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Abstract

The overall goal of this joint tesearch project was to develop and demonstrate advanced sensors and
computational technology for continuous monitoring of the condition of components, structures, and
systems in advanced and next-generation nuclear power plants (NPPs). This project included investigating
and adapting several advanced sensor technologies from Korean and US national laboratory research
communities, some of which were developed and applied in non-nuclear industries. The project team
investigated and developed sophisticated signal processing, noise reduction, and pattern recognition
techniques and algorithms.

The researchers installed sensors and conducted condition monitoring tests on two test loops, a check valve
(an active component) and a piping elbow (a passive component), to demonstrate the feasibility of using
advanced sensors and computational technology to achieve the project goal. Acoustic emission (AE) devices,
optical fiber sensors, accelerometers, and ultrasonic transducers (UTs) were used to detect mechanical
vibratory response of check valve and piping elbow in normal and degraded configurations. Chemical sensors
were also installed to monitor the water chemistry in the piping elbow test loop. Analysis results of processed
sensor data indicate that it is feasible to differentiate between the normal and degraded (with selected
degradation mechanisms) configurations of these two components from the acquired sensor signals, but it is
questionable that these methods can reliably identify the level and type of degradation. Additional research
and development efforts are needed to refine the differentiation techniques and to reduce the level of
uncertainties.

Sandia National Laboratories and Korea Atomic Energy Research Institute
Page 3 of 229



Acknowledgements

The International Nuclear Energy Research Initiative (I-NERI) project on condition monitoring through
advanced sensor and computational technology took more than three years of hard work and concerted effort
from many researchers in the United States and Korea to bring it to a successful completion. The Project
Team deeply appreciates their support and cooperation.

The Project Team acknowledges the leadership and vision from Dennis L. Berry, Director of Nuclear and
Risk Technologies at Sandia National Laboratories (SNL), who made the initial contact with the senior
management at Korea Atomic Energy Research Institute IKAERI) to facilitate the realization of this
international joint project. The project team is also indebted to Suibel M. H. Schuppner, the I-NERI Program
Manager, Kenneth Osborne, the DOE Project Manager, and Dennis K. Kreid, the Executive Agent, for their
guidance and coordination of this joint project.

This project is very fortunate to be supported by a large group of dedicated researchers in the United States
and Korea. Vincent Luk (SNL) and Jung-Tack Kim (KAERI) would like to acknowledge the contribution
from the entire project team including the following members:

Korea: KAERI: Jung-Soo Kim, Won Man Pak, Seung-Hwan Seong, Seop Hur, and Cheol Kwon
Lee

Seoul National University: I1 Soon Hwang, Na Young Lee, and graduate students
Pusan National University: Joon-Hyun Lee, Min-Rae Lee, and graduate students
Chungnam National University: Joon Lyou, Sang Jeong Lee, and graduate students

United States:  SNL: David Craft, Greg Homicz, Jason Petti, Benjamin Spencer, Laura Swiler, Stephen
Webb, and Jonathan Weiss.

Applied Research Laboratory: Mitchell Lebold and Jeff Bracken.

Special thanks are extended to Barbara Meloche for compiling the database on the performance of steam
generator tubes in the Unites States and Janise Baldo-Pulaski for providing technical editing of this final
project report.

Sandia National Laboratories and Korea Atomic Energy Research Institute
Page 4 of 229



Contents

ABSTRACT ..ottt 3
ACKNOWLEDGEMENTS ..ottt ettt ettt sessassens 4
EXECUTIVE SUMMARY ..ooviiiiiiiiiiiiisicse sttt s sassns 13
EXECUTIVE SUMMARY ..ooviiiiiiiiiiicice sttt sassns 13
NOMENCLATURE ...ttt sens 19
1. INTRODUCGTION ..ottt b et sene 22
1.1 Roles and ESPONSIDILTIES ...vucvueeireieecierscierscieestieeseieneseseeesseaeseae s sseae s s st ess s sa et ese e esesesassenscsenns 22
TASK 0: PROJECT MANAGEMENT AND COORDINATION .....ccocvsiiiiiieeieiereieieieieieeeeaee 24
3. TASK 1: CONDITION MONITORING OF CHECK VALVES (ACTIVE COMPONENTY)...26
3.1 Task 1.1: performance, failure, and inspection data on check valves in Korea and the US ............c....c...... 26
3.1.1 The failure mode analysis of check valves it the US .......cccvvirieiccncncrcrceeeneeeeeaes 27
3.1.2 The failure mode analysis of check valve in KOL€a ......covcuvuiuviniuciniiciniciricrcieceeeceeeeeenne 29
3.2 Task 1.2: sensor and communication options for data acquisition for condition monitoring of check
VALVES 1ottt ettt 30
321 SENSOL OPLOMS ettt bbb bbb bbb 30
3211 AE MONILOLING w.ouvveiiiiiiiiiiiiiiiiicitisi s bbb 31
3.2.1.2  Ultrasonic MONILOTING ....ccuviieiiiiiiiiiiciiiiiii et 31
3.21.3  Accelerometer MONILOLING . ....coviiiiriiiiiiieiiiieiietii s 32
3.2.1.4  Ultrasonic flOW MELET .....ccviiiuiuiiiiniiiiiririctci et 32
322  CommUNICAtION OPHOMNS w.vvieieiiiiiiciiii s es 33
3.2.2.1 Prototype using wired communication (KAERI/CNU).......ccocoeurrrinemmcrerernerrenenenenen. 33
3.2.2.2  Prototype using wireless communication (KAERI/CNU)......cccoeuniniivivcininiinciccininenn. 36
3.2.2.3 Smart sensor techniques using wired and wireless communication (ARL) .........ccccoune. 39
3.3 Task 1.3: FEAs of selected check valve designs to investigate dynamic response and to select
OptiMal SENSOL JOCATIONS ...uviiiiiiiiiiiict bbb 40
3.3.1 Finite element method (FEM) data analysis........cccoeurcuricirecirincinineirieieereeereeeseeseseesesessesensesenseesens 40
3.3.2  CFD model With tUrbUENCe ....c.viviieiiiiiii e 42
3321 Fluid-structure INErACHON wuuvuiuveercvite et ss s sss s snns 42
3.4 Task 1.4: tests with the KAERI DVI test loop and ARL test bed to obtain condition monitoring
data on check valves using selected SENSOLS ..o 43
341 KAERI EST LOOP c.ouiuiiiciieciieciieieieieieie ettt s seeas 43
3.41.1  Leak test CONfIGUIALION. ....c.ieiiiuciieciieciriecirictcci e 44
3.4.1.2  Modification of DVI test IoOP.....ccciiiiiiiiiiiiiiiiiiiiic s 44
3.41.3  EXPerimMental SELUP ..ot s 45
342 ARL ESE DO ittt 46
3.42.1 Description of Hydraulic Diagnostic Test Bed (HDTB) ......cccccovuiviivininniiniiniciins 46
3422  Modeling of check valve diSC ..o neeenaes 50
3.4.2.3 Data analysis—ARL SESSION ..o 52
3.4.2.4  Data analysis—ARL SESSION 2....cuuiueuriemricinicirieiiciree e ssssessesessesenns 56
3.4.2.5 Data analysis—ARL SESSION 3...c.oviierirniiieriiriieiereiieenseieierensesteeiessesesesesessesesesesessescssaens 60
3.4.2.0  Fault dEtECHOM c.cvueeiieeiieciceeieeieeete ettt e 62
3.4.3  Check valve data analysis. ...ttt ssesees e nsesessaesenses 64
3431 DA s 65
3432 ANAlYSIS ANA TESULLS ..uvieiiecireecirectrecteeeie et senseneaes 67
3.4.3.3  SCOPE OFf ANALYSIS w.ecvueiiieiiiiiciii e 72

Sandia National Laboratories and Korea Atomic Energy Research Institute
Page 5 of 229



3.43.4 Component failure evaluation.......ccciiiiiininiic s 72

3.4.3.5 Rescaled range (R/S) ANAlYSiS....c.cviiueueiniiriincieieiiniieiesieneetieisesse e sssesessesaessssens 75
3.43.6  Eigen pseudo-spectral analysis........cccooeiiiiiiiiiiiiniiiiii s 79
344 CONCIUSION ittt bbb bbb 82
3.5 Task 1.5: signal data processing analyses for noise filtering and pattern reCOZNItioN ........coveuevreecvreecurieenenns 84
3.5.1  Sensof SigNal ChATACTELISTICS .uvuuruiuieiiiriirecieeieeece ettt sttt seaes 84
3.5.2 Filter design and noise filtering reSULL......cocucurieiriiiiiciriiiiiciieee e 84
3.5.3 Data processing analysis of experimental SIgNals..........ccveeurieiricirieiniciiieiricrere s 85
3.5.3.1  AE data analysis ... 85
3.5.4  AE $1gNal CHALACTEIISTICS wvvurvrrieeirieeiieetrieeireeetrese e seeseseesesessesesseaesese st esessase e s sae s sesesseseseesseeas 86
3.5.5 Accelerometer signal ChATACTELISTICS ...cucvvuiuieiureriieiiieeiieeieeiieet ettt neaes 88
3.5.5.1  Ultrasonic data analysis .......ccceeieenieenieinienieiereeeeseeee e ssesensesesesensenene 89
3.5.6  Fusion SeNSOf MOMILOLIIZ. ....cuiuirimiiiniriisiiiisiisiseseiss s bbb 89
3.5.7 Failure algorithm development using ANN teChnIqUE.......cccceuviiivieiiiiiiiiiiriias 90
3.6 Task 1.6: integrated system analyses on check valves for recommending mitigation and correction
Lo s [0 o OO 94
3.6.1 Data feature extraction for an algorithm development of failure diagnosis.......c.cceveeevreerrecrrecreenes 94
TASK 2: CONDITION MONITORING OF A SECONDARY PIPING ELBOW (PASSIVE
COMPONENT) IN A NON-SAFETY-RELATED ENVIRONMENT ......cccccoceviiiiiiiiiinnns 100
4.1 Task 2.1: performance, failure, and inspection data on piping elbows in an accelerated erosion or
COTTOSION CNVIFONIMICI . euvuvuiaieitisisieesetetsesrae et s st s et st ae s s st s s s bt sssesessssa et aesesseasaesenesssasaenen 100
4.1.1 Flow-accelerated corrosion (FAC) ...t 100
4.2 Task 2.2: sensor and communication options for test loop to obtain condition monitoring data on
PIPING EIDOWS ...ttt 101
421  Overall approach to FAC MONITOLING c...vueviveirieeiieiricireeireeiree ettt seeseseeseseesesesscsenes 101
4.2.2  Sensors for monitoring FAC phenomena.........ccoeeeeieeniienienicieeeeeeeesseee e ssseessseesseens 102
4.2.2.1  EleCtrOde SENSOLS ..cuvueuiiecieercieiiieiiieireie ettt sae s 102
4.2.2.2  Ultrasonic thiCKNESS SENSOLS.....cccuiuririuiieiririiieieiiitie ettt et 103
4.2.2.3 Fiber-optic reflection diSplacement SENSOT .....ccuvuurieeriemreereeereeereeeeeeseeeneeenseeenseeesseaenns 104
4.3 Task 2.3: Finite Element Analyses of piping elbow to investigate its dynamic response and to select
OPtMAl SENSOL TOCATIONS ...ueviiiiiiiiiiiicici ettt 105
4.3.1 Modal analysis of U-section of piping eIDOW ..o s 105
4.3.2  CFD modeling of pipe elbOwW flOW ......ccoviiiiiiiiiiniiii s 107
4.4 Task 2.4: Tests with the test loop at SNU to obtain condition monitoring data on piping elbows
USING SEIECLEA SEMSOLS ..uuvuiiiiiiiiiiiiii bbb bbb bbb 108
441 FAC test I0OP deSIGN ...t 108
4.4.2  Test MAtriX fOr VIDLATION SEISOLS cuvvveueuiirieieeirietesentsteteseststesesestssesesestssesesesesesesessesesesessesesessssssssesenssns 109
4.42.1 Magnetic pull-dOWN tEST.....uiiiiiiiiiiiicii s 109
4422 Simulated FAC test 1 (uniform thinning) .....ccccevceeurecrniernicininennesneeeeeseeeeseenseensenes 113
4.42.3 Simulated FAC test 2 (non-uniform thinning) ..., 114
4.4.3  FAC ChemiCal tESING ..c.cviueuieerieeiriciricieetecteee ettt ssese s eae et sseaesseaes 115
4.43.1 Environmental CONAIOMN......ccvuurmiremiueerireeeeeeieeireiereee e seese e seesesessesesssaessesesseaenns 115
4.43.2 Mechanical vibration CONAILIONS......ccccueueuririiieieiriiiieeee et 116
4.43.3  Analysis Of WEALING FALE ...cvviiiiiiiiiiiiii e 117
4.4.4  Test results ANd dISCUSSION ...uvurviiviiiieiciiti st 118
4.44.1  Charactefistics Of fIEQUENCY ..o 118
4.5 Task 2.5: signal data processing analyses for noise filtering and pattern reCOZNIHON ....vuvrveerreecrreecrreecnnn. 124

Sandia National Laboratories and Korea Atomic Energy Research Institute
Page 6 of 229



4.5.1 Integrated approach with fusion SENSOLr CONCEPL.....vviiimiiiiiniiiiiii e 124

4511 UT MONIEOTING. ..ottt 126
4.5.2 FAC ESt FESULLS c.uvuviieiieircr it 129
4521 FISt FAC LSt ottt 129
4.5.2.2  SeONd FAC tEStuuuiiiiiiiiiiiiiiiiii s 131
4.5.2.3  Thitd FAC tESt vttt an s 131
4.6 Task 2.6: integrated system analyses on piping elbow for recommending mitigation and correction
Lo o (o) o OO 136
4.6.1 Algorithm development for FAC phenomena moONitoring. ........ccvveurecurecrrencreeneremneeemseeensenenseenrenns 136
4.6.2 Prototype of FAC condition monitoring system for a secondary piping elbow .........ccovcuvecuaes 137
5. TASK 3: CONDITION MONITORING OF AN ASSEMBLY OF TUBESHEET AND
TUBE BUNDLE IN A STEAM GENERATOR .....cccoiiiiiiiiiicicccccceee 140
5.1 Task 3.1: performance, failure, and inspection data on steam generator assembly.......ccocceuvvcurecrrecnnence 140
5.2 Task 3.2: scenario to demonstrate condition monitoring for a steam generator tube assembly............... 140
5.3 Task 3.3: design options for a steam generator tube assembly test 10OP ....c.ovvuveieeeniceniciniciricrceeeenes 141
5.4 Task 3.4: Sensor and communication options for test loop to obtain condition monitoring data on
steam generator tube aSSEMDIY ...c..cccviiiiiiiiii e 141
5.5 Task 3.5: Fluid and FEAs of steam generator assembly to investigate dynamic response
CRALACTELISTICS 1uvviviviviit i bbb 141
5.5.1 The Use of the FLUENT LES turbulence model for steam generator tube flow-induced
VIDLAHON ANALYSIS 1.vuevreiiiiiecicciec ettt 142
5.5 1.1 ValAtion ...ttt s 142
55,12 CONCIUSIONS ottt 146
5.5.2  Flow-induced vibration analysis of a steam generator tUbE .......cocuvveurecurecurecinecrreeeceeeeeeeaenne 147
5.5.2.1 Tube and material PLOPEITIES ....ccvuvieiieeiieciieiictreeieescieee e 147
5522 FEM i e 148
5.5.2.3  ANAIYSIS TESULLS w.ouvuriieiiiiiiietcc ettt 150
5.5.2.4  CONCIUSION wecvriiiiiiiiiiiii s 151
6. TASK 4: TECHNICAL TASK REPORTS AND DELIVERABLES.......c.ccooviiiiiiiiiiiicienns 152
6.1 Task 4.1: condition monitoring teChNOIOZIES LEPOLT ......vucvriuiiuriirriireiriieeiee et eeeees 152
6.2 Task 4.2: advanced sensor teChNOlOZIES FEPOLT.......cuiuiuiuiuriiureriieiriieeiieerieeeee et ssaees 152
6.3 Task 4.3: erosion and corrosion MONILOTING AATA .....cveuerieeeieeerieeirieiieereeeree et seeaes st nsaees 152
6.4 Task 4.4: baseline software using operational and laboratory data ..., 152
6.5 Task 4.5: signal processing and smart communications technologies fePOLt.......coeuewrierrierreerreerreerrenens 152
6.6 Task 4.6: final technical project report on methods and results of prototype demonstrations................. 152
APPENDIX A: CONDITION MONITORING OF CHECK VALVE ..o 156
APPENDIX B: WIRELESS TECHNOLOGIES ......c.ccceeiiiiiiiiticcceeeeeeeieeetessssss e 197
APPENDIX C: PIPING ELBOW TEST LOODP ....cccoceiiiiiiiiiiicecccieieieieeeresesetesesssssssessss s 213
Figures
Figure 1-1 Project 01ganization Chart ... 23
Figure 2-1 Work Breakdown Structure (WBS) ...ttt eesesesesensesessesesees 25
Figure 3-1 Check valve failure MOdEs ..o s 27
Figure 3-2  Failure mechanisms Of Check VAIVES.......ccovcuicuiciriciriciceece ettt essaeesaees 27
Figure 3-3 Check valve failure modes during March 1993 to January 2001 in Kotea......ccoocveviiviiiviiicennnnn. 29
Figure 3-4 SWING-tyPe ChECk VALVE .....iiiiiiiii s 31

Sandia National Laboratories and Korea Atomic Energy Research Institute
Page 7 of 229



Figure 3-5

Figure 3-6

Figure 3-7

Figure 3-8

Figure 3-9

Figure 3-10
Figure 3-11
Figure 3-12
Figure 3-13
Figure 3-14
Figure 3-15
Figure 3-16
Figure 3-17
Figure 3-18
Figure 3-19
Figure 3-20
Figure 3-21
Figure 3-22
Figure 3-23
Figure 3-24
Figure 3-25
Figure 3-26
Figure 3-27
Figure 3-28
Figure 3-29
Figure 3-30
Figure 3-31
Figure 3-32
Figure 3-33
Figure 3-34
Figure 3-35
Figure 3-36
Figure 3-37
Figure 3-38
Figure 3-39
Figure 3-40
Figure 3-41
Figure 3-42
Figure 3-43
Figure 3-44
Figure 3-45
Figure 3-46
Figure 3-47
Figure 3-48
Figure 3-49
Figure 3-50
Figure 3-51
Figure 3-52
Figure 3-53
Figure 3-54
Figure 3-55
Figure 3-56

Schematic diagram for condition monitoring of the check valve.......cocveveceeiceneeenecneeneeen, 32

A configuration of prototype using wired COMMUNICAON .....vururieurieemriimriiiiiieeieeeeesseeesseaesseaeseeans 33
The display of master program Of PrOtOLYPE .....cccviiviiiiiiiiiiiiiiii e as 33
The block diagram of master program Of PLOLOLYPE ...vucuemcrecueerireuriremrieemreeeneeenseeesseaesseee s seesesensesens 34
Slave program display before and after input data filtefing........cccoevviiniiiiiiiiiie, 34
Slave program blOCk dIAGIAM .......c.vviuiiiiciricirce e 35
A display of the demoONStrAtion PLOTOLYPE ...veveuveeiiiiiciiieiiieiiieieenrie s essaees 35
Demonstration program block dIagram .......ccveueeeueuiueuriieinieinieiniereeireeireeisesessese e esesensesessesessessenes 35
The overall schematic of the developed SYStEM ........cuviiuiiiriiiiiiiciiccc s 36
Wireless communication between smart transmitter and moNitoring SySteM........vwvveerrivrisieiennns 36
Smart transmitter DOAL. ... 37
Data structure I DISP ...t 37
Smart transmitter data SEIUCTULC......cvuiviiveiriiiiiiei s sa e 37
Program structure In MONILOLING SYSTEIML ....vuvuiiiiiieiiiiieiiieetiseiise st sssssas e 38
GUI for wireless communication Of PrOtOLYPE ... e 38
The slave program using LaDVIEW ........cccoiiuiiiiniiiiiiiiiiiie e ssssssssasessaees 39
The flow velocity for varying diSC angle ... 40
The pressure drop for varying disc angle........cvciiiiiiiicieeee s 41
Photograph of eXperimental SEUP ..o 41
3D solid models Of CheCK VALVE ......cccuviiieiiieicccc e 43
Check valve teSt I0OP ... s 44
Schematic diagram of DVI teSt JOOP....ccuiiuviiiriciriiiriee e 45
Example of artificial disc wears of check Valve ... 45
Typical attached POSIHON OF SENSOLS ....vuuemiuerriueiniieiieetieirieteeeseeesseaessese et ssese et sseaessese s sesssaesssaees 45
HDTB piping SCREMALIC «...ouvuiieiiiiieciiciiiicite sttt 46
ARL check valve teSt Ded......cieiieiiciiciiciccnceet ettt 46
FNW check valve SPECIfICATIONS .....c.cvivuieemieciieeiieeirieir et eseseeseseeseseaseee e sseaenseaes 47
LEXAN top cover (a) and check valve discs (D)., 47
Typical initial noise floor (a) and final noise floor for AC4 (D) ....c.vcuvicirecivincienicrecrecreeeereees 49
Baseline PSID 01 ACH ...ttt et 49
Views of [-IDEAS diSC MESH....ccuiiiiiiiiiirieeecce ettt saees 50
Two representative MOde SNAPES ......c..ccuiiiiiiciiciicce s esaes 51
Geometry of simulated disc wear and diSC SCIACh ... 52
Accelerometer AC4, AC5, (left) and ACO (right) IOCAONS ....evuiviieciiecirieciricicccecece e 52
Baseline time setries and PSS ......cciiiiiiiiiiiiicccceeeee e 53
Foreigh object 0.30 MM ...ttt se e 54
Foreign object 0.41 MM PIESSULE SEIIES....ccuiiiiiimiiiiiiiiiiiiiiieins s ees 54
Disc Wear 1.0 MM .. 54
Transient PUMP VOLLAGE ......cviuuuiuriiiiiiiiietieiiete sttt saes 55
Transient tiME SEIIES, AC . ..oviiieeieeeeieeeeeeeeeeeeet ettt ettt e bt et e s ess st essetess et easeseseesessesenserensessnen 55
Transient disc wear 1.00 mm, 10 bar Starting PrESSULE ......coceuviueuriueuriieiriieiriieirierreereesseesesensciesceencees 56
Shim stock used for foreign object SIMUIAtION ....c.vcuicuiciriciricrcereee et seee 56
Time domain FOMS, SENSOT AC ...ttt eres e esesesessesessessesessesesseseesessesesenseseses 58
Time domain FOMS, SENSOT ACS ..ottt ettt sttt ettt es st e e e seessesenenene 58
PSD (left) and incoherent power spectrum (right). FO 0.7152 mm, pressure 6 bar. ...........coucuveeceveecnnae. 59
PLESSULE 0 DAL .ot 59
PrESSULE 6 DAL ..ot 60
AR SENSOL JOCAION ..ottt e 61
Disc Wear 3.00 MM, 6 DAL c.oocviiiiiiieiciiieecteete ettt ettt ettt b ettt b et et se st tess e tess bt teas s ebetas 61
AE data, disc wear 1.00 mm, 3 DAL PLESSULE ....ueuiuiuimiiiriiieiiieieiie ettt sssnees 62
ACO, baseline, PSD and selected maxima, pressure 3 to 10 bar......ccooviiciviiinnncc, 63
AC4, disc wear 2.00 mm, SESSION 2 AALAiuviuivriierireriireeiereeereerereeree ettt eres et es e e s eteeseseesesserensesesensereanes 63

Sandia National Laboratories and Korea Atomic Energy Research Institute
Page 8 of 229



Figure 3-57
Figure 3-58
Figure 3-59

Figure 3-60
Figure 3-61
Figure 3-62
Figure 3-63

Figure 3-64
Figure 3-65
Figure 3-66
Figure 3-67
Figure 3-68
Figure 3-69
Figure 3-70
Figure 3-71
Figure 3-72
Figure 3-73
Figure 3-74
Figure 3-75
Figure 3-76

Figure 3-77
Figure 3-78
Figure 3-79
Figure 3-80

Figure 3-81
Figure 3-82

Figure 3-83

Figure 3-84
Figure 3-85
Figure 3-86
Figure 3-87
Figure 3-88
Figure 3-89
Figure 3-90
Figure 3-91
Figure 3-92
Figure 3-93
Figure 3-94
Figure 3-95
Figure 3-96

Signal power variation shown for an interval 0f 4 5. ..o, 67
Signal power variation over an Interval Of 1 S...cviiiiiciicicccece e 68
Histogram of signal power measurements showing a multi-modal distribution of the signal

POWEL LEVELS 1. s 68
Signal power fluctuation of unfiltered signal for a 100 ms interval of data taken from the test
INSTANCE OF FIGULE 3-57 ittt 69
Signal power fluctuations of 100 kHz low-pass filtered data from the interval identical with the
interval Of FIZULE 3-00.. ..ot s 69
Signal power fluctuations of 200 kHz low-pass filtered data from the interval identical with the
INLErVal Of FIZULE 3-00 .....oiiiiiiiiiiiiciiiic b 69
Signal power fluctuation of 470 kHz high-pass filtered data of the interval identical with the
interval Of FIGUIe 3-00. ....coiiiiiiiiiiiiiiiii s 70
Quasi-periodic signal power fluctuations observed during the 9 bar testing of disc wear. ................ 70
Signal power fluctuation showing two pulsed additive N0ISE SOULCES .....cuvvuivrimirririvriiriiiiiiiiriiieieins 71
Unprocessed time series data scaled in time to clearly show additive noise pulses........cocovvivirincnnns 71
Spectrogram showing tONal NOISE ......c.viuiiiriiiiiici e 71
Time series data of 6 contiguous data intervals, each of 4 s length......c.ccoeuevicenicrniccniccnncnrcrneenes 72
FFT-based PSD estimate of a 500 ms interval of 9 bar, smallest degree disc wear (1 mm) .............. 74
FFT-based PSD estimate of a 500 ms interval of 9 bar, with 1 mm of disc wear. ......coceceevrrreecinnnnne 74
FFT-based PSD estimate of a 500 ms interval of 9 bar, normal operation of a check valve ............ 74
FEFT-based PSD of 2 MM Of diSC WEAL ...ucviiiiucieiiiicieiceieiceet et sae s 75
Signal level versus degree Of fAULL ......c.cccviiriiiriiee et 75
R/S analysis plot detived from data with normal OPEration .........c.eweueucrereneureeeeererenseneeeneseeseesaens 76
R/S analysis plot of 3 mm disc wear measured at 9 bar ... 76
Piece-wise linear interpolation of HE value versus operating pressure for the normal valve
COMAITIONL ettt ettt seeae 77
Piece-wise linear interpolation of HE value versus fault degree for the disc wear fault

condition, with operating pressure as @ PALAMIELET ........ccuviveviriiiieiiemiiseiseisssesse e ssssessnes 77
Piece-wise linear interpolation of HE value versus operating pressure for the disc wear fault
condition, with fault degree as a PAramMEter.. ... 78
R/S analysis plot of the largest degree of disc scratch measured at a test pressure of 9 bar

Within the PSU test Ded ... saes 79
Time series representation of a data interval during low pressure (1 bar) normal operation at

PSUL o 79
MUSIC pseudo spectrum of check valve at 9 bar pressure........ciiniienes 81
MUSIC pseudo spectrum of the smallest degree of disc wear during operation at 9 bar

pressure, during the April 2004 data cOllECtON ......cviviiiiiiiiiici e 81
MUSIC pseudo spectrum of disc wear of 3 mm during the May 2004 data collection at

PSU oo R 81
Acquired AR SIZNAIS ...ttt 85
NOISE fIIEIING FESULL....ouiviiiiiiciiiciicirc e 85
Spectral analysis results Of AE SIGNALS....c.ovcrieriiirircee ettt seae 86
AE RMS value versus leak rate from foreign object failure mode (September 2003) .......cccovvvueneece. 87
AE RMS data from disc wear and foreign object failure modes (March 2004) ........ccccovvvivivivinnnnnne 87
AE RMS value versus leak rate (March 2004) ......oceevvrriiernneieerninieeienineeeesseeeeenseseseeesesseseonesnes 87
Frequency spectrum (FFT) from different failure modes (March 2004) ..o, 88
Waveform and corresponding spectra obtained from normal condition........ccccvivivicniiiviniennen, 88
Waveform and corresponding spectra obtained from leak condition (¢ 1.20 mm) .....ccccvevvvvirincnnen 88
UT signals obtained from disc of check Valve ..o 89
Flow chart for training neural NEtWOIK ..o 90
The example results between AE parameters and PreSSULE .......ccuieurieuriimreiieeereeieenseeenseeesseeeseeaes 91
Data comparison of RMS value (diSC WEAL) ..ot 95

Sandia National Laboratories and Korea Atomic Energy Research Institute
Page 9 of 229



Figure 3-97
Figure 3-98
Figure 3-99
Figure 3-100
Figure 3-101
Figure 3-102
Figure 3-103
Figure 3-104
Figure 3-105
Figure 3-106
Figure 3-107
Figure 3-108
Figure 3-109
Figure 4-1
Figure 4-2
Figure 4-3
Figure 4-4
Figure 4-5

Figure 4-6
Figure 4-7

Figure 4-8

Figure 4-9

Figure 4-10
Figure 4-11
Figure 4-12
Figure 4-13
Figure 4-14
Figure 4-15
Figure 4-16
Figure 4-17
Figure 4-18
Figure 4-19
Figure 4-20
Figure 4-21
Figure 4-22
Figure 4-23
Figure 4-24
Figure 4-25
Figure 4-26
Figure 4-27
Figure 4-28
Figure 4-29
Figure 4-30
Figure 4-31
Figure 4-32
Figure 4-33
Figure 4-34
Figure 4-35
Figure 4-36
Figure 4-37

Data comparison of amplitude value (diSC WEAL) ..o, 95
Data comparison of FFT1 value (diSC WeAL).......coouiuviiiriieiniciiciiciricieicciseseiseeiseeeesciseseisacsenseneaes 95
Data comparison of FFT2 value (diSC Wear)......ccoviiiiiiiiiiiiciiciiiiciiciiisiiesicsisssissssssnssnens 95
Data comparison of RMS value (fOLeign OBDJECt).....cuurmuemieiriemiciieirieirieirieesiesseseeseseseeseseeseseeennenns 95
Data comparison of amplitude value (foreign Object) ... 96
Data comparison of FFT1 value (fOreign ODJECt) ..cvieuiueiieiiciiciiciricieeirieieereees e 96
Data comparison of FFT2 value (fOreign ObJECt) ... 96
Two-step procedure of classification of the failure diagnosis algorithms .......cccccvevivivcniiivinieinns 96
Training processing steps using a neural NETWOLK........ccvicuviiiiiiiniiiniciccce e 97
The outputs of trained neural Network N StEP L. 97
The outputs trained neural NELWOLK I STEP Z...iucuieiuiiiriiieieieeee ettt esese s esenees 98
The outputs of trained neural network I SteP 2.1 ..o 98
The outputs of trained neural NEtWOTLK IN STEP 2.2 vttt seasenees 99
Schematic of a PWR secondary coolant SYStem .........cocviiviiiiiiiiiiiniiiisiissssssessnens 101
Relative FAC rate as a function of potential (From O. De Bouvier et al) ......ccccocuvviiiciiiiiniccininn. 102
Schematic of external pressure-balanced Ag/AgCl (water) electtode ......cuuerniriineicrerereircrrerenans 102
Schematic diagram and part description of gold-plated nickel electrode. ......coueureerrecrrencieencrennenennee 103
Conceptual design for the installation of ultrasonic sensor on high temperature steel piping

EIDOW SUITACE ...t 104
Fiber-optic reflection displacemMENt SEASOL ....c.vcurueuiecurieeiriciriseieieieeeieesieeseaeesseees e sseaeseeessssessesesssaes 104
Optical power entering receiving fibers as a function of gap between bundle face and the

SULEACE vt 104
An advanced optical fiber sensor as a vibration measurement deviCe.......oueuvueurieuriemrieurienreennennns 105
Modified piping eIDOW tEST IOOP c.vuivuiucriiciriieiricirieireeieeieie ettt nsaees 105
Detailed view of region modeled with solid elements in U-shaped pipe model.........ccccccuvvcuricnnccce. 106
Modal frequency change for original elbow design ..o 106
Modal frequency change for U-shaped SECHOMN .....c.veuiciricieiniieiniicricneciree e 107
Pipe elbow model geometry (Ot tO SCALE) ..o 107
CED analyses Of PIPINg €IDOW.......ccuicuiciricirieiricirieireeiseeie et eses s sse s ssssensensesesseaeseans 108
Developed FAC test Ioop and test SPECIMEN ... 109
Installation of electromagnet for the Pull-dOWN tESt.....cvuiiiiiiiiiiriiii s 110
Sensor installation for the PUll-AOWN TEST.....cuviuiiiuiiiciiciricir e 110
Magnetic pull-dOWNn APPALATUS .....cvivievieiiiii s 111
Keeper arfangement. ... 111
Magnetic force versus deflection for winding current of 5 A and initial gap 0.508 cm.........cccuuceee. 112
Mechanical and magnetic forces versus deflection for various winding curfents..........eoeeeereeeneeee. 112
Achievable deflection versus winding current for initial gap 0.508 cm ..o, 113
Achievable deflection versus initial gap for fixed curfent 5 A ..c.occovcvnienicinicriercreeeeeeees 113
Sensor location for simulated FAC test L. 113
Grinding l0CAtIONS At OULEL SUITACES.....cvuiriueiieciriecirieeireeireeteese et sse e seae e sseaenseaes 114
Grinding locations at the INNEr SULFACE ..o 115
Temperature and flow velocity dependency of FAC rate.....ciinincsienns 115
Schematic diagram of FAC rate with changing flow VEIOCILY .......couueuniueenieeunicmnicnnicrcrceeeeees 116
Effect of alloy content on erosion/COLIOSION FALE. ......cuuuuvieiuriircieeieiiieeiseia et ssessesaesse e sseseseses 116
Pourbaix diagtam at 110%C ... seeeee et st sese st senssasessesessenaens 116
Circuit layout showing the differential amplifier 10@IC........ccviviiviiiiiininiiiiciicc, 118
Inside of amplifier and installed amplifier 0N teSt IOOP...viveuiecrricrricirecireieereceree e 118
SeNSILIVILY COMPATISON cuuvuviiuiiiiiiiiirii bbbt es 119
Frequency Shift DY PUITIP Ottt esess st ssaees 119
Frequency response on the low and high frequency ranges........ccocveuviciricivinciiencrnienccnecneennes 120
Frequency responses of signals measured in the test I00p ......ccccovviiiiiiiiniiiiciic 120
Frequency responses of signals directly and indirectly measured.......coceveuricuricrnicnincrnncvcnenenennes 121

Sandia National Laboratories and Korea Atomic Energy Research Institute
Page 10 of 229



Figure 4-38
Figure 4-39
Figure 4-40
Figure 4-41
Figure 4-42
Figure 4-43
Figure 4-44
Figure 4-45
Figure 4-46
Figure 4-47
Figure 4-48
Figure 4-49
Figure 4-50
Figure 4-51
Figure 4-52
Figure 4-53
Figure 4-54
Figure 4-55
Figure 4-56
Figure 4-57
Figure 4-58
Figure 4-59

