
into an inspection rate of more than 1000 cubic inches
per minute for typical pressure vessel specimens. A
near-term prototype version can be fabricated, using
some disk memory to reduce risk and cost, with a thro-
ughput of 40 focused A-scans per second. This proto-
type design may be easily upgraded to the higher throu-
ghput rate for a future production model.

3.2.9 Design and Development of a Special
Purpose SAFT System for Nendestructive
Evaluation of Nuclear Reactor Vessels and
Piping Components (Ganapathy et al. 1985)

This technical report describes research work perform-
ed by the Ultrasonic Imaging Laboratory for the US.
Nuclear Regulatory Commission (NRC) in fulfillment
of NRC Contract No. NRC-04-75-182, “Ultrasonic Im-
aging Techniques for Real-Time In-service Inspection of
Nuclear Power Reactors.”
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The purpose of this multiyear contract (1980-1983) was
to develop a ficld-implementable real-time system based
on Synthetic Aperture Focusing Techniques (SAFT)
developed previously at the University of Michigan. To
accomplish this objective, the first year's effort was
spent on implementing improved display techniques and
analyzing potential bottlenecks in the development of a
ficld-implementable real-time system. The second
year’s effort concentrated on the detailed analysis of
processing requirements and initial design of a SAFT
processor. The results of the first two years’ efforts are
detailed in the NRC reports NUREG/CR-2154 (Octo-
ber 1981) and NUREG/CR-2703 (January 1983), re-
spectively.

The final year was devoted to the detailed design of the
special purpose SAFT processor and an overall design
of a field-implementable SAFT-UT system. The design
specifications were subsequently handed over to Gener-
al American Rescarch and Development, Incorporated,
as part of a subcontract to enable them to build a pro-
totype. This prototype was successfully fabricated by
late 1983 and met the overall objectives of the design.
This report, the third and final annual report, discusses
the design details and the results of the construction of
the SAFT processor and includes recommendations on
the other components of a ficld- implementable NDE
system based on SAFT.
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The work was performed in the Ultrasonic Imaging
Laboratory, Department of Electrical and Computer
Engincering, the University of Michigan, Ann Arbor,
Michigan. The project was performed under the tech-
nical direction of Prof. S. Ganapathy. The project
monitor was Dr. J. Muscara of the U.S. Nuclear Regu-
latory Commission.

This technical report covers work done primarily over
the period January 1, 1982, to September 30, 1983. The
details of this report are based heavily on the results
reported in carlier reports, primarily NUREG /CR-2154
and NUREG /CR-2703. Deiails of previous work on all
aspects of this research are available in one or more of
the following NRC technical reports:

NUREG-0007-1: January 1976
NUREG-0007-2: September 1977
NUREG/CR-0135: May 1978
NUREG/CR-0581: January 1979
NUREG/CR-0909: September 1979
NUREG/CR-2154: October 1981
NUREG/CR-2703: January 1983.



4.0 SAFT-UT Field System Operati..g Procedures

This section provides a general operating procedure for
the US. Nuclear Regulatory Commission (NRC) field-
usable Synthetic Aperture Focusing Technique for
Ultrasonic Testing (SAFT-UT) system.

The result of the PNL effort to develop a ficldable
SAFT-UT system is housed in three transportable racks
and consists of four functional parts: the host computer
(a VAX-11/730), graphics processing and display, data
acquisition, and real-time processor. A detailed hard-
ware description may be found in Appendix A of this
document. All of the SAFT software utilities refer-
enced throughout this section are described in detail in
The SAFT-UT Real-Time Inspection System - Operation-
al Principles and Implementation (Hall, Reid, and Doc-
tor 1988).

The focus of this section is on operating the SAFT-UT
ficld system. Each section will discuss a different as-
pect of the SAFT data acquisition and/or analysis.

Section 4.1 covers turning on the power, interfacing
with the data acquisition software, making preliminary
adjustments, and beginning a scan.

Section 4.2 deals with pulse-echo data acquisition. Tt
includes a discussion of things to consider when scan-
ning piping or thick-section vessels.

Section 4.3 gives detailed information about the three
available tandem configurations. Application of the
tandem configuration on piping and thick-section vessels
is also covered.

Finally, Section 4.4 provides an insight to both the
strengths and limitations of the SAFT-UT ficld system
as it pertains to the analysis of acquired SAFT data
sets. The logic used to analyze both pulse-ccho and
tandem images has been developed over the years and
1s a result of reviewing the large data base that PNL
has acquired. A description of the analysis logic is
provided.

The integrity of the data basc is important. No amount
of sophisticated processing will help the resultant image
if the data basc is of a low quality. One must always
pay close attention to details when using the SAFT-UT
ficld system to ensure that the mechanical scanner posi-
tioning, front-end analog adjustments, and file header
information are correct. It has been our experience at

4.1

PNL that the robust nature of the SAFT technique and
algorithm provides very high-quality ultrasonic imaging,
and that the majority of erroneous interpretations have
been due to errors made during the data acquisition
phasc.

Consequently, this section will lay out a procedural for-
mat that can be followed by new SAFT-UT users to
provide them with the information necessary to acquire
and analyze SAFT-UT data.

4.1 Getting Started

This section provides the user with background infor-
mation that should be read prior to actually operating
the SAFT-UT ficld system. It then goes on to explain
how to turn on the system, interface with the data
acquisition software, and make preliminary adjustments
to the SAFT-UT equipment. Everything necessary to
set up a particular scan configuration and collect SAFT
data is covered. Figurz 1.1 piovides a picture of the
SAFT-UT ficld system ident*fying switches, knobs,
and/or modules by a number. Each function is subse-
quently described in this section. As each switch, knob,
and/or module is described, a number in brackets (e.g.,
<1>) corresponds to one of the numbers in Figure 4.1,
so the reader can casily ideniify the physical location.

4.1.1 Background Information

To operate the SAFT-UT field system properly, one
must have a basic understanding of the SAFT philoso-
phy and scanning conventions that are used. Figure 4.2
graphically shows the scan conventions assumed
throughout the SAFT software set. The Z axis repre-
sents depth into the material with the axis origin locat-
ed at the surface of the material; the deeper into the
material, the larger the value of Z.

The X axis is the scan axis at the surface of the materi-
al and is normally perpendicular to the wall being
scanned. The Y axis is the increment axis and is paral-
lel to the weld being scanned. The scan mechanism is
assumed to have

1. traveled in the positive X direction while collect-
ing a planc of data

2. incremented in the Y direction
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3. scanned back to the onginal position of X without
collecting data

4. againo traveled in the positive X direction collect-
ing the next plane of data.

It is gssential that the data file A-scan records be or-
dered in this manner. An A-scan record consists of a
predetermined number of points describing the rf wave-
form along the Z axis. SAFT utilitics have been devel-
oped to transform data that have been acquired with
different axes orientations,

For angle-beam applications, care must be taken to
conform to the incident angle convention. Universally,
the wutilities expect the transducer to be tilted along the
X (scan) axis and in the negative direction, as shown in
Figure 4.2, If the transducer is tilted so that the sound
ficld precedes it, then this is considered a negative inci-
dent angle. In most applications, the incident angle will
be negative. Again, SAFT utilities have been developed
to transform data that has been acquired using a posi-
tive incident angle.

4.1.2 Power-Up and Log-On Procedures

Ensure that POWER SWITCHES <1,234> (no par-
ticular order) are in the ON position and that the DC
PWR <5> and CLK <6> buttons are depressed. Two
more power switches must be ON; the first is located at
the rear of the DISK DRIVE <7> unit, and the sec-
ond is located at the rear of the DEC-11/23 <8> mi-
crocomputer. Each of the alorementioned switches is
normally left in the ON and/or depressed position.

Turn on the main power to the DATA ACQUISITION
RACK <9> by switching the MAIN POWER
SWITCH <10> to the ON position; observe that the
RUN <11> light is lit, indicating that the DEC-11/23
microcomputer is on line. Turn on the power to the
host VAX and the rest of the SAFT-UT field system by
turning the MAIN POWER KEY SWITCH <12> o
the LOCAL position. Depress the RUN/STOP <13>
button to bring the disk drive up to speed (observe that
the READY < 14> light is lit after the disk drive co-
mes up to speed). The DEC-11/23 microcomputer is
now ready for the user to log on and for the host VAX
to be booted.
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The terminal, connected to the data acquisition rack,
should now be prompting the user for a date entry
(Figure 4.3-remcember to include any dashes or colons);
enter the date using the prompted format (dd-mmm-
vy). Next, the uscr is prompted for the time (Figure
4.3); enter the time using the prompted format
(hh:mm:ss). Once the user has entered the date and
time, a period appcars on the terminal; this is the
DEC-11/23 microcomputer prompt symbol. The user
is now in the RT-11 operating system enviromaent and
may perform any of the allowable RT-11 commands.
SAFT data acquisition is controlled by the DEC-11/23
microcomputer, which performs the executive function;
it monitors and supervises the scanner stepper motor
controllers, data digitization, delay gate generator, and
position encocer circuitry. Storage and interface func-
tions, with respect to communication with the field host
analysis computer (the VAX-11/730), are also con-
trolied by the microcomputer. The data acquisition mi-
crocomputer software serves as the operator interface
for the realtime mode of operation. A menu-driven
format is wsed to ensure that the user will correctly
enter, prior to the scan, SAFT parameters that arc used
to process the raw data file.

The host VAX needs to be booted. Press the return
key on the terminal connected to the host VAX (con-
sole port); the prompt symbol ( > > > ) should be seen.
Type, > > > B_<return> to start the booting process.
Upon successful completion of the boot process, the
termina! should be prompting the user, "PLEASE EN-
TER DATE AND TIME (DD-MMM-YYYY
HH:MM)." Enter the date and time in the promoted
format and press the return key. Some initial programs
will run and then the final message "The
PNL_SAFT_FIELD_VAX VAX-11/730 system has
been rebooted” will be presented to the user. The
SAFT-UT ficld system is now ready to use. The user
must invoke the data acquisition software that will
prompt the user for information to begin collecting,
processing, and displaying data.

