: - ‘Westinghouse Non-Proprietary Class 3

WCAP-14798-NP po March 2003
Revision 2
> ¢ 4

‘Generic W* Tube Plugging Criteria for
51 Series Steam:Generator Tubesheet
Region WEXTEX Expansions



WESTINGHOUSE NON-PROPRIETARY CLASS 3

.. .WCAP-14798-NP, Revision 2

‘Generic W* Tube Plugging Criteria for 51 Series Steam
Generator Tubesheet Region WEXTEX Expansions

e Lt . LN R s . - R S I . , e, .
. . o . s s . . A A I LR .
.

- « meme emyeane

Westinghouse Electric Company LLC

P.0.Box 355 =
Pittsburgh, PA 15230-0355 -
© 2003 Westinghouse Electric Company LLC .
All Rights chxved
4945.30c-041003



LIST OF TABLES

-TABLE OF CONTENTS

vi
LIST OF FIGURES viii
ABSTRACT xi
1.0 BACKGROUND . 1-1
20 SUMMARYAND CONCLUSIONS.: 2-1
'21 OVERALL SUMMARY. 2-1
22 SUMMARY AND CONCLUSIONS 2-1
3.0 ' TECHNICALAPPROACH ' 3-1
3.1  'REQUIREMENTS FOR W* CRITERIA.. 3-1
3.1.1  Regulatory Requmzments - ' 3-1
"3.12  Requirements for W* '_I'ubc Pluggmg Criteria...... 3-2
32 LOADING CONDITIONS .......... - 34
32.1 Nommal Operating Loads...... .34
322  Faulted Condition Loads....... 3-5
323  Other Transient Condmons . 3-6
324 1OCA .. . . 3-6
325  OtherFaulted Load Consxderatxons . 3-6
4.0 PULLOUT LOAD REACTION LENGTH 4-1
" 41 EVALUATION MEI'HODS AND LOADS 4-1
42 TESTING.......... 4-1
42.1  Approach - - ' 4-1
422  Pullout Load Test Specxmen Dcscnpnons 42
423  Pullout Test Descnpuon and Remltc 44
43 ANALYSIS OF TUBESHEET... ' 4-6
43.1  Material Propérties and Tubesheét Equivalent Pmpemes ...f.'.' .................. 4-6
432  Analysis of Tubesheet Rotation Effects....... 4-7
- 433 Results for Normal and Faulted Conditions... 4-11
4.4 - CALCULATION OF PULLOUT LENGTH.......... 4-13
44.1  Normal Operation Contact Pressures...... : " 4-13
442  'WEXTEX Radial Contact Prcssum and Fnctxon Cocff‘ c1ent'
from Tests .. ' 4-13
- 443  W*Pullout Length ieieieniasnsainnesions 4-18
- 45  ZONES FOR W* LENGTH AND L'EAKAGE 4-20
50 DEGRADED TUBE STRENGTH 5-1
' 5.1 . EVALUATION METHODS. 5-1
5.1.1  Normal Operation Loads 52
512  Feedline Break............. 52
5.13  Lossof Coolant Accident.... 52