Figure 4-60
Figure 4-61
Figure 4-62
Figure 4-63
Figure 4-64
Figure 4-65
Figure 4-66
Figure 4-67
Figure 4-68
Figure 4-69
Figure 4-70
Figure 5-1
Figure 5-2
Figure 5-3
Figure 5-4
Figure 5-5
Figure 5-6
Figure 5-7
Figure 5-8
Figure 5-9
Figure 5-10
Figure 5-11
Figure 5-12
Figure 5-13
Figure 5-14
Figure 5-15
Figure 5-16
Figure 5-17
Figure 5-18

A result of frequency response of simulated FAC test 1 ....c.oeuveieieinicnienienicnereeeeeeeeneaens 121

Results using MUSIC algorithm for SC40 elbOwW ..ot 122
Results of signal characteristics using TFR method ... 122
Frequency response of simulated FAC test 2 for non-uniform thinning..........ccevivininiicnnn, 123
Locations of 3-axis accelerometer inStallation ........c.cvuveeiucueiriiciciiininiceiecceeeeee e 124
FAC cOtrosion PhENOMENON «..c.cuvuiiiieiiiciiciieiie ettt sae s sanaes 125
Integrated approach with fusion SENSOL CONCEPL ..uuvimriuiriueriiciriciicirieiree e 126
Result of HTUT monitotring from first FAC teSt..cineiciricirieireeieeereiereeneienesessesessesensesessesens 127
UT signal reflected on the ShOe SULTACE. ..o s 127
ACEYHC WEAZES. cvvvevrvereiirieeiriee ettt st 127
Comparison of UT signals with and Without Wedge .......c.cceveuemriueuniemricirieircriceeeecreeceeeeseeennes 128
Direct measurement of attachment plate ... 128
Flattened surface Of €IDOW ..ot aes 128
Signal from the flattened eIDOW .......ccccviiiiiiiiiiii e 128
Direct measurement of MSL ......c.oiiiiiiiiiiiii s 129
Expected chemical fEACIONS.....c.c.viiiiiiiiiciiciicic e ees 129
Temperature, pH, ECP, and the corresponding Pourbaix diagtam .........ccocccevecurecrrivcurencrnenerreneneenens 130
Vibration mode change after 12 days of OPeration........coccvcuviiivincmvinieinienieieereeee s 130
FFT analysis results of top portion of U-tUDe ... 131
FFT analysis results of straight portion 0f U-tube.......c.cccuvcieiiiiiieniinicicnccnccneeneesecseesennes 131
pH change with Fe?" 100 CONCENIALION ..uviiuiviiiiiiiiiiiii s 132
Monitored temperature, ECP, and pH plotted separately versus time with ECP-pH

QIAGTAM .. 132
Dissected elDOW dELalS.....ccuiucuiecrrieiiiiieicieeieeeneee ettt saens 133
UT signal shows thickness reductions duting FAC test........ccccuviemriiniininirinieieieiesecneecnenes 134
Thickness reductions during FAC test plotted with dissolved OXygen........cciiiiviciniiinieieinn. 135
Frequency response of chemical FAC teSt.. ..ttt eseseeeesenes 136
Frequency response of grinded elbOw .........cviiiiiiiiiiiniiiii e 136
Strategy for the monitoring aAlgOLItRM «.....ccc.ovviiiiiiiieccrce et 137
Monitoring screen of the teSt IOOP ..ot 137
ECP-pH diagram for €aCh SECHON......ovuiuiuiieeiieeciceeecee ettt ettt esaees 137
The safe regions of FEOH and FeoOs.....cuiiiiiiiiiiiiiiiciciiciccccsesesiess s 138
Representation of safe regions using Cartesian COOLINALE .......eurueuieerricureerrereieeiierienieenseenseeessenens 138
Front panel of piping elbow condition MONItOLiNg SYStEM .....ucvuivviueurieeirimeirieeirieessieenseeesseeenseseseenes 139
Causes of steam generator tube plugging (from Dow’s WOrk).......cceveiviiiniiiiiiiininiiiiccicics 140
Contours of velOCIty MAGNITUAES ......vuviuerieeirieirieeireeieeree ettt ese e neaes 143
Data-model comparison for mean streamwise velocity along the centerline ........cccoovuviviviciricnnen 144
ReSOIVEd REYNIOLAS STEESS .ecvueeiiiieiieieesciceiieeiietieteie et ssans 144
Predicted (a) lift and (b) drag COETHCIENLS ....ocuiiuiiiciiciciiciciccc s 145
FFT of predicted (a) lift and (b) drag COELTICIENTS. ....vueveveiueeiieeiieiieieieieeectseee e eseeseaes 145
Predicted (a) lift and (b) drag coefficients for steam generator tube........oeveeimveviuvirieenicinicnnicnenens 146
FFT of (a) predicted lift and (b) drag coefficients for steam generator tube.......ceeeeereeerreeeereeenneaee 146
Drag and lift force time hiStOries USINE AIL .....c.vueueeiureeiueeiieeieeeieeeieeeeeseesseeetsese e esese s sseese e esaees 148
Drag and lift force time hiStOries USING WALEL .....c.cccviieiuiiniiiiiiiiii s 148
Shell and Beam MOAELS .....cccueviueiiieiieiieircre et 148
Load distribution over tube length and boundary conditions..........ccccveviiviiiivivnincienen, 149
Distributed fOrce HIUSTIALION. ...cciuevieeeieetieerietrieieeireseieeseie ettt s ese st ssensese s nsaens 149
Concentrated fOrce HUSTIAtION ... sas s 149
Beam model midspan displacement USING QIf c....c.cueueueueeernieerneeeinierieireeieeeseeesensesenesensesessesessesessenns 150
Shell model midspan displacemMent USINE AIf........c.cuecuiiuririiriniiriniieiieeiiereeeieie e seesesesssenes 150
Beam model midspan displacement USING WAter ........c.covueviieiiiiiiiiiiiiiiiisese i 151
Shell model midspan displacemMent USING WALET .......c.vcuecrricuricurieureseireeeeeeieeseeeseeeesessesesssaesseaeseens 151

Sandia National Laboratories and Korea Atomic Energy Research Institute
Page 11 of 229



Table 3-1
Table 3-2
Table 3-3

Table 3-4
Table 3-5
Table 3-6
Table 3-7
Table 3-8
Table 3-9
Table 3-10
Table 3-11
Table 3-12
Table 3-13
Table 3-14
Table 3-15
Table 3-16
Table 3-17
Table 3-18
Table 3-19
Table 3-20
Table 3-21
Table 3-22
Table 3-23
Table 3-24
Table 3-25
Table 3-26
Table 3-27
Table 3-28
Table 3-29
Table 4-1
Table 4-2
Table 4-3
Table 4-4
Table 4-5
Table 4-6
Table 4-7
Table 5-1
Table 6-1

Tables

Summary of check valve application in NPPS ......ccccccviiiiiiii s 27
Titles of selected NRC IE BUllEting ........covuiriieriiicriiiiiiiii s ssssssss s 28
Comparison of check valve failure modes from NUREG 4302 (left) and Korean data

(FIZRE) ot 29
Comparison of detailed failure modes of Korean check valves to NUREG 4302 .........ccccoevvueunnee. 30
Frequency range of AE sensor and preamplifier........c.occvvcvrirnieininnienieieiereenseeesseese e 32
Witeless LAN SPECHICAtION ....uvuuiuiuieiiiiiiiieiiieiicieie st saees 36
Updated ARL VAV tEST MAIIX w.vvuiueirieeiieeiriieirieeireeetseieseeseseesesessesessesessesessesessesessesessesessesessssemsessesessesesseaes 47
HDTB sensor configuration, SESSION ..o ssesessessssesnnes 48
Natural frequencies of the Valve diSC ... 51
Effects of fluid loading on the valve diSC ...t ssesenseaes 51
Test condition reference table, SESSION T ...uvviiiririeieiiririeeirreeeee ettt ee 53
HDTB sensor configuration, SESSION 2......c.wucurieereuerrieemreeemreeesieesesesseseseeseseesesemsesessesessesessesessesessessesessenes 57
Test condition reference table, SESSION 2....uviiiiririeieiririeieeririeieenteterets sttt et se et sessesseseneeene 57
HDTB sensor configuration, SESSION 3.......ccuviiiuiiiiniiiiiniieieiseise sttt seses 60
Test condition reference table, SESSION 3 ...ttt ettt sere b ssasebensereanes 60
Welsh’s method parameters for the PSD eStMALE ..o 62
Fault detection results, SESSION 2 AT ..oviiiriierieeeriireiereeeret ettt ettt ettt et et s b s resresereesensebene 64
Fault detection tesults, SESSION 3 AATA c.oveueviririeeiiririeieireieetriete ettt a et s e sesese e e sesanens 64
SENSOL AESIZNALIONS ...evriaieeriiiieeeieeiee ettt e eeas 66
Filter order in the frequency dOmain ... 85
Filter performance (SINR) ....ccviiiiciiiiieiccrc ettt 85
Representative experiment results (frequency in KHZ) ..o, 90
Classification of faults using neural NETWOLK ..o 92
Classification of faults using neural NETWOTK .......ccociuviiiviiiiiiiiiiiee e 93
Neural network results obtained from disc wear and foreign object failure modes.........coocvvvivinennns 93
An experiment dataset to extract the data feature for developing algorithms..........cocccuvivcuvicericnncace. 94
The results of trained neural network in Step 2-1 ..o 98
The results of trained neural NEtWOTLk I STEP 2-2 ...ouuvieciiciiciicircrceeceee e eeseaees 98
The results Of all OULPULS ... 99
A list of test description of simulated FAC teSt T ...vcucircirierrieiricieeieeieneeeneeeeeeenseesseeessenenes 114
Operating conditions for chemical tESt SEIIES.......cviiirieiriiiiiciricircrcc e 115
A summary of frequency responses of simulated FAC test 1....ccveeunieniernicrnicrneeneeeneneenneees 121
Summaries of frequency responses of simulated FAC test 2........ccoeveinienicniininininieeccnaen, 123
UT monitoring results during third FAC test.....ccceiiiiiiniiiiiiiiiiiiis 134
SUMMALY OF thICKIIESS ....vuiiiaiiiiicic e 135
Summary of frequency data of chemical FAC test .....coviviiiiiiiiiiiiciiciccccccaes 135
INATULAL FEEGUEINICIES .evvreviceiceieaieciees ettt enans 150
Project milestone and deliverable SUMMALY ........ccociviiiiiiiiicicccccce s 153

Sandia National Laboratories and Korea Atomic Energy Research Institute
Page 12 of 229



Executive summary

Research objective

The overall goal of this joint research project was to develop and demonstrate advanced sensors and
computational technology for continuous monitoring of the condition of components, structures, and
systems in advanced and next-generation NPPs. This project included investigating and adapting several
advanced sensor technologies from Korean and US national laboratory research communities. To fulfill the
project goal, the project chose to conduct condition monitoring tests on check valves and piping elbows
using several advanced sensors such as optical fiber sensors, acoustic emission (AE) devices, ultrasonic
transducers (UTs), accelerometers, and chemical sensors. The project team investigated and developed
sophisticated signal processing, noise reduction, and pattern recognition techniques and algorithms to
differentiate various degradation stages of these two components.

Research progress

The research project team conducted two condition monitoring test series to demonstrate the feasibility of
using advanced sensors to detect and acquire the dynamic response of subject components and sophisticated
computational techniques to process sensor data. The first test series focused on conducting condition
monitoring of a selected check valve as an active component. The second test series involved investigating
and developing a condition monitoring system for a secondary piping elbow in a non-safety-related
environment as a passive component.

KAERI check valve test loop
There are many check valves in use in NPPs; therefore, the integrity of their performance is of genuine
concern in plant safety and operational efficiency. This project conducted a series of condition monitoring
tests of check valves to provide an effective maintenance and surveillance method to safeguard their
functioning and operation. The KAERI researchers tested a check valve in the normal as well as degraded
configurations to simulate various identified failure modes, including disc wear and foreign object
interference. In this test loop, ultrasonic transducers, AE sensors, accelerometers, and an ultrasonic flow
meter were used to obtain sensor signals of the check valve at various flow conditions. Sensor data from each
predetermined configuration and flow condition were processed to establish recognizable patterns of check
valve response. A schematic diagram of the check valve test loop is shown in Figure E-1. The actual
installation of the check valve test loop and the placement of sensors are shown in Figure E-2.
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Figure E-1 Schematic diagram of the KAERI check valve test loop
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Figure E-2 Actual installation and sensor placement of the KAERI check valve test loop

ARL check valve test loop

Separate condition monitoring tests with the ARL check valve test loop, as shown in Figure E-3, were
performed to mirror the test matrix at KAERI, including the same check valve design having normal and
degraded configurations with disc wear and foreign object interference. These separate ARL tests were
conducted to obtain independent data of check valves to help demonstrate the repeatability of test results at
KAERI and ARL. Experiments were conducted over a sweep in pressure range (1 to 10 bars), including static
pressure.

Ul

Figure E-3 Check valve test loop at ARL

Signal processing analyses for the check valve test data

Sensor signal processing analyses using various techniques were performed with all acquired data from the
condition monitoring tests at KAERI and ARL. Vibration patterns of the check valve were obtained in its
normal configuration as well as in the degraded states with disc wear and foreign objects. Figure E-4 shows
the spectral analysis results of AE signals from the KAERI check valve test loop. The processed results
indicate that the AE sensor data provide a clear differentiation between the normal and the fault conditions
and a resolution for different levels of disc wear simulated in the condition monitoring tests.
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Figure E-4 Spectral analysis results of AE signals

Eigen pseudo spectral techniques (EPST), which apply eigendecomposition methods to produce a pseudo
spectrum, were investigated to process sensor data. A particular spectral technique, the Multiple Signal
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Classification (MUSIC), was selected to process the check valve sensor data due to its use of the noise
subspace and its uniform weighting of that subspace to determine the signal spectrum. The MUSIC
technique, which does not involve a noise filtering process, provides a very useful procedure to detect faults
as shown in Figures E-5 and E-6 for KAERI and ARL data, respectively. Figure E-5 shows the MUSIC
pseudo spectra of AE signals for normal configuration and various levels of degradation at a pressure of 9 bar
while Figure E-6 shows those for accelerometer signals of a degraded check valve of 3 mm at various
pressures.
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Figure E-5 MUSIC pseudo spectrum of KAERI data at 9 bars
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Figure E-6 MUSIC pseudo spectrum of ARL data for disc wear of 3 mm
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Accelerometer data were also collected from the ARL check valve tests for both the pump (primary noise
source) and choke valve (secondary noise source) to allow applying cross correlation and coherence functions
in analyzing these data. Figures E-7 and E-8 show the incoherent spectra for different cases of disc wear and
foreign objects at a pressure of 9 bar. The plotted results indicate that the multiple coherence method
provides one of the possible data processing procedures to differentiate check valve response of normal and
faulty conditions, and may be able to characterize different types of fault.
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Figure E-7 Incoherent spectra for disc wear  Figure E-8 Incoherent spectra for foreign object
Application of Artificial Neural Network (ANN)
A trained neural network was developed and applied to examine the sensor data from the check valve tests.
The neural network results obtained from disc wear and foreign object failure modes indicate that the neural
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network algorithm can distinguish between the normal and degraded configurations, it can also differentiate
between disc wear and foreign object failure modes, and it is very difficult to estimate the level of
degradation.

Finite element analyses of check valve

Several attempts were made to develop and analyze finite element models (FEMs) of the check valve to
evaluate the flow-induced vibration response of its various parts in degraded states. Analysts performed
simulations with the disc positioned at various angles to the flow direction to study the effect of turbulent
flow on the vibration response of the disc. Modal analyses of disc were also performed to investigate its
vibration modal shape. Analysis results indicate that the analysts in this project team could only get limited
information on the flow-structure interaction response of the check valve, and additional research and
development efforts are needed to advance the analysis techniques in this area.

Flow-accelerated corrosion (FAC) test loop at SNU

This test series addressed the degradation of piping systems subjected to corrosion or erosion (or both)
attacks in a hostile environment of high temperature, high pressure, and undesirable water chemistry. The
flow-accelerated corrosion (FAC) test loop was installed at SNU to investigate this degradation mechanism by
conducting condition monitoring tests of a secondary piping elbow in a non-safety related environment as a
passive component. The test effort involved investigating the degradation behavior of the piping elbow in an
accelerated corrosion/erosion environment, monitored by an Au Electrode-Non PTFE (AUEN) sensor
(gold-coated electrode with metal-ceramic brazing seal). Multiple sensors were used to monitor the dynamic
response of the piping elbow in the normal and degraded (thinned) configurations in this test loop, including
an advanced optical fiber displacement sensor, a micro accelerometer, and a capacitance displacement sensor.
A schematic diagram of the piping elbow test loop and its installation are shown in Figure E-9.
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(2) Schematic diagram (b) Actual installation
Figure E-9 Piping elbow test loop

A research effort was undertaken in this project to perform computational fluid dynamics (CFD) analyses of
the piping elbow to investigate the flow characteristics, which is important for estimating the
corrosion/erosion expected to occur. There are various state-of-the-art computational methods, such as
direct numerical simulation (DNS) and large eddy simulation (LES), to calculate the transient turbulent
fluctuations. However, these computational techniques are not practical for dynamic flows of engineering
interests due to high computational costs. Instead, a turbulent model using the FLUENT code was developed
in this project to examine the steady state solution of a turbulent flow inside a piping elbow. Figure E-10
shows the analysis results from this model in terms of regions of high shear stresses and kinetic energy for
assessing potential areas vulnerable to the corrosion/erosion attack.
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SNU researchers investigated to determine the dependence of FAC rate on the water environment including
its temperature, flow velocity, ECP, and pH. The ECP and pH electrodes performed well in the FAC test to
acquire key ECP and pH data to be monitored and maintained throughout the test. Figure E-11 shows the
responses from these electrodes during the chemical tests. Figure E-12 shows the frequency responses from
accelerometers due to flow-induced vibration during the tests. The fast Fourier transform (FFT) results of
accelerometer data, as shown in E-13 and E-14, indicate that the vibration mode of the piping elbow changes
as its thickness reduces with the progress of the FAC tests, but these changes are small indicating that the

local pipe thinning is less than expected.
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Figure E-14  FFT analysis results of straight portion of U-tube

Conclusion

In summary, the research team focused on accomplishing the project goal of developing and demonstrating
continuous condition monitoring techniques by conducting tests on two selected check valve and piping
elbow test loops to demonstrate the feasibility of using vibratory characteristics of these structural
components to monitor their health status. In both test loops, advanced sensors were used to acquire
vibration signals to be analyzed and evaluated with sophisticated data processing technologies that are specific
for every sensor. In all condition monitoring tests, the predetermined configuration of the test component,
cither normal or degraded (associated with an identified degradation mechanism), were included in test matrix
to establish pattern recognition that correlates component response patterns to different selected degradation
modes.

For the check valve test loop, analysis results of processed sensor data indicate that it is feasible to
differentiate between the normal and degraded (with disc wear and foreign object) configurations, but it is
questionable that these techniques can reliably identify the level and type of degradation. Condition
monitoring tests of check valves were conducted with separate test loops at KAERI and ARL to help
demonstrate the repeatability of test results. For the piping elbow test loop, different vibratory response of
the U-tube was observed with various stages of local thinning of piping thickness caused by the
corrosion/erosion process in the FAC tests. However, since the test data indicate only small changes in the
vibration mode of the piping elbow due to lower than expected local pipe thinning, a clear-cut conclusion to
use mechanical vibration as a passive monitoring technique to assess local thinning of pipes cannot be
reached.
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AC
ACC
ADC
AE
ARL
ASME
AP
AUEN
BEM
BIBO
BOP
BPF
BPSK
BSS
CANDU
COFDM
CFD
DAS
DFS
DNS
DS-CDMA
DSP
DSSS
DVI
DWT
EAC
ECP
ED
EPST
EREP
ESS
ETSI
FAC
FEM
FFT
FIR
FOM

Nomenclature

accelerometer, alternating current
accelerometer

analog-to-digital converter

acoustic emission

Applied Research Laboratory

American Society of Mechanical Engineers
Access Point

Au Electrode-Non PTFE

boundary element model

Bounded Input/Bounded Output

balance of plant

blade pass frequency

binary phase shift keying

Basic Service Set

Canadian deuterium uranium (a reactor)
Coded Orthogonal Frequency Division Multiplexing
computational fluid dynamics

data acquisition system

Dynamic Frequency Selection

Direct Numerical Simulation

Direct Sequence Code Division Multiple Access
digital signal processing

direct-sequence spread-spectrum technology
Direct Vessel Injection

discrete wavelet transform

environmentally assisted cracking
electrochemical corrosion potential

energy distribution

eigen pseudo spectral techniques

external reference electrode-PTFE
Extended Service Set

European Telecommunication Standards Institute
flow-accelerated corrosion

finite element method, finite element model
fast Fourier transform

Finite Impulse Response

figure of merit
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GUI graphic user interface

HDTB Hydraulic Diagnostic Test Bed

HE Hurst exponent

HTUT high-temperature ultrasonic transducer

IE Inspection and Enforcement

IEEE Institute of Electrical and Electronics Engineers
IIR Infinite Impulse Response

I-NERI International Nuclear Energy Research Initiative
INPO Institute of Nuclear Power Operation

1P Internet Protocol

KAERI Korea Atomic Energy Research Institute
LAN local area network

LER licensee event report

LES Large-Eddy Simulation

LPG long-period fiber grating

MAC media access control

MSR moisture separator and reheater

MUSIC Multiple Signal Classification

NFD no fault detected

NPP nuclear power plant

NRC Nuclear Regulatory Commission

NUREG A number issued for an NRC document
ODSCC/IGA  outer-diameter stress corrosion cracking and intergranular attack
OFDM Orthogonal Frequency Division Multiplexing
OM Operating & Maintenance

PAC Physical Acoustics Corporation

PDE partial-differential equation

PHY Physical (layer)

PSD power spectral density

PSU Pennsylvania State University

PWR pressurized-water reactor

PWSCC primary-water stress corrosion cracking

QoS Quality of Service

R15 resonance

RMS root mean square

RNG ReNormalization Group

R/S rescaled range

SCC stress corrosion cracking

SNR signal-to-noise ratio
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STFT
TFR
TKIP
uT
VSWR
WBS
WD
WEP
WT
WVD

short-time Fourier transform

time frequency representation
Temporary Key Integrity Protocol
ultrasonic transducer

Voltage Standing Wave Ratio
Work Breakdown Structure

wide band

Wired Equivalent Privacy

wavelet transform

Wigner-Ville distribution, Wavelet-Vaguelette deconvolution
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1.1

Introduction

This final report is a compilation of material that Sandia National Laboratories (SNL) and Korea
Atomic Energy Research Institute (KAERI) have gathered from all the I-NERI team members:
Applied Research Laboratory (ARL) at Pennsylvania State University (PSU), Seoul National
University (SNU), Pusan National University (PNU), and Chungnam National University (CNU).

The overall goal of this joint research project was to develop and demonstrate advanced sensors and
computational technology for continuous monitoring of the condition of components, structures,
and systems in advanced and next-generation nuclear power plants (NPPs). This project included
investigating and adapting several advanced sensor technologies from Korean and US National
Laboratory research communities, some of which were developed and applied in non-nuclear
industries. The project team investigated and developed sophisticated signal processing, noise
reduction, and pattern recognition techniques and algorithms, as well as evaluated encryption and
data authentication techniques for the wireless transmission of sensor data.

Roles and responsibilities

Figure 1-1 shows a project organization chart that illustrates the breakdown of project tasks. This
research project was actively engaged in conducting two condition monitoring test series that
involved a check valve and a piping elbow. The first series focused on conducting condition
monitoring of a selected check valve as an active component using a modified test loop at KAERI
The test series involved the check valve in the normal as well as degraded configurations to simulate
various identified failure modes. Ultrasonic transducer (UT), acoustic emission (AE), accelerometer,
and ultrasonic flow meter were used in this test loop to obtain sensor signals of the check valve at
various flow conditions. The KAERI staff members were responsible for designing and installing the
test loop, conducting the test series, and analyzing test data with support from PNU and CNU. The
PNU staff members were tasked with analyzing the data on the check valve tests. The SNL and CNU
analysts principally worked on sensor signal processing. The SNL staff members performed the finite
element analyses.

The primary role of ARL was to provide support to SNL in the areas of signal analysis, data fusion,
pattern recognition, and wireless system integration for component health monitoring. In this role,
ARL designed and installed a separate check valve test loop and conducted suites of condition
monitoring tests of this loop to collect independent data to identify and develop advanced signal
processing techniques for diagnostic/prognostic methods.

The second series focused on conducting condition monitoring of a selected elbow and U-section of
piping systems as a passive components using a FAC test loop at Seoul national University (SNU).
The test series involved pipes in the normal as well as degraded configurations to simulate various
identified failure modes, uniform thinning, non-uniform thinning and chemical thinning. A group of
selected sensors, such as AUEN and EREP as chemical sensors, accelerometer, optical displacement
sensot, capacitance sensor, and ultrasonic device as mechanical sensors, and ultrasonic flow meter,
were used in this test loop to obtain sensor signals of the FAC thinning phenomena at various test
conditions. KAERI staff members were responsible for manufacturing the test loop, and analyzing
test data of vibration by FAC thinning with support from SNU and CNU. SNU staff members were
tasked with conducting the test series and analyzing the testing data on FAC chemical tests. KAERI,
SNU and CNU analysts principally worked on sensor signal processing, and SNL staff performed the
finite element analyses.

Since there are multiple organizations in US and Korea participating in this joint research project, a
protected project website was installed at SNL to facilitate communication and exchange of test data,
evaluation and analysis results, and diagnostic/prognostic methods. This project website proved to
be extremely valuable to project team members in transmitting huge volumes of test data and analysis
results in real time.
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Figure 1-1 Project organization chart. Note: The task descriptions are included in the
Contents and Table 6-1.
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TASK 0: project management and coordination
Task lead: SNL and KAERI

This task manages and coordinates project activities between US and Korean team members. The
project team identified and planned to conduct two condition monitoring test series of a selected
check valve and a piping elbow to demonstrate the applicability of condition monitoring techniques
in evaluating their health status. In each condition monitoring test, sequential project activities
included design and installation of test loop, selection of advanced sensors, conduct of test,
simulation with finite element and hydrodynamic models, sensor signal processing, and evaluation
and documentation of results. The planned activities are described in detail in the Work Breakdown
Structure (WBS) in Figure 2-1.

This international joint project presented an array of challenges besides executing the technical details
of the planned tasks. The main challenges lied in the cultural and organizational differences in the US
and Korean institutions in executing the planned tasks. Additional challenges were associated with
language barrier and vast separation between institutions. The project team members used meetings
and electronic communications via project website, e-mails, and telephone communications to
confront and resolve these challenges. One of the most effective channels to promote
communication among project team members was to hold meetings to discuss technical details and
to resolve potential differences.

A project website was developed and maintained at SNL to facilitate communication among project
members and storage of project documents and test data files. This secure project website provides a
forum for project members to shatre reports, memos, test plans, test data, and analysis results.
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ID |WBS|Task Name Duration Start Finish 2002 [2003 [2004 [2005
JIFIm[AIM[JJ]A]sOIN[D[ J]FIM]AIM[ ] J]A[S[OINID| J[F IM[AM[ J[J]A[S [O[N[D] J[FIM[AMJ]J
1 0 Project Management & Coordination 891days  Tue1/1/02  Tue5/31/05 1
2 | 01 Project Planning & Coordination 784 days Tue 1/1/02 Fri 12/31/04 [ ]
3 0.2 Quarterly Progress Reporting 803 days ~ Fri3/1/02  Tue 3/29/05 m ;Em m; m m|m m;m m o m;
17 0.3 Annual Report Preparation 652 days Mon 12/2/02  Tue 5/31/05 1+ m 9]
21 1 Condition Monitoring of Check Valves 729 days Fri3/1/02 Wed 12/15/04 |
22 1.1 Performance/failure/inspection data on check valves in Korea and 63 days.  Wed 3/6/02 Fri 5/31/02
23 1.2 Sensor & communications options for data acquisitioin for 152 days Fri3/1/02° Mon 9/30/02| [ e————
condition monitoring of check valves
24 13 Finite element analyses of selected check valve design to investigate 338 days| Wed 5/15/02 Fri 8/29/03 [, od
its dynamic response characteristics and to select optimal sensor
locations
25 1.4 Tests with the KAERI DV test loop and ARL test bed to obtain 588 days| Mon 4/1/02  Wed 6/30/04 w ol
condition monitoring data on check valves using selected sensors
26 1.5 Signal data processing analyses for noise filtering and pattern 479 days| Mon 12/2/02 | 'Thu 9/30/04 w o
recognition
27 1.6 Demostrate integrated system analyses on check valves for 189 days  Fri3/26/04 Wed 12/15/04 P
recommending mitigation and correction options
28 2 Condition Monitoring of a Secondary Piping Elbow in a 729 days Fri3/1/02 Wed 12/15/04 [, |
Non-Safety Related Envi:
29 2.1 Performance/failure/inspection data on passive components in an 175 days Fri3/1/02 Thu10/31/02 [
accelerated erosion cracking environment in Korea and US
30 22 Sensors & communications options for test loop to obtain 325 days|  Mon 3/4/02 Fri 5/30/03 w |
condition monitoring data on piping elbows
31 23 Finite element analyses of the piping elbow to investigate its 436 days.  Wed 5/1/02 Wed 12/31/03 [, d
dynamic response characteristics and to select optimal sensor
locations
32 24 Tests with test loop at KAERI to obtain condition monitoring 543 days.  Thu8/1/02  Mon 8/30/04 [, ]
data on piping elbow using selected sensors
33 | 251 Manufacture and install selected sensors and data acquisition 282 days.  Thu 8/1/02 Fri 8/29/03 [, d
systems to test loop of piping elbow
34 | 252 Signal data processing analyses for noise filtering and pattern 316 days. Wed 10/1/03  Wed 12/15/04 [, .
recognition
35 2.6 Demostrate integrated system analyses on piping elbow for 188 days. Mon 3/29/04 Wed 12/15/04 P
recommending mitigation and correction options
36 3 Condition Mc ing of an A bly of Tubesheet and Tube 488 days Mon 2/3/03 Wed 12/15/04 w |
Bundle in Steam Generator
37 3.1 Performance/failure/ inspection data on steam generator assembly 85days  Mon 2/3/03 Fri 5/30/03 i
38 32 Scenario to demonstrate condition monitoring for steam generator 174 days Tue 4/1/03 Fri 11/28/03 [
assembly
39 3.3 Design options for a steam generator assembly test loop 141 days. Mon 6/2/03 Mon 12/15/03 e
40 34 Sensor and communication options for test loop to obtain 174 days Fri 8/1/03  Wed 3/31/04 —
condition monitoring data on steam generator tube assembly
41 35 Fluid and finite element analyses of steam generator assembly to 359 days Fri 8/1/03 Wed 12/15/04 [, ]
investigate dynamic response characteristics
42 4 Technical Task Reports & Deliverables 891days  Tue1/1/02 Tue5/31/05 1
43 4.1 Condition Monitoring Technologies Report 837 days. Mon 3/18/02 Tue 5/31/05 [, ]
44 4.2 Advanced Sensor Technologies Report 847 days.  Mon 3/4/02 Tue 5/31/05 [, ]
45 4.3 Erosion/Corrosion Monitoring Data 891 days Tue 1/1/02 Tue 5/31/05 ]
46 4.4 Bascline Software Using Operational and Lab Data 307 days. Mon 3/29/04 Tue 5/31/05 [, ]
47 4.5 Signal Processing & Smart Communication Technologies Report 432 days. Mon 10/6/03 Tue 5/31/05 [, 1
48 4.6 Final Technical Project Report on methods and results of prototype | 247 days. Mon 6/21/04 Tue 5/31/05 [P 5}
demonstrations

Figure 2-1

Work Breakdown Structure (WBS)
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3.1

TASK 1: condition monitoring of check valves (active
components)

This task focuses on investigating and developing a condition monitoring test loop of a selected
check valve as an active component. The tasks include collecting and reviewing existing performance,
failure, and inspection data on check valves in the US and Korea, investigating and identifying
advanced sensors and communication options, developing and performing finite element and
hydrodynamic analyses of the check valve model, developing and conducting tests to acquire
condition monitoring data, processing signal data, and performing integrated system analyses.

Task 1.1: performance, failure, and inspection data on check valves in Korea and
the US

Performed by KAERI, CNU, and SNL

There are many check valves in use in NPPs; therefore, the integrity of their performance is of
genuine concern in plant safety and operational efficiency. This project included a series of condition
monitoring tests of check valves to provide an effective maintenance and surveillance method to
safeguard the functioning and operation of check valves. SNL and KAERI performed a survey on
the performance, failure, and inspection data on check valves in the US and collected 46 licensee
event reports (LERs) and 1 notification letter from 19 different plants. These reports cover a span of
10 years from 1990 to 2000. KAERI also performed a survey on the performance, failure, and
inspection data on check valves in Kotea from March 1993 to January 2001. Although the collected
information was limited by source database and time span, the basic characteristics of relative
percentages of performance and failure is not expected to change much with additional data. A
database was organized using the Microsoft® Access™ program to categorize the collected reports.

There were four main categories of design for check valves in use in NPPs: tilting disc, lift,
conventional swing, and Y swing check valves. This project included condition monitoring tests of

4 in. conventional swing check valves. Survey results indicate that surveillance leak tests and
troubleshooting systems were used to discover check valve failures at ~0.44 occurrences/plant every
year. The check valve failure modes were dominated by reverse leakage (about 53%) followed by
failure to close and failure to open, as shown in Figure 3-1. The failure mechanisms of check valves
can be categorized into a list of causes as demonstrated in Figure 3-2, which identifies disc/seat weat,
hinge/bushing weat, foreign object interference, and improper assembly as the four major failure
mechanisms. The disc/seat and hinge/bushing were the moving elements inside the check valve
housing. The erosion or corrosion processes due to turbulent flow conditions inside the housing may
cause their wear and degradation. Poor workmanship and questionable quality control and inspection
procedures in fabrication may be the main causes of foreign object interference and improper
assembly revealed in the survey results.

Investigators artificially introduced these four major failure mechanisms inside the check valves and
investigated their influence in the condition monitoring tests. The details of license issues and failure
analysis for the passive and active components are discussed in Appendix A, Section 1.
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Figure 3-1 Check valve failure modes
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Figure 3-2 Failure mechanisms of check valves

The failure mode analysis of check valves in the US

Check valves are used extensively in nuclear power safety systems and balance-of-plant (BOP)
systems. Sizes of check valves vary depending on setrvice requirements, and range from 0.5 to 28 in.
in nominal pipe diameter. The four most commonly used types are swing, horizontal lift, vertical lift,
and ball check valves. Table 3-1, which summarizes the usage of check valves in typical pressurized-
water reactor (PWR) NPPs, indicates number of valves, size ranges, and types used in various
systems.