4.1.3 Initiating the Data Acquisition Soft-
ware

A command file named "SCAN," exccuted by typmg

LaSCAN <return> (Figure 4.3), places the user in the
SAFT data acquisition program. Figure 4.4 presents

what the user will see next on the terminal. The user is



first prompted to select the transducer configuration. A
variety of common scanner configurations are presented
to the user, cach with various standoff options. The
appropriate respon:~ * to type >(a number, 1 through
$) <return>. Next, the user is prompted to select the
scan axis to be used (Figure 4.4; pulse-echo configura-
tions only); type >(1 or 2) <return>. Finally, the user
is prompted to enter if this scan is to straddle (trans-
ducer scanning from the side opposite the scanner
location) the object plane or not. This entry is neces-
sary to ensure that the scan axis will be directed to
travel in the correct direction to collect data in the
standard SAFT format; type, > (Y or N) <return>.
Figure 4.5 presents what the user would see if a tandem
configuration were sclected.

The user is now presented the menu in Figure 4.6,
which allows (1) viewing the header parameters, (2)
editing the transducer characteristics, (3) editing the
matcnial characieristics, (4) modifying the sampling
data, (5) modifying the scan parameters, (0) continuing
to the next meny, and (-1) modifying the configuration
mode. Each option may be exercised by selecting the
appropriate code, > 3 -1) <return>.

4.1.4 General Header Requirements

If the user types »1_<return>, the complete header
information is viewed on one screen, as shown in Figur-
¢ 4.7 (pulse-ccho configuration) and 4.8 (tandem config-
uration).

The transducer header information (Figure 4.9) consists
of items such as transducer frequency, standoff criteria,
angle of incidence, full beam angle, and beam entry
diameter. Parameters such as the refracted angle and f
number are caleulated from the header information.
Frequency, entered in megahertz, is used for reference
only and has no ¢ffect on the outcome of the processed
image. However, the standoff height and velocity affect
the initial delay, which determines the depth along the
sound path where digitization begins. The standoff
height is entered in inches, and the standoff velocity is
entered in inches per second. An error in the entry of
these parameters will result in the initial delay (period
of time from the initial pulsc to where digitization of
the rf waveform begins) being incorrect. An error in
the initial delay may result in
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*  not digitizing the arca of interest
«  an error in the actual starting depth.

An error in the actual starting depth affects the correla-
tion of the data when the SAFT algorithm is applied.
The resulting processed image would most likely be of
poor quality. The incident angle is the angle of the
central ray (before entering the material) relative to an
imaginary linc perpendicular to the near surface of the
material under test and is entered in degrees. If the
sound ficld precedes the transducer as it is scanned,
then the angle is negative. Errors in the incident angle
will affect the initial delay and the resulting image in
the same way as errors in the standoff parameters. The
full beam angle, also entered in degrees, will affect only
the processed image. It determines the size of the
synthetic aperture to be used when SAFT processing is
performed. A calculated value may be entered initially
using Equation (4.1) for a small-diameter, flat piston
radiator:

Full Beam Angle = sm‘—qs‘;A

where: A

the wavelength in the material given in
inches (of the transducer’s center fre-
quency)

d = the diameter of the transducer element
given in inches,

Most likely, the full beam angle will be altered later
using the DEDIT (Hall, Reid, and Doctor 1988) utility
and a new process file generated. Typically, small
beam angles are used initially to reduce the processing
time and larger angles are used later if a highcr image
quality is desired. Beam entry diameter, in inches,
affects only the processed image and is normally zero.
SAFT assumcs a synthetic aperture with a point source
at the beginning, expanding in the general shape of a
cone. Since the aperture is small at the near surface,
the number of off-center A-scans used during process-
ing is also small. The front surface echo is often very
large and degrades the near-surface image; one may
take advantage of the spatial averaging inherent in the
SAFT processing by entering a value for the beam entry
diameter (a diameter normally equal to one-half the
transducer clement diameter is entered). The effect on
the synthetic aperture used in processing is to create a
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cylinder with a diameter equal to the beam entry diam-
eter parameter that would extend into the material until
it intersects the normal aperture cone.

The material category (anure 4.10) includes specimen
velocity, thickness, and pipe radius. Material velocity
will affect the initial delay. Therefore, the start of the
digitization window will be incorrect if an error exists in
the material velocity entry. As with the standoff and
incident angle parameters, material velocity errors may
result in not digitizing the area of interest and/or poor
image quality. Material velocity is entered in inches
per second.

In the tandem configuration, both the material thick-
ness and the velocity will affect the position of the
image. Experimental results at PNL show the tandem
image integrity is not compromised when small errors
(up to *20%, assuming the arca of interest was digi-
tized) in thickness and/or velocity exist; however, the
image will be mispositioned within the image space.
For this reason, the pulse-echo images are relied on for
confirmation of the defect location. In the pulse-echo
configuration, the material thickngss, in inches, is used
as a reference only, indicating the near-to-far surface
extent of the scanned object. The pipe radius entry is
used as a reference value and is entered in inches. If
the object is flat, then "flat” is entered.

Sampling (Figure 4.11) includes items related to the
temporal sampling of the waveform; i.c., sample period
(entered in nanoseconds) and start/step of the sampling
window (entered in inches along the sound path).
Parameters such as the number of points and initial
delay are calculated from the header information.

Temporal sampling (sample period) is a very important
parameter in a SAFT-UT system and should always be
a minimum of one-fourth the wave-length period (ic.,
the wave-length period of 2.25 MHz is 444 nsec; a
temporal sampling of 100 nsec will provide at least four
samples per cycle). Generally, the image quality im-
proves as the temporal sampling is increased. The
sample period may range from 500,000 to 50 in a 5,2,1
sequence. A sample period of 30 nsec (primarily used
for frcqucncics of S MHz and greater) may be achieved
by removing the cable from the LeCroy 8501 Program-
mable Clock <15> clock 1 output jack (the other end

of the cable is connected to the Programmable Pulse
Divider <16>) and connecting it to the clock output
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jack of the Lecroy TR8837F Transient Recorder <17>.
An entry of 30 nsec is then entered for the header

sample period. One must remember o switch the
cable back to the external clock if sample periods other
then 30 nsec are desired. The start sampling point is
entered in inches along the sound path in the material
and marks the beginning of the d:puutlon window.
The stop sampling point is also entered in inches along
the sound path in the material and marks the end of
the digitization window. If the digitization window is
not adequate, aperture limiting will occur and system
resolution will degrade.

Finally, lateral gcan parameters (Figure 4.12) are dis-
played. Default values are 'milially presented. All of
the scan parameters are entered in inches. The initial
receiver X relative to the weld center entry is for refer-
ence only. This entry places an arrow (when the image
is viewed with one of the graphics utilities) where the
weld center or some other reference line should be
relative to the image space. In the tandem conﬁguu-
tion (Figure 4.13), one additional scan entry is the
transmit X relative to the initial receiver X and is mea-
sured from the center of each beam entry point. This
entry is gritical in tandem configurations; an error will
result in poor image guality. In the tandem configura-
tion, the number of transmit 1/2 vees to the object
plane are also displayed for reference information. The
scan increment: XY axes, X scan length, and Y scan
lgngth are straightforward entrics. However, in a
SAFT-UT system, ore must remember that the X and
Y increments are the spatial sampling parameters and
generally sh~uld ve no greater than one wave-length in
the material under test. As the spatial sampling be-
comes more dense, the image quality typically improves.
Physical aperture limiting may occur if the X and Y
scan axes lengths are too small. Often, aperture limit-
ing (physical or synthetic) results in the edges of the
image being poorly defined.

In general, the header entries should be made with
great care. A wrong entry could produce erroneous
results; however, mistakes may be corrected later using
the host computer DEDIT utility. Often the correct
values are not available if much time has passed since
the data was collected.

At this time, some preliminary hardware settings need
to be verified before a "0" is selected to present the next
menu. Specific setup considerations for pulse-echo and



tandem configurations will be addressed in the sections
reserved for each configuration. The remainder of this
section will address the preliminary settings and/or
adjustments of the Pulser/Driver, Mode Selection, and
Time Variable Gain (TVG) modules. Beginning a
scan, data acquisition software entry points, and system
shutdown procedures will also be addressed.

4.1.5 Pulser/Driver Setup

Before selection 0" (Figure 4.4) is entered and the
Command Sclection Meny in Figure 4.14 presented, a
manual repetition rate must be selected. When in the
command selection menu, the digitizer is read each
time the return key is pressed. If no repetition rate is
selected, no sync pulse is provided to the digitizer, and
the DEC-11/23 microcomputer is in an endless wait
loop with nothing else happening. The Pulser /Driver
<21> provides four preset repetition rates that may be
selected by pressing the button directly below the series
of light-emitting diodes (LEDs) labeled "REP RATE "
With cach push of the button, a new repetition rate is
sclecied. The upper LED indicates "REMOTE." In
the remote position, the repetition rate is provided by
the Programmable Pulse Divider <16> module when
cach scan increment value is reached. To the right of
the bottom LED is a screwdriver-adjustable potentiom-
eter that allows the repetition rate to be set to a user-
specified value,

A range of pulse widths is available and may be select-
ed by pressing the button to the right of the repetition
rate selection button. Each time the pulse-width button
is pressed, the corresponding LED lights to indicate the
range selected. The adjustment just above the pulse-
width selection button is for fine-tuning the pulse width
to produce a peaked symmetrical echo when looking at
the TVG amplifier output.