ii -




6.0

7.0

52  ANALYSIS OF DEGRADED TUBE STRENGTH 52
53  LIMITATIONS ON ALLOWABLE DEGRADATION 53
54  W+*ADJUSTMENTS FOR TUBE DEGRADATION 54
LEAK RATE EVALUATION 6-1
6.1 EVALUATION METHODS AND CONDITIONS 6-1
6.1.1  Normal Operation 6-2
6.1.2  Faulted Condition — Steam Line Break 6-2
6.13 LOCA.... e 6-2
6.2 WEXTEXEXPANSION LEAK RATE TES'I'S - 6-2
" 621  Sample and Test Description SO ..6-2
622  Test Description 6-3
623  TestResults : : 6-3
63 CONSTRAINED CRACK LEAK RATE TESTS.... 64
63.1  Test Design and Description....... ' 6-4
63.2  Sample Preparation and Test Assembly 6-5
63.3  Test Conditions : 6-6
634  Leak Rate Test Results and Conclusions.. 6-6
64 LEAXKRATE ANALYSIS MODEL 6-7
64.1  DENTFLO Model Description 6-8
64.2 DENTFLO Inputs for Leak Rate Calculation 6-8
64.3  Sample Leak Rate Calculation 6-10
644  SLB Leakage Below W*
6.5 LEAK RATE MODEL STATISTICAL EVALUATION. 6-11
6.5.1  Overview of the Calculation of the Leak Rate 6-11
6.52  Monte Carlo Simulation Methods 6-14
6.53  Monte Carlo Simulation Results 6-16
WEXTEX PLANT INSPECTION RESULTS. 7-1
7.1 ~ INDICATION DISTRIBUTION AND MORPHOLOGY 7-1
7.1.1  Indication Database and Summary . 7-1
7.1.2~  WEXTEX Indication Tube Locations 7-1
7.13  Indication Elevation and Length Distributions 7-2
7.14  Volumetric Indications. 7-2
715  Circumferential Indications 7-2
7.1.6  Multiple Axial Indications 7-3
7.1.7  Inclined Indications 73
7.1.8  Location of the Bottom of the WEXTEX Transition 74
72  DETECTION OF RPC-CONFIRMED lNDICATIONS BYBOBBIN................. T4
73  NDE UNCERTAINTIES 75
73.1  NDE Uncertainty Test Approach 7-5
73.2  Sample Configuration. 7-5.
733  Data Acquisition and Analysis 7-6
734  BWT-to-Crack Tip Uncertainty 7-6

TABLE OF CONTENTS (Continued)

6-10 -

iv



735  Crack Length Measurement Unoertamuec 77
736  W+* Length Uncertainty.... 7-8
73.7  Flaw Inclination Angles 7-8
7.3.8  Rotating Coil Resolution 79
74  AXIAL CRACK GROWTH RATES.. 79
8.0 W*TUBEPLUGGING CRITERIA... 8-1
81 GENERALAPPROACH TO w+ CRITERIA 8-1
82 W+*LENGTH 82
83  APPLICATION OF GROWTH AND NDE UNCERTAINTY 83
83.1  Flexible W* Length 8-3
832  Leakage Analysis..... 84
“ 833 'NDE Uncertainties .. ' aestaen 84
- 84  ALLOWABLE TUBE DEGRADATION IN W* LENG'I'H 85
85  SLBLEAK RATE EVALUATION 8-6
8.6  INSPECTION REQUIREMENTS... 87
8.7 SUMMARY OF W* TUBE PLUGGING CRITERIA 8-8
9.0 REFERENCES 9-1
APPENDIX A: NDE GUIDELINES FOR APPIJCAT]ON WITH W* CRITERIA |............ A-1

TABLE OF CONTENTS (Continued)




3.1-1
32-1.
322
42-1
42-2
423
43-1
43-2
433
434
43-5

43-6

4.3-7
43-8
43-9

43-10
43-11
44-1
442
443
444
44-5

4.4-6

* Tubesheet Thickness
Faulted Case 1 Hot Leg Contact Pressures Through the Tubesheet Thickness ...........

4 LIST OF TABLES
W* Normal Condition Analysis and Design Parameters

3.7

3-8

W* Structural Analysis Conditions (W* Length and Pullout)
W* Leakage Analysis Condition

3-8

WEXTEX Expansion Joint Pull Force Test Results

Specimen Conditions and Test Conditions for Pullout Tests of W* NDE
Samp!ee

Pull Test Results for W* NDE Specimens

Summary of Material Properties Tubesheet Material SA-508 Class 2 .........ccceeescenneee
Summary of Material Properties Shell Material SA-533 Grade A Class 1......oooee.....
‘Summary of Material Properties Channel Head Material SA-216 WCC..........cn.....