Table 3-1 Summary of check valve application in NPPs
System Number of Valve size
check valves range (in.)
Auxiliaty feedwater 4 to 23 4t08
Containment spray 4to 14 6to 14
High-pressure cooling injection 12 to 28 25t0 4
Low-pressure cooling injection/residual heat removal 5to 14 8 to 10
BOP 200 to 400 2 to 60

The failures of these check valves have resulted in significant maintenance efforts, water hammer,
over-pressurization of low-pressure systems, and damage to flow system components. These failures
have largely been attributed to severe degradation of internal parts (for example, hinge pin, hinge
arms, discs, and disc nut pins) resulting from instability (flutter) of check valve discs under normal
plant operating conditions. For example, a post-service examination performed on a 10 in. swing
check valve from a local installation following its failure to close in service revealed extreme wear in
the hinge mechanism that caused the disc to hang up on the valve body before seating occurred.
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Although service conditions were not known, the wear appears to have been caused by disc
instability (oscillation) during service. In addition, check valve instability may be a result of
misapplication (using oversized valves) and may be exacerbated by low-flow conditions or upstream
flow disturbance (or both). At present, an inspection requirement for NPPs has been inadequate for
timely detection and trending of such degradation because neither the flutter nor the resulting wear
can be detected before failure. From the licensing perspective, the Licensing Authority has a
continuing strong interest in resolving the check valve failure problem. Table 3-2 includes the titles
of selected Nuclear Regulatory Commission (NRC) Inspection and Enforcement (IE) Notices and
Bulletins during 1980 to 1990. These notices and bulletins were indicative of the types of check valve
problems that have occutred during this period and the continued interest that NRC has in
identifying and solving these problems.

In particular, IE Information Notice 86-01 describes an event that occurred at San Onofre, Unit 1,
on November 21, 1985. The most significant aspect of the event was the failure of safety-related
feedwater system check valves (three main feedwater regulator check valves and two feedwater pump
discharge check valves). The failure of these valves was the primary cause of a severe water hammer
event that extensively damaged a portion of the feedwater system. A similar failure caused by a check
valve occurred at Kori, Unit 3, in 1985. From a licensing standpoint and a failure example, if eatly
detection of the failure was available, it could have been prevented, thus controlling the system
damage. It is therefore necessary to develop reliable condition monitoring for check valves.

Table 3-2 Titles of selected NRC IE Bulletins

Number Title

9003 Malfunction of Borg-Warner Bolted Bonnet Check Valve Caused by Failure of the
Swing Arm

Malfunction of Borg-Warner Pressure Seal Bonnet Check Valve Caused by Vertical

89-02 Misalignment of Disc

88-05 Broken Retaining Block Studs on Anchor Darling Check Valve

88-70 Check Valve In-Service Testing Program

86-06 Failure of Check and Stop Check Valve Subjected to Low-Flow Conditions

86.01 Failure of Main Feedwater Check Valves Causes Loss of Feedwater System Integrity and
i Water Hammer Damage

84-12 Failure of Soft Seat Valve Seals

84-06 Steam Binding of Auxiliary Feedwater Pumps

83-54 Common Mode Failure of Main Steam Isolation Nontreturn Check Valve

83-06 Nonidentical Replacement Parts

82-35 Failure of Three Check Valves on High-Pressure Injection to Pass Flow

Reactor Core Isolation Cooling and High-Pressure Coolant Injection Turbine Exhaust
82-26 )

Check Valve Failure

82-20 Check Valve Problems

81-35 Check Valve Failures

81-30 Velan Swing Check Valves

80-41 Failure of Swing Check Valve in the Decay Heat Removal System at Davis-Besse Unit
. No. 1

Stress Corrosion Cracking of High-Hardness Type 410 Stainless Steel Internal
89-02 Preloaded Bolting in Anchor Darling Model S350W Swing Check Valves or Valves of
Similar Design

85-01 Steam Binding of Auxiliary Feedwater Pumps

83-03 Check Valve Failures in Raw Water Cooling Systems of Diesel Generator

80-01 Operability of Automatic Depressurization System (ADS) Valve Pneumatic Supply
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3.1.2 The failure mode analysis of check valve in Korea

Figure 3-3 shows check valve failure during March 1993 to January 2001. In this figure, gasket/disc
and leakage cause more than 70% of failure occurrences. This database was compared to the data in
NUREG-CR 4302, Aging and Service Wear of Check 1 alve Used in Engineered Safety-Feature Systems of
Nuclear Power Plants. In Table 3-3, the right chart shows the failure mode and detection method used
in NUREG-4302, and the left chart shows the Korean data. The right chart shows the failures in
percentages and the left chart shows failures in number. If the percentages were converted to
numbers, the Korean data compares closely to the NUREG data.
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Figure 3-3 Check valve failure modes during March 1993 to January 2001 in Korea
Table 3-3 Comparison of check valve failure modes from NUREG 4302 (left) and

Korean data (right)

Failure mode # Failure mode %
Seat leakage 17 Seat leakage 70
Extemal leakage 6 Extemal leakage 16
Failed to open 1 Failed to open
Failed to close 0 Failed to close
Damaged interals 0 Damaged interals 4
Method of detection %
Method of detection | # In-service and surveillance test 67
Inspection 9 Incidental observation 4
disassemble 4 Routine observation 14
Pr.evention 2 Operational abnormality 11
maintenance
Maintenance 2
Special inspection 2
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Table 3-4 describes the details of check valve failure modes. Note that the leakage failure caused by
the seating surface occurred more frequently than failure due to the gasket. In Table 3-4, the right
chart is the NUREG data as reported in LERs and the left chart is Korean data. However, from

a maintenance standpoint, component change is the choice of action in Korea but repair is the choice

for the NUREG data.
Table 3-4 Comparison of detailed failure modes of Korean check valves to
NUREG 4302
Check valve failures reported in LERs
for period 1969-1983
Total 37 # %

1. Mode of Failure 1. Mode of Failure
Leakage Leakage

seating surfaces 11 seating surfaces 52

gasket 10 gasket 4

seat-to-body 6 seat-to-body 3
Intemnals 0 Intemnals 32
Body 0 Body 2
Slow response time 0 Slow response time 1
Operational error 1 Operational error 2
Other/unknown 16 Other/unknown 4
I. Mode of Detection II. Mode of Detection
Surveillance testing 9 Surveillance testing 32
Leak rate testing 0 Leak rate testing 27
Normal operation 4 Normal operation 28
Maintenance 2 Maintenance 9
Demand 0 Demand 1
Other/unknown 23 Other/unknown 3
I Maintenance Activity I Maintenance Activity
Repair 0 Repair 54
Replace Replace

in—kind 24 in—kind 8

different 1 different 3
Modification 3 Modification 9
Other 0 Other 1
Unknown 9 Unknown 25
IV. Cause IV. Cause
Wear 18 Wear 8
Curd Crud 15
Corrosion/erosion Corrosion/erosion 5
Failure to seat Failure to seat 4
Design error Design error 6
Crack/fatigue 1 Crack/fatigue 2
Installation /fabrication 1 Installation /fabrication 9
Binding 2 Binding 3
Other/unknown 15 Other/unknown 43

3.2 Task 1.2: sensor and communication options for data acquisition for condition
monitoring of check valves

Petrformed by KAERT/PNU
3.2.1 Sensor options
Condition monitoring method for check valves

Figure 3-4 shows the swing-type check valve selected for the condition monitoring test loop.
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Figure 3-4 Swing-type check valve

There were many possible failure mechanisms caused by system flow oscillations or system piping
vibrations that can lead to check valve component wear and failure. The most common types of
physical damage in check valves were discs separated from the hinge pin; broken stud pin; loose disc
nut; partially open disc; disc caught on inside of the seat ring; cracked disc; or worn hinge pin, bent
hinge pin, disc, or hinge arm. Most of these faults cause vibratory noises that were detectable by
monitoring AE from the valve body. Abnormal movement of discs can be detected by ultrasonic
measurements or through motion (usually acceleration) sensors attached to the valve body. In
addition, leakage caused by these faults in the reverse flow condition can be measured conveniently
by using the ultrasonic flow meter.

Four types of sensors—AE, ultrasonic, accelerometer, and ultrasonic flow meter—were used in the
check valve test loop. The specifications of input characteristics and output signal on data acquisition
systems (DASs) as well as a discussion on the application of each of these sensors follow.

3.2.1.1 AE monitoring

Acoustic emission signals are detected by sensors (such as piezoelectric-type accelerometers or
microphones) that respond to pressure waves over a wide range of frequencies. Analyses of AE
signals obtained from check valves can be used to monitor check valve disc position, movement, and
mechanical condition as well as internal flow or leakage through the valve. Various methods of
obtaining and analyzing data were available. These include filtering, fast Fourier transform (FFT), and
as pattern recognition techniques.

In this project, AE monitoring was used to detect check valve disc movement and to evaluate valve
degradation such as disc/seat and hinge pin wear. The specifications of input characteristics and
output signal on DASs for the AE sensors were as follows:

e Physical Acoustics Corporation® (PAC): Resonance (R15)
e Frequency range: 50 to 200 kHz, central frequency: 150 kHz
e PAC: Wide band (WD)

e TFrequency range: 100 to 1000 kHz, central frequency: 650 kHz, 100 to 1200 kHz blade
pass frequency (BPF).

3.2.1.2 Ultrasonic monitoring

Ultrasonic measurement involves introducing high-frequency sound waves into a part and analyzing
the characteristics of the reflected signal. Typically, one or two ultrasonic transducers were used to
provide both transmission and receiving capabilities. The ultrasonic signal is injected from outside
the valve at the transmitting transducer and passes through the valve body, where it is reflected by an
internal part (such as a disc or hinge arm) back toward the receiving transducer.

The ultrasonic technique is usually used to produce a time waveform display from which disc
position and movement may be easily determined and can be used to detect a missing or stuck disc.
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The specifications of input characteristics and output signal on DASs for ultrasonic sensors were as
follows:

Input frequency range for the ultrasonic device:

e 2 MHz angle beam transducer, 0.25 in. element diameter (Techsonic®, USA)
e 5 MHz angle beam transducer, 0.25 in. element diameter (Techsonic, USA)
e 20° 30° 45°, 60° and 70° wedges (Techsonic, USA)

Frequency of ultrasonic data to be stored by the DAS: Oscilloscope (LeCroy® 9310A, Dual 400
MHz).

3.2.1.3 Accelerometer monitoring

Accelerometers were used to detect vibration signals from pressure waves over a low-frequency
range (<100 kHz) and were usually attached to the valve body. The specifications of input and
output signals on DASs for the accelerometers were as follows:

Wilcoxon® Research: Model 736 (Serial Number, SN 11173)

Frequency range: 5 Hz to 24.5 kHz, central frequency: 52 kHz, sensitivity: 98 mV/g
Wilcoxon Research: Model 736 (SN 11174)

Frequency range: 5 Hz to 24 kHz, central frequency: 52 kHz, sensitivity: 100 mV/g.

3.2.1.4 Ultrasonic flow meter

The Controlotron® ultrasonic flow meter can perform reliably at high temperatures (>250°F) to
attenuate signals. This transducer provides both internal and external coupling for ultrasonic energy
to be transmitted to and from the transducer. Therefore, this device can be used non-intrusively to
detect leakage failure of check valve by a direct flow measurement. Figure 3-5 shows a schematic
diagram for condition monitoring of the check valve. AE sensors with different frequency ranges
were used to detect leak signals as shown in Table 3-5.
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Figure 3-5 Schematic diagram for condition monitoring of the check valve

Table 3-5 Frequency range of AE sensor and preamplifier

Type Frequency Range Center Frequency Filter (BPF)
WD 100 to 1000 kHz 650 kHz 100 to 1000 kHz
R15 50 to 200 kHz 150 kHz 100 to 300 kHz

The details of sensor characteristics are discussed in Appendix A, Section II.
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3.2.2 Communication options

Different communication options (both wired and wireless) to transmit sensor signals from DASs to
data processing and storage units were investigated.

3.2.2.1 Prototype using wired communication (KAERI/CNU)
Prototype using wired communication hardware overview

Figure 3-6 shows the prototype configuration using wired communication.
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Figure 3-6 A configuration of prototype using wired communication
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Development of prototype using wire communication

The master program. The master program took charge of the input/output communication as a
DeviceNet™ master with a single slave device. Figure 3-7 shows the Lab View™ display, which set
the input value and displayed the output of block diagram for this task. This display comprised
graphs and charts displaying the actual data. The DeviceNet communication setup and input data can
be adjusted using switches, input windows, and buttons on the front panel.

The structural elements of display were as follows:

- DeviceNet setting

- Neural Net input parameter
- Neural Net output

- Error
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Figure 3-7 The display of master program of prototype
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Figure 3-8 is a block diagram of the master program. The block diagram is the program source of
LabView. The block diagram components include terminals, nodes, and wires. The flow of data was
executed through the wire.
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Figure 3-8 The block diagram of master program of prototype

Stave program. The slave program performed the data acquisition from the sensor, displayed the
acquisition data and the value of extracted parameters and filtering (Butterworth filter), and sent the
extracted parameters to a master through a wired network. The block diagram flows likes this:

- DeviceNet communication

- Data acquisition

-FFT

- Parameter extraction

- Display error
Figure 3-9 shows the display of the slave program before and after input data filtering. The right side
of the figure displays the results of the FFT; the amount of low-frequency noise was lower compared

to the original data. Figure 3-10 shows the slave program block diagram; the image on the right
shows the FFT.
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Figure 3-9 Slave program display before and after input data filtering
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Figure 3-10  Slave program block diagram

Demonstration of prototype using the experimental data

A demonstration program was executed using the experimental data files. A graphic user interface
(GUI) of the demonstration program is similar to a slave program except for the file path tab, which
is used when the experimental data file was opened. Figures Figure 3-11 and Figure 3-12 show the
display of the demonstration prototype and the block diagram of the demonstration program,
respectively.
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Figure 3-11 A display of the demonstration prototype
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Figure 3-12 Demonstration program block diagram
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3.2.2.2 Prototype using wireless communication (KAERI/CNU)

Configuration of prototype of the wireless communication part

The implementation of a wireless system required short-distance, low-power wireless technology,
which was included for high-level security. Accordingly, it was needed to develop the embedded
Linux™ and wireless local area network (LAN) technology.

The system was implemented on the embedded Linux. The acquired data from sensors were
processed at the digital signal processing (DSP) unit. Through the RS-232 connection, the data were
transmitted to the smart transmitter and the DSP transferred the data to the monitoring system
through a wireless LAN. The monitoring system was implemented using the LabView. The overall
schematic of the developed system is shown in Figure 3-13.
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Figure 3-13 The overall schematic of the developed system

Development of prototype using wireless communication

Wireless LAN communication programs, such as the Linux Socket and the Windows Socket, were
developed in Linux and Windows for a smart transmitter and GUI, respectively. At the evaluation
stage, the designed communication program was tested using wired connection between a Linux-
based computer and a Windows-based computer. The wireless LAN (802.11b) connection between
the smart transmitter and the monitoring system implemented for this project is shown in Figure
3-14 (see Table 3-6 for specifications).

Monitoring using
LabView Program

Wireless

= ] 4 . .
Smart Transmitter Communication

Monitoring system
Figure 3-14 Wireless communication between smart transmitter and monitoring system

Table 3-6 Wireless LAN specification

Protocol 802.11b

Transmission type direct-sequence spread-spectrum (DSSS)
Maximum transmission rate 11 Mbps

Bandwidth 22 MHz

Frequency 2.4 GHz

Transmission range 100 m
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Smart transmitter

The smart transmitter was implemented with the serial emulation program based on Minicom™, a
serial emulation program, was used to develop the smart transmitter. The smart transmitter board is
shown in Figure 3-15. The Linux socket program is designed for RS-232 communication.

Figure 3-15 Smart transmitter board

Transmission of designed data structure

Maximum peak voltage, root mean square (RMS), FFT1, FFT2, and signal strength values and the
DSP data parceled into 1 B (8 b) packets was transmitted to the smart transmitter through the RS-
232 cable and port. The gap of transmission time was ~0.5 s. The data structure transmitted to the
smart transmitter through the RS-232 port is shown in Figure 3-16.
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Figure 3-16  Data structure in DSP

The smart transmitter data structure used to assign a file descriptor to the received data and transmit
the data via wireless LAN is shown in Figure 3-17.

Serial(buffer)
UART PORT

Figure 3-17 Smart transmitter data structure

The transmitted data were received by the monitoring system Windows socket program, which
converts it into a socket descriptor as shown in Figure 3-18. The socket descriptor was reinterpreted
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by socket descriptor client, which loads a buffer with reinterpreted data. The received data were
analyzed for condition monitoring using an advanced sensor and computational technology.
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Figure 3-18 Program structure in monitoring system

The master program (GUI)

The Windows socket program saves the data transmitted from the smart transmitter as data files,
which are used to analyze the condition of the check valve. The LabView-based GUI (see Figure
3-19.) can identify the abnormal symptoms with the saved file analysis. The flow was as follows:

- Monitoring system setting

- Neural Net input parameter
- Neural Net output

- Error

- File path
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Figure 3-19 GUI for wireless communication of prototype

The slave program

The slave program performed the data acquisition from the sensor, displayed the acquisition data and
the value of extracted parameter, and sent the extracted parameters to a master (the GUI) through
wireless network as shown in Figure 3-20. The configuration of block diagram includes the following:

- Smart transmitter communication
- Data acquisition

-FFT

- Parameter extraction

- Display error
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Figure 3-20 The slave program using LabView

Data transmission and smart sensor techniques via wired and wireless communication provided by
KAERI and CNU are discussed in Appendix A, Section I11.

3.2.2.3 Smart sensor techniques using wired and wireless communication (ARL)

Traditional wired technologies have several drawbacks when deployed in existing NPP facilities.
Wiring is expensive, heavy, vulnerable, and adds an additional layer of complexity to the design of a
plant. If wiring is damaged, the lines of communication are literally cut, and still-operating machinery
on the other side is inaccessible or possibly rendered useless. The wiring is the nervous system of a
plant; therefore, an unforeseen, well-placed failure can effectively paralyze an entire platform by
severing communication among critical systems.

An obvious remedy to this weakness is provided by the growing field of wireless communication,
which involves sending an electromagnetic wave of encoded data. The communication is near
instantaneous and eliminates the need for wiring. On the other hand, electromagnetic waves cannot
travel through metal (the primary component of many structures) and have limits on distance and
data rate. Thick concrete walls similar to those used in NPPs also hinder communications; howevert,
there are simple devices called “repeaters” that could be used to overcome these bartiers. Cleatly, the
benefits and drawbacks of wireless communication must be weighed carefully before it can be relied
upon.

To complicate the matter, device level wireless communications involve many variables affecting its
suitability for a given purpose. For instance, the frequency band at which the transmissions propagate
has a significant impact on such factors as range, data rate, and potential interference. Additionally,
the way a technology utilizes its frequency band affects interference handling, power consumption,
security, and multiple signal path (multipath) tolerance. Various data modulation schemes can also
increase the effective bit rate. There are many different encryption algorithms, authentication
mechanisms, and other measures used to secure wireless transmissions. Indeed, nearly every facet of
wireless communication has more than one way to approach it and the system features were highly
dependent on the design requirements.

Because of the myriad of variations available to a developer, many wireless communication standards
have been created. Standardizing the technology enables interoperability and encourages competition
among manufacturers. To end users, standards result in lower costs, better technologies, less
dependence on individual manufacturers, and increased growth for the industry. Several promising
standards are still in the process of ratification by the Institute of Electrical and Electronics
Engineers (IEEE) standards committee, and most other standards were quickly maturing. The key to
finding a wireless solution is figuring out which standard is best suited for a specific application. The
wireless technologies provided by ARL are discussed in Appendix B.
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3.3

3.3.1

Task 1.3: FEAs of selected check valve designs to investigate dynamic response
and to select optimal sensor locations

Petrformed by SNL and KAERI/PNU
Finite element method (FEM) data analysis

Finite element models (FEMs) of the check valve were developed to investigate the response of
different internal parts of the check valve with various flow conditions and degradations. This
information provides guidance in selecting the optimal sensor positions.

ANSYS®’s commercially available software package FLOTRAN™ was used to develop the finite
element models. Simulations were performed for disc angle varying from 0° to 90° in increments of
15°. The numerical model was validated by simulating turbulent flow at high Reynolds numbers in
check valve leaks for inlet boundary layer flows. FLOTRAN was used to model the turbulent flows
(Re > 4000). The numerical values of the predicted Reynolds number were compared to
experimental values available for turbulent flows.

The distributions of flow velocity for inlet and outlet boundary layer flows in a check valve are
plotted in Figure 3-21, respectively, as a function of disc angle for high Reynolds number turbulent
flow. As shown in this figure, for the case of the disc angle of 15°, 30°, 45°, flow velocity was
maximum in lower part of check valve. They increase with decreasing disc angle. However, as the
disc angle increasing, flow separation occurs, which is associated with Reynolds number.

Figure 3-22 shows the pressure drop with disc angle of 15°, 30°, 45°, and 90°. As shown in this
figure, the same phenomena were observed for the disc angle; that is, it was confirmed that pressure
becomes maximum from the disc’s lower parts. Although there is a reasonable agreement between
the predicted and experimental results, in general, the predictions were lower. For the experimental
verification for turbulent flow in check valve leaks, leak tests were performed with a specially
designed check valve at modified Direct Vessel Injection (DVI) test loop. Figure 3-23 shows a
photographic series for the check valve leak test setup. Turbulent leakage flow was observed through
head and acrylic piping to confirm its occurrence in check valve leaks.
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Figure 3-21 The flow velocity for varying disc angle
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Figure 3-22 The pressure drop for varying disc angle

Figure 3-23 Photograph of experimental setup

The flow behavior inside a check valve with a faulty internal part can be modeled or simulated with
one of the following techniques:

e Computational fluid dynamics (CFD) model with turbulence

e Fluid-structure interaction

e Structural FEM with acoustic fluid
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3.3.2 CFD model with turbulence

The primary purpose of turbulence modeling in CFD calculations is to model the effects of
turbulence on the mean flow:

u(x,t)=u(x)+u'(x,t) (mean flow + turbulent fluctuation)

Empirically based models solve additional differential equations, typically for the turbulence kinetic
energy per unit mass and the dissipation rate per unit mass. From these calculations, the turbulent
viscosity is computed and used in the mean flow equations. Unfortunately, such models cannot
predict the turbulent fluctuations.

In the Direct Numerical Simulation (DNS) method, the full, unsteady, Navier-Stokes equations are
solved for the fluctuating flow quantities. No empirical approximations are made and all spatial and
temporal scales of the turbulence are resolved. This simulation method requires extremely fine-grid
resolution and very short time steps. As a result, it can be done only for very simple geometries and
low Reynolds number flows.

A compromise between turbulence modeling and DNS, the Large-Eddy Simulation (LES), employs a
filtered set of equations that simulate only the largest turbulent eddies in the flow. The effect of
smaller eddies are modeled empirically as before. This reduces the computational effort somewhat,
but is still very expensive in terms of time and storage requirements. For these reasons, both DNS
and LES were regarded as in their infancy and are still areas of active research. They were not
considered practical for typical engineering calculations.

3.3.2.1 Fluid-structure interaction

In modeling the coupled behavior of fluid-structure interaction, there are two methods to pass
boundary condition information between structure and fluid domains:

® One-way coupling: Fluid — Structure can be done with separate codes

e Tull two-way coupling: Fluid - Structure can be done by overlapping grids or by
regenerating the fluid grid when the structure moves.

Structural FEM with acoustic fluid

In FEM, structure and fluid components can be modeled with finite elements. In particular, acoustic
elements are used to represent fluid by specifying density and wave speed. This simulation technique
can model acoustic waves and inertia effects (with added mass), but fails to model fluid flow and
viscosity.

Check valve in reverse flow condition

In this flow condition, leakage flow dominates and there were negligible fluid-structure interaction
effects. The check valve may experience vibrations turbulence, cavitation, and the general noise in
piping system. Steady-state turbulent flow analysis can be used to study the flow behavior, but it does
not give unsteady flow that induces vibration. It is impractical to use LES for this application. The
modeling effort for this project was limited to a simplified steady-state axisymmetric CFD model of
the valve and generating three-dimensional (3D) solid models of a check valve and its interior
components as shown in Figure 3-24.
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3.4

3.41

(b) Interior view

(a) Exterior view

Figure 3-24 3D solid models of check valve

Task 1.4: tests with the KAERI DVI test loop and ARL test bed to obtain condition
monitoring data on check valves using selected sensors

Performed by KAERI, PNU, PSU, and SNL

KAERI test loop

The purpose of this task was to identify and recommend methods of inspection, surveillance, and
monitoring that would provide timely detection of valve degradation and service wear so that
maintenance or replacement could be performed before loss of safety functions. This task used AE,
UT, and accelerometer in the check valve test loop. A schematic diagram and an actual installation of
the check valve test loop were shown in Figure 3-25. Separate condition monitoring tests of this test
loop in a normal configuration and manually degraded states with disc wear and foreign object were
performed July 3, 7, and 8, September 25 to 27, 2003, and March and April 2004.
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(a) An actual installation (b) A schematic diagram
Figure 3-25 Check valve test loop

3.4.1.1 Leak test configuration

In this task, the following check valve operational conditions were used to detect disc movement and

to evaluate valve degradation with disc/seat and hinge pin wear:

e Valve with new disc and artificial disc scratch: 1 mm, 2 mm, and 3 mm depth half-circle

e Valve with new disc and artificial leakage: 0.5 mm, 1.0 mm, 1.2 mm, 1.5 mm, 2.0 mm,
2.4 mm foreign object interfered between body and disc

e Valve with new and artificially hinge pin wear: 3 mm, 6 mm, and 9 mm depth hinge pin
cutting

e Valve with improper assembly: separating disc from disc arm by loosened disc pin

Sandia National Laboratories and Korea Atomic Energy Research Institute
Page 43 of 229



e Toop operation condition (steady state, transient operation 0, 3, 6, 9 bar).

3.4.1.2 Modification of DVI test loop

At KAERI the check valve test loop, a moditied DVI test loop, was modified to resolve some
observed problems in the test loop caused by the severe limitation of leakage flow in 1 in. pipe
connecting to the 4 in. main pipe. The leakage flow rate in the foreign object failure tests could not
be increased above 300 liter/min, because the 1 in. pipe for leakage line was very small. Figure 3-26
shows the schematic diagram and picture of the modified test loop with increased leakage flow. An
acrylic cover for the check valve and a 4 in. acrylic pipe were used to observe the leakage flow
behavior.

These tests were performed using water as the process fluid. Check valves were initially tested in a
“good” condition and subsequently with one or more simulated degradations and operational
failures. Several flow conditions were also used. At the end of March 2004, two sets of condition
monitoring tests were performed with the modified test loop for abnormal configurations with
foreign object interference of 0.5 mm, 1.0 mm, 1.2 mm, 1.5 mm, 2.0 mm and 2.4 mm welding rod
and with disc wear sizes of 1 mm, 2 mm, and 3 mm depth. Figure 3-27 shows an example of artificial

disc wear.
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Figure 3-26 Schematic diagram of DVI test loop

(b) 3.0 mm
Figure 3-27 Example of artificial disc wears of check valve

3.4.1.3 Experimental setup

A schematic diagram of the sensor installation is shown in Figure 3-28. The AE signals detected
from the sensors were amplified by a preamplifier, which had a fixed gain of 40 dB. After passing
through a band-pass filter of 300 to 400 kHz to remove the electrical and mechanical background
noise, the signals were amplified by the main amplifier (40 dB). The AE parameters, such as RMS,
energy, and frequency of AE signals, were analyzed in the AE system (MISTRAS 2001™). In
addition, a digital oscilloscope (LeCroy 9310A) was used to analyze the AE signal waveform. AE data
of the WD sensor was recorded at a 2 MHz sample/s rate, and AE data of the R15 sensor was
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recorded at a 1 MHz sample/s rate. The details of experimental setup of the check valve test loop are
discussed in Appendix A, Section IV.

AGCELEROMETER  ULTRASONIC SENSOR  AGOUSTIC EMISSION
SENSOR

Figure 3-28 Typical attached position of sensors
3.4.2 ARL test bed
3.4.2.1 Description of Hydraulic Diagnostic Test Bed (HDTB)

The Hydraulic Diagnostic Test Bed (HDTB) was assembled at the ARL facility as a check valve test
bed. Figure 3-29 shows a piping schematic of the test loop and Figure 3-30 shows pictures of the
completed test loop. Initial tests were planned to mirror those of I-NERI partners and include
normal, leak (foreign object), and disc wear tests. The investigators originally proposed to conduct
these tests at a minimum of zero, 3, 6, and 9 bar for foreign objects 0.30 mm, 0.41 mm, 0.64 mm and
0.89 mm and disc wear faults of 1 mm, 2 mm, and 3 mm. The test plan was later modified as shown
in Table 3-7. In addition to static pressure tests, a transient pressure experiment was also conducted.
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Figure 3-29 HDTB piping schematic
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Figure 3-30 ARL check valve test bed
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Table 3-7 Updated ARL valve test matrix

Pressure (bar)

Valve Condition 1 2 3 4 5 6 7 8 9110
Normal

Disc wear 1.0 mm

Disc wear 2.0 mm

Disc wear 3.0 mm
Foreign Object 0.102 mm
Foreign Object 0.152 mm
Foreign Object 0.203 mm
Foreign Object 0.254 mm

The valve selected for testing was from FNW® Valves, class 150, 316SS swing check valve (see
specifications in Figure 3-31).

DESCRIPTION MATERIAL SPECS,
Body Stainlass Steal AART GE CFam
Cover Stainless Slael A351 GR. CFeh
Dise Stalnless Steel A3S1 GR. CFEM X
Hinge Stainless Steel A351 GR, CFBl
i Hinge Pin Stairless Steel A182 GA.F317, F316
i Plug Stainless Steel A193 GH. BE‘;,'BEM
| Cowear Boit Stainless Steel A193 GR. B8
! Cowar Nut Stainless Steel A194 GR. 8
Disc Mut Stainless Steel A194 GH.E, BM
Washer Stainless Steel AZ76 GR.004, 916
; EyaBoll Stainless Steel A193 GR, B8
£ Name Plate Stainless Steel AZ40 GR. 304
Gaskel PTFE Sheet
@ Faca to Face (End to End | ANSIB16.10
% | Flange Dimensions S NBiES
Z | Basic Design ANSIB15.34
% [ esting APISEE

Figure 3-31 FNW check valve specifications

Several valve components wete fabricated for use duting testing. A LEXAN® top cover was
machined to allow visual inspection of the valve disc, as shown in Figure 3-32 (a). Five additional
discs were machined and used for seeded fault tests. The original disc from the valve is shown in the
lower right corner of Figure 3-32 (b). The difference in appearance is due to the fact the original disc
was cast and not machined on the top surface of the disc.

Figure 3-32 LEXAN top cover (a) and check valve discs (b).

DAS

A C-sized, VXI rack-mount DAS with an IEEE-1394 FireWire™ interface was used for recording
high-bandwidth data from the HDTB. The rack-mounted system was capable of housing thirteen

Sandia National Laboratories and Korea Atomic Energy Research Institute
Page 46 of 229



different types of VXI boards. The selected system contained one Agilent® E1433 digitizer module,
which provided 8 channels of 196,000 samples/s at 16 bits of resolution and an Agilent E1432
digitizer module, which provided 16 channels of 51,200 samples/s at a 16 b resolution. The E1433
and E1432 provide transducer signal conditioning, anti-alias protection, digitization, and
measurement computation in a single module. The onboard digital signal processor and 32 MB of
RAM maximize total system performance and simplify system integration. The analog input range of
each channel was 10 V peak to peak and different external breakout boxes allowed quick
configuration of different types of channel input.

The E1433 and E1432 used analog-to-digital converters (ADCs) for each channel to provide
simultaneous sampling across all inputs. Simultaneous sampling guarantees accurate channel-to-
channel comparisons in the time and frequency domains, and is required for phase analysis and order
re-sampling analysis. The E1433 and E1432 used sigma-delta ADCs with 64X over-sampling, which
allows for low-order analog anti-alias filters and permits all filtering and sample-rate conversions to
be performed digitally, hence providing stable and drift-free filtering. Sampling rate conversion,
digital filters, range, coupling, and many other features were controlled through a custom software
package. A VXI system has the advantage of triggering all the DAS boatds installed in the mainframe
(and across multiple mainframes) at once to provide simultaneous sampling across all boards.

ARL HDTB shakedown

The tested performance of the pump and components yielded the several results. Pressure capability
of the pump was at or above expected levels (tested to ~200 psi) to meet the pressure level of 9 bar
(130.5 psi), which were the test conditions at KAERI. However, the flow rate was ~1 L/s lower than
expected. Table 3-8 lists the location and sensor type for each sensor attached to the test bed. Note
that accelerometers located at the pump were mounted in a tri-axial configuration at the outlet.

Table 3-8 HDTB sensor configuration, session 1
Sensor ID| Model SN  |Manufacturer Cal. Factor (Units) | Bias (V) | Component Description
1 VVAB CV 3-1000 NA LEM USA 100 Vimv NA Motor _ |Voltage T1-T2
2 VBC CV 3-1000 NA LEM USA 100 Vimv NA Motor Voltage T2-T3
3 VCA [ CV3-1000 NA LEM USA 100 Vimy NA Motor  |Voltage T3-T1
4 I0A LA 100P NA LEM USA 4.0056 AV NA Motor  |Current T1
5 0B LA 100P NA LEM USA 3.9628 AV NA Motor  |Current T2
6 10C LA 100P NA LEM USA 3.9968 AV NA Motor  |Current T3
7 P01 102A02 21211 | PCB Piezo | 209.8196 psilV 10.7 Pump Inlet Fluid Pressure -pump
8 P02 102A02 21212 | PCB Piezo [ 210.6594 psilV 10.8 Pump Outlet Fluid Pressure- pump
9 AC1 353B16 67207 | PCB Piezo | 10.0000 g/Vv 8.7 Pump Accelereation x', pump
10 AC2 353B16 67213 | PCB Piezo | 10.0301 g/V 8.6 Choke Valve |Accelereation y' pump
11 AC3 353B16 67214 | PCB Piezo 9.7276 g/V 8.7 Pump Accelereation z', pump
12 P03 102A02 21213 | PCB Piezo | 223.6636 psilV 10.7 Ch Valve _|Inlet Fluid Pressure -ch valve
13 P04 102A02 21237 | PCBPiezo | 173.9130 psi/V/ 10.9 Ch Valve |Outlet Fluid Pressure- ch valve
14 AC4 353B16 59352 | PCB Piezo 9.4340 gV 8.6 Ch Valve |Accel check valve - bottom
15 AC5 353B16 59354 | PCB Piezo 9.4340 g/V 8.7 Ch Valve |Accel ch valve -body
16 AC6 353B16 66053 | PCBPiezo | 9.9010 gV 8.7 Ch Valve |Accel ch valve -hinge

DAS noise floor

The Agilent VXI data collection system was installed and configured at the HDTB with the check
valve positioned in the reverse flow direction. The researchers spent some time verifying signals and
reducing the system noise floor. Figure 3-33 (a) shows the original spectral content of the noise floor
for the accelerometer signals (pump off condition). Figure 3-33 (b) shows the results after taking
measures to reduce ground loops and power line noise issues. Data for these plots was acquired at
the accelerometer mounted at the base of the check valve (AC4). The noise floor for AC4 was typical
of most of the accelerometers. The small amplitude energy content remaining in the 15 to 20 kHz
band was present in the electrical power line of the building. The nominal floor of -76 dB, shown in
Figure 3-33, was sufficient for testing the check valve.
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Figure 3-33 Typical initial noise floor (a) and final noise floor for AC4 (b)

The measures used to reduce the noise floor were unique to each experimental configuration.
Ground loops and input line noise were the most frequently encountered problems. DAS, amplifiers,
and signal conditioners that employ a common bus ground will experience more difficulties than
those where each channel is isolated. The measures required to reduce the noise floor for the ARL
HDTB system included the following:

e Tying all case grounds of the test equipment to the check valve

e Separating the ground circuit of pump motor from the circuit used to power the test
equipment

e FElectrically isolating all sensors from the pump case, piping and valve

e Reducing the gain of the accelerometers.