4.1.6 Mode Selection

Mode selection is accomplished by pressing one of four
pushbuttons on the Mode Selection Module <18>.,

The upper button sclects the front transducer for pulse-
echo mode. The next button selects the rear transducer
for pulse-echo operation. Tandem configurations are
selected by pressing the third button for a front-source
and rear-receive transducer, or the fourth button if a
rear-source and front-receive transducer is desired.
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When power is first applied, the SAFT-UT system
defaults to the tandem mode with the rear transducer
being the source and the front transducer being the
receiver,

4.1.7 Time Variable Gain Setup

Both the TVG amplifier "RF oulpul and "'DC ramps
may be viewed on the

<20>. Channel 1 of the oscilloscope monitors the
TVG amplifier output, and the sensitivity should be set
to 0.1 V per division. The input to the digitizer accepts
a 0.5-V peak-to-peak signal. Channel 2 of the oscillo-
scope monitors the TVG ramp and the sensitivity
should be set to 1 V per division. The TVG ramp
varies from 0 to 5 V. The Time Variable Gain Amplifi-
gr <19> may be used to compensate for material
attenuation and/or reduce the front-surface echo
(pulse-echo configuration). Normally, a calibration
block with defects at various depths is used to adjust
the slope of the TVG amplifier to obtain equal ampli-
tude echoes. The upper pair of adjustments control the
slope starting time relative to the initial pulse and the
initial gain. Each of the next three pairs of adjustments
allows a complex TVG slope to be set. Each pair ad-
justs the slope segment starting time relative to the end
of the previous slope segment and the gain of that
segment. The final gain is controlled by the bottom
adjustment. When a scan is beirg set up, a flat gain
should be used to find the echoes of interest. Then, a
TVG slope may be set using calibration block echoes to
determine the gain slope of the TVG amplifier.

4.1.8 Beginning a Scan

To proceed to the command selection menu, ensure
that & manual repetition rate is selected and type >0
<return>. The initial delay is shown (Figure 4.15), and
the user is given the opportunity to enter a different
value. CAUTION: This value determines where along
the sound path (usually the standoff time plus the de-
sired depth in the material) digitization will begin, and
erroncous results may occur if this value is incorrect. If
the user does not wish to change the initial delay, the
return key should be pressed. The header is presented
(Figure 4.16) one last time so it may be checked.
Pressing the return key again presents the anmmd

Selection Menu shown in Figure 4.14. This menu is
intended primarily to allow the user to reset encoders,
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position the scanner, set gains, and verify signal integri
ty. Alfter placing the scanner in a reference location
the user may then select "RS" to reset the encoder
counters and establish a "home"” position. Precise
movement of the scanner may then be performed by
sclecting "X1," "X2," or "Y" (Figure 4.17) depending on
which axis the user wishes to reposition. Each time a
selection s made, the information at the top ol the
screen (Figure 4.14) is updated. This information is
related to the actual digitized waveform and scanner
position. Pressing the return key will digitize a new
wavelorm at the current location of the scanner. Al
this time, the user may view the oscilloscope that dis
plays the digitized signal 1o verify expected echo timing
d:)«.f Sigt .|| gain
I'he user may sclect a simple "help” facility from this
menu by entering "HE Also, the header parameters
may be viewed by selecting “V1," or control may be
passed o the previous menu by selecting "CM" (change

menu) or "CS" (change to scan parameters)

When the operator is convinced that the parameters are
correct and the scanner 1s positioned (o begin a scan
the "SC" (scan) option is selected and control is passed
to the menu shown in Figure 4.18. The user must now
decide if the data acquisition system is to transfer the
collected data to the host VAX-11/730 computer direct
ly or store it on the local disk drive. Normally, the data
1s transferred directly to the host VAX., However, if
the data acquisition system is being operated in a stand
alone mode, then local storage would be selected. |
transfer to the host VAX s selected, a virtual terminal
program 18 invoked, making the DEC-11/23 microcom
puter emulate a terminal and connecting the u
VAX host computer. Figure 4.19 shows what the
would see on the terminal screen. It provides the user
with some cues about what to do next. If the user has
not previously invoked the virtual terminal program
Run V1
turn > ), the user name and password must be
I'he "$" 1s the VAX VMS prompt symbol. Once
appears, the user 1s in the VMS operating system eny

may be invoked stand-alone by tyy

ronment and may invoke any of the VMS commands
utilitics. To begin a scan, the user must firs

default directory in which data will be st

the VMS change directory format; i.c., type

fault [directory tree] <return {

be created, type $ greate/directo

return>. The Scanrd progra

then be started by typing $§ SCANRD <return>. This
command invokes the SAFT data collection utility on
the host VAX. It prompts the user to determing if an
existing data file will be used as the input or the data
acquisition system will provide the input; it also asks if
concurrent processing and graphics will be used. Pro
cessing and analysis of the images may take place after
the data is collected. If concurrent processing is de

sired, further parameter input is necessary

Figures 4.21 and 4.22 are presented on the terminal
when concurrent processing is selected. The user is
prompted to enter a number of processing parameter

Processing parameters determing

it envelcpe detection of the processed file will oc
cur (smoothing of the processed data by removing

the high frequencies

what (hl;-hx‘sd valuc will be used (only data val
ucs equal to or greater than {s;iul;\! decibel
level] of the maximum value will be processed)

If a value falls below

the normalization modc¢
the threshold value, either 0 or the raw value will
be used: and if the point 1S processe d, it wall be
divided by one of the following: a) number of off
center values that were summed, b) a constant, or
¢) the square root of the number of off-center
values that were summed. Each normalization
'

option also prowvides the choice of substituting

zero or the raw data value for data not processed

data sampling adjustment: no, automatic, or man
ual sampling adjustment - The automatic sampling

tion adjusts the Z axis increment of the output

I
file to be equal to the and Y axes. Therefore
} ated. Manual

sampling provides the user with a method of set

1 1
smalicr ‘.", CSSE
I Al FOCC (

ting the X, Y, and Z sampling reduction value

Le., alter selecting option 2 (Figure 4.23 for manu
al sampling adjustment), an entry of 2 for the Z
and the X, Y axes would reduce the data used
during processing by a factor of 2. The Z axis

may be reduced; an entry of 2

the utpul file by a




. Finally, the user may select 1o process beyond the
far surface; if "Y" is entered, processing will occur
to data that lics beyond the path time to the far
surface.

At this time, if a tandem configuration is chosen, some
edditional processing parameter queries will appear.
Refer to Section 4.3.4 (tandem processing parameters)
before continuing.

To invoke concurrent graphics, one simply types Y_<re-
lurn > in answer to the prompt shown in Figure 4.22.
At this time, control is transferred back to the DEC-
11/23 microcomputer.

Figure 4.24 shows the final menu in the sequence. Two
lines of comments may be entered bv the operator
related to the particular scan being peiformed. These
comments will become a permanent record in the data
file. The desired scanner speed is queried next--a 0 will
invoke the default speed value or the user may specify a
new value in inches per second. With each stroke of
the scanner, the speed is automatically adjusted until
the desired scanner speed or the maximum speed rela-
tive to the data acquisition loop is achieved.

Finally, the data file name is entered; i.¢., x0000000x if
the data file is to be created on the data acquisition sys-
tem or xoo00000xxx if the data file is to be created on
the host VAX. Automatic scanning begins.

Al this time, the scanner is told to travel a specified
scan-axis distance. At specified increment intervals, the
remote pulser is triggered. After the initial delay peri-
od, the transient recorder digitizes the analog signal and
this waveform is stored in memory. At the end of a
single scan or stroke, the full scan length of data is
transferred to the host computer while the scanner is
returning (data is taken in only one direction). If con-
current processing and data display are selected, the
host computer will begin processing each scan line of
data and present an imuge on the graphics display when
the number of scan lines of data collected equal half of
the synthetic aperture width. The user may view the
image while scanning is in progress.

The preceding is a description of the menu sequence
used to initiate a typicai SAFT scanning process. The
menus have been designed to provide a logical
sequence to help the user define all the necessary
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SAFT-UT parameters. Collecting data can be a time-
consuming and difficult task. Therefore, a little extra
time spent ensuring header parameters are correct may
preclude repeating data collection,

4.1.9 Data Acquisition Software Entry Points

The data acquisition software is actually a chain of pro-
grams, and program entry may be at a different link in
the chain than the beginning. The sequence of events
will occur normally from the point of entry. There are
five main program entry points:

. SCANMN (1o exccute, type .run scanmn
<return>)

. QUERY (1o exccute, type .run guery <return>) |

. SCANMU (to execute, type .run scanmu
<return>)

*  SCANVT (to exccute, type run scanvi <relurn>)

*  SCANPT (to execute, type .run scanpt <return>).

A virtual terminal program called VT may be run (type
qun VT <return>) to communicate with the host
VAX; however, do not attempt to run SCANRD on the
host VAX because the serial interface does not get
initialized properly. The user must run the SCANVT
program to initialize the serial interface; SCANRD may
then be invoked on the host VAX.

The user must remember that when the data acquisition
program is entered at other than the beginning entry
point, previously specified parameter values will be used
for that part of the software that is by-passed. This at-
tribute is desirable if the user is doing multiple scans
that have identical parameters.

4.1.10 System Shutdown Procedures

If the field system is to be powered down after use,
type CNTL P_<return> on the terminal connected to
the host VAX. The user will see the system prompt
symbol ( >>> ); type >>> H_<return> to halt the
host VAX, Press the RUN/STOP <13> button to
spin down the disk. When the READY <14> lamp
goes off, the SAFT-UT field system power may be shut
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off using the MAIN POWER SWITCH <10> and the
MAIN POWER KEY SWITCH <12>.

Sections 4.2 and 4.3 will address configuration-specific
details, and Section 4.4 will discuss image analysis.

4.2 Single Transducer Pulse-Echo Op-
eration

A single transducer to transmit and receive the sound
wave is the fundamental configuration used with the
SAFT-UT field system; i.e., the same transducer used
to generate the sound ficld in the material under test is
also used to receive the return echo. A rectilinear
pattern is obtained by incrementing the scanner one
increment at the completion of each stroke of the scan-
ner.