Summary of Material Properties Alloy 600 Tube Material

Normal Operating Conditions Hot Leg Contact Pressures "Ih'rdughihe
Tubesheet Thickness

Normal Operating Conditions Cold Leg Contact Pressures Thmugh thc |

------

Faulted Case I Cold Leg Contact Pressures Through the Tubesheet Thickness

Faulted Case 2 Hot and Cold Leg Contact Pressures Through the
Tubesheet Thickness

Faulted Case 3Hot and Cold Leg Contact Pressures Through the
Tubesheet Thickness

SLB Leakage Analysis Conditions Hot Leg Contact Pressures Through the
Tubesheet Thickness

Pullout Load Test — Specimen W8-007A Determination of WEXTEX Radial

Contact Pressure, S,w, and Friction Coefficient, u
Pullout Load Test — Specimen W4-006 Determination of WEXTEX Radial

Contact Pressure, S;w, and Friction Coefficient, pu

Incremental and Cumulative Pullout Resistance Load vs. Distance from TTS
Normal Operating Conditions — Hot Leg

Incremental and Cumulative Pullout Resistance Load vs. Distance from TTS
Normal Operating Conditions — Cold Leg

Incremental and Cumulative Pullout Resistance Load vs. Distance from TTS
Faulted Conditions Case (1) — Hot Leg

Incremental and Cumulative Pullout Resistance Load vs. Distance from TTS
Faulted Conditions Case (1) — Cold Leg

vi

4-21

422

4-23
44
4-24
4-25
4-25

4-26

427
4-28
429

4-36
4-31
4-32
4-33
4-34
4-35
4-36
4-37

4-38




44-7

44-8

44.9
62-1
622
623

1632
6.3-3
6.4-1
6.4-2
6.5-1
6.5-2
7.1-1
721
7.3-1
732
733
734
135
736
7.37
7.3-8
739
8.3-1
Al

. -Uppermost Crack Tip (Al Values in inches)....
‘W#* Flaw Length Measurement Uncertainties (All Values in Inches).........ccoeeeec..

LIST OF TABLES (Continued)

Incremental and Cumulative Pullout Resistance Load vs. Distance from 'ITS
Faulted Conditions Case (2) — Hot Leg and Cold Leg

Incremental and Cumulative Pullout Resistance Load vs. Distarice from TTS
Faulted Conditions Case (3) — Hot Leg and Cold Leg

4-39

W* Length Summary

Inside Dlameter of WEX'I'EX Leak Ratc Samn!ec ‘

6-17

WEXTEX Expansxon Joint Leak Ratc Test Rcsu]ts

WEXTEX Expansion Leak Rat&c Crev:ce Lenglhs and Average Contact
Pressure .

618

6-20

Constrained Crack Leak Rate Test Series

6-22

Leak Rate Test Data — Constrained Crack Opening

6-23

Tube Sheet Zones for Leak Rate Analysis...

6-25

6-26

Sample Set of WEXTEX Tubesheet Indications

Regression Analysis Results, Log (Loss Coefficient) on Contact Pressure...........

Regression Analysis Results, Effective Lcngth on Contact Prcssure
Summary of Database of WEXTEX Indxcat:ons Below TTS.........

Bobbin Détection of Plus Point SAs. ...

W#* Altemnate Repair Criteria NDE Uncchainties (Units in ihchcs)_ :
Single Tube NDE Test Sample Idennﬁcatlon

21-Tube Test Sample Identifi cation

W* NDE Data for Single Tube Sample#
'W#* NDE Data for 21-Tube Mockup

* W* Measurement Unicertainties for Rotating Coils for Distance from BWT to

W* Length Measurements (Top of Tubesheet to Circumferential EDM Notch;
All Values in Inches)

w* Inclmanon Angle Measurcmem Unocrtamucs (All Valucs in chrees) ...........

Summary of NDE Uncertamtm for w+ Apphcauons .

Calibration Standard Reference Dlscontmmty Confi guratmn

3-Coil Probe Head Test Prequencxes .

A cm—— -




LIST OF FIGURES

1.0-1 Regions in the WEXTEX Full Depth Tube-to-Tubesheet F.xi)ansion ' 13
42-1 As-Fabricated WEXTEX Sample for Pull Tests... ' 4-42
42-2 Pull Force Sample Configurations Tested.. ' 443
42-3 Load/Deflection Curve for Specimen W8-007A at 600°F, and 1620 psid................... 4-44
43-1 Tubesheet/Channel Head/Lower Shell Finite Element Model ; 4-45
441  Stuctural Model for W* Length Calculation......... " 446
442  Determination of Friction Coefficient from Test Data ' ' 4-47
443 Applied Load vs. Reacted Slip/Pull Load W* Pullout Speciméne 4-48
4.5-1 W* Length Zones A and B and Expansion Transition Zones 1 through 4................... 4-49
5.2-1 Model for Plastic Collapse of Slanted Straight Crack Anay 5-5
5.2-2 Comparison of Load-Displacement Records, Computed Versus Measured .