Reverse flow shakedown

A waterfall plot of the power spectral density (PSD) for baseline data is shown in Figure 3-34.
Qualitatively, the spectrum exhibits some consistency across pressures, except at 1 bar. It was noted
during this test that the throttle valve, which is used to regulate pressure at the check valve,
introduced high amplitude flow noise into the system. For this reason, a transient test was conducted
with the test section initially pressurized to 10 bar but the pump (and flow through the throttle valve)
turned off.
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Figure 3-34 Baseline PSD for AC4
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3.4.2.2 Modeling of check valve disc

One of the technical difficulties with check valve condition monitoring is the lack of deterministic
signals. Aside from the BPF of the pump’s impeller, there is no deterministic energy source for the
valve. One possible noise or vibration source is from the turbulent flow of fluid as it leaks past the
disc. A slightly different but related source may arise from fluid structure interaction exciting
vibrations of the valve disc. The theory was that if the fluid structure interaction were to excite a disc
mode(s) and the discs’ fluid-coupled natural frequencies could be detected experimentally, the signal
near these frequencies could be correlated to a change in boundary conditions (such as the disc not
seated propetly) or change in geometry (such as wear or damage to the disc). It would then be
possible to not only detect a leak but also characterize the nature of the fault. Investigation of the
theory required an estimate the fluid coupled natural frequencies of the disc. An FEM and a
boundary element model (BEM) were constructed to estimate the fluid coupled natural frequencies
of the disc. -IDEAS software was utilized to create a solid model and perform the uncoupled modal
analysis. Sysnoise™ direct BEM analysis was then employed to estimate the fluid coupled natural
frequencies.

I-DEAS FEM
An FEM of the disc was generated using I-DEAS based on measurements of an actual disc, which
was cast from 316 stainless steel (ASTM A351 CF8M) and machined on the shaft and seating

surfaces. Dimensions of the disc were plate radius = 56.8 mm, average plate thickness = 13.4 mm,
maximum height at shaft = 61.5 mm. Material properties were defined as

Young’s modulus: E =250 GPa
Shear modulus: G = 179.856 GPa
Poisson’s ratio: v = 0.305
Density: o = 8000 kg/m3

Side and top views of the disc model are shown in Figure 3-35 (a) and (b), respectively.

(a) Side view (b) Top vie
Figure 3-35 Views of I-DEAS disc mesh

Two representative mode shapes are shown in Figure 3-36. There were degenerate modes present in the
model because the disc was symmetric. Table 3-9 shows the relationship between mode shapes and computed
modal frequencies.
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Figure 3-36 Two representative mode shapes

Table 3-9 Natural frequencies of the valve disc
Real mode # FE mode # Frequency (Hz)
1 1 6702.6
2 23 8010.2
3 4,5 11501
4 6,7 18939
5 8,9 19766
6 10 19839
Sysnoise BEM

To estimate the effect of fluid loading on the natural frequencies of the disc, additional analysis was
undertaken using LMS® Sysnoise™ software. A coupled FEM/BEM model was ctreated to allow the
modal analysis to include the effects of fluid loading. The importance of Sysnoise modeling is shown
in Table 3-10, which shows a marked reduction in frequency for three of the modes. The fluid loaded
natural frequencies in Table 3-10 were compared to experimental data. If the fluid structure
interaction is exciting a mode of the disc, it may be possible to detect an increase in energy about the
fluid loaded modal frequency.

Table 3-10 Effects of fluid loading on the valve disc

Real mode # FE mode # Natural freq (Hz) Fluid loaded (Hz) Reduction (%)
1 1 6702.6 6068.4 9.46
2 2,3 8010.2 7114.8 11.2
3 4,5 11501 9661.5 16.0
4 6,7 18939 15739 16.9
5 8,9 19766 18993 3.90
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6 10 19839 19455 1.94

3.4.2.3 Data analysis—ARL session 1

AC4

Baseline data was collected with the check valve in the reverse flow direction. The original disc was
replaced with one of the spares manufactured at ARL. The LEXAN access cover was substituted for
the original stainless steel cover. The foreign object fault was simulated by placing a wire of known
diameter between the disc and valve seat. The disc wear fault was simulated by milling a “V”” notch
on the disc as shown in Figure 3-37. Width at the base of the notch is designated as the nominal size
(for example, a = 1.00 mm).

o
ol

Simulated disc wear

Figure 3-37 Geometry of simulated disc wear and disc scratch

Disc scratch

Test runs have been completed for baseline, foreign object of 0.30 mm and 0.41 mm, disc wear of
1.0 mm, and transient disc wear of 1.0 mm at pressures of 1 to 10 bar (at 1 bar increments). Sensor
locations are shown in Figure 3-38. Signal levels for the check valve accelerometers were low
amplitude, with AC4 generally showing the best response. Time series for AC4, AC5, and AC6
baseline at 6 bar pressure are shown in Figure 3-39.

I' iy AC6

AC5

Figure 3-38 Accelerometer AC4, AC5, (left) and AC6 (right) locations
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Figure 3-39 Baseline time series and PSDs
Table 3-11 Test condition reference table, session 1
Run number Valve condition Comment
R0O05 Baseline data Steady state
R0O06 Foreign object 0.30 mm Steady state
RO07 Foreign object 0.41 mm Steady state
R0O08 Disc Scratch 1.00 mm Steady state
ROO1 Disc Scratch 1.00 mm Transient response
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Steady-state testing

Data was collected at a sampling frequency of 51.2 kHz over a 10 s time window resulting in a record
length of 512000. Sample frequency response of the valve, from AC4, is shown in Figure 3-40 at 3, 6,
and 9 bar. The PSD was computed using a FFT length of 8192 records, a corresponding Hanning
window N = 8192, and 50% overlap. The resulting frequency resolution was 6.25 Hz. The vertical
black lines on the graphs correspond to the fluid loaded natural frequencies of the valve disc.
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Figure 3-42 Disc wear 1.0 mm

Discussion of steady-state results

The foreign object 0.30 mm tests (Figure 3-40 (a) to (c)) show some separation from the baseline at
3 bar, with several peaks in the energy spectrum. The separation was less evident as pressure
increased to 6 and 9 bar. This trend may be due to two effects of the test loop. First, at pressures
above 1 bar, the throttle valve used to regulate pressure introduces a large amount of noise into the
loop. Second, the wire used to simulate the fault was compressed and deformed due to the force
exerted by the pressure on the valve disc. As pressure increased and the wire deformed, the foreign
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object size decreased and the valve/disc geometry approached the baseline condition. The method of
simulating foreign objects was modified in test Session 2.

The foreign object with 0.41 mm wire showed little deformation from the test and should be a better
representation of the fault. However, it was found that the pump flow rate was not sufficient to
supply full pressure for this leak size. In spite of this, the foreign object 0.41 mm data (Figure 3-41)
exhibit very encouraging characteristics. Frequency content above 5 kHz was relatively stable and
showed strong correlation to the estimated fluid loaded frequencies of the disc. There were also well-
defined peaks at 7.85 kHz and 14.2 kHz, which were not evident in the baseline.

The disc wear with 1.00 mm fault (Figure 3-42) appears to increase energy in the upper half of the
frequency range with amplitude increasing proportionate to pressure. Note the broad peak from
20 to 22.5 kHz. There appears to be some correlation to the third and sixth modal disc frequencies.

Effects of air entrapment

An additional effect on signal levels involving air entrapment was noted during testing involved air
entrapment. Air entrapment was observed below the service cover (that is, the LEXAN top cover)
following a changeover between fault types. It was noted that the amplitude of accelerometer signals
dropped significantly if the valve body was not completely flooded. It is believed the air cavity above
the valve disc acts as a weak spring in series with the water; therefore, the impedance at the interface
serves as a pressure-release boundary. Several qualitative snapshots were taken to investigate the
effect. It was concluded that the valve body should be completely free of air to ensure an accurate
measurement of the valve response.

Transient testing

Transient testing was performed on the disc wear with 1.00 mm fault. This was accomplished by
pressurizing the loop to 10 bar then closing an isolation valve and cutting power to the pump. The
data snapshot was started ~1 s before isolation of the test section. Snapshot 4 was selected as a
representative sample. Note from Figure 3-43, the pump was off by t= 0.5 s, and the valve response
(due to the disc wear leak, Figure 3-44) extends to t~3 s. The PSD shown in Figure 3-45 were
calculated by discarding the data from t<0.5 s. This analysis should give a better understanding of
valve response by isolating it from other sources (pump and isolation valve). There were residual
effects due to the light damping present within the system, but direct excitation was removed.
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Figure 3-43 Transient pump voltage Figure 3-44 Transient time series, AC4
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Discussion of transient testing

Transient data on disc wear with 1.00 mm fault for the three accelerometers highlights three issues
noted in the steady-state data: AC4 exhibits the highest amplitude signal, energy is heavily weighted
to the upper half of the spectrum, and most of the energy below 5 kHz is due to the pump/motor
(see Figure 3-45). For AC4, the energy in the 20-22.5 kHz band appears to be strongly related to
valve noise. The transient testing was used mainly to qualitatively verify that there were detectable
signals from the leak. Additional transient tests were not pursued since there is a low probability of
utilizing this technique in the field.

3.4.2.4 Data analysis—ARL Session 2

Additional testing was performed on the check valve during May 2004. The following changes to the
test setup were implemented: AC2 was moved from the pump to the throttle valve and V2 in. wide
shim stock was used to simulate foreign objects (Figure 3-46). The shims and disc were inspected
following testing and no permanent deformation of the shims or damage to the disc was noted. The
disc wear and foreign object faults were positioned at 6 o’clock relative to the axis of the test section.
The sensor configuration is shown in Table 3-12 and test runs were listed in Table 3-13. Session 2
data represents the first complete set of data available for comparative analysis.

Figure 3-46 Shim stock used for foreign object simulation
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Table 3-12

HDTB sensor configuration, session 2

Sensor D[ Model SN |Manufacturer| Cal. Factor (Units) | Bias (V) | Component Description

1 VAB CV 3-1000 NA LEM USA 100 Vimv NA Motor Voltage T1-T2
2 VBC CV 3-1000 NA LEM USA 100 Vimv NA Motor Voltage T2-T3
3 VCA CV 3-1000 NA LEM USA 100 Vimv NA Motor Voltage T3-T1
4 I0A LA 100P NA LEM USA 4.0056 ANV NA Motor Current T1
5 10B LA 100P NA LEM USA 3.9628 ANV NA Motor Current T2
6 10C LA 100P NA LEM USA 3.9968 ANV NA Motor Current T3
7 P01 102A02 21211 PCB Piezo | 209.8196 psi/V 10.7 Pump Inlet Fluid Pressure -pump
8 P02 102A02 21212 | PCBPiezo | 210.6594 psi/V 10.8 Pump Outlet Fluid Pressure- pump
9 AC1 353B16 67207 | PCBPiezo | 10.0000 glVv 8.7 Pump Accelereation X', pump
10 AC2 353B16 67213 | PCB Piezo | 10.0301 gV 8.6 Choke Valve |Accelereation choke valve
11 AC3 353B16 67214 PCB Piezo 9.7276 gV 8.7 Pump Accelereation Z', pump
12 P03 102A02 21213 | PCB Piezo | 223.6636 psi/V 10.7 Ch Valve [Inlet Fluid Pressure -ch valve
13 P04 102A02 21237 | PCB Piezo | 173.9130 psi/V 10.9 Ch Valve |Outlet Fluid Pressure- ch valve
14 AC4 353B16 59352 | PCB Piezo 9.4340 gV 8.6 Ch Valve |Accel check valve - bottom
15 AC5 353B16 59354 | PCB Piezo 9.4340 gV 8.7 Ch Valve |Accel ch valve -body
16 AC6 353B16 66053 | PCB Piezo 9.9010 gV 8.7 Ch Valve |Accel ch valve -hinge
Table 3-13 Test condition reference table, session 2

Run Number | Valve Condition Disc # Comment

RO10 Baseline Data Disc 01 Disc 01 Steady state

RO11 Foreign object 0.102 mm | Disc 01 Steady state

RO12 Foreign object 0.154 mm | Disc 01 Steady state

RO13 Foreign object 0.203 mm | Disc 01 Steady state

RO14 Foreign object 0.254 mm | Disc 01 Steady state

RO15 Foreign object 0.305 mm | Disc 01 Steady state

R100 Baseline Data Disc 02 Disc 02 Steady state

R101 Disc wear 1.00 mm Disc 02 Steady state

R102 Disc wear 2.00 mm Disc 02 Steady state

R103 Disc wear 3.00 mm Disc 02 Steady state

Discussion of results

Data was analyzed in the time domain to find figures of merit (FOMs) that may be used to
characterize fault type and size. The statistical FOMs computed from the data were RMS, skewness,
kurtosis, and crest factor. Referencing Figure 3-47 and Figure 3-48, three characteristics of the data
were apparent from the figures. First, the RMS value increases with pressure and fault size. Above
pressures of 6 bar, there is enough difference in RMS values that this FOM could be used as an
indicator of fault size for a disc wear fault, if the static pressure is known. However, knowledge of the
static pressure at the valve may be difficult to determine without introducing a pressure tap into the
system. Second, the values of kurtosis and crest factor for pressure =2 bar were very different from
higher-pressure values. The reason for this difference may be related to the noise from the throttle
valve. Third, there is no clear pattern or separation to distinguish a disc wear fault from the baseline
condition using kurtosis, skewness, or crest factor.
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Figure 3-47 Time domain FOMs, sensor AC4
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Figure 3-48 Time domain FOMs, sensor AC5

Analysis in the frequency domain seemed to hold more promise of success. The primary reason for
moving AC2 to the throttle valve was to gather data near the throttle valve. As noted eatrlier, the flow
noise from the throttle valve was higher in amplitude between 3 and 9 bar. Collecting data from both
the pump (primary noise source) and throttle valve (secondary noise source) enables the use of cross-
correlation and coherence functions. Other noise sources were obviously present, but the pump and
throttle valve were likely the two most significant sources of noise and vibration energy in the
system. Employing a multiple input/multiple output model, the multiple coherence function can be
used to remove effects directly correlated to the pump and throttle valve from the check valve
accelerometer signals. Figure 3-49 shows a comparison of the raw spectrum and the incoherent
spectrum for AC5. In this example, the coherence was high for the baseline signal but low for the
fault signal. In effect, the baseline was reduced so there is a greater difference than the standard
power spectrum. The multiple coherence method was employed as part of the investigative process
[5]. Data was collected at a sampling frequency of 51.2 kHz over a 10 s time window resulting in a
record length of 512000 samples. The incoherent power spectrum was computed (using the multiple
coherence method to remove direct linear excitation of the pump and throttle valve) with an FFT
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length of 8192 records, a corresponding Hanning window N = 8192, and 50% overlap. The resulting
frequency resolution was 6.25 Hz.
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Figure 3-49  PSD (left) and incoherent power spectrum (right). FO 0.152 mm, pressure 6
bar.

Figure 3-50 shows the various disc wear fault sizes at a pressure of 6 bar. Cleatly, the difference in
the signals compared to the baseline will enable a high degree of confidence in detecting a disc wear
fault. In addition, significant differences in the fault signals should allow for some degree of
characterization of fault size.
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Figure 3-50 pressure 6 bar

Figure 3-51 shows the foreign object fault size series at a pressure of 6 bar. There were several
notable characteristics notable concerning the foreign object data. The low pressure or small fault
spectrums were similar to the disc wear data. The spectrum was characterized by rich frequency
content with mean amplitude slightly above the baseline. However, for midrange pressures, a
broadband source of energy is evident as seen in Figure 3-51. The energy level was neatly constant
across the tested range with peaks only 6 dB above the mean level.
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Figure 3-51 Pressure 6 bar

3.4.2.5 Data analysis—ARL Session 3

Additional testing was performed on the check valve during June 2004. The seeded fault tests from
Session 2 were repeated to obtain a complete set of pressures. In addition to the VXI test system
(channels 1 to 16), a PAC pDiSP AE system was also employed. The model 1220C voltage amplifier
with 40 dB gain, 100 kHz high pass filter, was used to couple the sensors to the PAC puDiSP. The
sensor configuration is shown in Table 3-14 and test runs were listed in Figure 3-15. Location of the
AE sensors is shown in Figure 3-52.

Table 3-14 HDTB sensor configuration, session 3

Sensor ID[  Model SN Manufacturer Cal. Factor (Units) | Bias (V) | Component Description

1 VAB CV 3-1000 NA LEM USA 100 Vimv NA Motor  |Voltage T1-T2
2 VBC CV 3-1000 NA LEM USA 100 Vimv NA Motor  |Voltage T2-T3
3 VCA | CV3-1000 NA LEM USA 100 Vimv NA Motor  |Voltage T3-T1
4 I0A LA 100P NA LEM USA 4.0056 AV NA Motor  [Current T1
5 0B LA 100P NA LEM USA 3.9628 AV NA Motor  [Current T2
6 10C LA 100P NA LEM USA 3.9968 AV NA Motor  [Current T3
7 P01 102A02 21211 PCB Piezo 209.8196 psi/V 10.7 Pump Inlet Fluid Pressure -pump
8 P02 102A02 21212 PCB Piezo 210.6594 psi/V 10.8 Pump Outlet Fluid Pressure- pump
9 AC1 353B16 67207 PCB Piezo 10.0000 gV 8.7 Pump Accelereation x', pump
10 AC2 353B16 67213 PCB Piezo 10.0301 g/Vv 8.6 Choke Valve |Accelereation choke valve
11 AC3 353B16 67214 PCB Piezo 9.7276 gV 8.7 Pump Accelereation z', pump
12 P03 102A02 21213 PCB Piezo 223.6636 psi/V 10.7 Ch Valve [Inlet Fluid Pressure -ch valve
13 P04 102A02 21237 PCB Piezo 173.9130 psil/V 10.9 Ch Valve |Outlet Fluid Pressure- ch valve
14 AC4 353B16 59352 PCB Piezo 9.4340 g/Vv 8.6 Ch Valve |Accel check valve - bottom
15 AC5 353B16 59354 PCB Piezo 9.4340 g/Vv 8.7 Ch Valve |Accel ch valve -body
16 AC6 353B16 66053 PCB Piezo 9.9010 gV 8.7 Ch Valve |Accel ch valve -hinge

PAC1 AE1 Micro15 NA PAC Ch Valve [Valve - hinge

PAC2 AE2 Micro15 NA PAC Ch Valve |Valve - bottom

PAC3 AE3 Micro15 NA PAC Ch Valve |Valve - Flange

PAC4 AE4 Micro15 NA PAC Pipe Pipe

Table 3-15 Test condition reference table, session 3
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Run Number Valve Condition Disc # Comment

R211 Foreign object 0.102 mm Disc 01 Steady state
R212 Foreign object 0.154 mm Disc 01 Steady state
R213 Foreign object 0.203 mm Disc 01 Steady state
R214 Foreign object 0.254 mm Disc 01 Steady state
R201 Disc wear 1.00 mm Disc 03 Steady state
R202 Disc wear 2.00 mm Disc 03 Steady state
R203 Disc wear 3.00 mm Disc 03 Steady state

Figure 3-52 AE sensor location

Discussion of results

Data from the VXI system was collected matching the settings in Session 2 (sampling frequency of
51.2 kHz over a 10 s time window). Repeatability from Session 2 to Session 3 was qualitatively
assessed for various faults and pressures. There was slight variability across sessions in most of the
data, but agreement was generally quite good. A representative sample is shown in Figure 3-53.

Incoherent Power Spectrum AC4 P = 6 bar AC4S00006R*03.IND

Run 103

Incoherent Power Spectrum (dB)

20 25

0 5

10 15
Frequency (kHz)

Figure 3-53 Disc wear 3.00 mm, 6 bar

Acoustic emission data were collected using a sample rate of 10 MHz. The PAC DAS is capable of
high sample rates up to 20 MHz. Although the sampling rate is impressive, the proprietary software
was found to be very limiting for steady-state analysis. Collection of continuous time series raw data
is only possible when using the “waveform” capture option (a sample of a waveform is shown in
Figure 3-54). The software allows a very limited time record to be recorded, determined by a total
record length setting. Due to the high sample rate and short record length, the resolution in the
frequency domain is not sufficient for further analysis.
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Figure 3-54  AE data, disc wear 1.00 mm, 3 bar pressure

3.4.2.6 Fault detection

Following analysis of ARL accelerometer data, a strategy for fault detection was devised. As noted in
previous sections, the frequency domain seemed to hold the most promise for success. The fault
detection method was focused ton addressing the following issues:

e Identify the least expensive, yet reliable, method to discern a fault from a normal
condition

e Investigate the repeatability of the method in discerning fault size

e Investigate the robustness of the method to perform absolute detection versus relative
comparisons.

Visual comparison of the various signals versus baseline readings clearly show that detection of a

fault versus normal configuration is achievable. Yet, comparison to a baseline is probably the most

complex or very expensive method, and by design, cannot accomplish the last task. Due to cost and

safety concerns, methods that are independent of pressure would be desirable. As noted previously,

the RMS value is proportional to pressure, so a normalization factor would need to be used if the

amplitude (either RMS or PSD amplitude) was incorporated in the method. In weighing all these

factors, it appeared that a frequency only based method might achieve the objective. To that end, the

following method was devised:

1. Compute the (averaged) PSD from the raw time signal
2. Digitally select a number of “peaks” from the PSD to act as markers that characterize the
spectrum.
3. Process the PSD markers with a decision making algorithm that determines
A. If a fault exists
B. If it exists, characterize the fault type and size.
To accomplish step 1, the raw data was processed with the parameters shown in Table 3-16. The data
were high-pass filtered with a 24 order Chebyshev filter with 3 kHz cutoff. The multiple coherence
function was not used in this analysis.

Table 3-16 Welsh’s method parameters for the PSD estimate

Parameter Size (number of samples) Comment
N(FFT) 4096 Length of FFT
Fs 51,200 Sampling frequency
Hanning 4096 Envelope window
Overlap 2048 (50%) Amount of window overlap
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Step 2 involves the digital selection of peaks, or local maxima, from the PSD. There were numerous
algorithms, both shareware and commercial, available for this task. The chosen version selects a local
maximum from a selectable frequency range. This function was nested inside a “while” loop that
indexed the sensitivity parameter until it retuned a specified number of maxima from the PSD. A
subtle, but very useful characteristic of this algorithm is that it does 7ot use a global amplitude
threshold. Instead, it searches for a single local maximum within a local frequency band determined
from the sensitivity parameter. That is important in this case because the differences in PSD were
often in the low amplitude/high frequency part of the spectrum. Figure 3-55 shows the baseline
linearly scaled PSD for pressures 3-10 bar with the selected maxima noted as black circles. The loop
was set to return 25 maxima points for each PSD. The linear scaling accentuates the maxima for
visual comparison.

Step 3 of the process required a decision-making algorithm based on the location of the maxima
from the PSD. Session 2 data were used for development and Session 3 data were reserved for
testing the fault detection method. The algorithm uses only the frequency of maxima markers, not
the full PSD or amplitude of the maxima. Although amplitude is implicit in the process, the actual
value is not used. In an analog domain, it is analogous to using band-pass filters and detecting if a
signal is present in the passband. Selection of 25 maxima points from each PSD resulted in three to
seven common “bands” across the pressure series for each fault type. The bandwidths were
empirically derived by reviewing the pressure series for each fault type and accelerometer. Figure 3-56
shows the selection bands (in yellow) for disc wear 2.00 mm, sensor AC4.
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Figure 3-55 ACS6, baseline, PSD and selected maxima, pressure 3 to 10 bar
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Figure 3-56 AC4, disc wear 2.00 mm, session 2 data

The detection of a fault and characterization of fault size was poor at low pressures (<3 bar). This
result was expected because there was very little difference in the PSD from the baseline for low
pressure/small fault conditions. Detection levels with a single sensor were also poor, at least with the
settings used to process the data. Increasing the length of the PSD and the number of maxima may
help increase the detection rate, but at the cost of less averaging. Fusing data from all three
accelerometers dramatically increased the detection rate. Results for Session 2 data are shown in
Table 3-17. The success rate for P24 bar was 95%. Note that for run R010, there were no faults
detected (NFDs) at baseline.
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3.4.3

Table 3-17

Fault detection results, session 2 data

Run# R010 RO11 R012 R013 R101 R102 R103
Actual

fault Baseline FO 0.102 FO 0.152 FO 0.203 DS 1.00 DS 2.00 DS 3.00
1 NFD NFD NFD NFD NFD NFD NFD
2 NFD NFD NFD NFD NFD NFD NFD
3 NFD NFD FO 0.152 FO 0.203 NFD NFD NFD
4 NFD FO 0.102 FO 0.152 FO 0.203 NFD DS 2.00 DS 3.00
5 NFD FO 0.102 FO 0.152 FO 0.203 DS 1.00 DS 2.00 DS 3.00
6 NFD FO 0.102 FO 0.152 FO 0.203 DS 1.00 DS 2.00 DS 3.00
7 NFD FO 0.102 FO 0.152 FO 0.203 DS 1.00 DS 2.00 DS 3.00
8 NFD FO 0.152 FO 0.152 FO 0.203 DS 1.00 DS 2.00 DS 3.00
9 NFD FO 0.102 FO 0.152 FO 0.203 DS 1.00 DS 2.00 DS 3.00
10 NFD FO 0.102 FO 0.152 FO 0.203 DS 1.00 DS 2.00 DS 3.00

After the Session 2 data established the bandwidth settings, the fault detection algorithm was then
tested on Session 3 data. The results are shown in Table 3-18. The success rate for P=4 bat was 97%.

Table 3-18 Fault detection results, session 3 data
Run # R100 R211 R212 R213 R201 R202 R203
Actua
| fault | Baseline FO 0.102 FO 0.152 FO 0.203 DS 1.00 DS 2.00 DS 3.00
1 NFD NFD NFD NFD NFD NFD NFD
2 NFD NFD NFD NFD NFD FO 0.102 | NFD
3 NFD NFD NFD FO 0.203 NFD DS 2.00 DS 3.00
4 NFD FO 0.102 | FO 0.152 FO 0.203 DS 1.00 DS 2.00 DS 3.00
5 NFD FO 0.102 | FO 0.152 FO 0.203 DS 1.00 DS 2.00 DS 3.00
6 NFD FO 0.102 | FO 0.152 FO 0.203 DS 1.00 DS 2.00 DS 3.00
7 NFD FO 0.102 | FO 0.152 FO 0.203 DS 1.00 DS 2.00 DS 3.00
8 NFD FO 0.102 | FO 0.203 FO 0.203 DS 1.00 DS 2.00 DS 3.00
9 NFD FO 0.102 | FO 0.152 FO 0.203 DS 1.00 DS 2.00 DS 3.00
10 NFD FO 0.102 | FO 0.152 FO 0.203 DS 1.00 DS 2.00 DS 3.00

Check valve data analysis

This section describes the results of data analyses from KAERI, SNU, CNU, PNU, and PSU
conducted at SNL using a particular subset of data collected at various times from the test loops. The
purpose of the analysis process was to determine the suitability of the signals (and thus the suitability
of the sensors themselves) to provide means for in situ fault condition determination, subject to

proper computational signal processing. The planned course of the analysis included first
determination of the presence of clear signals corresponding to the fault conditions, and

subsequently determination of the ability of these signals/sensors to convey information regarding
changes of the degree of the particular fault condition, and further to determine the ability of the
signals or sensors to differentiate between various failure modes. Two additional analytical goals
included the following:

e Determination (or at least the suggestion) of a physical link between the signal feature(s)
used to make these determinations and failure mode associated with those feature(s)
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e Assessment of the possibility of achieving a detection method for failed valves, type of
failure, and failure degree that is independent of any historical knowledge of signals
associated with the particular valve or its local operating condition during previous
(possibly non-faulty) operation.

Signals clearly differentiating the normal condition from the disc wear fault condition and

differentiating the normal condition from the foreign object fault condition were obtained. Changes

in the degree of the disc wear failure mode, evaluated at a constant operating pressure, could be
resolved. Results for other types of failure were not obtained due to operating limitations. A signal
analysis methodology initially developed during analysis of the September 2003 data and used to
successfully distinguish the disc wear fault condition from the normal valve condition within that
dataset, was subsequently applied (without adjustment) to those data resulting from later collections
in March and April 2004. This methodology again successfully distinguished the presence of both
disc wear and foreign object faults, despite slight differences in piping and operating conditions. Sub-
optimal data acquisition features particular to the March and April data collections preclude any
determination of the ability of these signals/sensors to differentiate between the disc wear and the
foreign object failure modes. This same un-adjusted signal analysis methodology was applied to some
of the May 2004 data, which occurred at an alternate test site having a different valve, pumps, piping,
sensors, and operating conditions. These differences in operating conditions between the September

2003 data and the May 2004 data confounded one of the two complementary signal-processing

techniques; however, the presence of a fault condition could be identified. These results demonstrate

that although the methodology may be robust relative to slightly changing conditions, it does not
perform flawlessly when applied without modification across strongly differing operating conditions
and differing sensors.

It seems very likely that signals suitable for in situ condition monitoring that lead to effective
preventative maintenance and thus to both enhanced safety and reduced cost can be achieved using
AE sensors. The suitability of other sensor types, ability to differentiate between differing failure
modes using these sensors, and possibility of achieving identification of fault conditions without
developing information from data resulting from prior proper operation remains to be determined.

Eight valuable results follow from SNL’s and KAERI’s check valve monitoring data analysis:

e Problem Decomposition. Separating the data analysis problem into components

e Sensor Comparison. Evaluating the relative performance of multiple sensor types

e  Analysis Technique Evaluation. Evaluating the performance of multiple signal analysis
techniques

e Possible Check Valve Monitoring Process. Identifying an analysis process that could be
used in future testing

e Hypothetical Phenomenological Model. Describing a hypothetical physical model of
conditions contributing to the data

e Monitoring Without Prior Knowledge. Understanding issues that influence the
possibility of developing means for accurately assessing in situ check valve condition
without prior assessment of that particular valve during “known good” operation

e Status of Analytical Techniques. Describing the status of various analytical techniques
based upon observation of modeled valve faults evaluated within multiple test beds

e Tuture Work. Suggesting subsequent activities.

3.4.3.1 Data

Multiple degrees-of-fault of check valve were tested at KAERI, which involved the substitution of
multiple modified clappers for each of the conditions. Details of the data descriptors used for the
168 unique test instances particular to the September test are in [i]. The May data collection occurred
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at PSU; the component under test was a swing-type clapper check valve operated in a normal
condition and subsequently with the incorporation of a hardware-modeled failure mode. This two
test bed sequence allowed both the evaluation of the (nominally) same valve (in just slightly modified
operating environment) and the evaluation of a different valve (of the same fundamental
configuration) in a separate and dissimilar operating environment.

A test “instance” comprises a unique combination of sensor type, sensor location, time and time
interval, system pressure, failure mode being modeled, and fault degree. During the September 2003
data collection, 168 test instances were recorded. A complete list of these test instances is included in
[1]. Three operating conditions: normal, disc wear failure, and foreign object failure were tested.
Three operating pressures were tested, including 3 bar, 6 bar, and 9 bar. Three different degrees of
each failure mode were tested, the dimensions characterized the degrees, and in each case, a larger
number “dimension” corresponds to a greater degree of fault. Different sampling rates were used
during these tests in a sensor-dependent fashion. Table 3-19 describes the sensor suite for this data
collection and the physical location of those sensors is described in [ii].

Table 3-19 Sensor designations

Sensor Type Designators
Accelerometer Al A2
WD AE W1 W2
Narrow band AE R1 R2
Flow meter F1 F2

The modeled failure modes for the September 2003, and March and April 2004 data collections were
the same. Different selection criteria were used to determine the subset of the September data to be
used in the initial analysis. One criterion was an estimation of the likely strongest signal; this was
judged to result from the disc wear condition because the pressures were known to be the same for
each failure mode and the hole size was judged to be smaller for disc wear in contrast with the
foreign object failure mode. Another criterion was the perceived ease of developing a quantitative
understanding of those phenomena responsible for the signal; the disc wear failure mode allows
easier evaluation of the size of the check valve leakage path, which was expected to influence the
features of the signal. Finally, data quality influenced the selection of sensors selected for inclusion in
this initial analysis.

Individual datasets associated with a particular test instance were not used in their entirety because
the datasets were too long to be handled conveniently by those signal analysis tools useful for
preliminary analysis. The full datasets were useful because they allow evaluation of several portions of
data that were more widely separated in time. Initially, four or five data portions, each of 4 s length,
were generated for every test instance evaluated. In some analytical processes, the complete 4 s
portion was used, but in other analytical processes, only the first 65000 data points were used from
each 4 s portion. In either of those cases, data spanning several seconds of each test instance was
evaluated. Subsequent to the initial analysis of the September data, the data interval used was selected
to facilitate the implementation of those particular techniques. In these subsequent cases, five
adjacent data intervals of 0.10 s length were extracted from the beginning of the data files.

In the September data collection, all test instances incorporating the wideband AE sensor W2 and
both the normal condition and the disc wear failure mode were analyzed using the full range of test
conditions. The March and April data collections were more widely sampled than was the September
collection. The operating pressures of 3 bar, 6 bar, and 9 bar used during the September collection
were favored during analysis of the March and April datasets. The test instances incorporating both
the W1 and W2 wideband AE sensors and both the R1 and R2 narrowband emission sensors were
analyzed for the normal condition and for disc wear and foreign object failure modes. Sixty-one test
instances incorporating AE sensors during the March and April data collections were evaluated.
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3.4.3.2 Analysis and results
Common data characteristics

The data from the September 2003 data collection were evaluated for general characteristic features
and content, because knowledge of the both the signal and the noise contents is useful for selecting
analysis techniques and interpreting the results. Some general observations regarding both the quality
and the characteristics of these data should be made. Some observations raise questions about the
quality of those datasets used within this analysis process. First, PSDs derived from a variety of
Fourier transform based methods show both high levels of signal energy very near to the Nyquist
frequency (cutoff frequency) and show no clear evidence of the presence of any anti-aliasing filtration
intended to reduce signal energy below that cutoff.

The data quality concerns influenced the selection of those analytical techniques used to derive
characterization features from the data and the subjective weighting of the results. One consideration
guiding the selection of analytical techniques was the desire to develop information that would retain
validity despite the data corruption.