This section will discuss the various uses of the pulse-
echo configuration and how to apply that configuration
to piping and/or thick-section vessels.

4.2.1 Pulse-Echo Configurations

When the central ray of the transducer’s sound beam is
perpendicular to the material under test, the inspection
1s referred to as a normal-beam inspection. If the
central ray of the transducer is not perpendicular to the
material under test, then it is referred to as an angle-
beam inspection.

A normal-beam inspection may be performed by using
a focused transducer, housed in a waier column (Figure
4.25), wiith the focal point of the transducer placed at
the ncar surface of the object. This placement produc-
es a diverging field of sound within the material under
test. Volumetric defects, geometrical conditions, and
evea weld location may be imaged using the normal-
beam configuration. Application of the SAFT process-
ing to the raw data sct focuses the entire volume, not
just a single planc as with conventional methods.
Therefore, a single normal-beam inspection may reveal
a multitude of information about the material under
test.

An angle-beam inspection is performed if the defect
presents a small cross-sectional arca when a normal-
beam inspection is performed (such as cracks). Often,
many different refracted angles are tried (if the actual
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orientation of the defect is not known) before the opti-
mum inspection angle is found. The desired scenario is
for the central ray of the transducer to be normal to
the defect, producing a higher-amplitude echo and
yiclding the best signal-to-noise ratio. If a focused
transducer is to be used, the focal point is placed at the
ncar surface. A water column is used to provide the
proper standoff and the coupling of the sound wave into
the material. The water column is tilted at an angle to
provide the desired refracted angle of the sound field
within the macerial. A small-diameter, contact trans-
ducer may also be used for angle-beam inspections by
using a Lucite wedge 10 provide the proper incident
angle (Figure 4.26) and an ultrasonic gel to provide the
coupling of the sound wave into the material. Typically,
shear waves are generated in the material, although
longitudinal waves are sometimes used when investigat-
ing cracks to enhance the tip-diffracted echo. Tip-dif-
fracted echoes are very weak when compared to the
high-amplitude, corner-trap echo (the corner-trap echo
is from the intersection of the crack and the far surface
of the material) and are difficult to distinguish from
acoustic noise. Longitudinal waves produce a lower-
amplitude echo from the corner-trap, making the tip-
diffracted echo more distinguishable because it has
similar amplitude. Because of the nature of the pulse-
echo algorithm (direct path to the defect), thickness
and velocity errors have a minimum effect on the loca-
tion of the defect within the image space. Therefore,
the pulse-echo configuration is relied on for defect
detection and location.

One may use any of several pulse-echo configurations
to characterize a material under test, profiting from the
full-volume focusing and spatial averaging that a SAFT-
UT system provides. One of the most common applica-
tions of SAFT-UT has been imaging cracks associated
with welds that join two sections of pipe together. The
next section describes the procedures commonly used
by PNL staff to collect data on pipe sections with the
SAFT-UT field system.

4.2.2 Piping Considerations

Piping comes in many different diameters and thick-
nesses. The primary problem one encounters with any
piping is the counterbore cut normally done to pipe
when preparing to weld two sections together. Other
problems include coupling the sound into the material,



physical alignment of the scanner, and physical dimen-
sions of the pipe.

Often, echoes from the geometry of the counterbore
arc interpreted as cracks. One may use the normal-
beam image to profile the far surface of the pipe, iden-
tifying possible geometrical conditions created by the
counterbore or other weld preparation procedures.
SAFT is particularly affected by counterbore problems
due to the large physical aperture scanned and the
divergent nature of the sound within the material.
Return echoes from the far surface, to the defect, and
back to the receiver will not bz the path length expect-
ed if the counterhore is very severe. Image quality may
degrade because SAYT assumes that the near and far
surfaces will be parallel. Normal-beam scans arc a
must when scanning pipes to determine the severity of
the counterbore.

Near-surface shrinkage in the arca of the weld is com-
mon when pipe sections are joined by a weld.  Shrink-
age of the near surface may add to the already difficult
problem of coupling the sound into the material. Cou-
pling is always a problem but cven more so when scan-
ning a pipe, because often one must scan the pipe in a
position other than horizontal. PNL has favored miner-
al oil as a couplant/lubricant. Ultrasonic gel adheres
better when the pipe is vertical or overhead. Thercfore,
the gel is the usual choice in these situations. The
pressure applied to the wedge or water column also
plays a part in how well sound is coupled into the mate-
rial; too much pressure and the wedge or water column
tends to act as a squecgee, reducing, or in some cases
totally climinating, coupling of the sound into the mate-
rial. Plastic wedges should be arced to conform to the
pipe curvature, and grooves may be filed into the front,
back, and sides to improve the flow of the couplant
under the wedge, reducing the chances of the wedge
acting like a squeegee.

Accurate location of a defect is dependent on the care
taken to enter valid header information and the physical
set up of the scanner. Typically, the types of defects
one looks for in piping are cracks that lay along
circumferential welds. Defect location is relative to a
circumferential scribe reference line, usually describing
the center of the weld (the normal-beam image helps
certify tias assumption). Care must be taken when
making measurements from the transducer to the seribe
line; all measurements should be taken from the central
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ray, where it enters the material under test, to the
scribe line. Access to cach side of the weld may be
limited. Often, data is taken on the far side of the weld
with the scanner track siiting on the near side of the
weld. In this case, the transducer "straddles” the weld
and is looking back toward the scanner. Straddling the
weld is more convenient because the scanner and the
track nced not be moved. Only the transducer holder
is rotated 180°, which is a simple process One must al-
ways check that there is enough “throw” in the scan axis
to allow a sufficient physical aperture to be scanned; if
not, the scanner track may nced to be moved closer to
the weld center line.

The size of the piping is also important when consider-
ing SAFT-UT. A small radius pipe presents two prob-
lems. First, the radius of the pipe creates an error
between the desired distance to be moved and the
actual distance moved along the circumferential axis.
The mechanical scanner must always be calibrated
along the circumferential axis by moving the scanner
along the Y axis, under program control, a predeter-
mined distance (usually 6 in. [15.2 em]). Verify the
actual distance moved and edit the AMAPS.SCN file to
reflect the correct counts per inch needed for both the
Y-axis steeper motor and encoder. Equation (4.2) may
be used to determine the corrected counts-per-inch
value.

corrected counts -per-inch _ predetermined distance
existing counts-per -inch actual distance moved

Second, the pipe thickness may be a problem. SAFT
uses a divergent sound field, as previously mentioned,
and the aperture is very small at the near surface.
Therefore, not much focussing takes place near the top
of the aperture cone. Thin materials inherently limit
the aperture size so focusing is limited. One may still
take advantage of the spatial averaging inherent in the
SAFT processing algorithm when a thin-section materi-
al is scanned. SAFT resolution performance improves
as the thicknesses of the material increase, permitting a
larger physical aperture.

4.2.3 Thick-Section Considerations

Thick-section materials such as steel pressure vessels
are well suited for a SAFT-UT system. The physical
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size of the divergent sound ficld is more than adequate,
plus usually fewer obstacles prevent scanning of a large

spatial aperture. One does nced to be mindful of atten-

uation problems and large data files.

Altenuation problems may be overcome somewhat by
setting the TVG amplifier ramp (sce Section 4.1.6).
The “F number” (transducer diameter to focal length
ratio) of the transducer selected should be reasonable.
Too low an "F number” may result in a poor signal-to-
noise ratio, and too high an “F number” will limit the
physical aperture. Experience at PNL has shown that
an F4 transducer is a good compromise for most thick-
section work,

Large dzta files become very cumbersome to handle
when applying any of the SAFT utilities; for this reason,
data files should be kept to @ manageable size. When a
scan is first set up, being conscientious of the spatial
aperture dimensions, digitization window, and sampling
density will minimize the file size. Once a defect is
localized, a finer grid scan may be performed. Typic-
ally, data files greater than 10,000 blocks (1 block =
512 bytes) should be avoided. The data file size is
calculated and displayed (Figure 4.24) prior to begin-
ning a scan. A control C at this point will abort the
scan if the user wants to change some of the parame-
ters to obtain a smaller file size. Equation (4.3) may be
used to calculate the data file size.

File size in blocks = 2.2 0) * & +32)

512

where: x = number of points in the X dimension
(X length/X increment)

y =  number of points in the Y dimension
(Y length/Y increment)

z = number of points in the Z dimension

(refer to Section 4.1.3 under sampling).
The extra 32 bytes per A-scan are for
header records

Although the pulsc-ccho configuration is reliable, am-
biguous results may be obtained; i.¢., a volumetric
defect above a surface imperfection may look like the
tip-diffracted echo from a deep crack. Figure 4.27
presents a comparison between a pulse-echo image and
a tandem image of a 0.3-in.-deep (0.8-cm) semi-circular
sawcut in a 0.6-in.-thick (1.5-cm) aluminum coupon,
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The tandem image is clearly easier to interpret. Accu-
rate pulse-echo vertical measurements are difficult
because of the clusive nature of the tip-diffracted echo.
The tandem configuration was implemented to elimi-
nate the ambiguitics present in the pulse-echo configu-
ration and to improve the sizing of vertically oriented
planar defects.

4.3 Dual-Transducer, Tandem Opera-
tion

A single-transducer, pulse-echo configuration works well
for location and detection of a defect but may provide
ambiguous results. The tandem configuration reduces
the ambiguitics and improves sizing of vertical defects.
Three tandem configurations have evolved (TSAFT,
TSAFT-2, and TSAFT-3), and each new configuration
has improved the capabilitics of the SAFT-UT ficld sys-
tem.

4.3.1 Tandem Configurations

Fundamentally, tandem SAFT, or TSAFT, consists of a
fixed transmitter placed in line with, or in tandem with,
a scanned receiving transducer (Figure 4.28). The
transmitter is placed such that the divergent sound
beam illuminates the primary object area. The receiver
is translated to receive the direct energy reflected from
the defect area. At the completion of each pass of the
receiver, the scanner is incremented so that a rectilinear
pattern is obtained. Physically the transmitter must be
positioned far enough behind the receiver to not aper-
ture-limit the receive transducer (receiver physically
running into the transmitter). Typically, the transmitter
is placed 3/2 vees back from the vertical object plane
(the central ray strikes the far surface, the near surface,
and the far surface once more before illuminating the
object plane [path 2 of Figure 4.29]), providing enough
room for the receiver to scan an adequate spatial aper-
ture. In the case of surface-connected defects (cracks),
the receiver is scanned over a larger spatial aperture so
that echoes from path 2 and path 3 (Figure 4.29) may
be received. When both paths are collected and pro-
cessing oceurs beyond the far surface, the result is the
real and the conjugate image (Collins and Gribble
1986). Because multiple bounces off the surfaces of the
matcrial are used in the TSAFT configuration, errors in
the material velocity and thickness affect the location of
the defect relative to the far surface and the illuminated



object plane. As with pulse-echo, severe counterbores
or other irregularitics in the far surface will degrade the
image quality through distortion of the sound fields.
Because of these variables, errors in vertical sizing
would occur if the far surface were used as a reference
to size the vertical extent of & surface-connected defect.
For this reason, sizing is accomplished by measuring the
extent of the real and conjugate images and dividing the
resultant value by two.

The TSAFT implementation does not uniformly illumi-
nate the vertical object plane, because the transmitter is
stationary with a limited sound field aperture (due to
transducer size and refraction effects) and the intensity
of each ray within the aperture is not constant. The
amplitude of the received echoes vary because of not
only the characteristics of the defect but also the inten-
sity of the sound field lluminating the defect. Depend-
ing on the thickness, some of the vertical image planc
might not even be illuminated. If a defect exists in an
arca not illuminated, it would go undetected. Vertical
sizing of defects was also influenced by the intensity
distribution of the sound field; deeper cracks were not
uniformly or fully illuminated, and the amplitude of the
upper structure would drop-off rapidly, causing one to
undersize the vertical extent.

A second implementation of tandem, called TSAFT-2,
provides a uniform illumination of the vertical object
planc. The central ray of the transmitter’s divergent
beam is always centered on the receive transducer by
scanning the transmitter synchronous but in the oppo-
site direction with the receiver. Since a more uniform
illumination of the vertical object planc is possible,
near-surface defects will be detected, and the vertical
extent of a defect will be accurately measured.

Thick-section materials inherently prohibit the use of
multiple bounce paths normally associated with TSAFT
modes; attenuation of the sound field becomes intolera-
ble. A practical solution is to limit the number of
bounces to one (before the sound strikes the vertical
object plane). Figure 4.30 shows the center ray paths
to the vertical object plane for a 1/2-vee TSAFT-2
configuration. The difficulty using TSAFT-2 in this
configuration is the physical limitations; i.c., the trans-
mitter can scan forward only until it hits the receiver.
Unfortunately, a portion of the real image (path 2,
Figure 4.29) and most, if not all, of the conjugate image
(path 1, Figure 4.29) is lost. Figure 4,31 shows the
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TSAFT-2 image (using 54° transmit and 47.2° receive
inspection angles) of a 0.7-in.-deep (1.8-cm) sawcut that
has been placed in the far surface of a 9-in.-thick (22.9-
cm) carbon steel block. The B-scan end view reveals
two weaknesses of this configuration. First, a portion
of the real image is missing; second, the conjugate

image is highly degraded.

A third tandem configuration, a special casc of TSAFT-
2 called TSAFT-3, was implemented for thick-section
vessels where it was not practical for the transmit trans-
ducer to be 3/2-vees from the vertical image planc due
to the long material paths attenuating the sound field.
TSAFT-3 overcomes the physical problems of TSAFT-
2, allowing the transmit transducer to be 1/2 vee from
the vertical object plane. The transmit transducer is
offset [when small Lucite wedges are used, the offset is
typically 0.75 in. (1.9 cm)] such that it passes by the
receive transducer in a side-by-side fashion as shown in
Figure 4.32. There are no provisions to compensate for
the offset distance between the transmit and receive
transducers; the long material paths from the transduc-
ers to the vertical object plane make the effect of the
offset negligible when small transducers are used. The
transmitter would initially start in front of the receive
transducer as shown in Figure 4.32(a); both transducers
arc scanned equal distances but, as is typical of the
TSAFT configurations, in opposite dircctions as shown
in Figure 432(b). TSAFT-3 provides all of the advan-
tages of TSAFT-2. In addition, it allows a shorter
material path (1/2 vee) to be used, greatly improving
the signal-to-noisc ratio in thick-section materials.

Figure 4.33 shows the positions of the transmit and re-
ceive transducers when they are toward the extremes of
the scanned aperture. Path 1 provides data for the
conjugate image, and path 2 data is used for the real
image. The real and conjugate portions of the defect
image may be observed simultancously by choosing to
process beyond the far surface during TSAFT-
2/TSAFT-3 processing. The vertical extent of a sur-
face-connected defect may be accuraiely determined by
measuring the full vertical extent of the image and
dividing the result by two. This technique reduces the
sensitivity of the vertical sizing measurements to varia-
tions in material velocity and material thickness, and
the location of the far surface relative to the image
nced not be known acor rately.
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Processing TSAFT-3 data requires manipulating three
data file header parameters; i.c., material thickness, the
number of transmit bounces, and the number of receive
bounces. If the correct material thickness is used, the
image space for TSAFT becomes too large to process.
The TSAFT algorithm processes the entire material
thickness; when processing beyond the far surface is
chosen, twice the maierial thickness is processed.

When dealing with thick-section specimens and the
TSAFT modes, it is necessary (o limit the depth range
that is processed and subscquently displayed. Figure
4.34(a) presents a typical TSAFT-3 setup, on a 9-in.-
thick (22.9 ¢m) steel block that has a 0.7-in.-deep (1.8-
cm)sawcut placed into the far surface. This setup will
be used as an example. In our example, the region of
interest is only the lower fifth of the material thickness.
Processing is selected to be beyond the far surface, but
limited in range as shown by the shaded arca in Figure
4.34(a). To accomplish this, a fictitious material thick-
ness value, equal to the original thickness divided by
five (1.8 in. [4.6 cm]), is entered into the file header
parameters using the DEDIT utility. If a different
region of interest were desired, the material thickness
could be divided by any odd number. The transmit and
receive paths are then "folded” as shown in Figure
4.34(b), to give equivalent material path lengths. The
correct number of transmit and receive bounces are
counted and entored into the file header parameters.
For our examplc the number of transmit bounces
would be 5 and the number of receive bounces would
be 4. An casy rule-of-thumb is as follows:

+  The number of transmit bounces will always be an
odd value.

»  The number of receive bounces will always be one
less and an cven value.

. The material thickness value (o be entered is the
truc material thickness divided by the number of
transmit bounces.

Once the necessary header modifications have been
made, the TSAFT-3 data file may be processed normal-
ly. Figure 4.35 shows the corresponding TSAFT-3
image of the identical sawcut shown in Figure 4.30,
Notice that the conjugate image is much improved and
that the full information is now available for operator
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interpretation. This technigue greatly improves imaging
of defects in thick-section materials.

432 Piping Considerations

Thin-wall piping does not present a long enough mate-
rial path; hence, the receive transducer’s aperture is
small when compared to the receive aperture in thicker
materials. If the transmit transducer is placed 5/2 vees
back from the object plane and the receiver is scanned
3/2 vees back, a larger aperture may be realized. This
technique is not always casy to implement if access to
the pipe is a problem or the weld has been overlaid.
As with the pulse-echo configuration, consistent cou-
pling of the sound ficld into the material is of primary
concern. Loth the aperture size and the coupling con-
sistency will affect the image quality. TSAFT-2 is the
best configuration to use on piping if space permits,
TSAFT may be used if space is a problem but should
not be relied on for sizing information. The TSAFT
configuration should be used only to resolve questions
about pulse-echo results that may be ambiguous.

A different technique must be used for thick-section
vessels. The long material paths encountered in thick-
section vessels may help the image quality by allowing a
large aperture to develop within the material; at the
same time, the longer material paths may attenuate the
sound ficld, decreasing the signal-to-noise ratio.

4.3.3 Thick-Section Considerations

Because of the large aperture present in thick-section
vessels, an improvement in the image quality should be
seen; however, a poorer signal-to-noise ratio is also
common when longer material paths are encountered.
Thick-section vessels do not lend themselves well to the
normal tandem configurations. Both TSAFT and
TSAFT-2 require the transmit transducer to be at least
3/2 vees back from the object plane so the receive
transducer will not collide with the transmitter when
scanning the spatial aperture required. The material
path would be much too long in a thick-section vessel if
the transmitter were placed 3/2 vees back from the
object plane (i.c., a 9-in.-thick [22.7-cm] vessel would
present a 51-in. [1.3-m] material path if a 45° reniacicd
angle were used). TSAFT-3 allows the transducers to
pass cach other in a side-by-side fashion; thus, a 1/2-
vee material path may be used to reduce the effect of



material thickness and velocity errors normally associat-
ed with multiple-bounce TSAFT configurations.

decause the transmit and receive transducers are
scanned simultancously (TSAFT-2 or TSAFT-3 configu-
rations), the path length to the defect remains constant.
For this reason, if the area of interest is known, the
digitization window does not need to be very large.

The total data file size may be greatly reduced by keep-
ing the digitization *vindow just large enough to encom-
pass the received echo over the entire aperture.