In general, the check valve fault related signal characteristics include atonality and the lack of
harmonic content. Considering the data intervals provided and those data intervals likely to be
relevant to check valve condition monitoring, the data do not seem to exhibit strict stationarity [iii].
In addition, the datasets generally include additive background noise, which may contribute greatly to
the lack of stationarity. The stationarity of these signals was not explicitly tested; such testing does
not seem warranted when considering that the future source of the real signals of interest will be
within an NPP, which is expected to include more noise sources than those present in the more
closely controlled test-loop environment. Data generated in any type of noisy physical plant
environment wherein the noise contribution to the signal can reasonably be expected to change at
every moment should not be expected to exhibit stationarity. Although the stationarity of the data
was not explicitly tested, the signal power level of several of the datasets used within this analysis was
evaluated, and the results suggest that the assumption of stationarity should be avoided. Figure 3-57
presents the result of 4 million contiguous signal power measurements where each power
measurement represents the average power within a 12 ms (overlapping) window. The signal power
varies between a low of approximately 0.32 and a high of approximately 0.52. Figure 3-58 shows the
same type of signal power estimate over the shorter interval of 1 s. If this power fluctuation were
considered in isolation, it may seem irrelevant because the statistical properties of signal power may
itself be unimportant. Combined with the reasonable assumption that power fluctuations may be an
indicator of fluctuations of frequency ratio, these measurements assume greater significance. Such
fluctuations of frequency ratio are described here.

Figure 3-57  Signal power variation shown for an interval of 4 s. The Y axis represents
signal power in (AU), the X axis is shown having units of microseconds. This data
results from a check valve with a disc wear of 2 mm at a test pressure of 9 bar.
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Figure 3-58 Signal power variation over an interval of 1 s. These data were taken from the
same test instance as the data used in Figure 3-57. The Y axis represents signal
power in (AU), the X axis is shown having units of microseconds.

The histogram in Figure 3-59 depicts a multi-modal distribution of signal power measurements
typical of the September data collection. Pulsating additive noise having either multiple states or
being generated by multiple means could be the source of these signal power fluctuations.
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Figure 3-59 Histogram of signal power measurements showing a multi-modal
distribution of the signal power levels. These power measurements were taken
from the same test instance as those data shown in Figure 3-57. The X axis is
given in arbitrary units of signal power; the Y axis shows the number of
occurrences.

It is important to develop an understanding of the contribution of any additive noise combined with
the fault signal to guide the selection of those data-derived features used to characterize the condition
of the NPP component being monitored. Thus, it becomes important to understand whether these
signal power variations represent changes of the actual physical mechanism producing the desired
signal, or alternatively, if these fluctuations represent changes in the state of one or more noise
generators creating additive noise.

Changes in the degree of the actual physical mechanism causing the desired signal may be likely to
cause a smaller variation in the PSD of the signal than would additive noise. To investigate the
influence of additive noise, the temporal power fluctuations of frequency-filtered data were evaluated
for various frequency bands. Figure 3-60 shows the unfiltered signal power fluctuation over a 100 ms
interval, and Figure 3-61, Figure 3-62, and Figure 3-63 show the power below 100 kHz, below

200 kHz, and above 470 kHz respectively, for the identical 10 ms interval. The dissimilarity of the
curve shapes clearly indicates the presence of a dynamic PSD of the signal, of roughly 20% of the in-
band energy.
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Figure 3-60 Signal power fluctuation of unfiltered signal for a 100 ms interval of data
taken from the test instance of Figure 3-57. The Y axis represents signal power
in (AU), the X axis is shown having units of microseconds.
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Figure 3-61  Signal power fluctuations of 100 kHz low-pass filtered data from the interval
identical with the interval of Figure 3-60. The Y axis represents signal power in
(AU), the X axis is shown having units of microseconds. In this low frequency
region, which is below the low frequency cutoff of the band-pass filter, the signal
power is 100 times smaller than it is for those signals within the sensor band pass.

Figure 3-62  Signal power fluctuations of 200 kHz low-pass filtered data from the interval
identical with the interval of Figure 3-60. The Y axis represents signal power in
(AU), the X axis is shown having units of microseconds.
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Figure 3-63 Signal power fluctuation of 470 kHz high-pass filtered data of the interval
identical with the interval of Figure 3-60. The Y axis represents signal power in
(AU), the X axis is shown having units of microseconds.

Evidence suggesting the presence of pulsating additive noise can also be seen in signal power
estimates derived from other test instances. The signal power fluctuation occurring during a 100 ms
interval during the 9 bar testing of simulated disc wear is shown in Figure 3-64. In this case, the
power was estimated in a slightly different fashion, using a window width only 10% of the previous
window width. This change has the effect of enhancing the detectability of any short-duration pulses
present in the signal. Figure 3-64 clearly suggests the presence of quasi-periodic pulses of signal
energy. The leakage flow of the test clapper-type check valve under reverse pressure cannot
introduce a physical mechanism expected to create near-equal energy impulses (having a period of
about 15 ms). Note that the pulse period is similar to the common power transmission frequencies
(50 to 60 Hz) and that NPPs can be expected to include devices having operations that are
synchronized to the power line frequency.

Figure 3-64 Quasi-periodic signal power fluctuations observed during the 9 bar testing
of disc wear. The signal power estimates each represents a 1.2 ms average, in
contrast to the previous signal power estimates. The presence of these pulses
suggests that the data includes some contribution from an additive noise source.

The presence of check valve faults does create useable signal, which can partially mask the presence
of undetlying additive noise. Some of the test matrix involves the use of a normal, non-faulty check
valve, and portions of the data collected during these test instances were evaluated for the presence
of additive noise. Since fault conditions were not present and thus did not contribute any noise-
masking signals of their own, additive noise was more easily identified. Figure 3-65 shows the
presence of pulsed, periodic signals from two clearly differentiable pulse sources. Each source has a
frequency of ~100 Hz, but both their pulse amplitudes and shapes were distinctly different. These
different pulse trains appear to be asynchronous. Observe how the first pulse involves the
combination of one of each of the pulse types as does the sixth pulse—the progtessive
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“advancement” of the lower amplitude pulses is also clear during the interval between pulses one and
six. This asynchronicity is a strong indication that two noise generators were involved.

ORISR 00 NG = 120

Figure 3-65 Signal power fluctuation showing two pulsed additive noise sources

Noise pulses can be clearly discerned in the time series data plotted directly if both the test instance
and the timescale were selected appropriately. A test instance having both low pressure and low
levels of desired signal works well, coupled with a timescale offering strong contrast between the
narrow pulse duration and the approximately 10 ms pulse period. Figure 3-66 depicts a sub-second
interval of time series data clearly showing additive noise pulses.

frae.

Figure 3-66 Unprocessed time series data scaled in time to clearly show additive noise
pulses. These data were collected with 1 mm disc wear at a pressure of 3 bar.

Steady tonal noise is also present. Figure 3-67 shows a spectrogram of a 4 s interval of data created
during the same test instance used for Figure 3-65. The W type sensor used in this test instance is
specified to include a band-pass filter with a low frequency cutoff of 100 kHz. The spectrogram of
Figure 3-67 depicts only the frequency range from 5 Hz to 1000 Hz, which is well below the 100 kHz
cut-off frequency of the band-pass filter. This means that if these tonal noises were actually detected
by the W sensor, the band-pass filter would have strongly attenuated them. This suggests that in this
case, these tonal noise signals must be strong enough to remain easily detected after such attenuation.

Figure 3-67 Spectrogram showing tonal noise. The horizontal and vertical axes represent
time and frequency, increasing upward, respectively.
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Throughout the following discussion of the analysis process, the datasets were assumed to include
data that was a composite of both desired data and noise, with the noise generator(s) being all of
those capable of being detected under the prevailing test condition. No noise-reduction steps were
applied to these datasets.

3.4.3.3 Scope of analysis

The purpose of the previously described analysis was to identify constraints that may manifest from
general characteristics that could impose upon analysis efforts to address specific questions relating
to the in situ monitoring of NPP components:

e Are clear signals generated by fault conditions?

e Are the signals sufficient to convey information about changing conditions or degrees of
the fault? If so, which signal features were best suited for this evaluation?

e Are the signals sufficient to convey information supporting reliable identification of
which particular fault condition is occurring? If so, which signal features were best suited
for this evaluation?

e Which “in-plant” factors have significant impact upon the signal component or the noise
component of the data?

e What knowledge can be gained regarding the possibility of developing methods of
performing classification of the failure mode independent of prior knowledge of those
signals generated by the particular component/sensor being evaluated?

e Can those physical processes associated with particular fault conditions be linked to
those signal features selected to address the previous questions?

3.4.3.4 Component failure evaluation

In the early stage of this condition monitoring assessment, the analysis process was primarily a search
for signal features coupled with an evaluation of the relative merits of discovered features. One key
measure of merit was contrast, which means that the signal feature present during the fault condition
strongly differs from that during the non-fault condition. Various data transformations were applied
in the search for features, and the resulting contrast differs. The information gained from the initial
standard transformations guided the selection of those additional transformations explored.

Figure 3-68 shows time series data generated for the 9 mm disc wear at a test pressure of 9 bar,
during the September data collection. There are 24 s of data were displayed in this figure. At this
scale, it is impossible to discern details of the underlying waveform; however, the long-term envelope
shape is also a relevant signal feature. The envelope shape does not indicate the occurrence of large-
scale changes in the signal level during the 24 s interval. It also does not indicate baseline drift nor
long-term (multiple-second) trends. No strong, intermittent noise sources were evident. These signal
characteristics were typical of all W-type sensor data assessed during this analysis.
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Figure 3-68 Time series data of 6 contiguous data intervals, each of 4 s length
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PSD estimates based upon Fourier transformation were developed for several data segments
including several test instances. The interaction between several parameters of FFT PSDs and these
data were evaluated to approach an optimal application of this technique. In due course, a 200 Hz
frequency bin size was selected, coupled with a Hanning window and 50% overlap. FFT PSDs
incorporating multi-taper techniques to better control spectral leakage were not an effective
improvement.

Figure 3-69 and Figure 3-70 show PSDs of 2 contiguous 500 ms data intervals; it can be seen from
comparison that the gross humps and dips in signal level versus frequency contain clear information,
but the level of grass riding upon these gross features obscures that information to be obtained from
more narrow peaks and dips. As can be observed when contrasting Figure 3-71 with either

Figure 3-69 or Figure 3-70, FFT PSDs cleatly differentiate between the disc wear type fault operating
condition and the normal operating condition. Both the signal level and the frequency content of the
signals strongly indicate the presence of the fault condition; this is an indication that signals sufficient
for some degree of in situ condition monitoring of components may be achieved.

Further FFT PSD evaluations of data generated during test instances incorporating different
pressures and different degrees of disc wear were performed. In general, the degree of FFT PSD
difference occurring between test instances of the same fault condition but differing degrees of fault
was judged sub-optimal. Although close inspection of FFT PSDs from, for example, low-pressure
testing of both the 1 mm and 2 mm of disc wear yields some differentiating signal features, the
differences were not strong enough to provide contrast sufficient to unmistakably characterize the
fault degree without further signal processing. Figure 3-72 depicts the FF'T PSD of the test instance
of 9 bar pressure and 2 mm of disc wear. Comparing Figure 3-72 with

Figure 3-69 and Figure 3-70, the similarities were easy to spot. The band-pass filter cutoff frequency
is clear; the humps at frequencies below 100 kHz were similar; both the peak just below 100 kHz and
the slope from that peak to the dip at 150 kHz were similar; the humps at 220 kHz, 300 kHz, and
470 kHz were also similar. Several other similarities can also be noted from cursory examination.
Differences can also be observed; Figure 3-72 includes a double peak within the range of 450 to

500 kHz whereas the lesser degree of disc wear generates only a single peak in this region. The level
of grass in that region between 300 and 400 kHz has roughly doubled; and near 150 kHz, a
discernable hump is added.

Although a trained operator #ay be able to judge between component conditions using such FFT
PSDs, given the degree of differences, the degree of similarities and the degree of noise, a reliable
computer-based algorithm for evaluation of such FFT PSDs is likely to be difficult to create. The key
result is that although both the levels and the frequency content of signals varies strongly between
the normal condition and the fault conditions, those differences created by differing failure modes
and fault degrees were far smaller. These smaller differences were also likely to be masked by changes
to the noise component of the signal introduced by other sources within the plant. Using Fourier
techniques to detect the presence of a fault is likely to be effective. However, using this technique to
classify the fault type and to determine the degree of fault is likely to be frustrating. One possible
solution to this problem would be to apply further signal processing methods, such as filtering the
data using a variety of filters, before performing the FFT PSD upon each filtered version of the data.
Three or more filters may be required to significantly heighten the contrast between FFT PSDs,
allowing improved differentiation between these two degrees of fault.
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Figure 3-69 FFT-based PSD estimate of a 500 ms interval of 9 bar, smallest degree disc
wear (1 mm)
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Figure 3-70 FFT-based PSD estimate of a 500 ms interval of 9 bar, with 1 mm of disc
wear. This data interval immediately follows the data interval evaluated in the
estimate shown in Figure 3-69. Although the larger features of the PSD curve

were retained from one interval to the next, the smaller spike-like grass features
were dissimilar.
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Figure 3-71 FFT-based PSD estimate of a 500 ms interval of 9 bar, normal operation of a
check valve
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Figure 3-72 FFT-based PSD of 2 mm of disc wear. The difficulties associated with using an
FFT-based PSD to discriminate between degrees of valve fault become evident
by considering that Figure 3-69 and Figure 3-70 need comparison and the result is
that they represent the same condition, and Figure 3-70 and Figure 3-72 need
comparison and the result is that they represent different conditions.

Although Fourier-based PSDs can be used to detect the presence of a fault condition, such
techniques may not be necessary for simply detecting the presence of a fault. Data generated during
the September data collection using the W-type sensor show strong variation in signal level when a
fault is present. Perhaps a fault can be adequately detected simply from a determination that the
signal has become stronger. Figure 3-73 shows the influence of the degree of the modeled fault
condition (corresponding to the width of a slit machined into the clapper) upon the signal level. Each
RMS level estimate was developed from a data segment having 4 million data points. It is interesting
to note the very good linear fit possible if those points corresponding to the 2 mm slit width were
deleted. Although signal level evaluation may make an important contribution to future systems
performing condition monitoring, this metric is unlikely to be sufficient for classifying among
different types of fault conditions.
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Figure 3-73 Signal level versus degree of fault. The RMS value of the signal level was
determined for four or more 4 s data intervals during each of the fault conditions
shown here. Generally, within this test range, the signal level increases with the
leakage flow.

3.4.3.5 Rescaled range (R/S) analysis

Rescaled range (R/S) analysis lacks the undetlying expectation of an harmonic energy content
common to Fourier techniques, and may be a more theoretically sound technique for evaluating
check valve faults because no physical mechanism capable of producing significant harmonic energy
has been associated with these check valve faults. R/S analysis was originally developed to

Sandia National Laboratories and Korea Atomic Energy Research Institute
Page 74 of 229



characterize changes in the flow of the Nile River [iv], and has been used to evaluate the “whiteness”
of suspected white Gaussian noise, and to determine fractal dimension. A description of R/S analysis
is in [v]. The Hurst exponent (HE) is a numeric characterization of the persistence or anti-persistence
data, and R/S analysis is one method used to determine its value [vi].

The model of the disc wear fault involves milling a slit into an otherwise fully functional check valve
clapper. During these tests, the fluid pressure causes a flow from the high-pressure region of the
piping through the opening of the fault and into the low- pressure portion of the piping. The
entrance area and volume of the fault were far less than either the area or the volume of the
pressurized piping. Transitions from a large volume flow into a smaller volume flow were known to
generate turbulence; such flow transitions seem to be required by the nature of both the disc wear
fault and the foreign object fault. Although turbulence measurements have not been performed in
association with these data collections (such measurements were also difficult to accomplish), it is
reasonable to expect turbulence to be generated by these fault conditions.

Although flow transitions from a large volume into a small volume are known to generate turbulence,
the reverse transitions, those from a small flow volume into a larger flow volume are known to
produce cavitation bubbles [vii]. Bubbles produced in this way were likely to be transient. Possibly,
both a turbulence-generated signal component and a cavitation generated signal component were
present in the composite signal.

Figure 3-74 and Figure 3-75 show R/S curves developed from R/S analysis of data resulting from
normal valve operation, and of data resulting from faulty valve operation during the September data
collection. The slope of the curve reflects the value of the HE.
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Figure 3-74  R/S analysis plot derived from data with normal operation
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Figure 3-75 R/S analysis plot of 3 mm disc wear measured at 9 bar

R/S analysis was performed for many data instances of normal operation, of disc wear fault
operation, and of foreign object fault operation. The R/S results from nominally similar conditions
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occurring during the September data collection and later duting the March data collection were
compared; similar results were obtained in each case.

R/S evaluation of the data developed by normally operating valves for a range of operating pressures
is shown in Figure 3-76. Only the wideband AE sensor results were shown because the reduced
bandwidth of the narrowband AE sensors [2] fails to respond to the high frequency signals
developed by turbulence, therefore generating skewed results. Increases in the operating pressure
produce corresponding increases in the flow rate. In many operating regimes, increased flow would
generate a corresponding increase in turbulence; more turbulence would result in more turbulent
signal, increasing the ratio of turbulent signal to background noise. Such an increasing ratio would
reduce the HE value, leading to an inverse relationship between pressure and HE value, as shown in

Figure 3-70.
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Figure 3-76 Piece-wise linear interpolation of HE value versus operating pressure for the
normal valve condition. Each of the five points represents the median value of a
set of five measurements of equal data interval at the particular operating
condition or test instance.

R/S analysis of wideband AE sensors reveals an inverse relationship between the degree of disc wear
fault and HE value, as shown in Figure 3-77 and Figure 3-78. This is consistent with a model wherein
leakage flow through a worn disc wear becomes both more turbulent and generates more cavitation
bubbles than does the normal flow. The pressure increase from 3 bar to 9 bar also causes an added
decrease in HE value. This would be consistent with increased flow inducing added turbulence noise.
It is interesting to note that HE values below approximately 0.15 do not occur within the 9 bar data
evaluation, so the slope of the 9 bar curve within the interval from 1 mm to 3 mm disc wear differs
from the slope of the corresponding part of the 3 bar curve. This characteristic remains anomalous.
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Figure 3-77 Piece-wise linear interpolation of HE value versus fault degree for the disc
wear fault condition, with operating pressure as a parameter. Each of the
eight points represents the median value of a set of five measurements of equal
data interval at the particular operating condition or test instance.
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Figure 3-78 Piece-wise linear interpolation of HE value versus operating pressure for the
disc wear fault condition, with fault degree as a parameter. Each of the nine
points represents the median value of a set of five measurements of equal data
interval at the particular operating condition or test instance.

R/S analysis of the foreign object fault data generated during the March and April data collections is
not reported. In the majority of cases, sub-optimal matching of the signal level and the input level of
the DAS corrupted the data. Although some datasets were not corrupt, it was not possible to
determine HE values over the full range of pressures, or over the full range of fault degrees. The test
instances of low pressure and small fault degree did generate usable data, and these data for the
foreign object fault do follow the pattern described previously for the disc wear fault because the HE
values for the fault condition were far lower than the HE values for the normal operating condition.

R/S analysis has been applied to some of those datasets generated at PSU in May. The test appatatus
in PSU differs from that used in Korea as the configuration, pump equipment, piping size, the valve
size, the sensor types, and the hardware models of fault conditions were different. R/S analysis of
data for normally operating valves shows a decrease of HE value with increasing pressure. Further,
the HE values for the largest degree of disc wear fault also decrease with increasing pressure, and
were very similar to the HE values for normal operation, making the HE value a poor indicator of a
valve fault within the PSU test bed. Figure 3-79 shows an R/S tresult from the May tests; comparison
with Figure 3-74 and Figure 3-75 indicates the dissimilarity between results obtained from differing
test beds.

Several possible factors could explain the difference between the R/S results at PSU and KAERL
First, the sensor used for the PSU data collection is an accelerometer having a much-reduced
bandwidth in comparison to the AE sensors used for the KAERI data collections. Nowe of the signal
detected by the wideband AE sensors would be detected by those accelerometers used during the
PSU test. In addition, the majority of in-plant noise sources should be expected to generate noise
energy within the bandwidth of the accelerometer, but the turbulence and cavitation generated
signals developed by the fault condition and sensed by the wideband AE sensor occur largely beyond
the sensitivity range of the PSU accelerometer. The ratio of noise energy to fault induced signal
energy is expected to be greater for sensors having the bandwidth used at PSU, thus it is reasonable
for higher HE values to be obtained, reflecting the presence of the predominantly persistent noise
energy. In addition, some data from the PSU test also contain long-term trends. Figure 3-80 shows a
time series envelope from the PSU test in May. This time seties clearly shows near-sub-Hertz
oscillatory behavior. Several /2 s monotonic trends in this short data interval were apparent; such
trends were a classic example of persistence in datasets. The presence of these long-term trends in
data level would significantly increase the HE value.
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Figure 3-79 R/S analysis plot of the largest degree of disc scratch measured at a test
pressure of 9 bar within the PSU test bed
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Figure 3-80 Time series representation of a data interval during low pressure (1 bar)
normal operation at PSU. Note the presence of long term (sub-Hertz) trends in
the data.

3.4.3.6 Eigen pseudo-spectral analysis

No analytical techniques described previously were expected to create information sufficient for
reliable differentiation of fault degree and for easy automated determination of the fault degree. This
situation prompts the investigation of additional analytical tools capable of producing information
from more subtle variations within the data. Whereas multiple check valve failure modes produce a
similar physical result (a leak) and some manifestation of this physical condition is being monitored,
it is reasonable to expect some difficulties in differentiating between failure modes. It can also be
assumed that the slight differentiating characteristics of these similar failure modes may produce a
slight variation in the frequency content of the signal. Figure 3-70 and Figure 3-72 show that the
variation of frequency content between those signals generated by an incremental degree of disc wear
were indeed slight, compared to the total energy content of the signal. For the purpose of
classification, the slight variation of frequency content contrasting the fault degree can be the desired
signal and the large balance of the energy content within the data can be considered the noise;
therefore, analytical techniques less influenced by signal-to-noise ratio (SNR) were possibly
promising for use in fault classification.

Many current techniques apply Eigen decomposition methods to create a pseudo-spectrum; such
Eigen pseudo spectral techniques (EPST) can be less influenced by SNR [viii]. EPST have two
additional desirable characteristics: a response to the degree of variance of a signal regardless of the
degree of harmonic content within the signal, and a response to low power components of the signal.
EPST separate the eigenspace of the covariance matrix of the signal into orthogonal subspaces—a
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signal subspace and a noise subspace. Standard techniques were available for identifying the optimal
separation point between these subspaces [ix].

Because the problem presented by in situ condition monitoring of check valves is different, standard
techniques were not used to establish the separation point between the signal and noise subspaces
during this analysis process. Instead, the magnitude of the eigenvectors of a trial signal (normal valve
at 9 bar) were evaluated by inspection; 40 eigenvectors were judged to be a useful compromise
between frequency resolution and computational demand, and both 6 and 13 eigenvectors were
initially selected to define the size of the signal subspace. Subsequently, 6 signal eigenvectors were
judged to be more optimal than 13, because the desired contrast was achieved using 6 and the
spectral repeatability using 6 eigenvectors exceeded the repeatability when using 13 because the noise
subspace is represented uniformly as one level. This procedure of using 40 eigenvectors and
assigning 6 of them as the signal subspace was followed throughout the evaluation of the September
2003, and the March, April, and May 2004 data.

The particular EPST selected for use was Multiple Signal Classification (MUSIC) [x] due to its use of
the noise subspace, and its uniform weighting of this subspace to determine the signal spectrum. The
performance was better than expected. The MUSIC algorithm was applied over one hundred times
to multiple disc wear test instances with a common test pressure of 9 bar from the September data
collection. The data intervals evaluated were uniformly 64 ms long. Several (4 to 6) different intervals
were evaluated for each of the four test conditions (normal operation, and disc wears of 1 mm, 2
mm, and 3 mm depth), and these different intervals were separated in time by 4 s. In this way, the
combined evaluation sampled 16 to 24 s of data for each test condition. The repeatability of the
MUSIC results was promising. Figure 3-80 (a) to (d) depicts typical pseudo-spectral results for the
four test conditions. One scale is common to these four figures. The results shown in the figures
were typical of 4 of 4, 5 of 5, 3 of 4, and 4 of 6 trials, respectively. The degree of repeatability
exceeded expectation. Subsequently, this technique was applied to disc wear data from the March and
April data collections and similar repeatability resulted. The effectiveness of MUSIC for identifying
changes of the degree of foreign object faults could not be assessed because of the corrupted
condition of most of the foreign object data files.

The variation of the pseudo spectra resulting from the differing degrees of disc wear is very
encouraging. The spectral levels of Figure 3-81 (a) to (d) can easily be differentiated either by eye or
by algorithm. The pseudo-spectra shown in these figures represent four differing degrees of the same
valve fault condition. Comparing

Figure 3-69, Figure 3-70, and Figure 3-72 with Figure 3-81 (a) to (d) demonstrates that a greater
degree of contrast has been achieved through use of the MUSIC algorithm.

The disc wear MUSIC results from the September test were compared to those from the April test.
As previously mentioned, the April test was #oz a duplication of the September test because the
apparatus was modified. However, both the operating pressures and valve fault conditions were
nominally equivalent, therefore this comparison could be considered similar to the comparison of
two similar valves located in two dissimilar situations within the same power generation facility. This
compatison yielded two important results:

® The capability of MUSIC to respond to changes in fault degree was remarkably good in
both test instances, and the repeatability of MUSIC when tested against different data
intervals representative of the same valve fault condition at different times was very high
for both the September and April datasets.

e The spectra were remarkably different, indicating that MUSIC may be a useful tool for
tracking changes of the severity of a faulty valve, but particular observations may be only
useful locally and not be applicable to every similar valve.
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Figure 3-81 MUSIC pseudo spectrum of check valve at 9 bar pressure
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Figure 3-82 MUSIC pseudo spectrum of the smallest degree of disc wear during
operation at 9 bar pressure, during the April 2004 data collection

Data generated by a disc wear fault condition was also collected using accelerometers at PSU in May.
Since the frequency ranges sensed by accelerometers and AE device do not significantly overlap, the
resulting MUSIC pseudo-spectra will also differ. Clear differences between the normal operating
condition and the fault condition were observed. Figure 3-83 (a) to (c) show the MUSIC results for
3 mm disc wear at three operating pressures; the degree of contrast from the May test is similar to
those observed in KAERI tests. This suggests that MUSIC may be applicable to valve condition
monitoring.
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Figure 3-83 MUSIC pseudo spectrum of disc wear of 3 mm during the May 2004 data
collection at PSU
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3.4.4 Conclusion

The key finding is that there were useful signals and their implementation must be developed
successively. A physical model of the signal sources, combined with an increased understanding of
the range of probable noise sources, will aid such development. Condition prognosis, which is
processed through use of intelligently fused, multiple outcomes of dissimilar analysis techniques, will
tind widespread application.

Clear signals from faulty check valves were found and changes of the degree of fault were detected.
The ability to differentiate between differing types of failure may be realizable.

Eight valuable results follow from the data analysis:
Problem Decomposition. The in situ check valve condition monitoring problem can be addressed in

six areas including:

e The presence of a valve fault is expected to be detectable using two different types of
sensors (accelerometer, AE), combined with one of several analysis techniques.

e The stability of fault is expected to be detectable using accelerometers and AE,
combined with several analysis techniques. A fusion of results from multiple analysis
techniques is anticipated to provide information superior to the information derived
from any single technique. Historical data is required for this detection.

Identification of the degree of any valve fault remains questionable.

The ability to identify the nature of a particular valve fault type remains uncertain.

The ability to identify the leakage flow through a particular valve fault remains uncertain.
The identification of any necessity to acquire historical performance data on check valve

The ability to identify the presence of a particular valve fault without any historical
performance data may be limited to those cases of faults causing a “medium size”
leakage flow. Although very small faults were not evaluated in this project, it is
reasonable to assume that faults causing leakage rates below some local threshold value
will remain undetectable. Beyond simple fault detection, all the other condition
monitoring issues separately listed previously were expected to benefit from the
availability of historical performance data.

Sensor Comparison. The data from three sensor types were evaluated with some degree of detail.
The wideband AE sensors seem to be capable of yielding the most information, and these sensors
may most closely match the sensing requirements of underlying physical phenomena. The narrow
band accelerometers seem to have a bandwidth and a resonance that inhibits their capability to
contribute information. Although the wideband AE sensors and the accelerometers were never
deployed together, evaluation of their separately observed performances leads to the expectation that
accelerometers lack the bandwidth needed to reliably respond to the high-frequency signals generated
by valve faults. If so, accelerometers would produce an unfavorable SNR in comparison with
wideband AE sensors.

Analysis Technique Evaluation. Six analytical techniques resulted in a degree of useful information
when applied to the check valve fault data. These are average signal level, Fourier spectra, time-
dependent signal power, signal power histogram, range-scale analysis, and Eigen decomposition
pseudo-spectra. The average signal level may be very useful for fault detection, but is not, by itself,
expected to contribute strongly to determining either the leakage flow or identifying the nature of the
fault. Fourier spectra are likewise useful for determining the presence of a fault condition; however,
this technique seems sub-optimal for generating the other desired information: change detection,
leakage flow, fault type, and fault degree. Time-dependent signal power is a useful technique for
learning about the noise contribution to the data and may be useful for identifying constraints that
should be applied in particular in-plant situations where strong, discontinuous noise sources occut.
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Since the signal power histogram has the same value as time-dependent signal power evaluation, the
histogram is also a useful technique for this purpose.

Range-scale analysis is a level-independent technique capable of producing results characterized by a
single, slope-related, numeric value to represent the general character of the underlying PSD of the
data. When coupled with the appropriate sensor, this analysis technique can differentiate the
presence of a valve fault from the presence of previously unobserved noise. Eigen decomposition
pseudo-spectra, as exemplified by the particular MUSIC algorithm used herein is expected to
contribute to change detection and possibly, when combined with other analytical results, to
identifying fault degree and fault type.

Possible Check Valve Monitoring Process. The analysis of check valve data described herein resulted
in identifying a possible initial check valve monitoring procedure. This procedure involves installing a
wide-band AE sensor near the test valve’s flapper and either an AE sensor or other sensor (such as
an accelerometer) capable of responding to a relative flow rate in an upstream location. Signal level,
HE, and MUSIC data collected from periodic monitoring of the flapper sensor signal would be
referenced to the relative flow rate determined by the upstream sensor. A signal level increase
matched to a coincident decrease in HE (both relative to previous results at a comparable flow rate)
indicates the presence of a valve fault.

Effective determination of the check valve fault condition can be enhanced by the intelligent fusion
of the three separate analysis results. The MUSIC analysis provides sensitivity to changes in fault
degree and to other changes of condition, such as operating pressure. The signal power analysis
provides sensitivity to the presence of a leak. However, the signal power analysis based on a single
sensor is unlikely to distinguish between an increase in the size of the leakage pathway and an
increase in operating pressure. R/S analysis adds a degree of discrimination between increases of in
situ noise and the occurrence of a faulty valve. The intelligent fusion of separate analysis results can
provide a useful initial monitoring capability.

Hypothetical Phenomenological Model. The condition monitoring data comprises two components—
signal and noise. The signal is that component of the data that only occurs when there is a valve fault
condition and the noise is that component of the data that occurs when there is not. Valve faults
introduce leakage flow; the physical dimensions of the leakage flow path influence the degree of
turbulence and cavitation of the leakage flow. These conditions of turbulence and/or of cavitation
determine the characteristics of the signal, which were non-tonal, somewhat broadband, and of
generally higher frequency than the frequency of the majority of the noise.

When no fault or leak is present and the signal level is zero, only noise remains. In this case, the
“signal” power of the data is actually the noise power and can be considered the baseline for all
future signal power evaluations. A relatively higher value HE value is determined by the
characteristics of the noise. The MUSIC result will represent the pseudo-spectra of the noise, and the
frequency of tonal noises, the frequency response of the sensor, and the relative strengths of those
various tonal noises will influence this result. When a fault occurs, leakage flow develops; fluid
properties, pressure, and geometry of the leakage path influence the character of the leakage signals
and these leakage signals combine with the preexisting noise. Leakage conditions above a threshold
value would generate detectable changes. A wide range of leakage conditions (including those
conditions evaluated during this work) would generate easily detectable signals.

Monitoring Without Prior Knowledge. Condition monitoring of clapper-type check valves without
any requirement to obtain data from the particular in situ valve before failure would be highly
desirable because obtaining and archiving such data is costly. Analytical results to date suggest such
monitoring without prior knowledge may be applicable to a Zmited range of valve fault conditions if
the fault detection process provides a detection outcome based upon the fusion of the results of
multiple analytical techniques.

Status of Analytical Techniques. The description of the present status of various analytical techniques
is based upon observation of modeled valve faults evaluated within multiple test beds. If the modeled

Sandia National Laboratories and Korea Atomic Energy Research Institute
Page 82 of 229



3.5

3.5.1

3.5.2

valve faults fail to accurately represent actual valve faults, or if the test bed conditions fail to
accurately represent in-plant conditions (or both), the performance of these analytical techniques may
deviate from the anticipated performance.

Future Work. The results of the check valve condition monitoring data analysis effort suggest two
future activities: validation of the hypothetical model and extension of the investigative dataset.
Careful data collection should be used to validate the hypothetical model using data from both
wideband AE sensors and co-located accelerometers affixed to a clapper-type check valve placed in
an experimental test bed. The experimental process could be extended and enhanced by additional
analysis of that same dataset to provide a record of the level, HE, MUSIC results for each of the
various operating conditions and fault conditions, and sensor types.

The second future activity is the creation and subsequent analysis of a far larger dataset using
multiple check valves of different sizes operating at different pressures in a wide variety of in situ
conditions encompassing a wide range of plant-induced noise conditions. These valves should be
instrumented with both wideband AE sensors and accelerometers, and locations upstream of each
valve should be instrumented with low-cost sensors developing a signal proportional to flow rate.
Multiple analytical techniques, including all those used in the previously described work, should be
applied to this larger dataset. This would provide evaluation of the proposed monitoring technique
and provide a dataset probably sufficient to develop an improved, robust monitoring technique
based upon the fusion of multiple analysis results.

Task 1.5: signal data processing analyses for noise filtering and pattern
recognition

Performed by SNL and KAERI (PSU and CNU)

The research goal of the project has been focused on developing a method to distinguish defect
signals associated with disc wear and foreign object in check valves. This task is geared toward
developing the capability of the artificial neural network (ANN) technique to provide diagnostic
information useful in determining check valve aging and degradation, check valve failures and
undesirable operating modes. The processing analysis starts with the data associated with the normal
configuration at different flow rates to provide the baseline vibration patterns. Similar analyses were
performed for each chosen abnormal configuration at different flow rates. The vibration patterns
from these analyses will be baseline adjusted with those associated with normal configuration to
establish a unique set of vibration patterns characteristic of the chosen abnormal configuration. This
procedure provides the basic scheme of noise filtering with the quality of filtered vibration patterns,
depending on the sensors and the quality of signal data themselves.

Sensor signal characteristics

The filters were designed to screen background noise components relevant to each sensor
characteristic. FFT provides a technique to analyze the frequency characteristics. The sampling rates
for AE sensor and accelerometer were 1 MHz and 50 kHz, respectively. Figure 3-84 shows the
acquired AE sensor signal corresponding to two test conditions of non-leak and leak cases. Leak may
occur due to foreign object interference and/or disc wear. From this figure, the useful frequency
band lies between 50 kHz and 450 kHz, while the background noise components occupy the low
frequency portion up to 25 kHz. In the case of accelerometer, the passband ranges from 0.5 kHz to
24 kHz. The details of background noise analysis are discussed in Appendix A, Section V.

Filter design and noise filtering result

The design specifications of filters were derived from the frequency characteristics of each sensor,
and four band-pass filters were designed. The Butterworth filter has flat magnitude response in both
passband and stopband, although the filter order is relatively large. The other Chebyshev-like filters
have ripple in either passband or stopband, and both bands. Table 3-20 summarizes filter order in
the frequency domain.
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Figure 3-84 Acquired AE signals

Table 3-20 Filter order in the frequency domain
Butterworth Chebyshev-I Chebyshev-Il Elliptic
Number of filters order 15 6 6 4

Figure 3-85 displays the noise filtering result when the Butterworth filter is applied to the raw signal
of the AE sensor. Comparing these figures, the unwanted noise components in the stopband cleared

out. Table 3-21 shows the comparison of the SNR for each filter. With respect to SNR and
complexity, the Butterworth filter is slightly better, and so recommendable.
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Figure 3-85 Noise filtering result
Table 3-21 Filter performance (SNR)
Butterworth Chebyshev-l Chebyshev-ll Elliptic
SNR (dB) 41.1170 41.0249 32.1947 31.0939

The details of the applied DSP techniques for design of noise filtering are discussed in Appendix A,

Section V1.

3.5.3

Data processing analysis of experimental signals

The details of the experimental data processing techniques are discussed in Appendix A, Section VII.

3.5.3.1 AE data analysis

The analyzed AE sensor signals are summarized in Appendix A, Section VII. The applicability of
using AE sensor to monitor check valve vibration is illustrated in Figure 3-86, which shows the AE
frequency spectra from a normal valve and degraded valves with disc wear and foreign object.
Significant differences in leak signals were found in these three cases. There is a frequency peak of
265 kHz in normal disc. There were three different frequency peaks of 100 kHz, 280 kHz, and 510
kHz in disc wear case, and two frequency peaks of 100 kHz, and 510 kHz in foreign object case.
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Although the effectiveness of the procedure for interpreting leak signals from the field has not been
determined, the results of characterization of different leak sources and their behavior such as disc
wear and foreign object have been demonstrated successful. It is certainly beneficial to be able to
compare data from wide and narrow band frequencies in optimizing sensor position and frequency
for leak detection in the field. In addition, AE RMS value may provide quantitative information,
particularly at low flow rate, where the flow may be relatively unstable.
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Figure 3-86 Spectral analysis results of AE signals
AE signal characteristics

Figure 3-87 shows the results between AE RMS and leak rate obtained from foreign object failure
mode of the check valve data recorded September 2003. The leakage flow rate in the foreign object
failure tests could not be increased about 300 liter/m, because 1 in. pipe for leakage line was very
small. To solve this problem, the 1 in. piping was changed to 4 in. piping.

Figure 3-88 shows the results of actual measurement for comparing the intensity of AE RMS value
by a leak in the disc wear and foreign object failure modes. As shown in Figure 3-88, AE RMS
increases with an increase in the pressure (or rpm) in the same leak size. It is desirable to obtain some
estimates of the leak flow rate, but this information is difficult to obtain directly from acoustic
intensity data because the amplitude of the acoustic signal varies with geometry and temperature for a
given flow rate. Thus, other characteristics of the signals must be examined. One possible way is to
monitor the variation in the RMS value with time. Figure 3-89 shows the results between AE RMS
value and flow rate obtained from the disc wear and foreign object failure modes. The leak flow rates
were measured by means of an ultrasonic flow meter. As shown in Figure 3-89 (a) and (b), a linear
relationship is observed. The analyses of the results suggest that acoustic signals depend on leak rate.

The frequency spectrum of the check valve leakage is illustrated in Figure 3-90, which shows the
frequency spectra of leak signals at 150 kHz sensor. It can be seen that the frequency range of leak
signals between disc wear and foreign object were significantly different. However, the frequency
spectrum content on AE signals due to leaks indicates no significant changes with the leak rate and
pressure in the same source. That is, it is significant that for the three spectra results obtained from
disc wear shown in Figure 3-90 (a), all have the same general shapes, whereas the spectra results
(Figure 3-90 (b)) obtained from foreign object have different shaped spectra compared with disc
wear failure mode. These observations imply that the frequency spectrum profile of the disc wear
and foreign object failure modes do not depend on the leak rate and pressure. It was found that
signal generated by the turbulence in a disc wear failure mode is 150 to 250 kHz and in a foreign
object failure mode is 100 to 150 kHz.
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Figure 3-90 Frequency spectrum (FFT) from different failure modes (March 2004)

3.5.5 Accelerometer signal characteristics

Several condition monitoring tests were performed on a 4 in. check valve in normal condition and
with simulated degradation. In particular, vibration signal were detected by accelerometers, which
respond to pressure waves over a low-frequency range (<100 kHz). Figure 3-91 shows the
waveforms and corresponding spectra for the accelerometer output of initial background noise. The
resulting accelerometer signature shows that the FFT is concentrated in the range of 1 to 2 kHz.
Figure 3-92, which shows the waveforms and corresponding spectra from the accelerometer for
foreign object failure mode, involves detecting a leak flow signal that corresponds to a diameter of
leak size of about 0.85 and 1.20 mm. When comparing leakage signals (Figure 3-92) with normal
signals (Figure 3-91), their frequency characteristics could not be cleatly distinguished.
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3.5.5.1 Ultrasonic data analysis

Ultrasonic inspection techniques can be used to detect a missing or stuck disc. Typically, one (pulse-
echo) or two (pitch-catch) ultrasonic transducers were used to detect internal part of the check valve.
If the disc is missing, no signal will be reflected from the disc; however, if the hinge arm remains
inside the valve, its position can be verified by ultrasonic inspection techniques.

Figure 3-93 shows ultrasonic signatures acquired from a check valve at two disc positions; fully open
(b) and fully closed (c) from the worn hinge pin and the improper assembly of disc. It is noted that
the no signal was returned from the disc in the open position and that echo signal was returned from
the disc in the closed position.
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Figure 3-93  UT signals obtained from disc of check valve

Fusion sensor monitoring

The fusion sensor combines several sensors to identify and analyze the changes of frequency
response for normal and degraded check valves. The AE sensor, accelerometer, and ultrasonic device
have been selected for developing the fusion sensor methodology. It has been found that the AE
sensor could directly detect a high frequency acoustic wave generated from the backward leakage
flow. The accelerometer would be useful for high pressure and temperature environments. Ultrasonic
devices would be used for detecting the disc locations when it fails to close or open, and measuring
the leakage flows. The ultrasonic flow meter can also perform a direct measurement of leakage flow.
The fusion sensor method provides a more comprehensive dataset than that from any single sensor
technology, and this approach can be made non-intrusive, allowing check valves to be monitored and
diagnosed without being disassembled from the piping system.

Some representative experimental results in the frequency domain using the Hanning FFT analysis
are shown in Table 3-22. The results show that the mechanically degraded check valves have higher
frequencies above 50 kHz. The accelerometer could not contribute to easy identification of check
valve failure in these experiments. It is possible to detect check valve failure at a high pressure (9 bar)
with an accelerometer that is sensitive to a low frequency induced from the mechanical vibration of
check valve housing. A wide range acoustic sensor attached to the backward leakage side seems to be
more powerful than the other sensors in these experiments. The characteristic frequencies from the
wide range AE sensors were similar for degraded check valves with disc wear or foreign object as
shown in Table 3-22.
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Table 3-22 Representative experiment results (frequency in kHz)
3 bar 6 bar 9 bar 9 bar
Condition Sensor Disc wear, Foreign object, Disc wear, Foreign object,
2 mm 1.2 mm 1 mm 1.0 mm
. 100, 240, 280, 110, 140, 160, 110, 200, 230 150 220 280,
Wide A/E 2 > ’ ’
ide A/ 400, 460 230, 280, 460 280, 400, 480, 400, 460
. 100, 480, 280, 170, 230, 280, 100, 17,0 230,
Wide A/E 1 100, 470, 480
400 400, 480 280, 470
NR A/E 2 100, 140, 160 95, 160 100, 150 100, 150
NR A/E 1 110, 160 120, 150 140, 160 140, 160
Accelerometer Noise level Noise level 9 6,7, 10, 15

3.5.7

The details of the time and frequency analysis are discussed in Appendix A, Section VIL
Failure algorithm development using ANN technique

The details of the ANN technique are discussed in Appendix A, Section VII. The objective of an AE
test is to detect the presence of emission sources and to characterize the source. The purpose of
source characterization is to use the sensor output waveform to identify the sources and to evaluate
their significance through qualitative and quantitative procedures. For quantitative leak evaluation,
only six data features were used, including AE amplitude, RMS, pressure, signal strength (or energy),
and FIT information collected from two different check valve failure modes as the input to the
neural network. Table 3-23 to Table 3-25 show the neural network results obtained from disc wear
and foreign object failure modes. Figure 3-94 shows the flow chart for training the neural network.

Start

Receive AE Signals

Extract Pattern Form AE Signals

Training Neural Network with Pattern

Test Trained Neural Network

End

Figure 3-94  Flow chart for training neural network

The AE data were in the form of analog signals that were filtered to remove the mean value and to
prevent aliasing and then digitized into time series. These data were transformed into the frequency
domain, where the signals were represented through their frequency components in FFT, using data
sampled at 1 MHz. The relationship between the FFT, signal amplitude, pressure, and RMS value is
modeled with an ANN using time series data from a check valve. That is, the neural network was
used to compute the corresponding AE parameters such as amplitude, RMS, pressure, and FFT.
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Figure 3-95 shows the example of relationship between pressure and AE counts and duration time.
As shown in Figure 3-95, linearity between AE parameters and pressure is not observed. However,
some AE parameters such as RMS, signal strength, FF'T, and amplitude have an obvious linearity
with respect to the operating conditions or failure modes.

Inputs to the neural network included amplitude, RMS, signal strength, and two peak frequencies
obtained from frequency spectrum and pressure. Outputs of the neural network included the failure
modes for disc wear and foreign object. In the first simulation, the features of 136 cases were used
for training neural network and the features of 54 cases (that were not a subset of the 136 cases) were
used for testing the trained neural network. All cases of failure modes were recognized well by neural
network.

12000 - 999999.0 ]
10000+ g 9999989 ]
€ 8000 1
IS | E 999998.8 -
o 6000 | o j
> 1 5 999998.7
4000 j
1 9999986
2000 j

0 ] : : ' . . 999998.5 . : i , i : , .
€ 14000 - 999999.2 ]
o 12000 —~  999999.1 ]
(8] 4 [&] i
w Emooo _ 8% 999999.0
< 8000 = 1
. o 1 =, 9999989
s o 6000 2 ~ 9999985
o 4000 4 = 9990987 ]
€ 2000 he] i
= ] O 9999986

z 0 T T T T 1 a T T T T 1
. @ .
16000 ] 3 999999.00 ]
15000 ] = 999998.95
g ] £ 999998.90
€ 14000 - € 999998.85 ]
o 1 o 4
213000 —999998.80 ]
12000 ] 999998.75 _
11000 ] 999998.70

. : . : . : i , 999998.65 . : i : . : . ,

2 4 6 8 10 2 4 6 8 10

Pressure bar Pressure  bar
(a) AE count versus pressure (b) AE duration time versus pressure

Figure 3-95 The example results between AE parameters and pressure

Neural network outputs provided the correct failure mode for all cases when the 54 cases were
tested. the maximum error was 6.5%, and the percentage of errors in most cases was under 1.0%;
therefore, the neural network can be used to classify failure modes in check valves. Table 3-23 and
Table 3-24 show the true leak size of check valves and corresponding predictions produced by the
trained neural network. Sizes of disc wear and foreign object were obtained from a trained neural
network after it classified failure modes.

In the case of 2.0 and 3.0 mm disc wear, all neural network output results agreed with real size;
however, in the case of 1.0 mm disc wear, disc wear sizes of neural network output results for 9 bar
were underestimated. That is, output results of neural network were 0.74 mm for 1.0 mm disc were at
9 bar. The neural network results showed about 26% errors in the case of leak size of 1.0 mm at
pressure 9 bar.

In the case of foreign object, the maximum error was 39% and, the percentage errors in most cases
was lower than 10%. Output results of neural network were 1.23 mm and 1.39 mm for 1.0 mm
foreign object at 6 bar. In addition, some cases of neural network output results show overestimation
in foreign object at 3 bar for 1.2 mm and at 3 bar and 9 bar for 2.0 mm. In case of foreign object
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2.4 mm, output result of neural network was 2.27 mm for 9 bar. However, greater errors occur in the
neural network at high pressure versus low pressure and in the foreign object failure mode versus the
disc wear failure mode. This is expected due to the variation in the leak rate of the check valve.

In the second simulation, features of 1356 cases were used for training neural network and features
of 216 cases were used to testing the trained neural network. The results in Table 3-25 indicate that
the maximum number of errors of disc wear failure mode represented just 26% but the percentage of
errors in most cases was lower than 5%. In the case of the foreign object failure mode, the maximum
percentage error was about 27% but the percentage of errors in most cases was lower than 10%,
therefore, as was discovered in the first simulation, the neural network is suitable for reliably
classifying failure modes in check valves, and the results agree well with the actual failure modes.

The current neural network provided consistent results for the 4 in. check valve that involved AE
RMS, amplitude, signal strength, and frequency. The results using the neural networks agree
qualitatively with the results obtained using back propagation neural networks. In addition, it was
shown that leak size could be determined with neural network. It is difficult to distinguish between
different check valve failure modes.

Table 3-23 Classification of faults using neural network

Defect Errar(%al Defect Error(%al Defect Error(%al
1.5 2.7 0.z
0.0 6.5 0.z
Disc wWear 0.5 Foreign Ohiect 0.z Foreign Ohiect 0.z
|:1.|:|ITIITI:| 0.7 |:|:|.5ITIITI:| 0.7 |:1.5l'l'll'ﬂ:| 0.2
01 0.3 0z
01 0z 0.0
0.1 0.z 0.z
0.z 0.z 0.z
Disc Wear 3.8 Foreign Olbject 0.z Foreign Object 0.0
(2.0mm) 4.0 {1.0rnrn) 0.z (2.0rnrn) 0.0
0.1 0.z 0.0
0.z 0.z 0.0
0.0 0.z 0.2
0.5 0.z 0.2
Disc wWear 1.5 Foreign Ohject 0.z Foreign Ohject 0.0
(2.0mm) 1.6 (1.2rnrn) 0.z (2.4rnrn) 0.0
0.1 0.z 0.0
0.1 0.z 0.0

Input feature (6 units): amplitude, RMS, signal strength, FFT1, FFT2, and pressure
Output (2 units): disc wear, foreign object
Training data: 136 cases Testing data: 54 cases
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Table 3-24  Classification of faults using neural network

Disc Foreign Foreign
Wear Pressure CE;T;U; Er;ror Chject | Pressure CEutpu)t EE,;D; Chject | Pressure CEutpu)t E(;:o)r
Size (%) Size Ly . Size Ly i
0,95 5 0.49 4 1.49 0.6
3bar 3bar 3bar
0,97 3 0.49 4 1.60 6.6
1.08 g 0.51 z 1.48 1.3
1.0mm ebar 0.5mm Bbar 1.5mm bar
1.07 7 0.51 z 1.47 2
1.27 27 0.51 4 1.54 2.6
Sbar 9bar 9bar
1.27 27 0.50 o] 1.53 2
209 4.5 1.01 1 2.54 27
3bar 3bar 3bar
2.0z 1 1.00 i) 2.51 255
20z 1 1.23 23 z.06 3
2.0mm 6bar 1.0mm 6bar 2.0mm 6bar
20z 1 1.39 39 205 25
1.98 1 1.04 4 2.27 13.5
abar abar abar
199 05 1.07 7 2,27 13.5
2,94 2 1.32 10 2,54 5.8
3bar 3bar 3bar
304 1.3 1.38 15 2.50 4.1
3.09 3 1.13 5.8 2.46 2.5
3.0mm 6bar 1.2mm 6bar 2. 4mm ebar
3.08 2.6 1.z20 a 244 1.6
3.08 2.6 1.15 4.1 2.27 5.4
9bar 9bar 9bar
3.08 2.6 1.14 = 2.27 5.4

Input feature (6 units): amplitude, RMS, signal strength, FFT1, FFT2, pressure
output (2 units): disc wear, foreign object
Training data: 1356 cases Testing data: 216 cases

Table 3-25 Neural network results obtained from disc wear and foreign object failure

modes
Disc Foréig Foreign
Output Errar n Output | Errar . Output | Error
W_ear Pressure trrim) (%) | Chject Pressure ) | (%) Oh_JEtt Pressure trmm) | (%)
Size h Size
Size
3bar 0.9759 211 Shar 04344 | 1,12 3har 1.205 27

1omm | Ghar 1% | 297 |0Smm | Gbar | 0.5327 | 654 | 1,5mm | Gbar | 1485 | 0.99

Shar 0.74 26 Shar 04863 | 275 Sbar 1534 | 225
Sbar 2.0472 2,70 3har 10095 | 0.55 3bar 2476 | 23.8
2.0 Bhar 1.9762 1,19 | 1.0mm Bhar 1273 | 273 | 2.0mm | Bhar 201 253
Ohar 1.9766 1.17 Shar 1.0929 | 9.29 9bar 2292 | 146
3har 2,940 1.59 Shar 13159 | 9.65 3har 2,852 | 108

3.0mm | ebar a4 | 218 | 1omm | cbar | 11700 | 253 | papm | ohar | 2as1i | 24

Obar 060 | 202 Shar 12412 | 3.43 Gbar 2,292 | 4.49
Defect Error%) Defect Error%) Defect Efrar%)

213 3.85 0.23

Dist Wear . Foreign Opject i~ Faoreign Object g
{1.0mrm) (0.5mrm) (1.8mrm)

018 0.16 0.0z

010 023 0.23

Disc Wear 182 Foreign Ohject 023 Foreign Ohject 002
(2.0mrm) (1.0mrm) (2.0mrm)

018 023 0.0o

029 023 0.23

Disc Wear 101 Foreign Ohject 023 Foreign Ohject 000
(3.0rmrm) (1.2mrm) (2.4mrm)

0.1z 023 0.0s
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3.6

3.6.1

Task 1.6: integrated system analyses on check valves for recommending
mitigation and correction options

Performed by SNL, KAERI, and CNU

Data feature extraction for an algorithm development of failure diagnosis

This task describes a prototype of the check valve fault diagnosis algorithm based on the
experimental data from March and April 2004. These data were divided by each set of data length of
65536 of the entire experimental data. There were 100 datasets for every case. Table 3-26 presents an
example dataset for the prototype development.

Table 3-26  An experiment dataset to extract the data feature for developing algorithms

3 Bar 6 Bar 9 Bar
Normal 100 cases 100 cases 100 cases
Disc wear 1 mm 100 cases 100 cases 100 cases
Disc wear 2 mm 100 cases 100 cases 100 cases
Disc wear 3 mm 100 cases 100 cases 100 cases
Foreign object 0.5 mm 100 cases 100 cases 100 cases
Foreign object 1.0 mm 100 cases 100 cases 100 cases
Foreign object 1.2 mm 100 cases 100 cases 100 cases
Foreign object 1.5 mm 100 cases 100 cases 100 cases
Foreign object 2.0 mm 100 cases 100 cases 100 cases
Foreign object 2.4 mm 100 cases 100 cases 100 cases

To develop the prototype of condition monitoring of check valve diagnosis system, the six previously
discussed parameters (RMS, amplitude, signal strength, FFT1, FFT2, and pressure output) were
extracted to identify a characteristic of the experimental data by PNU. The details of the six
parameters of the specific feature characteristics of the experimental data are discussed in Appendix
A, Section VII.

Failure diagnosis algorithm using neural network

This task focuses on developing an ANN method using waveforms processing method to distinguish
the defect signals associated with disc wear and foreign object of check valve.

Verification of extracted data feature characteristics

WD acoustic sensor data were used to verify the extracted data feature characteristics. There were
two sets of condition monitoring data for the check valve—the PNU data gathered from AE-exclusive
component and KAERI data acquired by recorder. The PNU data were gathered in a very short time,
appropriate to the AE exclusive components. For example, the filtered signals were gathered over

1 ms. On the other hand, the KAERI data were gathered as unfiltered signals during a long time

(30 s). Figure 3-96 to Figure 3-103 show the comparisons of the feature characteristics from these
two datasets. The left plots (a) in the figures are from the PNU data and the right plots (b) from the
KAERI data. The tesults of comparison of the extracted feature characteristics were very similar
between the two datasets.
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Figure 3-100 Data comparison of RMS value (foreign object)
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Figure 3-101 Data comparison of amplitude value (foreign object)
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Figure 3-102 Data comparison of FFT1 value (foreign object)
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Figure 3-103 Data comparison of FFT2 value (foreign object)

Processing of failure diagnosis algorithms

The check valve failure diagnosis algorithm on check valve failure consists of three steps. The first
step is a fault detection step that distinguishes a normal mode from abnormal modes. In case of
abnormal modes, the failure algorithm identifies whether its failure is disc wear or foreign object. The
step 2-1 and step 2-2 characterize fault types for either disc wear or foreign object and the fault size
by quantifying each failure’s magnitude. Figure 3-104 shows the procedure of the failure diagnosis

algorithms.
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Figure 3-104 Two-step procedure of classification of the failure diagnosis algorithms
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The neural network is composed of three layers; 6 input layers, 12 hidden layers, and 1 or 2 output
layers. When applying the neural network, it is necessary to configure the initial parameters, and it
was found that the best connection weight could be achieved with the following parameters: moment
rate = 0.7, weight and threshold = 0.2, learning rate = 0.1, decline of sigmoid function = 0.7, and
error rate = 0.01. The training processing for the failure classification steps using a neural network
are presented in Figure 3-105.

Applying Trained Neural Network Reliable Classification of
Failure in Check Valve

to Classify Failure of Check Valve
Using AE Sensors

Training Neural Network
with Extracted Feature

Extracting Feature
From Classified Signal

Classifying of Signal Acquired
by AE Sensors Corresponding Extracted Feature
to Failure of Check Valve

Figure 3-105 Training processing steps using a neural network

To avoid saturation of the sigmoid function and obtain identical weights of each dataset, the
following ranges were assigned: input data (“0” to “1”), RMS value (0.001 to 1.06), amplitude (0.007
to 1.31), signal strength divided by 100000 (2928 to 74125), FFT1 divided by 1000 (120 to 147),
FFT2 divided by 100 (198 to 244), and pressure divided by 10 (3 to 9).

Verification of trained neural network
Step 1: Distinguish between normal and abnormal conditions

The outputs of neural network are shown in Figure 3-106. The blue solid line represents the
reference output and the red dots are the output of the trained neural network. The numbers of input
data and experiment modes are shown on the x-axis. This figure shows that the trained neural
network can distinguish between normal and abnormal modes of check valve.
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Figure 3-106 The outputs of trained neural network in step 1

Step 2: Distinguish between disc wear and foreign object
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The results show that the trained neural network can distinguish between the degradation models of
disc wear and foreign object, except for the case of foreign object 0.5 mm at 3 bar as shown in Figure
3-107.
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Figure 3-107 The outputs trained neural network in step 2
Step 2.1: Disc wear classification

From Table 3-27, the wrong decision mainly occurred in the case of 1 mm disc wear at 9 bar. These
cases are indicated by the circle in Figure 3-108.

Table 3-27  The results of trained neural network in step 2-1

Failure size 1mm Z2.0mm 3mm
Pressure (bar) 3 6 9 3 B 9 3 5 9
Wrong Decision (%5) 0 7l 72| 12 0 0 0 i 4
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Figure 3-108 The outputs of trained neural network in step 2.1

Step 2.2: Foreign object classification

From Table 3-28, the wrong decision mainly occurred in the case of the 2.0 mm foreign object at
6 bar and 9 bar. These cases are indicated by the circle in Figure 3-109.

Table 3-28 The results of trained neural network in step 2-2

Failure size 0.5mm 1.0mm 1.2mm 1.5mm 2.0mm 2. 4mm
Pressure (bar) 31 6| 9 3| 6| 9] 3| 6] 8 3| 6| 9 3 6| 9 3 B
Wrong Decision (9] 300 0 O Of 0201 O O Of 8| 0]37/86]| 78 1|20 11
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Figure 3-109 The outputs of trained neural network in step 2.2

Some conclusions can be derived from Table 3-29, which represents the wrong decision rate in each

step:

e Step 1 can clearly distinguish between normal and abnormal conditions

e Step 2 can differentiate the degradation modes between disc wear and foreign object in
most cases

e Step 2.1 and step 2.2 can distinguish the defect size except in some specific cases (with 1
mm at 9 bar in disc wear and 2 mm in foreign object).

Table 3-29 The results of all outputs

Step 1 Step 2 Step 2.1 Step 2.2

Wrong decision rate (%) 0 0.37 5.33 14.68
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TASK 2: condition monitoring of a secondary piping elbow
(passive component) in a non-safety-related environment

This task focuses on investigating and developing a condition monitoring system for a secondary
piping elbow in a non-safety—related environment as a passive component. The work scope includes
collecting and examining existing performance data on piping systems as passive components in an
aggressive erosion/corrosion environment, investigating and identifying sensors and communication
options to be used in condition monitoring test loop, developing and analyzing FEMs of piping
elbow, conducting condition monitoring tests, and processing signal data to establish recognizable
vibration patterns.

Task 2.1: performance, failure, and inspection data on piping elbows in an
accelerated erosion or corrosion environment

Performed by SNL and KAERI

Pressure vessels and heat exchangers such as steam generators have very sophisticated piping systems
operating in a very aggressive erosion/corrosion environment of turbulent flow and high
temperature and pressure. These adverse operating environments make a piping system very
vulnerable to accelerated wear and degradation. There are on-going research efforts in
environmentally assisted cracking (EAC) to investigate the failure modes and mechanisms of piping
systems operating in these conditions. This task collected and reviewed a series of published papers
in the EAC area and a database was organized using the Microsoft Access program to categorize
these technical reports systematically.

Flow-accelerated corrosion (FAC)

Figure 4-1 shows a schematic of a PWR secondary coolant system referenced from Ulchin Unit 3
and 4. The following is a list of NPP systems that often experience flow-accelerated corrosion (FAC)
problems:

e Single-phase systems

e (Condensate and feedwater

e Auxiliary feedwater

o Heater drains

e Moisture separator drains

e Steam generator blow-down

e Recheater drains

e  Other drains

e Two-phase systems

e High and low pressure extraction steam lines
e Tlashing lines to the condenser (miscellaneous drains)

o Feedwater heater vents
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Figure 4-1 Schematic of a PWR secondary coolant system

In a PWR secondary side, moisture separator and reheater (MSR) drains were selected as a first
application area of FAC monitoring system. MSR drains with single-phase flow have a high
susceptibility to FAC, and its temperature and pressure are relatively low as compared with feedwater
or blow-down. The maximum temperature of MSR drains is 232°C and maximum pressure is 30 atm.
The specification of sensors was tailored based on operational variables of MSR drains.

Task 2.2: sensor and communication options for test loop to obtain condition
monitoring data on piping elbows

Performed by SNL, KAERI, and SNU

The project team is very interested in conducting condition monitoring tests on steam generator tube
bundles in support of its inspection and maintenance procedures to safeguard its normal operations.
However, the budget and schedule for such test series are far beyond the investigation scope of this
project. Therefore, the project team decided to conduct a lesser scale test series on a piping elbow as
a prelude to that on steam generator tube bundles. An accelerated erosion/corrosion environment
was implemented and monitored in the piping elbow test loop. Three types of sensors—advanced
optical fiber displacement sensors, micro-accelerometers, and a capacitance displacement sensor—
were used to collect signal data. In this test series (where the piping elbow is in a benign ambient
condition), it was not necessary to use the highly sophisticated sensors such as advanced optical fiber
displacement sensors. These advanced sensors were chosen to allow project team members to gain
operational experiences with them so that the sensors may be used in the future test series on steam
generator tube bundles. The advanced optical fiber displacement sensors, in particular, were chosen
because they can survive and operate in the highly erosive and corrosive environment of high
pressure and temperature in a steam generator

Overall approach to FAC monitoring

FAC is a process whereby the normally protective oxide layer on carbon or low-alloy steel dissolves
into a stream of flowing water or a water-steam mixture. The researchers at SNU analyzed the
physical phenomena to extract monitoring parameter to develop the on-line monitoring system for
the FAC. Since the FAC combines both erosion and corrosion processes, the monitoring parameters
are classified accordingly in two categories: one is electrochemical parameters and the other is
mechanical parameters.

In the mechanical processes, piping materials eroded resulting in a drastic reduction of the thickness
of piping. For the electrochemical process, oxide that is formed at the material surface is easier to
erode. The mechanical vibration was chosen as an indirect method to monitor the piping thickness
reduction. To monitor the electrochemical condition, the SNU researchers developed ECP and pH
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electrodes for the high temperature applications. In addition, a high-temperature UT was used to
detect the piping thickness reduction.

Since FAC is a global corrosion phenomenon, ECP and pH are major factors influencing FAC. De
Bouvier et al showed some experimental results that the FAC rate changes drastically with ECP as
shown in Figure 4-2 [xi]. These experimental results confirmed that ECP is an important factor and
should be precisely measured during a FAC experiment.
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Figure 4-2 Relative FAC rate as a function of potential (From O. De Bouvier et al)
4.2.2 Sensors for monitoring FAC phenomena

4.2.2.1 Electrode sensors
The SNU researchers have developed ECP and pH electrodes for FAC monitoring in the secondary
side of NPPs. The temperature range of the FAC occurrence in a PWR secondary system is from 100
to 250°C. To perform 7n-situ condition monitoring, the electrodes should operate reliably in these
high temperature ranges.

The external pressure-balanced Ag/AgCl (water) electrode has been used extensively for PWR
environment. The external reference electrode-PTFE (EREP) was chosen for the condition
monitoring tests. The EREP design was derived from the original Danielson’s electrode design, by
using pure water as the filling solution and by adding a compression seal for the zirconia plug, as
shown in Figure 4-3. A chloridized silver rod is sheathed with heat shrinkable PTFE tube, which is
connected with a porous zirconia plug in the lower part and with a Rulon® adaptor in the upper part.

The Rulon® sleeve is tightened with a stainless steel nut for preventing chloride ion from leaking
through the porous zirconia plug and PTFE tube. AgCl was deposited on the silver rod by
electrochemical chloridization in the HCl solution.

HKaulon Adspler

Prare Wader

_ Gilass Wik

14" 0D 88

Tube Heat-chrinkable

TFE Tube

1™ Rudon Sheve

Zwcomn Flg

Figure 4-3 Schematic of external pressure-balanced Ag/AgCl (water) electrode

With respect to reproducibility and stability, the EREP showed very good performance in the
experiment involving high temperature aqueous environment. The stability was within 15 mV during
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400 hours of experiment period. The electrode-to-electrode potential variation was observed within
20 mV.

A gold-plated nickel electrode, Au Electrode-Non PTFE (AUEN), was developed as a pH sensor of
the solution that can be used in temperatures above 320°¢, where PTFE can no longer survive. The
schematic diagram and part description of AUEN are shown in Figure 4-4. The SNU researchers
solved the technical challenge of metal-ceramic brazing by adopting a commercially available
feedthrough conductor, which is originally used in high temperature hermetic conditions. A nickel
conductor of the feedthrough was plated with gold so that hydrogen reaction can occur on the
surface. In this way, pH of the solution can be measured in a high-temperature hydrogen-reducing
environment and an oxidation-reduction potential of the oxidizing or reducing agents can be
determined in non-hydrogen environment. The pressure boundary was joined with a stainless steel
tube by an electron beam welding or laser beam welding. The integrity of the metal-ceramic brazing
on the feedthrough was monitored continuously by installing pressure transducers in the end of the
stainless steel tube.

The potential stability of this electrode during 350 hours of experiment was observed within 15 mV.
The potential for reproducing this kind of electrode for two manufactured electrodes was within 10
mV. The performance of this electrode is comparable to the results of an international round robin
test in the aspects of the reproducibility and stability. The electrode development is discussed in
detail in Appendix C, Section 1.

Part Description of ATEN
Auplated Ni electrode
Au-plated Cu-Ni cap

1

2.

3 Ni wire

4. Cusil brazing

5 Alunina insulator
6 Cusil brazine

7. CuNiweld lip

£ 304 88 weld lip

9. Tlectron beam welding
10.  Ceramic wool

1L 304 88 extension
12, 147 union fitting
13, 1447 0D 316 85 fubing
14, Alumina tube

15 304 88 wire

16, 14" tee fitting

17 Rulon adaptor

18 1/4" 88 ubing

19, Pressure fransducer
20.  DPressure indicator
2L 1/4” male comector

Figure 4-4 Schematic diagram and part description of gold-plated nickel electrode.

4.2.2.2 Ultrasonic thickness sensors

In addition to the electrochemical sensors, the ultrasonic sensor was used to monitor the piping
thickness change in the FAC test. Figure 4-5 shows the conceptual design for the installation of
ultrasonic sensor on high temperature steel piping elbow surface. As depicted in Figure 4-5, the high-
temperature ultrasonic transducer was attached by using supporting structures. To get interpretable
and reliable signals from UT sensor, the contact interface between the elbow surface and the
transducer is very important. Couplants suitable for high-temperature application were used to
enhance the physical contact at the interface.
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Figure 4-5 Conceptual design for the installation of ultrasonic sensor on high
temperature steel piping elbow surface

4.2.2.3 Fiber-optic reflection displacement sensor

As shown in Figure 4-6, this sensor consists of a bundle of seven closely packed optical fibers in a
tube. The face of this bundle is well polished and parallel to a reflecting surface. The central fiber is
connected at its opposite end to an optical source, such as a light-emitting diode, while the
surrounding six fibers are connected to a single optical detector. When light emerges from the central
fiber, it reflects off the surface and into the surrounding fibers. The total optical power entering these
receiving fibers is a function of the separation between the face of the bundle and the surface. Based
on actual data, that function is shown in Figure 4-7 for the fibers used in this application. The
sensitive and linear region to the left of the peak, extending from about 0.1 mm to 0.5 mm, is most
useful. Thus, this sensor produces a large change in signal over a narrow range of displacement.

End View

Side View

Reflector
Fiber Bundle

Fiber-Reflector
Separation |

Figure 4-6 Fiber-optic reflection displacement sensor

25

Signal (volts)

o 01 02 03 04 05 08 07 08 08

Fiber-Mirror Separation (mm)

Figure 4-7 Optical power entering receiving fibers as a function of gap between bundle
face and the surface
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Figure 4-8 illustrates how the advanced optical fiber sensor might be implemented for vibration
measurement in condition monitoring tests. This figure shows a cross-section of a horizontally
vibrating tube. Surrounding the tube is a frame, inside of which are two bundles of optical fibers that
form two displacement sensors, for which the tube is the reflecting surface. The frame is shown
rigidly attached to the roof of the chamber that is a fixture. As shown, one sensor has its face
coincide with the end of the left arm of the frame and the other with the right arm. As the tube
vibrates, the output of one sensor increases, while the other decteases. If a difference/sum of the
two signals were determined, excellent common-mode rejection would be the result if the two
sensors were linked to the same optical source.