Some additional parameters need to be known before
processing tandem data files. The user is queried for
the processing mode and the number of transmit and
receive bounces before the object plane.

4.3.4 Tandem Processing Parameters

Additional processing parameters are needed when pro-
cessing tandem data files. Figure 4.36 presents the que-
ried format for the processing mode. The user must
enter a selection by typing >(AB.C, or D) <return>.
Typically, mode B is selected. If processing occurs
beyond the far surface, provided a large enough spatial
aperture is scanned, a real and conjugate image will be
seen when the processed file s viewed. Processing
modes other thar B are intended for experimental use,
and the resultant processed files may contain erroneous
results,

Except in the case of TSAFT-3, tandem data acquisition
usually requires that the energy field bounce off the
far- and near-surface interfaces one or more times
before striking the object plane. After striking the
object plane, the energy may again bounce off the near-
and far-surface interfaces one or more times before
being received. The number of bounces for both the
transmit and receive transducers are parameters that
must be entered prior to processing a tandem data file.

Figure 4.37 graphically presents examples of 3/2- and
5/2-vee transmit paths. The user enters the number of
transmit bounces prior to the object plane by typing
>(NUMBER OF TRANSMIT BOUNCES) <return>.
Figure 4.37 also presents examples of 0/2- and 2/2-vee
receive transducer paths, As with the transmit trans-
ducer, the user enters the number of bounces prior to
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the object plane; ie., >(NUMBER OF RECEIVE
BOUNCES) <return>.

Collecting tandem data 1s similar to collecting pulse-
echo data, except tandem data should not saturate.
The edges of a processed image will be bloomed if the
signal is allowed to saturate, and sizing errors will re-
sult. Tandem data is more sensitive to material thick-
ness and velocity errors than pulse-echo data (see Sec-
tion 4.1.3) because of the multiple vee paths normally
used. Accurate values should be used for these header
parameters.

Both the pulse-echo and tandem processed data files of
an area of interest need to be analyzed prior to making
any decisions about the character and size of possible
defect indications.

4.4 SAFT Data Analysis Techniques

SAFT data analysis techniques have evolved over the

course of several years as a direct result of reviewing

the large, diverse data base that has been acquired on
an extensive range of specimens and defects.

4.4.1 General Information

An understanding of the material properties, geome-
tries, and defect characteristics is a must before one can
properly analyze a processed data file. The material
properties include the material thickness and sound
velocity, while the geometries include the shape and near-
and far-surface profiles. SAFT processing assumes flat
parallel surfaces and homogencous material. Devia-
tions from these conditions may affect the position of
indications within the processed image or the image
guality. Studies have been compieted showing the
effects of velocity and thickness errors on TSAFT-2
images. A 0.3-in.-deep (0.8-cm) vertical sawcut in a flat
aluminum coupon was used as the target. Figures
showing the results are referenced and described in
Section 4.4.3.

In general, the procedure used to size an indication
(pulse-echo or tandem) is as follows:

1.  Enter the APLOT utility (Hall, Reid and Doctor
1988) by typing APLOT |FILENAME] <RE-
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TURN>. The prompt symbol will change to
<APLOT>.

Box the indication in both the XZ and YZ views
using the following command sequence:

<APLOT> plang xz
<APLOT> plot

<APLOT> box
(At this point, select corner #1 by placing
the curser in the desired location and press-
ing the enter switch located on the remote
curser control. Repeat the process for cor-
ner #2.)

<APLOT > plot

<APLOT> plang yz

<APLOT> box
(Repeat the aforementioned procedure.)

<APLOT> piot

This allows the image to be normalized by the
maximum value of a single indication. Because a
-6-dB sizing criterion is used, this step is extreme-
ly important. If there is a larger indication nearby
that is not discriminated against by the boxing
procedure, the image will be normalized by the
larger indication and -6-dB sizing of the smaller
indication would be invalid (the indication would
be undersized).

To enter the curser sizing mode, type <APLOT >
curs <return>. Press the enter switch twice to
establish the reference point, then move the curs-
¢r 1o the point of measurement and press the
enter swilch again. The XZ or YZ (depending on
the view used to take the measurement--measure-
ment can be taken only on the last view plotted)
values will be given on the terminal screen in
inches,

If the far-surface distance is accurately known, the
cursor can be referenced to the far surface (indi-
cated by a dashed line). Vertical measurements
can be made using the -6-dB criterion relative to
the far surface. If the far-surface distance is sus-
pect, one must use the -6-dB beginning of the
corner-trap envelope (pulse-echo mode) and the -
6-dB beginning of the tip-diffracied echo that is
directly vertical for sizing references. For tandem
files, one must measure the extent of the entire
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image and divide by two. Special technigues are
used if the indication is not surface- connected
and will be detailed later.

Section 4.4.2 will give a detailed description of tech-
niques used when analyzing pulse-echo files, and Sec-
tion 4.4.3 will go on to describe the techniques used
when analyzing tandem files.

4.4.2 Puise-Echo Analysis

When analyzing a SAFT-processed file, it is important
to know as much as possible about the material, weld-
ing techniques used (if applicable), and characteristic
defects that may be encountered. Often one may need
1o view many files. The files may have been collected
from different sides of the defect or perhaps the files
made use of different insonification angles. Whatever
the casc, it often requires viewing many files to ulti-
matcly determine what category of defect is being
viewed.

Defects may be classified into three primary categories:

1. Category 1 consists of VOLUMETRIC indica-
tions. Volumetric indications include inclusions
such as slag and/or porosity with a high degree of
cylindrical or spherical size. Most often, volumet-
ric indications are not surface-connected and may
present several echoes. Figure 4.38 presents the
image of a 0.2-in.-diameter side-drilled hole that
was placed 0.5 in. (1.3 cm) up from the far sur-
face of a 2-in-thick steel block. The side-drilled
hole emulates a volumetric defect that is not sur-
face connected. Three echoes are evident. The
uppermost echo is the direct reflection, while the
echo located at the far surface (represented by a
dashed line) is the corner-trap echo, and the echo
that plots below the far-surface line is the mirror
image.

Category 2 consists of PLANAR indications. Pla-
nar indications include lack of fusion or inclusions.
A planar indication may be surface connected and
provides a strong direct echo that is sensitive to
the angle of insonification and may be the only
echo received.



3. Category 3 consists of CRACK indications. Crack
indications are normally surface-connected, diffuse
reflectors that provide a strong corner-trap echo
and a weaker tip-diffracted echo. The sawcut
emulates a crack providing a strong corner-trap
echo and a weaker tip-diffracted echo. If the
crack is tilted, the tip-diffracted echo will not be
directly vertical from the corner-trap echo but will
be displaced in the direction of the tilt. As the
crack is tilted away from the direction of insoni-
fication, the tip-diffracted echo becomes stronger
and will merge with the corner-trap echo as the
crack becomes perpendicular to the angle of in-
sonification.

One must first consider the processing parameters that
will be used to process the data before analysis may
begin. Of extreme importance is the full beam angle
that will be used. Generally, the larger one can make
the beam angle, the better the focussing will be, provid-
¢d that information was gathered at the extremes of the
defined aperture. A corner-trap echo will ideally focus
10 a line, centered around the far surface. 1If a larger
beam angle than that over which data was actually
acquired, the resultant image dynamic range may be
greatly reduced as zero values will be averaged in
where data does not exist.

The material velocity, couplant velocity, and incident
angle will affect how well the data correlates. Errors in
the values entered into the header will often result in
an image with a reduced dynamic range and/or poor
focusing. Care should be taken to ensure data integrity
and accuracy of the values used in the SAFT data head-
er.

To properly analyze an image, onc should have a feel
for what category of defect is expected. If the category
of defect is not clear, invoke APLOT and plot the full
XZ view. The XZ view can be sequenced plane by
plane by typing APLOT>SEQ 1 1 <return>. Sequenc-
ing through the XZ view by single planes often "reveals’
the category into which the defect will best fit. One
looks for the mirror echo (category 1) or the weaker
up-diffracted echo and strong corner-trap (category 3).
Category 2 defects may require viewing several images,
although the presence of a single echo above the far
surface provides a strong case. Each category of defect
rcalistically requires more than one image to confirm
the exact category. The shape of the indication is very
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important; a pulsc-echo image of a real echo will show
a slanted appearance because of the different time-of-
flight paths. A globular indication may be noise or
some other incoherent source. A real defect will pres-
ent an indication that is present in more than one
planc, and sequencing through the image gives onc a
feel for the consistency of the indication as well as its
shape.

Volumetric and planar defects arc measured at the 6-
dB levels, and it is extremely important to use the maxi-
mum beam angle possible (within the physical aperture
constraints) to ensure optimum focusing and sizing.

In conclusion, the pulse-ccho defect types can be divid-
ed into three categories: volumetric, planar, or crack.
Sizing of a defect is normally performed by measuring
the vertical extent (cracks) or the cross-sectional dis-
tance (volumetric/planar) at the -6-dB levels, once the
defect has been isolated and the image normalized by
the maximum value of the defect to be sized. Often
multiple images may be required to classify the defect
into a particular category and to further confirm the
shape of the defect.

Tandem sizing and analysis use technigues similar 1o
pulse-echo but provide images that are often easier to
interpret. The next section provides an insight into ana-
lyzing tandem images.

4.4.3 Tandem Analysis

Tandem image analysis uses techniques similar to those
of pulse-ccho analysis. Defects may be categorized as
volumetric, planar, or crack. The primary difference
between the tandem and pulse-echo image is that the
tandem image of a crack presents the entire cross sec-
tion of the crack and not just the corner-trap and tip-
diffracted echoes. Often, the tip-diffracted echo is very
illusive because of the weak nature of the tip-diffracted
echo compared to the very strong corner-trap echo; and
without a tip-diffracted echo, the vertical extent of a
crack is difficult to estimate. The pulse-echo image
may be ambiguous as in Figure 4.38 where a corner-
trap echo and direct echo are seen much the same as if
they were cracks. If the mirror echo were noi present,
it would be hard to classify this image as a volumetric
defect. A tandem image of a volumetric defect that is
not surface-connected presents the real and conjugate
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(mirror) images scparated by the distance of the defect
from the far surface (Collins and Gribble 1986). If the
defect is surface-connected and vertical, the real and
conjugate images would be symmetrical; but if the
defect is tilted, the image would be asymmetrical about
the far surface (Collins and Gribble 1986).