1" Bundic of Optica

ousing Containing Dual Displacement Sensor

Roof of coolant chamber

Face of Displacement Sensor

Vibrating Tube

Figure 4-8 An advanced optical fiber sensor as a vibration measurement device

Task 2.3: Finite Element Analyses of piping elbow to investigate its dynamic
response and to select optimal sensor locations

Performed by SNL

Modal analysis of U-section of piping elbow

Condition monitoring tests were conducted to evaluate the feasibility of various types of selected
sensors to passively detect local thinning in a piping elbow caused by corrosion degradation. This
task focused on monitoring changes in the piping system vibration response under flow conditions
where corrosion is present in the elbow. Since the flow-induced vibrations are expected to be small,
it is important that the test loop be configured so that the corrosion will cause an appreciable
difference in the vibration characteristics of the system. Therefore, a U- section of piping was added
to the main loop as shown in Figure 4-9 to amplify the changes in vibration response of the portion
of the test loop subjected to corrosion. The two elbows at the end of this section closest to the
supports would experience corrosion resulting in a relatively great effect on the vibration response of
this section. This modification also has the advantage that it geometrically resembles a steam
generator U-tube, making the results of this test more applicable to systems to monitor the condition
of steam generator U-tubes.

Figure 4-9 Modified piping elbow test loop
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Modal analyses of the original elbow test segment and the U-shaped segment of piping were
performed using the ABAQUS™ (Version 6.3-1) FEA software to demonstrate the effects of
corrosion in the elbows on the vibration characteristics of the system. The modal analyses produced
a series of mode shapes, along with their corresponding fundamental frequencies. The sections of
piping near the corroded elbows were modeled with 3D solid elements, while the rest of the system
was modeled with beam elements. Figure 4-10 shows the detailed view of U-section of piping
modeled by 3D solid elements. To save computational effort, the effects of water have been
accounted for by adding mass to the steel. The effects of the internal pressure on the system have
been demonstrated to be minor, and have thus not been included in the model. It should be noted
that no damping is used in these models.

Figure 4-10 Detailed view of region modeled with solid elements in U-shaped pipe model

Since solid brick elements are used to model the local region of the elbow to be corroded, the most
reasonable way to model the removal of material due to corrosion is to reduce the thickness of these
elements by moving nodes along the inside surface of the pipe away from the pipe centerline. In the
first stage of this analysis effort, the piping elbow was simply corroded a uniform amount. Later, a
more refined approach, in which the pipe was corroded more along the outside curve of the elbow,
was used.

The FEMs of the original (without the U-section) and the U-section elbow designs were executed to
compute the fundamental frequencies and mode shapes of the first 200 vibration modes. Different
levels of corrosion degradation of the piping elbow were investigated in the analyses. Variations in
modal frequencies of the original and U-section elbow designs are depicted in Figure 4-11 and Figure
4-12, respectively, for both uniform and non-uniform thinning of the elbow. The analysis results
demonstrate that greater changes in the modal frequencies due to corrosion are expected in the U-
shaped test section than in the original elbow test section. This will improve the likelihood that the
condition monitoring sensors will be able to detect the presence of corrosion in the piping elbows.
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Figure 4-11 Modal frequency change for original elbow design
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Figure 4-12 Modal frequency change for U-shaped section

CFD modeling of pipe elbow flow

In addition to the modal analyses of the piping elbow structure previously summarized, CFD models
were used to predict the characteristics of the flow within the piping elbow. The flow characteristics
are important for estimating the amount of corrosion expected to occur. Figure 4-13 shows a
diagram of the piping section under consideration. Flow enters the pipe at the lower left hand corner
of the figure and passes around a 90° elbow. In some of the test loop elbows, an AUEN chemical
sensor is located downstream of the elbow, with the support bracket crossing the pipe approximately

200 mm from the downstream end of the elbow.

AUEN Chemical sensor

Support bracket

3mm—y

6.4 mm diam %

8.4 mm §

Cross-sectional view of
sensor and bracket

¥

355 mmI % >

200 mm 4’1

I
2
&

Figure 4-13 Pipe elbow model geometry (not to scale)

Assuming a flow velocity of 5 m/s averaged actross the inlet cross-section, the Reynolds number is

150 mm

23.7 mm
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(b) Non-uniformly thinned cases

\
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approximately 5.4x10%, which indicates that the flow is expected to be fully turbulent. Turbulent

flows are decomposed to consist of a steady mean flow velocity field onto which a turbulent

fluctuating velocity field is superimposed. Computational methods such as DNS and Large Eddy

T
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Simulation (LES) can be used to compute the transient turbulent fluctuations, but due to high
computational costs, are still not considered practical for flows of typical engineering interest.

To simplify the analysis procedure, a turbulence model, which relates the magnitude of the turbulent
fluctuations to the mean flow variables, is used to achieve a steady state solution for a turbulent flow.
One of the most widely used turbulence models is the two-equation £-& model developed by
Launder and Spalding. It is so named because it introduces an additional pair of partial-differential
equations (PDEs) for predicting the turbulent kinetic energy per unit mass, £, and its rate of
dissipation, £ The model incorporates several constants whose values have been determined from
experiments with both air and water for fundamental turbulent shear flows.

The turbulence model used in this project is a modification of the 4-€ model that uses a more
rigorous statistical technique known as ReNormalization Group (RNG) theory. This technique
results in an analytical derivation of the values of the model constants, and introduces new terms into
the transport equations for £ and & that allow them to compute more accurately turbulent flows
involving swirl. The reduced dependence on empiricism, and the inclusion of the additional terms
make this so-called RNG £-£€ model more accurate and reliable for a wider class of flows than the
standard 4-£ model.

The Navier-Stokes equations, which express the conservation of mass and momentum, and the
transport equations for £ and € used in the turbulence model, form a coupled set of nonlinear PDEs.
The FLUENT (Version 6.0) software was used in this study to solve these equations. FLUENT uses
a finite-volume discretization to convert the PDEs to a set of nonlinear algebraic equations, which
are solved iteratively. Figure 4-14 shows the analysis results in terms of regions of high shear stresses
and kinetic energy. In this figure, the regions of high shear stress and kinetic energy appear at
different locations from those expected to experience local thinning in the FAC test.

Wall shear stress
contours

The observed thinning
region by FAC

l: - Regions of high shear
e stress and Kinetic
y s = energy
: Turbulent kinetic
’ Cross-section view - energy contours
CFD model ' 128

Figure 4-14 CFD analyses of piping elbow

Task 2.4: Tests with the test loop at SNU to obtain condition monitoring data on
piping elbows using selected sensors

Performed by KAERI and SNU

FAC test loop design

The SNU researchers developed the simulation loop to test advanced monitoring system for the
FAC process. Since this test loop simulates the secondary side of an NPP, operating temperature and
pressure were determined according to the NPP condition. Test temperature was about 150°C, and
pressure was about 20 bar. Both charging and circulation pumps ware installed. To minimize the
vibration effect of pumps, the loop was constructed as two skids: one with pumps and the other with
a circulation loop. Flexible cable connected the two skids. The test loop includes an elbow pipe and a
U-shaped pipe similar to a steam generator tube as test specimens to maximize the effect of FAC and
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thus vibration. Figure 4-15 shows the developed test loop. The left side shows the test loop and the
right side shows the monitoring program (upper image) and the test specimen covered with a safety
box (lower photo).

Figure 4-15 Developed FAC test loop and test specimen

Test matrix for vibration sensors

In this task, the test loop was designed to monitor both electrochemical parameters and mechanical
parameters. The SNU researchers tested electrodes and identified that ECP and pH were good
parameters to corrosion monitoring. However, confirmatory tests are needed to demonstrate that
vibration is a good monitoring parameter of local thinning of piping. Two tests were performed to
address this issue. First, pull-down tests on U-section were performed to obtain a basic
understanding of the vibration characteristics of the relationship between force and induced
vibration. In these tests, an electromagnet was installed and different vibration modes of the U-
section were measured by changing the relative position of the electromagnet to the U-section.

Second, simulated FAC tests were designed to identify the effect of the pipe thickness reduction on
the vibration response of the U-section. There were three sets of simulated FAC tests. The first
simulated uniform thinning of the piping system by replacing the original pipes with pipes having
different thicknesses. The second test simulated non-uniform thinning of the piping system after the
outer and inner portions of the elbow were ground down to the same thickness. The emphasis of
this test series was to investigate the change in vibration characteristics of U-section due to local pipe
thinning. The third test simulated a real FAC condition in a continuous test sequence with well-
controlled water chemistry and flow velocities.

4.4.2.1 Magnetic pull-down test

The pull-down tests were performed to obtain baseline data. To provide a basic understanding on the
vibration characteristics of the U-section, the pull-down tests generated forced vibration with specific
direction and measured the change of vibration modes of the U-section. In these tests, an
electromagnetic force was applied onto the U-section that was set in vibratory motions upon release
of this force. Different vibratory modes were tested including up-down, right-left, and rocking
modes. Figure 4-16 shows the installation of electromagnet for these tests.
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Figure 4-16 Installation of electromagnet for the pull-down test

The pull-down tests were performed at room temperature at a pressure of ~20 bar, with elbow and
U-sections made of carbon steel having SC40 of thickness. Five types of sensors were installed
around elbow and U-section: a fiber-optic displacement sensor, a 3-axis accelerometer, a capacitance
sensor, a fiber-optic accelerometer, and a piezoelectric accelerometer. These five sensors are shown
in Figure 4-17.

Sensor locations were adjusted to find optimal positions to maximize sensor signals. The operation
range of fiber-optic displacement sensor is only a few tenth of millimeters and very sensitive to the
change. Four of these sensors were installed around the straight part of U-section and elbow. The
capacitance sensor, which has an operation range around a few millimeters, was installed in the U
portion that was expected to have the largest vibration amplitude. The 3-axis accelerometer has a
wide operation range and can thus be installed anywhere. Two accelerometers were installed: one in
the U portion and the other in the straight part of U-section. One piezoelectric fiber-optic sensor
was used to measure background noise. In addition, the fiber-optic accelerometer was removed from
the tests because it was too sensitive to background noise.

3-axis accelerometer

Figure 4-17  Sensor installation for the pull-down test

Description of the magnetic pull-down apparatus

This apparatus was used to induce a particular mode of vibration of the U-section by pulling on it at
one or two points and releasing it, allowing the structure to ring downward. In its basic form, the
apparatus, shown in Figure 4-18, consisted of an electromagnet and a keeper, both of which were
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made of high-purity annealed iron. The heavy line indicates the predominant path (that is, ignoring
fringe effects) of the magnetic induction produced by current through the windings. When current is
sent through the windings, regardless of direction, the keeper is attracted to both pole faces of the
electromagnet. The symbols G, A, X, N, and I stand for the initial gap, the area of the pole faces, the
displacement of the keeper, the number of turns, and the current through the windings. Since the
cross section of the pole face was a square 1 in. on a side, A = (1/1600) m2.

A

I I 1

Windings

To and from power supply
Figure 4-18 Magnetic pull-down apparatus

To displace the U-tube, the keeper must be attached to it by bolting the keeper to an aluminum
clamp that is squeezed around the U-section by other bolts. This arrangement is shown in Figure
4-19, along with the electromagnet. The electromagnet was designed to be securely bolted to a
mounting plate.

Hole for bolting
Leads To Magnet to mounting plate

Hole for bolting

Magnet to mounting plate Iron body of magnet

S Windings
Power Suppl;
PPY (350 tumms)

Figure 4-19 Keeper arrangement
Analysis of the magnetic pull-down apparatus
The fundamental question for this arrangement is related to the amount of deflection as a function of
the current and the initial gap. This question can be addressed by equating the required force, Frech,
to a small deflection, X, in the U-tube in a linear fashion,
Faneen = KX @

where K is the force constant of proportionality.
The magnetic force, Fimqg, which generates the mechanical force in Equation 1, is calculated by using
Ampere’s Circuital Law to arrive at the following equation,

Fag = (ND2 A 10/ [2G-X) + L/ a2, @
where wo and pr are the permeability of free space and the relative permeability, respectively, and L is

the length of the iron around the loop in Figure 4-19, which is 10”. The relative permeability of iron
was chosen to be 5000 for these calculations.
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Figure 4-20 is a plot of the magnetic force versus displacement for this system. A constant current of
5 amps is assumed, along with an initial gap of slightly over 0.5 cm. A relative permeability of 5000
was also assumed. It should be noted that the force increases rapidly with displacement until about
0.45 cm, at which point the force remains constant until the gap is closed. This occurs because the
magnetic induction in the iron has been increasing with deflection, at constant current, until it
reaches saturation at 2.1 Tesla.

Figure 4-21 is a graphical solution for the deflection of the U-tube. For cutrents less than 5.75 amps,
there are two points of intersection, or two possible deflections: a stable point A and an unstable
point B. If the U-section is perturbed toward lower deflections, the magnetic force drops below the
mechanical force needed to maintain its position and its deflection drops to point A, where it is
stable. If it is perturbed toward higher deflections, the magnetic force is greater than needed and the
deflection increases until the keeper contacts the pole face. Figure 4-22 is a graph of the achievable
deflection versus current for an initial gap of 0.508 cm. Figure 4-23 is a graph of the achievable
deflection versus initial gap for a fixed current of 5 A. For small gaps, the deflection is equal to the
gap because the magnetic force in Figure 4-21 always lies above the necessary mechanical force. At a
gap of about 0.45 cm, the magnetic force has dropped sufficiently that two the curves begin to
intersect. Thereafter, the achievable deflection drops precipitously.

2500

2000

1500

1000

Magnetic Force (n!
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Initial %
0

0 01 02 03 04 05 06
Deflection (cm)

Figure 4-20 Magnetic force versus deflection for winding current of 5 A and initial gap
0.508 cm

Force (nt]

Initial ?
0 1

0 01 02 03 04 05
Deflection (cm)

Figure 4-21 Mechanical and magnetic forces versus deflection for various winding
currents. /nitial gap 0.508 cm (0.2 in.); force constant = 41,818 Nt/m.
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Figure 4-22  Achievable deflection versus winding current for initial gap 0.508 cm
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Figure 4-23 Achievable deflection versus initial gap for fixed current 5 A

4.4.2.2 Simulated FAC test 1 (uniform thinning)

The simulated FAC tests were repeated with pipes of different wall thickness to check the signal
consistency between tests. These test utilized four fiber-optic displacement sensors, a capacitive
sensor, and two 3-axis accelerometers. The test conditions included using specimens with three
different thicknesses: SCH 10S (2.77 mm), SCH 20S (3.0 mm), and SCH 40S (3.56 mm). The tests
were conducted at 20 bar pressure and ambient temperature with the pump turned on and off.

Figure 4-24 shows the sensor locations for simulated FAC test 1. The test objectives ate to
investigate the frequency change associated with fluid induced vibration caused by uniform thinning
of different thickness pipes and verify the results of computational modal analysis. Table 4-1
represents a list of test description of the simulated FAC test 1.

SC1020/40 Stainless steel tube

: uupucuve selrr
CH2 ; Fiber optic 1
CH3 : Fiber optic2
‘CH4 : Fiber optic 3
CHS: 3axis X

Fiber optic. -

CH6: 3-axis Y No. 2

CH7: 3-axis Z

Figure 4-24  Sensor location for simulated FAC test 1

Sandia National Laboratories and Korea Atomic Energy Research Institute
Page 112 of 229



Table 4-1

A list of test description of simulated FAC test 1

16 Columr SC40 data 25 162} Data ==l
16 Columr Data Zt2F 16 Columnz -4
16 Column

SC40 File name condition xs
M22-1003-Yolt.txd | 3-axis #1 Pumps off SC40_1
M22-1004-Volt txt | S—axis #1 Charging pump on SC40_2
hM22-1005-olt.bxd | 3—axis #1 Charging+circulation pump on SC40.3
M22-1006-Yolt txt | 3-axis #3 Charging+circulation pump on SC40_4
M22-1007-Wolt,txt |3—axis #2 Charging+circulation pump on SC40.6

+*General condition @ 20 bar, room temp. , 10kHz

~3-axis #1, #2 | from SML

F-axis #3 ¢ from KAERI

A 2| F =l

SC20
GX100001-Yolt.bt | 3—axis #1 Pumps off Sc20.1
GX100002-Yolt.bxt |3—axis #1 Charging purp on SC20_2
Gx100003-Yolt.tt |3—axis #1 Charging+circulation pump on SC20_3
GR100004-Yolt bt | 3—axis #2 Charging+circulation pump on Sc20_4
GX100005-Yolt tt |3-axis #3 Charging+circulation pump on SC20.6
Gx100008-Yolt.kxt |[S-axis #2(Position 1) Charging+circulation pump on|SC20_6

+SC20_B2 3-axis accelerometerBt SH 5t 20}

SC10
SC100001-Yolt txt |S—axis #2 Pumps off SC10_1
SC100002-Volt txt | 3—axis #2 Charging purmp on SC10_2
SC100003-Yolt txdt | 3-axis #2 Charging+circulation pump on SC10_3
SC100004-Yolt. bt | 3—axis #3 Charging+circulation pump on SCi10_4
SC100005-Yolt txt |3-axis #1 Charging+circulation pump on SC10.6

16 Columr CH1 Capacitive sensor

16 Columr CH2 Fiber optic #1
CH3 Fiber optic #2
CH4 Fiber optic #3
CHE J-axs X
CHe F-axis Y
CHY J-axis Z

7 Column

7 Column

7 Column

7 Column

7 Column

3 Column

7 Column

7 Column

7 Column

7 Column

7 Column

A 1-axis accelerometer was located on the pumps (charging and circulation pump) to acquire their
dynamic data directly. These pump data were used to characterize flow induced vibration caused by
pump and to filter and reduce pump noise signals.

4.4.2.3 Simulated FAC test 2 (non-uniform thinning)

Local areas of the target specimen were grinded in order to distinguish characteristic vibration mode
change from global and local variations. First, outer surface of top part of the U-section and elbow
was grinded. Only one 3-axis accelerometer was used to monitor the vibration change cause by local
degradation. In the case of the outer surface of the top part of U-tube with an initial diameter of 40.4
mm, gradual grinding took place every 0.5 mm until the final measurement of 39.2 mm. In the case
of the outer surface of the top part of elbow with an initial diameter of about 43 mm, similar gradual
grinding also took place every 0.5 mm until the final measurement of about 41.5 mm. Since the
original thickness of the piping is approximately 3.7 mm, a total 1.5 mm was grinded resulting in a
40% of thickness reduction. Figure 4-25 shows the grinding locations at the outer surfaces.

Ussection

(

3 axis
a,acel. No.2

Straight

Saxds ____
accel. No.2
42.7 mm
43.1 mm
Hbow 42.1 mm
41.55 mm

3 axis

41.7 mm

41.25 mm
Grinding
Location

Figure 4-25 Grinding locations at outer surfaces

Second, inner surface of top part of elbow was ground, starting with an initial elbow thickness of
elbow of about 3.9 mm and gradually grinding every 1.0 mm until a final measurement of 0.67 mm.
The grinding process resulted in a 82% of the thickness reduction. Figure 4-26 shows the grinding
locations at the inner surface. 3-axis accelerometers were used in this test seties.
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Grinding 2.0 mm of

inner surface of elbow

—Carbaon Steel

Figure 4-26  Grinding locations at the inner surface

443

FAC chemical testing

The operating conditions for the chemical test series are described in Table 4-2.

Table 4-2 Operating conditions for chemical test series
Flow velocity pH
Temp.(°C) (mls) Cr content (%)
calculated monitored
1st trial 120 1.1 0.4 4 5-6
2nd trial 110 3.2 0.4 3.7 5-6
3rd trial 100 3 0.01 34 4-5

4.4.3.1 Environmental condition

There is a group of parameters affecting the FAC rate. These parameters including temperature, flow
velocity, material composition and also ECP and pH of water were investigated in the test loop of

piping elbow. Relations between these parameters and the FAC rate are shown in Figure 4-27, Figure
4-28, Figure 4-29, and Figure 4-30:
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Figure 4-27 Temperature and flow velocity dependency of FAC rate
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Figure 4-28 Schematic diagram of FAC rate with changing flow velocity
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Figure 4-30 Pourbaix diagram at 110°C

4.4.3.2 Mechanical vibration conditions

A realistic FAC condition was simulated to control the corrosive condition for piping system, elbow,
and U-section. Non-uniform local thinning on the inner surface of elbow and U-section occurred
due to corrosion. The piping system wall thinning induced a change of fluid dynamics, resulting in a
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change of vibration mode in terms of frequency and amplitude. The operating conditions for the
FAC tests are described here:

o Sensors: 3-axis accelerometer

e Measurement condition: 20 bar at 120°C

e Chemical condition: pH 4~5

e Flow velocity: 3.3 m/s (for corrosion), 1.3 m/s (measuring vibration)

e  With charging pump (charging rate at 40 cc/min) and circulation pump on.

4.4.3.3 Analysis of wearing rate

ECP and pH are the main monitoring parameters in the test series. The MULTEQ code was used to
calculate the proper amount of chemicals needed to obtain the required pH level. To control the
ECP, the oxygen inside the test loop was removed by 5% hydrogen bubbling. The Sanchez-Caldera
model, which is a theoretical model that can predict the rate of materials reduction induced by FAC,
was used to calculate the corrosion rate in the test series.

Ta(-7) 2+ 2
L f>{hD+D}

where il—m = wearrate[kg/m’s]
t

k, = geometrialfactor
C, = equilibriun concentraion of ironspecies[kg/m’]

C_ = ironspeciesconcentrafon in thebulk watefkg/m’']

6 = porosity

k = Aexp(— Q/RT), thereactionrate constant[m/s]

f = fractionof oxidizedmetalconvertedinto magnetiteat themetal- oxideinterface

(constant /' = 0.5)

h,, = masstransfercoefficiert [m/s]

0 = oxidethicknessm]
D = diffusioncoefficiert of the dissolvedferrousspecies[m’/s]

The original Sanchez-Caldera model does not include the geometrical factor. To apply this model,
which considers straight pipe condition only, to complex geometry, such as piping elbow,

geometrical factor, k g Was introduced. All the parameters are determined from calculations, and

almost of the values are chosen from the theoretical data book. The analysis of wearing rate is
discussed in detail in Appendix C, Section II.

Development of pre-amplifier

The pre-amplifier was designed to measure chemical sensor signals related to the erosion of the
piping elbow. The pre-amplifier was custom-made for this chemical test series because it is essential
to use a differential amplifier that can detect differences AUEN and EREP sensors. The pre-
amplifier is composed of differential amplifier logic, as shown in Figure 4-31. In this figure, R2 is
variable resistor to prevent output that might occur by resistor error under no input condition. In
addition, R1 is composed of variable resistor so that the amplifier gain is regulated correctly. The
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power supply used a series regulator to reduce noise and ripple that might be associated with a
switching power. The test loop has two amplifiers linked by a connector for easily change when
composition is out of order. The cable is an insulated wire to help prevent noises. Pre-amplifier was
installed on each of the two AUEN and EREP sensors. The AUEN was supplied 350 mV and the
EREP 1V. Figure 4-32 shows the inside view of the developed amplifier.
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Inside of amplifier and installed amplifier on test loop

Figure 4-32

Test results and discussion

4.4.4.1 Characteristics of frequency

Magnetic pull-down tests

The purpose of the magnetic pull-down test is to provide as simple and clean an experiment as
possible to study the performance of selected sensors, the DAS, and the effect of wall-thinning of
the U-section of piping on its vibration characteristics,. The test series was conducted with the pump
off and on to avoid unwanted vibrations.

The frequency response characteristics of the signals from the pull-down tests have been evaluated.
An accelerometer and a capacitance displacement sensor were used to acquire vibration signals and
compare them to those from the fiber-optic sensor. The 3-axis accelerometer was the Endevco
model 65HT-10 and its resonance frequency was 25 kHz. The capacitance displacement sensor was
the part # DT 6100 by Micro Epsilon.

Figure 4-33 shows the results of the frequency response of the fiber-optic displacement sensor in
comparison with the signals of an accelerometer and a capacitance displacement sensor from the
pull-down test in a rocking mode There were the dominant peaks at about 8 Hz and 16 Hz, which
seem to be the natural frequency, harmonic motions in piping system itself. These test findings are
not in good agreement with the finite element analysis results that predicted the first mode at 16 Hz.
The peak from the fiber optic sensor was clearer and sharper than that from the other sensors.
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There were dominant peaks in the vicinity of 8 Hz and 22 Hz in the low frequency range for the
cases of the pump off and a charging pump on, respectively. The more dominant peaks were found
at about 40 Hz and 90 Hz with the circulating pump on. In addition, there was an electrical noise at
60 Hz and 120 Hz. In the case of the pump on, the amplitude of the peak was larger and new peaks
appeared. Figure 4-34 illustrates the frequency shift from 21 Hz to 16 Hz, due to operating the
circulation pump.
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Figure 4-34 Frequency shift by pump on

Figure 4-35 illustrates the results of the frequency response of a low and high frequency at the steady
condition of a pull-down test. There were dominant peaks near 8 Hz and 22 Hz in the case of the
pump off and a charging pump on. In the low frequency, less than 350 Hz, the response of signals of
the optical sensor is very sensitive. The spectrum shows that the dominant frequency of piping elbow
appears around 350 Hz when flow exists, as shown in Figure 4-35. In the high frequency, there were
several mode changes of frequency around 1350, 2000, 3400, 3700 Hz. On the other hand, there
were several mode changes of frequency around 1600, 2550, 3100, 3600 Hz from the model analysis
results. Their result is coincident with a prediction about a change of vibration mode by modal
analysis, especially, in the range of less than 50 Hz, there is a very sensitive change in the modal
frequencies. For the frequency range of the piping elbow, the greatest shift in response was to occur
in the range of 250 Hz and 1000 Hz.
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Figure 4-35 Frequency response on the low and high frequency ranges

Pump noise and simulated FAC test 1 (uniform thinning)

It is important to predict the mechanical behavior and vibration signal properties from pump. In
general, there is a resonance frequency from the pump impeller. There are two kinds of pump in the
FAC test loop, charging pump and circulation pump. Figure 4-36 shows a frequency response of
signals measured in the test loop. In case of charging pump on, its signals are identical with no pump.
In addition, their signals are identical in case of circulation pump on and both charging pump and
circulation pump on. The noise signals from charging pump are to be isolated to minimize their
effect on the fluid dynamics in the test loop. A frequency response of signals directly measured on
the charging pump (up) and circulation pump(down) is shown in the left side of Figure 4-37. The
right side of this figure shows a frequency response of signals of the charging pump (up) and
circulation pump (down) indirectly measured on the elbow in the test loop. It also shows that
dynamics from charging pump do not affect fluid dynamics in the test loop. In case of circulation
pump on in the bottom of the figure, it seems that dynamics from circulation pump affects fluid
dynamics in the test loop. However, it is important to identify the signal from circulation pump
because fluid dynamics from circulation pump are responsible for the flow-induced vibration in the
test loop.
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Figure 4-36 Frequency responses of sighals measured in the test loop
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There are two reasons for a vibration mode change in the inner wall of piping system. One is a change of
mass of piping system, and another is a change of the fluid dynamics in the piping system. Figure 4-38 shows
the result of frequency response of simulated FAC test 1. It simulated uniform thinning of piping system for
three different thickness specimens, SCH 10S (2.77 mm), SCH 20S (3.0 mm), SCH 40S (3.56 mm). The top
portion of Figure 4-38 shows a result of FFT (Fast Fourier Transform), and the bottom shows a result of
MUSIC tool. The data was measured from the top of elbow. As predicted, a change of mass of piping system
caused a change of frequency responses. From the result of frequency response of simulated FAC test 1, a
mode change of vibration due to FIV for three different thickness pipes can be distinguished effectively, but
cannot observe a frequency shift. Table 4-3 4-3 represents a summary of frequency responses of simulated

FAC test 1.
o MUSIC
a) SC 10 Elbow Pipe b) SC ﬁo Elbow Pipe c) SC 40 Elbow Pipe

Figure 4-38 A result of frequency response of simulated FAC test 1

Table 4-3 A summary of frequency responses of simulated FAC test 1
Specimen | 1st Peak| 2nd Peak | 3rd Peak |Specimen | st Peak| 2nd Peak | 3rd Peak
SC40 Elbow | 1100 2600 3800 |SC40 U-sec| 3000 1150 3700
SC20 Elbow | 2800 2050 SC20 U-sec| 950 2050 3850
SC10 Elbow | 2250 1600 3850 |SCI10 U-sec| 3130 2150 4030
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MUSIC algorithm: Eigen Pseudo Spectrum (EPST) have two desirable characteristics: a response
to the degree of variance of a signal regardless of the degree of harmonic content within signal, and a
response to low power components of signal. The MUSIC algorithm estimates the pseudo-spectrum
from a signal or a correlation matrix using Schmidt’s eigen-space analysis method. The algorithm
performs eigen-space analysis of the signal’s correlation matrix to estimate the signal's frequency
content. Because of these benefits, MUSIC algorithm for spectrum estimation was used to find the
particular frequency of flow-induced vibration. Unfortunately, most of FAC test data had a very low
SNR (signal to noise ratio). Therefore, analytical techniques that are less influenced by SNR are
possibly promising for use in fault classification. Among the existing techniques, eigen-
decomposition methods are applied to produce a pseudo-spectrum to monitoring the vibration mode
changes due to thinning of piping elbow. The FFT can be computed for each eigenvector of the
correlation matrix and then the squared magnitudes can be summed to allow the complicated peaks
in FFT to be simply represented to a few peaks by the MUSIC algorithm. Figure 4-39 shows the
results using the MUSIC algorithm of test data measured on SC40 elbow.
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Figure 4-39  Results using MUSIC algorithm for SC40 elbow

Time-frequency analysis: A time frequency representation (TFR) method, the Wavelet-Vaguelette
deconvolution (WVD) and Exponential Distribution, for an analysis of wall-thinning data, was
explored to confirm the temporal variation of the spectral characteristics of a non-stationary signal of
simulated-FAC Test 1. In applying the TFR method, a total of 65536 measured data was divided to
the data groups with 1024 data. 10th, 20t 30t 40t 50t and 60t data groups of these data groups
were analyzed using the TFR method. Figure 4-40 shows the analyzed results of signal characteristics.
The particular frequency was shown around 1.7, 1.9, 2.1 and 2.3 kHz. Its frequency keeps, to some
degree, on a steady peak in the time domain. Therefore, test signals were confirmed to be stationary
to some degree.
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Figure 4-40 Results of signal characteristics using TFR method
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Simulated FAC test 2 (non-uniform thinning)

In general, the corrosion/erosion process does not cause uniform degradation in a piping system
because the fluid dynamics varies along the course of the piping system. Piping elbow and U-section
are usually subjected to a higher degree of degradation because of the rapid change of local flow
profile. To simulate non-uniform thinning of piping system, outet wall of elbow and U-section of
SCH 40S (3.56 mm) specimen was grinded. The original piping thickness is 3.7 mm and a total of
1.5 mm of wall thickness was grinded to represent a 40% of total thickness reduction. Figure 4-41
shows the results of frequency response of simulated FAC test 2 for non-uniform thinning of piping
system. The sampling frequencies were 20 KHz. The top portions of figures are data for no grinding
condition, middle portions are data for 1.0 mm grinding condition, and bottom portions are data for
1.5 mm grinding condition. These plots indicate that the changes in frequency and vibration mode
caused by non-uniform thinning of pipes cannot be distinguished effectively. Possible explanation of
this observation may be that there was only a small amount of mass reduction due to non-uniform
thinning of pipes and the local fluid dynamics was not affected because grinding took place on the
outer pipe surface. Table 4-4 represents a summary of frequency responses of simulated FAC test 2,
acquired at the straight portion of U-section.
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Figure 4-41 Frequency response of simulated FAC test 2 for non-uniform thinning

Table 4-4 Summaries of frequency responses of simulated FAC test 2
straiaht Normal I.Oun grind I.5mm grind
section  Ist peak  Znd peak | st peak Znd peak  1st peak Znd peak
¥-axis 1171 GGG 1192 RO17 1308 5781

y-axis 6699 6679 2207 a957 1445 6015
z-axis 6367 6854 2558 G639 1328 5937
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4.5

451

Lesson learned for improvement of monitoring environment

From the experiences accumulated from the magnetic pull-down tests, and the simulated FAC tests,
the project team learned that it was more beneficial to use 3-axis accelerometers and install them at
strategic locations shown in Figure 4-42.

U-top

U-Straight

3 s acod.
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(c) Sensor installed at straight section (d) Signal conditioner

Figure 4-42 Locations of 3-axis accelerometer installation

Task 2.5: signal data processing analyses for noise filtering and pattern
recognition

Performed by SNL, PSU, and CNU

Integrated approach with fusion sensor concept

FAC a chemical process whereby the normally protective oxide layer on carbon or low-alloy steel
dissolves into a stream of flowing water or a water-steam mixture. FAC consists of two main
processes. The first process is to form soluble ferrous ions at the oxide film/solution interface and
followed with the second process of diffusion of those ions to the solution. One of the main FAC
rate controlling steps is the diffusion of ferrous ions through the boundary layer. Figure 4-50 shows
this diffusion boundary layer near the oxide film. Generally, a laminar flow is formed at the inner
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boundary layer and a turbulent flow at the outer boundary layer. As the flow velocity increases, the
width of the laminar layer decreases and the diffusion rate of the ferrous ion increases. A chain of
these processes brings about the wall thinning of piping system, especially elbow and u-section pipe.
Piping degradation mechanism is related to FAC process and flow rate. The U-section and piping
systems are operating in a very aggressive erosion/cotrosion environment of turbulent flow and high
temperature and pressure. These adverse operating environments make a piping system very
vulnerable to accelerated wear and degradation.

WATER FLOWING ACROSS SURFACE

\_"' Bulk Water

Impurities
1

i
!

Laminar Sublayer

Diffusion boundary layer
Helmhaoltz double layer

Porous magnetite
oxide layer

GRAIN OF CARBON STEEL

Steal

Figure 4-43 FAC corrosion phenomenon

Since FAC is a global corrosion phenomenon, wide spread wall thinning takes place inside the piping
system. There are usually changes in local vibration frequencies and modes associated with changes
in fluid dynamics caused by pipe wall thinning. However, the changes in vibration characteristics are
small and thus very difficult to detect and identify owing to small amounts of degradation of piping.
The task of acquiring clear recognizable vibration signals becomes increasingly challenging in a noisy
background vibration due to pump and/ot support fixtutes. Therefore, an array of parameters must
be monitored to detect and identify FAC phenomenon. Integrated approach using the fusion sensor
concept was adopted to monitor these parameters to acquire a cohesive set of sensor data. Figure
4-44 shows the integrated approach with the fusion sensor concept, which consists of the following
key components:

1. Electrochemical electrodes to monitor chemical conditions: ECP and pH
2. Mechanical sensots to monitor vibration characteristics
e Flow induced vibration - using micro accelerometer, optical fiber sensor, and capacitance sensor
e Thickness affected vibration - using ultrasonic devices
3. Application of new signal processing algorithm to amplify signal output with special sensor
e Neural Network
e Time-Frequency Distribution

o Wavelet
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Figure 4-44 Integrated approach with fusion sensor concept
4.5.1.1 UT monitoring

The ultrasonic technique is widely used to evaluate the material integrity in the industry at ambient
temperature. Since the UT has good directionality and easily reflects at the boundary of different
medium, it is very convenient to use to measure local thickness. Recently, a UT was used in the
NPPs to inspect defects during overhaul. Therefore, it cannot only validate the vibration monitoring
by direct measurement of pipe wall thickness, but it can also be employed as an alternative for on-
line monitoring. In this project, the applicability of the 5 MHz Krautkramer Branson USD15 UT at
high temperature was examined. This UT was implemented with a special shoe to protect the
piezoelectric element from exposure to high temperature.