The signal-to-noise ratio of a tandem image is often
much superior to that of a pulse-echo image, because a
scparate receiver climinates noise caused by the initial
pulse, the near-surface interface. and the specular back-
scatter from the given structure. The criteria developed
ior sizing the SAFT images were based on the empini-
cal results that have evolved over many years of testing
and analysis. Other work (Hildebrand 1986; Thome
1985) has shown that one can determine a sizing criteri-
on by mapping the pixel numbers versus the pixel inten-
sity. Interestingly, the values those rescarchers have
generated by this procedure are in agreement with the
values that were derived empirically by the SAFT re-
scarch. The nice thing about the pixel procedure is that
it can be accomplished automatically; no operator skill
is required.

Tandem image indications are vertical in appearance, as
opposed to the slanted appearance of a pulse-echo
image (Figure 4.27). The location of the indication
within the image space is influenced by the material
thickness, velocity, and refracted angle. Care should be
taken to ensure accuracy of the tandem header entrics.
Errors normally do not change the appearance of the
indication but do influence the location. Two perfor-
mance evaluation studies were focused on the TSAFT-2
configuration to determine the sensitivity of this mode
to velocity errors and thickness measureraent errors. It
was also a goal of these studies to determine the degra-
dation that occurs due to these variations,

The SAFT algorithm implemented at PNL assumes
sotropic and homogencous material with respect to
veloaity; that is, the calculations performed by the
SAFT processing make the approximation that the
velocity is constant threaghout the material. This, of
course, is not exactly true in most specimens, and the
variance depends greatly on the type of material under
test. Also, the zigorithm requires that the velocity be
known to some degree of accuracy. This may seem to
be a trivial requirement, but in fact in many cases it 1s
not. For example, an extreme case is COSS material,
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which varies in velocity as a function of angle ir the
material.

As stated previously, the placement of the resulting
e is dramatically affected by deviations of either
thuckness or velocity from the true values of the speci-
men under test. However, the ercouraging result is
that the general image integrity is retained. Thus, with
the complement of both pulse-echo and tandem scans
of the same region, a judgeraent of size and location
may be made. The pulse-echo corner-trap image may
be used to position the defect laterally, and the TSAFT-
2 image may be used to determine the horizontal and
vertical extent of the defect. The characteristics of both
files may be used to verify the integrity of the other. A
surface-connected crack sized by using the total vertical
extent of the real and conjugate images and then divid-
ing the resultznt value by two would provide an accu-
rate value of the vertical extent of the crack, even if
there werz minor errors in the header entries that
caused “he indication to not be located symmetrically
about the far surface. Raw data should always be
vievved to verify the integrity of the data and to ensure
that the data was not aperture-limited.

The normal SAFT data analysis procedure involves a
number of sequential steps that must be followed to
perform the analysis correctly. These steps are summa-
rized and include

1. 0° SAFT scan with display in B- and C-scan to
identify volumetric defects, length size volumetric
defects, and all geometric conditions

2. 45° shear mode pulse-echo scan with display in B-
and C-scan to identify defects and to determine
defect length

3. 45° shear mode pulse-echo scan from the opposite
direction of Step 2 to see what the defect looks
like from the other direction and to confirm de-
fect length

4. 45° TSAFT in the shear mode from tne two direc-
tions in Steps 2 and 3 to be used for confirming
the presence of a defect, sizing the length of the
defect, and sizing the thickness dimension of the
defect



If the data is not consistent between views of the
images created by the steps listed above, then
other images taken at different inspection fre-
quencies and inspection angles can aid in clarify-
ing the interpretation.

For the inspection of pressure vessels from the in-
side, it is very useful to conduct an inspection with
a 70° longitudinal probe for  the near-surface
zone since this yields a larger aperture for the
near-surface zone during SAFT processing.

Based on the calibration blocks, the transducer
frequency is selected with normally 2.25 MHz
being the best except in the case of coarse-grained
material in which a 1-MHz longitudinal or a 500-
kHz shear works better,

The sizing of defects is contingent on the type of
defect. Empirical relationships that have evolved
are 1o use a -6 dB-criterion for volumetric and de-
fects that can be viewed by the specular reflection.
In other cases, the defects are best sized by using
a loss-of-signal criterion, and the actual decibel
drop value will vary based on the noise level of
the material. If the tip signal from planar defects
can be identified, then it should be used to size
the defect.

The defect type can be determined by the images
in which the defect can be scen and the shape of
the response in the images. A volumetric defect
should be seen by all the inspections. If the de-
fect has planar qualities, then it will be seen in
only those images (insonification) in which the
scattered energy returns to the receiver.
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NEW VERSION OF DATA COLLECTION FOR
AMAPS SCANNER ONLY, BUT SELECTABLE

FOR TANDEM OR PULSE-ECHO .. .. TYPE ‘®scan’ or 7) ‘ru

Before proceeding, please enter the time and date.

Date [dd-mmm-yy]? 14-AUG-B7
Time [hh:mm:ss] 7 11:19

scanner’

Figure 43. Datc and Time Prompts

MODE STANDOFF

1. SINGLE TRANSDUCER - PULSE ECHO water path
2. SINGLE TRANSDUCER - PULSE ECHD plastic wedge
3

. SINGLE TRANSDUCER - PULSE ECHO {user specified standoff velocity)

4. SAFT TANDEM CONFIGURATION xmit wedge, recv water

5. SAFT TANDEM CONFIGURATION xmit wedge, recv wedge

6. SAFT TANDEM CONFIGURATION (user specified standoff velocity)
7. SAFT TANDEMZ CONFIGURATION ¥mit wedge. recv water

8. SAFT TANDEMZ CONFIGURATION xmit wedge, recv wedge

9. SAFT TANDEMZ CONFIGURATION

ENTER SELECTION ---> 2

Select desired scan axis: 1= XI
2= X2

Are you set up so that the transducer(s) are strattling
the weld (y/n/unsure)? @

(user specified standoff velocity)
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Figure 4.4. Transducer Configuration Menu
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(QUERY)
Select scanner configuration ...

MODE STANDOFF
1. SINGLE TRANSDUCER - PULSE ECHO water path
2. SINGLE TRANSDUCER - FULSE ECHO plastic wedge
3. SINGLE TRANSDUCER - PULSE ECHD (user specified standoff velocity)

4. SAFT TANDEM CONFIGURAT It xmit wedge, recv water

5. SAFT TANDEM CONFIGURATION xmit wedge, recv wedge

6. SAFT TANDEM CONFIGURATION (user specified standoff velocity)
7. SAFT TANDEMZ CONFIGURATION xmit wedge, recv water

8. SAFT TANDEMZ CONFIGURATION xmit wedge, recv wedge

9. SAFT TANDEMZ CONFIGURATION (user specified standoff velocity)

ENTER SELECTION ---> §

Select desired scan axis: 1= X1
2= X2

Are you set up so that the transducer(s) are strattling
the weld (y/n/unsure)? @

Figure 4.5, Sclection of Tandem Mode

(QUERY)

Select options:
1. VIEW current parameters

modify TRANSDUCER characteristic data
modify MATERIAL characteristic data
modify SAMPLING data

modify SCAN parameters

LS R SRt

continue te next menu
modify configuration mode

-

ENTER SELECTION ---> B

Figure 4.6. Main Menu for SAFT-UT Parameters
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QUERY)

~ transducer frequency (mhz): 2.25 f number: 3.2
standoff. .. hgt=foc len {in): 0.200 mat vel (in/sec):105000.
X incident angle (deg):-36.5 refracted angle (deg):-46.5
full beam angle in metal .. (deg): 10.0 beam entry dia.(in): 0.000
material velocity (in/sec): 120000. circ. radius (inches): flat
thickness. . (in): 9.000 1/2 vee distance... 13.070
sample period (ns): 100 number of points: 468
depth (along sound path) in material to ... start sampling (in): 1].500
initial delay (us): 183.49 Ao stop sampling (in): 14.500
SCAN .. .. scan axis: X1 ..... scanner NOT strattling weld area .....
initial X relative to weld center (in): -11.149
scan increment: XY axes (in): 0.025, 0.025
X scan length (in): 2.975
Y scan length (in): 2.975

Figure 4.7, View of Current Parameters (Pulse-Echo)

(QUERY)
transducer frequency (mhz): 2.25 f number: 3.2
recv standoff hgt=foc len (in): 0.200 mat vel (in/sec):105000,
xmit standoff. height (in): 0.000 mat vel (in/sec):105000.
X incident angle (deg):-36.5 refracted angle (deg):-46.5
full beam angle in metal (deg): 10.0 beam entry dia.(in): 0.000
MATERIAL
material velocity (in/sec): 120000. circ. radius (inches): flat
thickness (in): 9.000 1/2 vee distance... 13,070
SAMPLING
sample period {ns): 100 number of points: 468
depth (along sound path) in material to ... start sampling (in): 11.500
inittal delay (us): 181.59 . T stop sampling (in): 14.500
SCAN scan axis: Xl . scanner NOT strattling weld area .....
initial X relative to weld center (in): -11.148
scan increment X.Y axes (in): 0.025, 0.025
X scan length (in): 2.97%
Y scan length (in):