In the FAC tests, the high temperature UT (HTUT) was installed with a screw thread at the corner of
the carbon steel elbow where the maximum reduction of thickness is assumed to occur. However, it
is very difficult to discriminate the signal of the target specimen from that of HTUT shoe. Figure
4-45 shows the measured HTUT signal from first FAC test. In each trial, UT shows similar behavior,
which means most of ultrasonic signals may not be transmitted to specimen but reflected at the
boundary of HTUT and elbow. Figure 4-46 shows the signal reflected at the shoe surface. There are
two possible explanations for this observation. First, the reflected ultrasonic wave from the carbon
steel pipe wall is weakened through the HTUT shoe. As it is an intrinsic effect, it has no room for
improvement of a signal. Second, the point contact of HTUT (flat surface) and the corner of elbow
(round surface) were too limited to transmit a sufficient ultrasonic signal. Therefore, a better signal
could be achieved through improving the attachment of HTUT to an elbow.

Two methods were examined to improve the attachment of UT to elbow. One is to use an acrylic
wedge, the other is to flatten the corner of round elbow to increase the contact area at the interface
and make airtight contact. Acrylic wedge method is generally used in the curved-surface measuring.

Figure 4-47 shows the HTUT equipped with wedge. Since acrylic is very sensitive to temperature, it
is not suitable as an online monitoring sensor for a long time but it may be possible to provide
thickness information during the short measuring time. Unfortunately, in the case of HTUT,
however, reflected signals were extremely attenuated, as shown in the Figure 4-48.

A trial test was conducted to measure the thickness of an attachment plate to investigate the effect of
shoe thickness on the UT signal the capability of measuring thickness. Figure 4-49 shows the results
of direct measurement of plate to demonstrate the excellent performance of HTUT with the
attachment plate. Therefore, the second option was adopted in the FAC tests by flattening the
carbon steel elbow with a milling machine. Figure 4-50 and Figure 4-51 show the installed HTUT at
the flattened elbow and the distinguishable signals from this setup, respectively. A test on large-radius
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piping similar to the main steam line (MSL) in the NPP was conducted to examine the application of
this monitoring technique. Since the MSL has a large radius, it has a flat surface to allow thickness
measurement without machining the surface. Figure 4-52 shows the direct measurement of MSL.
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Figure 4-45 Result of HTUT monitoring from first FAC test
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Figure 4-46  UT signal reflected on the shoe surface
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Figure 4-47  Acrylic wedges
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Figure 4-52  Direct measurement of MSL

4.5.2 FAC test results

The integrated approach with fusion sensors was adopted in the FAC tests. The details of the test
conduct and sensor data are discussed in the following subsections.

4.5.2.1 First FAC test

After all preliminary tests, all selected sensors were installed in the test loop to conduct on-line
monitoring performance at the high temperature condition and to confirm whether FAC
susceptibility could be quantitatively correlated with ECP and pH. In this test, reference electrodes,
Ag/AgCl water-filled electrode and gold-plated Ni electrode for ECP and pH measurements were
developed for high temperature.

Figure 4-53 shows the expected chemical reactions in the specific regions. After 12 days of operation,
the graphs for ECP/pH and the corresponding Pourbaix diagram was obtained, as shown in Figure
4-54. Figure 4-55 shows the FFT analysis results for the monitored vibrations.
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Figure 4-53 Expected chemical reactions

Sandia National Laboratories and Korea Atomic Energy Research Institute
Page 128 of 229



400

B0

b £ =1
= =3 =

Temperature(K)

=4
=

230

ECP(mV)

3 . - ol
| S
i » temperature
.
o 50 1 130 200 250 0 50 100 150 200 250
Time(hour) Time (hour)
200
Bk (V) Fo - 120 - Syview = 100000
" Feonps Hads
f-!dn
b I FeOdli 0
- _Faitda) *’.“:‘J:‘:
Ty HF -
15 *
é ;o 150 1;0 2(;0 z;o o
i
Time(hour)

Figure 4-54 Temperature, pH, ECP, and the corresponding Pourbaix diagram

Frequaneoy (Hz)
o 100000 200000 Joooon i00oon
40000 - T T v T T T - T T T
Joooo -
20000 -
10000

Angle{ded)

n-
C 11 . N
0,045 -
0,040 - June 1 am Elbow x-axi
0,038 -
0,030 -
0.025 -

0.020 -

Amplitude

0.015

0.010 -

0.008 -

0.000 -

dcl
T

o 1000 2000 3ooo +000

Frequenoy (HZ)
Frequency (Hz)

o 100000 200000 «ooooo

T
sooo

S000o0

000

60000

3Jooooo

250000 — T T T

Angledded)

oo o i

200000
150000 |
100000 -]

sonon |

Angle(dea)

o

Armplitude

(o ]

-2

Frequency (Hz)

] 1noooo 200000 Joooon Lopooo S00000 00000

June 1 am U-section x-axi

o 1000 2000 3000

Soo00 5000

Frequency (Hz)
Frequency (Hz)
300000

L

o i0o0ooo 200000 600000

=====s o]

T T T
EIDlEI__ June 8 pm Elbow x- axis
0035 |
0030 |
nnzs |

oozo

Armplitude

oois A
ooio

ooos +

|

0000 4

IL Lhni:l..u_ ;

T
o 1000 2000 3000 4000

Frequency (Hz)

sooo

6000

Anglelded)

Amplitude

June 8 pm U-section x-axis

. Ll..u_ﬂ vl ;_l h : |

o 1000

2000 Jooa Sooo 5000

F requency (Hz)

Figure 4-55 Vibration mode change after 12 days of operation
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Test results are summarized as follows:

e Verify performance and functionality of selected sensors
e FElectrochemical parameters show clear evidence of corrosion

e UT signal does not show clear thickness reduction.

4.5.2.2 Second FAC test

In the second test series, additional protection of signal wires for the vibration sensors was installed,
accelerometers were anchored with bolts, and the flow velocity was increased by three times. The
FFT method was applied to analyze signals from accelerometers to detect changes in vibration
modes of the piping system due to a reduction of its thickness during the test. Figure 4-56 and Figure
4-57 show the FFT analysis results for top and straight portions of the U-tube, respectively. In these
plots, the test results demonstrate vibration mode changes of the piping system, similar to those from
the first test, but the changes are small indicating that the local pipe thinning is less than expected.
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Figure 4-57 FFT analysis results of straight portion of U-tube
4.5.2.3 Third FAC test

During the first two tests, test specimen did not erode as much as expected. Detailed examination of
the test conduct yielded the following improvements to the test conditions:

e Tirst, the test specimen contained more chromium than specified; therefore, new elbows
were manufactured with carbon steel of less chromium content. In the third test, only
one elbow is carbon steel and the other elbow is stainless steel for safety reasons.

e Second, the test temperature range was lower than that required for the higher FAC rate.
The third test series was conducted at around 120°C to 130°C.
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e Third, the flow velocity was too low and it was increased from 1.2 m/s to 3 m/s in the
third test series.

During the first two tests, there was an observed gradual increase in pH as the test proceeded with
additional release of Fe?" ions. Figure 4-58 show the increase of pH with Fe?* ions concentration.
Accordingly the pH of inlet water was reduced to maintain a better pH control.
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Figure 4-58 pH change with Fe* ion concentration

In the third test, the vibration data from three 3-axis accelerometers and the UT thickness
measurement were acquired once every day. In the test duration, the pH became lower and the test
specimens were susceptible to degradation. The FAC test was executed continuously for three weeks
resulting in 30 to 40 % of thickness reduction in carbon steel elbow. All the monitored signals were
integrated to evaluate the environmental test condition.

Test results-electrochemical parameters

Figure 4-59 shows the monitored environmental test conditions of temperature, pressure, dissolved
oxygen, and the variation of monitored ECP and pH with time. Post-test examination of the test
elbow was also conducted. Figure 4-60 shows the dissected elbow revealing corrosion and erosion at
its inside surfaces with reduced thickness.
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Figure 4-59 Monitored temperature, ECP, and pH plotted separately versus time with
ECP-pH diagram
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(b) Thickness reduction of the elbow-center

(c) Inner surface of the bare piping taken with (d) Inner surface of the piping experienced FAC
stereoscope for 3 weeks (magnification of (a))

Figure 4-60 Dissected elbow details

Test results-UT

The pipe wall thickness, measured by UT, can be calculated from the ultrasonic flight time between
first and second reflection signal (peak). The wall thickness can be correlated directly with the flight
time between peaks (reciprocation time of ultrasonic) using the following equation:

thickness = ﬂ - At X L
2 1000

Where

Thickness = wall thickness of pipe (in mm)

At = reciprocation

Velocity of ultrasonic: ~5700 m/s in catbon steel

The daily HTUT measurement results are summarized in Table 4-5. In addition, Figure 4-62 shows
the UT signals of pipe wall thickness reduction with the progress of the FAC test. The calculated
thickness reductions during FAC test were plotted with the dissolved oxygen in Figure 4-62.
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Table 4-5 UT monitoring results during third FAC test

Date 1st peak 2nd peak Elapse time Thickness Difference
1 7.35132  7.76132 0.41 1.1685

2 7.35072  7.75557 0.40485 1.1538 -0.0147
3 7.57941 7.98841 0.409 1.1657 0.0118
4 7.57003 7.92703 0.357 1.0175 -0.1482
5 7.55566  7.91766 0.362 1.0317 0.0142
6 7.56765 7.92165 0.354 1.0089 -0.0228
7 7.58768  7.94068 0.353 1.0061 -0.0028
8 7.57484 7.92584 0.351 1.0004 -0.0057
9 7.58173 7.87373 0.292 0.8322 -0.1682
10 7.54168 7.82568 0.284 0.8094 -0.0228
11 7.5447  7.8347 0.29 0.8265 0.0171
12 7.52644 7.80544 0.279 0.7952 -0.0314
13 7.52791  7.82491 0.297 0.8464 0.0513
14 7.51128 7.80128 0.29 0.8265 -0.0199
15 7.51753 7.81852 0.30099 0.8578 0.0313
16 7.53769 7.8217 0.28401 0.8094 -0.0484
17 7.51616 7.79816 0.282 0.8037 -0.0057
18 7.50992  7.79793 0.28801 0.8208 0.0171
19 7.51519  7.78819 0.273 0.7781 -0.0428
units (1s) (mm)

the velocity of ultrasonic is assumed to be constant (5700 m/s) in carbon steel pipe
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Figure 4-61  UT signal shows thickness reductions during FAC test
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Figure 4-62 Thickness reductions during FAC test plotted with dissolved oxygen

In summary, Table 4-6 shows the compatison of pipe elbow thickness between UT monitoring and
direct measurement. The initial thickness of the reference specimen (elbow) was 2.87 mm.

Table 4-6 Summary of thickness

Initial thickness of the elbow

Direct measurement with micrometer 1.27 mm

UT monitoring 1.2 mm

After 3 weeks of FAC experiments

Direct measurement with micrometer 0.94 mm

UT monitoring 0.8 mm

Test results-vibration

In the FAC tests, the change of vibration characteristics induced by flow dynamics on elbow, top and
straight portions of U-section was monitored once everyday. Figure 4-63 shows a result of frequency
response in the chemical FAC test in which corrosion of the interior metal surface of the piping
system occurred resulting in its mass reduction and local thinning of elbow and u-section.
Consequently, these changes were expected to alter the characteristics of fluid induced vibration.
However, test results indicated that since the amount of mass reduction of the thinned wall was
relatively small, it was very difficult to detect vibration mode changes of the piping system.
Nonetheless, a vibration mode change or a shift of frequency in X-axis and Z-axis of pipe elbow was
observed at 4th and 9th days. Table 4-7 represents a summary of frequency data at straight portion of
U-section using MUSIC tool in the chemical FAC test.

Table 4-7 Summary of frequency data of chemical FAC test
ELEOW First peak Second peak

12/ 9 1st Day Elbow X-axis 2.1208 3.242
12/11 | 3rd Day Elbow X-axis| 2.675 1.500
12113 | 4th Day Elbow X-axis 1.523 2.743
12/14  5th Day Elbow ¥-axis 1.679 3.027
12/15  Bth Day Elbow ¥-axis 1,777 3,339
12/16 gth Day Elbow X—axis 1.601 Z2.714
9th Day Elbow X—axis 1,484 2.675
10 Day Elbow r-axis 1,445 2,635
12 Day Elbow -axis 1,454 2,723
13 Day Elbow R-axis 1,484 2,714
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Figure 4-63 Frequency response of chemical FAC test

To simulate the non-uniform thinning of piping system and additional mass reduction on the thinned
wall, a total of 3.2 mm of thickness, corresponding to 82% of its initial thickness, was grinded at the
interior portion of the elbow. Figure 4-64 shows the result of frequency response of the grinded
elbow, indicating a small amount of frequency response shift. However, it was still difficult to detect
a vibration mode change.
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Figure 4-64 Frequency response of grinded elbow

Task 2.6: integrated system analyses on piping elbow for recommending
mitigation and correction options

Performed by KAERI, SNU, CNU, and SNL

This task was performed after completing the condition monitoring testing of the piping elbow and
analyzing the sensor signals.

Algorithm development for FAC phenomena monitoring

Figure 4-65 shows the strategy of the monitoring algorithm for the FAC test loop. The two
electrochemical electrodes, AUEN and EREP, were used to monitor the ECP and pH of water
chemistry. If the electrochemical data indicated that the test loop was in the active region, the
mechanical signals were checked to make sure that the pipe thickness was still within the safe region.
These mechanical signals included data from the UT, vibration monitoring sensors, and the
correlation from the wearing rate model.
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Figure 4-65 Strategy for the monitoring algorithm

Figure 4-66 shows the monitoring screen. Monitored values were converted to the real ECP and pH
values directly to support operators to evaluate the water chemistry in the piping system. Figure 4-67
shows the ECP-pH diagram.

B ——

Figure 4-66 Monitoring screen of the test loop
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Figure 4-67 ECP-pH diagram for each section

4.6.2 Prototype of FAC condition monitoring system for a secondary piping elbow

The condition monitoring system computed the ECP and pH values from the AUEN and EREP
sensor signal and temperature. These computed results helped to identify the electrochemical state in
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the piping system. The safe regions of FeOH and Fe;O; are indicated in Figure 4-68 by diagonal
lines. Figure 4-69 represents safe region using Cartesian coordinate.
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Figure 4-69 Representation of safe regions using Cartesian coordinate

The actuated procedures of data processing algorithm are as follows:

1. Measure AUEN and EREP data using preamp (gain of 3 dB).

2. Calculate the value of ECP and pH using temperature and acquired AUEN and EPER data.

3. Select table which indicate current temperature.

4. Distinguish between safe or non-safe region using inequalities and show front panel.

Figure 4-70 shows the program display of ECP, pH values and regions of current states on the front
panel of piping elbow condition monitoring system.
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Figure 4-70  Front panel of piping elbow condition monitoring system
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5.1

5.2

TASK 3: condition monitoring of an assembly of tubesheet and
tube bundle in a steam generator

This task focused on investigating and developing a methodology for condition monitoring of an
assembly of tubesheet and tube bundle in a steam generator as a passive component in a safety-
related environment. The work scope included collecting and examining existing data on this passive
component in an aggressive erosion/corrosion environment, investigating and identifying sensors
and communication options, developing a demonstration scenario, investigating and designing test
options to acquire condition monitoring data, and developing and performing finite element analyses
of the steam generator tube assembly.

Task 3.1: performance, failure, and inspection data on steam generator assembly
Performed by SNL and KAERI

A systematic survey of performance, failure, and inspection data of steam generators in Korea and
the United States from plant operators and manufacturers were performed to investigate the broad
spectrum of degradation and failure of steam generator tubes. The investigation addressed critical
agents in highly erosive and corrosive environments, such as water chemistry, high temperature, high
pressure, and turbulent flow, which accelerate the degradation process in steam generator tubes.
Particular attention focused on the failure modes and mechanisms of tubes and their frequency of
occurrence.

A database was prepared using the Microsoft Access program to document the survey findings in the
United States. A collection of 27 reports, published in mid-1984 to early 2002, was surveyed.
Technical issues discussed in these reports include steam generator tube degradation and integrity
issues, steam generator operation experiences, validation of failure and leak-rate correlations for
stress corrosion cracks in steam generator tubes, and evaluation of eddy-current array probes for
steam generator tube inspection.

The degradation of steam generator tubes in PWRs, and in particular, the stress corrosion cracking
(SCC) of steam generator tubes, continues to be a serious problem. Figure 5-1 shows the worldwide
causes of steam generator tube plugging [xii]. Figure 5-1 clearly indicates that in recent years, outer-
diameter stress corrosion cracking and intergranular attack (ODSCC/IGA) and, to a lesser extent,
primary-water stress corrosion cracking (PWSCC), have become the predominant identifiable causes
of tube plugging. PWSCC is commonly observed at the roll transition zone, at U-bends and tube
denting locations, and occasionally in plugs and sleeves. ODSCC/IGA commonly occurs neat tube
support plate crevices, near the tubesheet in crevices, or under sludge piles, and occasionally in the
free span. There are particular concerns on the increasing occurrence of axial and circumferential
cracking at the roll transition zone on both the primary and secondary sides.
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Figure 5-1 Causes of steam generator tube plugging (from Dow’s work)

Task 3.2: scenario to demonstrate condition monitoring for a steam generator
tube assembly

Performed by SNL and KAERI
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5.3

5.4

5.5

After completing the survey of the performance, failure, and inspection database on the steam
generator tube assembly in Task 3.1, different degradation scenarios involving the most frequent tube
failure modes and mechanisms were identified. Probable degradation scenarios of steam generator
tubes were explored to determine the feasibility of implementing them in a condition monitoring test
loop. Because most of the tube degradation and failure occurred in highly erosive and corrosive
environments, it is very difficult to duplicate some of the important agents in these hostile
environments in laboratory test loops due to limited budgetary resources and physical feasibility.
There are additional technical complications in developing specialty sensors that can survive and
function in these environments. Therefore, we chose to conduct condition monitoring of a piping
elbow in Task 2 to advance technology development as a prelude to conduct condition monitoring of
steam generator tubes.

Task 3.3: design options for a steam generator tube assembly test loop
Performed by SNL, KAERI, and SNU

Different designs of steam generators (straight tubes and U-tubes) were investigated, including those
associated with Generation IV reactors with different operating media and temperature and pressure
environments. In addition, steam generators with both conventional and helical coil tube assemblies
were considered. Various design options of test loops for performing condition monitoring of steam
generator tubes were explored to ensure that the designed test loop includes all identified tube failure
scenarios, and the proposed test program fits within the budget and schedule constraints.

Most of the tube degradation and failure have been found near a tubesheet or a U-turn portion. As
discussed in Task 2, normal and degraded tubes are expected to exhibit different vibratory responses
that may be detected with advanced sensors such as optical fiber, accelerometer, and AE devices. In
addition, specialty chemical sensors have been developed to monitor water chemistry and
temperature; therefore, the sensor and computational technologies developed and demonstrated in
this project may provide the backbone for the future designs of a test loop for a steam generator tube
assembly. The prohibitive bartier for such a test loop might be the high costs and technical challenge
in assembling a test loop in a highly erosive and corrosive environment.

Task 3.4: Sensor and communication options for test loop to obtain condition
monitoring data on steam generator tube assembly

Performed by SNL, KAERI, and CNU

Various advanced sensors including optical fiber displacement sensors and AE devices have been
evaluated to participate in condition monitoring of steam generator tube assembly. The mounting
fixtures for these sensors were anchored at various locations on the interior end of the tubesheet to
allow them to monitor the vibration response of nearby tube sections. Likewise, they were mounted
on structures close to the U-turn portion of the tube bundle to obtain condition monitoring data on
these tube sections. A few selected tubes at strategic locations were plugged to provide anchorage of
mounting fixtures to allow condition monitoring of tubes at the middle of the tube bundle. Both
options of wired and wireless communication have also been examined.

Task 3.5: Fluid and FEAs of steam generator assembly to investigate dynamic
response characteristics
Performed by SNL

Fluid and FEMs of steam generator tubes are developed to investigate their vibration response
caused by the fluid-structure interaction phenomenon.
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5.5.1

The Use of the FLUENT LES turbulence model for steam generator tube flow-
induced vibration analysis

The prediction of unsteady fluid forces on structures such as steam generator tubes due to vortex
shedding phenomena is a difficult task. CFD codes ate just beginning to address this issue.
Traditional approaches that use two-equation turbulence models (such as unsteady Reynolds-
Averaged Navier-Stokes) have met with limited success due to fundamental limitations in the
averaging process. More recent approaches (such as LES) that filter the Navier-Stokes equations to
resolve the large-scale motions with subgrid-scale turbulence models have been much more
successful.

The most widely used CFD code in the world, FLUENT CFD code [xiii], has recently enhanced its
LES capability, including associated numerical enhancements [xiv]. Validations for fully developed
channel flow, flow over a square cylinder, and flow over a sphere have shown good accuracy (Kim’s
work). Because of our experience with FLUENT, we have investigated flow over an isolated circular
cylinder as an initial validation problem for the steam generator tube application.

5.5.1.1 Validation

To assess flow over an isolated tube, two sets of data were readily available; one for a Reynolds
number of 3900 [xv] and one for a Reynolds number of 140,000 [xvi]. Both datasets were in the
subcritical vortex shedding regime (300<Re<150,000) [xvii]. Breuer [xviii] has successfully simulated
each of these datasets using the LES approach and his own code.

Flow over steam generator tubes results in Reynolds numbers of ~10,000 to 20,000. We chose Ong
and Wallace’s data for a Reynolds number of 3900 for the initial validation of FLUENT because of
the close value of its Reynolds number with that expected for steam generator tubes. The Cantwell
and Coles data could be used for further validation of FLUENT at higher Reynolds numbers.

Ong and Wallace

Ong and Wallace performed experiments in a wind tunnel for air flow over a 14.3 mm (0.0143 m)
diameter circular cylinder. The free stream velocity of the approaching air was about 4.2 m/s,
resulting in a Reynolds number of about 3900. Measurements included the measured vortex shedding
frequency of about 64 Hz, or a Strouhal number (S = f; D/U) of 0.21, which is in good agreement
with other experimental data as summarized in Blevins’ work. Additionally, average velocity and
turbulent shear stresses were measured.

For LES calculations, the mesh should be fine enough to simulate the larger eddies in the flow.
Guidance from Fluent [xix] indicates that the first mesh point should be at a y* distance of about 1
from the wall, where y* is a dimensionless distance (y* =y u*/V), or well within the laminar or
viscous sublayer [xx].

A mesh was generated for an isolated circular cylinder of 14.3 mm diameter. The domain was very
large (10 m in the flow direction, 6 m normal to the cylinder) to eliminate any boundary effects.
Consistent with Breuer’s results, the spanwise dimension of the mesh was about 3 tube diameters.
The spanwise boundaries were modeled as periodic boundary conditions with zero pressure
gradients. The boundaries normal to the flow direction were symmetrical and the boundaries in the
flow direction were inlet and outlet. The total mesh size was 624,000 cells (160 x 130 x 30), where the
first number was the number of points around the tube, the second number was the number of radial
points, and the third dimension was the spanwise value.

The subgrid scale turbulence model was the dynamic Smagorinski model (described in Kim’s
reference), which gave the best solution according to Breuer. The simulation was run with
dimensionless time steps of 0.029 (Atgim = At Uise/D). The PRESTO discretization scheme was used
for pressure and central differencing was used for momentum. The non-iterative time advancement
scheme using the fractional-step method was selected.
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The simulation was run for 4 s as the flow developed and reached equilibrium. Statistics and forces
on the cylinder from vortex shedding were determined from fully developed conditions between 3
and 4 s, or over about 60 vortex shedding cycles. The y* values for the simulation are 0.3 (maximum)
on the upstream side and 0.159 (generally) on the downstream side of the tube including the wake
region. These values are well within the recommended values discussed previously.

Data-model comparisons are given for the mean streamwise velocity on the centerline and the total u
and v velocity fluctuations, or resolved Reynolds stresses. In addition, the mean lift and drag
coefficients and the dominant vortex shedding frequency were compared to data.

Figure 5-2 shows the results of the simulation. Figure 5-2 (a) presents the contours of velocity
magnitude at 4.0 s, the end of the simulation. The vortex shedding behavior is clearly seen. In this
snapshot, the velocity is higher below the cylinder, which leads to vortex shedding from that side. At
other times, the velocity is higher at the top of the cylinder. The alternating vortex shedding behavior
is shown downstream of the cylinder. Figure 5-2 (b) shows the time-averaged velocity magnitude
averaged over 1 s. Although the time averaged velocity magnitude is symmetrical about the cylinder,
the instantaneous velocity is obviously not as shown earlier in Figure 5-2 (a).
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(a) Velocity magnitude at 4.0 s (b) Time-averaged velocity magnitude
Figure 5-2 Contours of velocity magnitudes

Figure 5-3 shows the mean streamwise velocity prediction from FLUENT downstream of the tube
along the centerline as well as experimental data from Ong and Wallace and Lourenco and Shih [xxi],
where x is the distance downstream from the center of the cylinder. The results show a recirculation
zone downstream of the cylinder that extends 1.1 diameters downstream of the cylinder, which
compares well with the experimental value of 1.33%0.2 as given by Breuer. The shape of the
centerline velocity compares reasonably well with the experimental data.
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Figure 5-4 (a) gives the u velocity fluctuations or Reynolds shear stress (u'u'), at a downstream
distance (x/d) of 1.54, or just downstream of the recirculation zone, as a function of distance away
from the centerline. The shape and magnitude of the Reynolds shear stress predictions compare very
well with the experimental data. Figure 5-4 (b) shows the v velocity fluctuations, or Reynolds shear

stress (V'V"), at the same location with similar good data-model compatison.
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Figure 5-4 Resolved Reynolds stress
The lift and drag coefficient values are shown in Figure 5-5 (a) and (b). For reference, the lift and

drag forces for a circular cylinder are given by the following:

F =C, Lpu'DL
2
| R
F,=C,—pU'DL

where the product DL (diameter times length) is the area normal to the direction of flow, and U is
the upstream, undisturbed velocity. In this case, p is 1.225 kg/m?, U is 4.2 m/s, and D is 0.0143 m.

Over the sampling period from 3 to 4 s, the mean lift coefficient was -0.0109 with a variance of 0.103
and RMS value of 0.32; a correlation from Norberg [xxii] indicates that the lift coefficient RMS
magnitude should be about 0.083 at this Reynolds number. It is not clear why the predicted lift
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C, - Lift Coefficient

coefficient is so much larger than the Norberg correlation. Note that Breuer shows a “typical” lift
coefficient variation for the Re=3900 case that is about half the magnitude of that predicted by
FLUENT, although the conditions (mesh, discretization scheme, and subgrid turbulence model) are
not identified.

The difference in lift coefficients may be due to the spanwise dimension of the simulation. A
spanwise dimension of 3 tube diameters, which is consistent with the Breuer model, has been used
for the present calculation. However, Norberg implies that the spanwise correlation length is about
10 diameters at this Reynolds number. A larger spanwise dimension would lower the lift coefficient
because some of the forces will cancel each other out.

The predicted drag coefficient from the FLUENT simulations is 1.07920.009; experimental data
summarized by Breuer indicate a range of 0.98%0.05. The drag is overpredicted by about 10%. A
larger spanwise dimension should lower the drag coefficient as discussed previously for the lift
coefficient.

C,4 - Drag Coefficient
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Figure 5-5 Predicted (a) lift and (b) drag coefficients

The frequency distributions of the drag and lift are important in the determination of flow-induced
vibrations. The lift and drag coefficients were filtered through the FFT process to determine the
frequency behavior as shown in Figure 5-6. The dominant frequencies for lift and drag are 58.8 and
115.4 Hz, respectively. The frequencies for drag are approximately twice that of lift The dominant lift
frequency of 58.8 Hz results in a Strouhal number of 0.20 compated to an experimental value of
0.21.
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Figure 5-6 FFT of predicted (a) lift and (b) drag coefficients
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LES simulations need significant computational resources. These calculations take about 100 CPU-hr
for every second of simulation time on a 3.0 GHz Pentium 4 computer. Thus, the 4.0 s simulation
time for the validation problem requires about 400 CPU-hr of computer time.
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C, - Lift Coefficient
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Overall, the FLUENT simulations provide reasonable agreement with the available experimental
data. Although the lift coefficient is not as accurate as desired, it may be due to the limited
computational domain. The general characteristics of the flow (mean velocity and turbulent stresses)
are correct. Therefore, FLUENT can be confidently used to predict the general characteristics of
flow-induced vibrations over steam generator tubes.

Steam generator tube analysis

With the successful validation of FLUENT for the prediction of forces from vortex shedding over a
circular cylinder, it has been used to predict the transient forces over a typical steam generator tube.
An isolated tube has been used in this initial simulation for simplicity. The conditions chosen are for
water flow over a single isolated tube with a diameter of 17.46 mm (0.01746 m) and an upstream

freestream velocity of 0.47 m/s. The Reynolds number (Re = [pUDj) in this case is about 8200.
w

The Strouhal number at this Reynolds number is expected to be about 0.21 as given by Blevins 2001
work, so the dominant vortex shedding frequency is expected to be about 5.7 Hz. Figure 5-7 shows
the lift and drag coefficient predictions for a single isolated steam generator tube as a function of
time. Figure 5-8 shows the FFT of these results for the full period from 10 to 20 s. The dominant
frequencies are 5.24 and 10.5 Hz for the lift and drag coefficients, respectively. The Strouhal number
for the lift coefficient is 0.195.
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Figure 5-7 Predicted (a) lift and (b) drag coefficients for steam generator tube
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Figure 5-8 FFT of (a) predicted lift and (b) drag coefficients for steam generator tube

5.5.1.2 Conclusions

The FLUENT code has been used to predict the vortex shedding forces on isolated circular
cylinders. The FLUENT model has been validated by comparison to experimental data for flow over
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5.5.2

an isolated circular cylinder at a Reynolds number of 3900 including mean velocity, Reynolds stresses,
and Strouhal number with reasonable overall agreement. Subsequently, FLUENT has been applied to
predict the transient vortex shedding forces over an isolated steam generator tube.

Additional validation of FLUENT should consider flow in tube bundles as exemplified by the
experimental data of Simonin and Barcouda [xxiii], who obtained velocity and Reynolds stress data in
a staggered tube bundle at a Reynolds number of about 20,000. Once successful data-model
comparisons are available for this tube bundle, application to an actual steam generator tube bundle
problem can be confidently performed.

Future work should also consider the feedback between the fluid forces and tube vibrations. In the
present simulations, a rigid tube is assumed. FLUENT’s moving deforming mesh capability is
currently being coupled with ABAQUS to allow for feedback between the fluid forces and a moving
structure. This feedback may significantly increase the drag coefficient as discussed by Blevins’ 2001
work. Coupled simulations would allow for more accurate modeling of fluid-structure interactions
for the steam generator tube problem and other applications.

Flow-induced vibration analysis of a steam generator tube

Structural analyses were performed on a 90 in. long straight tube with a 0.854 in. diameter using the
ABAQUS, Inc. EXPLICIT™ code. The ends of the tube were fixed against displacement and
rotation. Forces were applied to the tube along the middle 72 in. (9 in. at the tube ends have no
applied load). The lift and drag forces were determined as a function of time from an LES using the
FLUENT code. Forcing functions were supplied for both air and water acting on a single straight
tube. Three analyses were performed using the air-based forcing function; a shell element model with
the drag and lift forces distributed around the circumference, a shell element model with the drag and
lift force applied as concentrated loads, and a beam element model. For the water-based forcing
functions, the second and third analyses were performed.

These analyses demonstrated a methodology of applying forcing functions calculated by the
FLUENT code to a structural tube model using the ABAQUS code. The tube length, tube diameter,
and boundary conditions are not necessarily representative of actual steam generator tubes.

5.5.2.1 Tube and material properties

Single tnbe

Length = 90 in (2.286 m)

Diameter = 0.854 in (21.7 mm)

Thickness = 0.05 in (1.27 mm)

Elastic modulus = 30,000 ksi (206.7 GPa)

Poisson’s ratio = 0.3

Steel density = 7.324E-4 1b-s2/in.* (7827 kg/m?3)
Air

Velocity = 165.4 in/s (4.2 m/s)

Density = 1.21E-7 Ib-s2/in.* (1.29 kg/m?)
Water

Velocity = 18.5 in/s (0.47 m/s)

Density = 9.34E-5 1b-s2/in.* (998.2 kg/m?)
Forcing functions (air and water)

The equations for the drag and lift forces are the following:

F,..=05p CV’DL
F,, =05 p CV>DL
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where p denotes the density of the flowing medium, Cyand C;denote the coefficients of drag and lift,
I denotes the velocity, D denotes the tube diameter, and L denotes the tube length. Based on
FLUENT analyses, the forcing functions are shown Figure 5-9 and Figure 5-10 for both air and
water at the velocities stated previously.
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Figure 5-9 Drag and lift force time histories using air
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Figure 5-10 Drag and lift force time histories using water

5.5.2.2 FEM

Two FEMs were analyzed: a shell element model and a beam element model, as shown in Figure

5-11.

Shell model

Beam model

5088 “S4R” ABAQUS Shell Elements
Radius=0.427 in (10.8 mm)
Thickness=0.05 in (1.27 mm)

318 “B31” ABAQUS Beam Elements
Pipe Section Radius=0.427 in (10.8 mm)
Thickness=0.05 in (1.27 mm)

Figure 5-11  Shell and beam models
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For both the beam and shell element models, the drag and lift forces were applied to the middle 80%
(72 in., 1.829 m) of the tubes length as shown in Figure 5-12. Both ends of the tube were constrained
against displacement and rotation.

Drag and Lift Forces
Applied Over Middle 72 in

«— 72in(1.829 M)/

bbb v b4 d v 3

90 in (2.286 m)

Ends Fixed Against Ends Fixed Against
Displacement and Displacement and
Rotation Rotation

Figure 5-12 Load distribution over tube length and boundary conditions

Two methods were investigated to distribute to drag and lift forces around the circumference of the
tube for the shell model. Figure 5-13 illustrates the distributed force method, where a sinusoidal
distribution was employed to divide the total drag and lift forces into components for each of the 16
nodes. Figure 5-14 shows the concentrated force method, where the drag and lift forces were divided
in half and applied at two nodes each. For the air flow analysis, we found that identical displacements
resulted from both methods; therefore, only the concentrated method is shown in the results and
used in the water flow analysis.

Distributed Forces

Shell Model
Lift (maximum)
Drag (zero)
[ | .
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