ENTER RETURN 10 CONTINUE @
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Figure 48. View of Current Parameters (Tandem)
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(QuERY)
transducer frequency (mhz): 2.25 f number: 3.7
standoff. . hgt=foc len (in): 0.200 mat vel (in/sec):105000.
X incident angle (deg) :-36.% refracted angle (deg):-46.%
full beam angle in metal .. (deq): 10.0 beam entry dia.{in): 0.000
Figure 4.9. Transducer Header Information
(QUERY)
MATERTAL
material velocity (in/sec) 120000, circ. radius (inches): flat
thickness (in) 9.000 1/2 vee distance. . 13.070
Figure 4.10. Material Header Information
(QUERY)
SAMPLING
sample period (ns): 100 number of points: 468
depth (along sound path) in material to ... start sampling {in): 11.500
initial delay (us): 181.59 P stop sampling {in): 14.500
Figure 4.11. Sampling Header Information
(QUERY )
SCAN scan axis: Xl scanner NOT strattling weld area
inmtial X relative to weld center {in): -11.148
scan increment X.Y axes (in): 0.025, 0.025%
X scan length (in) 2.875
Y scan length (in): 2.975

Figure 4.12. Scan Header Information (Pulse-Echo)
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(QUERY)
- SCAl .. scan axis: X1 ..... scanner NOT strattling weld area .....
initial rcv X rel to weld center (in): -11.149 xmit 1/2 V's to vel:
xmit X rel to init rev X (in): -0.600 1.2
scan increment: X,Y axes (in): 0.025, 0.025
X scan length (in): 2.975
Y scan length (in): 2.975
Figure 4,13, Scan Header Information (Tandem)
<SCANPT>

Number of Points = 468 Delay (usec) = 183.49
Minimum” 189 Maximum" 142 AVerage= 125.92

Present Scanner Position: Xl= 0.000 X2= 0.000 Y= 0 000 inches

‘HE* - print help file
"CM" - change setup parameters
‘CS" - change scan parameters
‘V1' - view current parameters
‘X1 - move scanner axis X1 (normally rcv xducer in tandem mode)
‘X2’ - move scanner axis X2
'Y ' - move scanner in the Y direction
‘RS’ - reset the scanner & counters
‘return’ - digitize the signal & display scanner position

'SC" - proceed to scanning module
"EN" - end this program and exit

ENTER COMMAND -->

Figure 4.14. Command Selection Menu
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<QUERY>

Select options:
1. VIEW current parameters

2. modify TRANSDUCER characteristic data
3. modify MATERIAL characteristic data
4. modify SAMPLING data

5. modify SCAN parameters

0. continue to next menu

-1. modify configuration mode

ENTER SELECTION ---»

The delay is 103.49 usec.
Press 'RETURN’ 1f this is correct or if you wish to change it enter number.
(WARNING: alternation of delay may result in erroneous processing) -> @

Figure 4.15. Prompt to Change the Initial Delay

(QUERY)
transducer frequency (mhz): 2.2% f number. 3.2
standoff . . t=foc len (in): 0.200 mat vel (in/sec):i05000
X incident angle (deg) :-36.5 refracted angle (deg):-46.5
full beam angle in metal . (deg): 18.0 beam entry dia.(in): 0.000
material velocity (in/sec): 120000, circ. radius (inches): flat
thickness (in): 9.000 1/2 vee distance... 13.070
SAMPLING
sample period {ns): 100 number of points: 468
depth (along sound path) in material to ... start sampling (in): 11.500
initial delay (us): 183.49 Ns stop sampling (in): 14.500
SCAN scan axis: X1 ..... scanner NOT strattling weld area
initial X relative to weld center (in): -11.149
scan increment X.Y axes (in): 0.025, 0.025
X scan length (in): 2.975

Y scan length {in): 2.975%

ENTER RETURN TO CONTINUE @

Figure 4.16. View of Header Information Before Scanning
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Present Scanner Position: X1= 0,000 X2= 0.000 Y= 0.000 inches

‘HE’ - print help file
‘CM’ - change setup parameters
‘(5" - change scan parameters
‘VI' - view current parameters
‘X1° - move scanner axis X1 (normally rcv xducer in tandem mode)
‘X2’ - move scanner axis X2
‘Y ' - move scanner in the Y direction
‘RS’ - reset the scanner & counters
‘return’ - digitize the signal & display scanner position
‘SC’ - proceed to scanning module
"EN" - end this program and exit

ENTER COMMAND --> X1

Present X1 position is 0.0 inches
Enter X1 Location (in): 1

Scanning speed = 0.30 inches/sec. ( 30)

Figure 4.17. Repositioning the Scanner

<SCANPT>

Select storage/transfer mode:
1) transfer directly to VAX over PRONET.
2) store only on local PDP11/23 disk drive
3) both (store locally and transfer over PRONET).

ENTER SELECTION > @
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Figure 4.18. Data Transfer Menu
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<SCANPT>

IF NOT LOGGED ON TO VAX THEN:

1. enter user name.

2. enter password. Then wait for prompt.

3. Set the default directory on the VAX to the directory in
which you wish the data file to reside (e.g. "SB. PARKS').

4. Then enter “SCANRD’. and follow subsequent instructions.

IF ALREADY LOGGED ON TO VAX THEN:
1. Type 'SD’ to make sure in right directory
which you wish the data file to reside
2. Then enter 'SCANRD’. and follow subsequent instructions.
Welcome to PNL$ VAX-11/700 VMS Version V3.6

Username: B

Figure 4.19. Counnection to the VAX Host Computer

<SAFTDEFS>  The current VMS version is ... 3.6
<SAFTDESF> Today is ...... August 14, 1987 The time is ... 11:30 am

<SAFTDEFS>  The SAFT-UT [VERSION 1.1] environment has been set.
<SAFTDEFS>  Type HELP @SAFT for assistance with the SAFT utilities

i
3
§
)
i
)
$
)
i
)
3
)
H

scanrd @

Figure 4.20. Starting Data Collection on the VAX Host Computer
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<SAFTMAIN VMS.)> initiate SAFT collection, processing & graphics

Do you want to COLLECT DATA FROM DATA ACQUISITION SYSTEM (y/n)?7 y

Do you want to PROCESS data while scanning (y/n)?7 y

SAFT pulse-echo configuration
Envelope detect this data? (y/n) > y
(detection WILL be performed)

Enter data clipping threshold relative to max in db.
Typically: -40 (1 % of peak)
=20 (10% of peak)
-10 (30% of peak)
-6 (50% of peak) » =20

NORMALIZATION MODE SELECTION:
1) average the data summed (1/N). raw data on skip.
2) average the data summed (1/N). zero on skip.

3) constant normelization (1/C). raw dsta on skip.
4) constant normelization (1/C). zero on skip.
5) 1/5QRT(N) data normalization. raw data on skip.
6) 1/SQRT(N) data normalization. zero on skip.

ENTER SELECTION > 1

Figure 4.21. SAFT Processing Options

-20 (10% of peak)
<10 (30% of peak)

-6 (50% of peak) > -20
NORMALIZATION MODE SELECTION:
1) average the data summed (1/N). raw data on skip.
2) average the data summed (1/N). zero on skip.
3) constant normalization (1/C). raw data on skip.
4) constant normalization (1/C). zero on skip.
5) 1/SQRT(N) data normalization, raw data on skip.
6) 1/SOQRT(N) data normalization, zero on skip.

ENTER SELECTION > 1

Data Sampling Adjustment Options:
0) no sampling adjustment to be performed.
1) perform automatic adjustment.
?2) perform manual adjustment

Enter data reduction selection > |
Do you wish to process beyond the back surface (y/n)? > n
Do you want to DISPLAY data while scanning (y/n)? J@

Figure 4.22. SAFT Processing Options, Continued
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4.0 Operating Procedures

MANUAL DATA REDUCTION OPTION:
If data has been oversampled in the x.y or z direction,
sometimes it 1s desirable to create the output file with
reduced sampling «n this direction to minimize the size of the
data.

If you do not wish to alter the resultant data enter 0 or 1 to
the following inquiry. Otherwise enter the integer reduction
factor you desire.

Reductions to data during processing:
Enter Z-axis reduction facter >
Enter X,Y axis reduction factor >

Reductions to data after processing (during envelope detec-
tion):
Enter Z-axis reduction factor >

Figure 423. Sclection of Sampling Reduction

<SCANPT>

ETT[R 2 LINES OF COMMENTS (40 CHARACTERS EACH):

2»

Enter desired scanner speed (inches/sec) {<O=default>: |
Number of 512 byte blocks = 14064

Number of A-scans = 14400

Number of points/a-scan = 468

Enter name of data file to be created > FILENAME .DAT

Total points ... X= 120 o Y= 120
Scan Increment .. 0.025 .... 0.025
B 53

Figure 424. Entering Comments and Setting the Scanner Speed

4.29

NUREG /CR-6344



mn

1 Water Coh

Inspection

cho

wmal-Beam Pulse-1

N

Figure 4.25



sducer

fran

«ilh‘. \H;‘ﬂ; l‘:r”“k"k"

al ucie W v"g’:v\'

SIne

Echo Inspection

am Pulise

Re

Anele

26

Figure 4



Figure 4.27
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4.0 Operating Procedures

Transmitter
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Figure 4.29. Four Propagation Paths for Ultrasonic Energy Produced by the Tandem Transmission Technique
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4.0 Operating Procedures TOP VIEW
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(a) TSAFT-3 Initial Position for a Single Sweep
TOP VIEW
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(b) TSAFT-3 Ending Position of a Single Sweep

Figure 4.32. TSAFT-3 Initial (a) and Ending (b) Transducer Positions for a Single Sweep
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Figure 4.33. TSAFT-3 Configuration Showing Paths Contributing to the Real (Path 2) and Conjugate (Path 1) Image
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Region of

Interest
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Figure 4.34. Side Views of TSAFT-3 Setups Showing 9-in -thick (22.9-cm) Steel Block with 0.7-in.-deep (1 8-in.)
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