for 30 Slots at ® =45° : 5-6
523  Amay Yield Load for Amays of Differing Numbers (N) of Cracks

Slanted at 45 Degrees vs. Crack Length 5-7
524 Array Yield Load for Amays of Diffcn'ﬁ_g- Nizmbers (N) of Craéks ' _

Slanted at 30 Degrees vs. Crack Length ' ‘ 5-8
6.2-1  As-Fabricated WEXTEX Sample for Leak Testing . .6-28
622  Configuration of WEXTEX Leak Rate Samples....... ‘ 6-29
623  ID Diameter of Leak Rate Sample W4-018 — 6-30
6.3-1 Constrained Crack Leak Rate Test Ammangement 6-31
6.3-2 Tube Specimens Utilized in Constrained Crack Leak Rate Tests 6-32
63-3  WEXTEX Leak Rate Test Crack Length Measurements: . 6-33
634  Type 410 Stainless Steel Collar Utlized in Constrained Crack Leak Rate Tests........6-34
63-5  Measured Free Span Leak Rate vs. CRACKFLO Predictions 635
636  Measured Collar B ("Closed Gap™) Leak Rate vs. CRACKFLO Predictions .......... 6-36
637  Measured Collar A ("Tight Gap") Leak Rate vs. CRACKFLO Predictions ........... 637
63-8  Effective Crack Length vs. Contact Pressure. | 6-38
6.4-1 Effective Crack Length Versus Tube-to-Tubesheet Contact Pressure 6-39
64-2 Crevice Local Loss Coefficient Versus 'I\xbe-to—'lhbesheét Contact Pressure.............. 640
64-3 WEXTEX Crack —- Crevice Leak Rates, Hot Leg, Faulted Conditions .........ccsesseeeess 641



LIST OF FIGURES (Continued)

644 Cumulative Leak Rate vs Depth below BWT for 75 Crack Set 6-42
6.5-1 Contact Pressure vs. Depth into Tubesheet — WEXTEX Expanded Tubes.................. 643
652 Local Loss Coefficient vs. Contact Pressure — WEXTEX Expanded Tubes,
Mean Correlauons 644
6.5-3 Residual vs. Pmdxcted Log (Loss Coefﬁc:ent) Resxduals Analysxs ‘ ‘
' Scatter Plot 6-45
6.5-4 Normal Deviate vs. Residual Log (Loss Coeffi c;cnt) - Residuals Analysis
E . Normal Plot. 6-46
6.5-5 Local Loss Coefficient vs. Depth Below BWT/I'I‘S -«WEXTEX Expanded
~ Tubes, Mean Correlations . 647
6.5-6 Effectxvc Crack Len gth vs. Contact Pressure . s 648
6.5-7 Residual vs. Predicted Effective Crack Length — Residuals Analysis
A Scatter Plot ......cuvecicmccnsenenininnens 6-49
6.5-8 Normal Deviate vs Residual Effectwe Crack Length Rc51duals Ana]ysns
' Nommal Plot...........: 6-50
7.1.2-1 WEXTEX Single and Spaced Multiple Axial Indications Below TTS......ccecreencreeunee 7-19
7.12-2  WEXTEX Circumferential, Volumetric Indications, and Closely Spaced
Multiple Axial Indications Below TTS 7-20
7.13-1a Number of WEXTEX Circumferential and Volumetric Indications vs. . ,
Depth Below Top of Tubesheet : , . 7-21
7.13-1b  Number of Single and Multiple Axial Indications vs. Depth Below Top of
Tubesheet or BWT 7-21
7.14-1 WEXTEX Volumetric Indication (SVI) from Plant Z2 R28C4 7-22
7.1.5-1  WEXTEX SCI at Plant Y1 Tube R18C52 7-23
7.1.5-2 WEXTEX SCI at Plant Y2 R30C56 723
7.1.6-1  WEXTEX MAI at Plant Z2 R5C51 71-24
7.1.6-2 WEXTEX MAI at Plant Z2 R12C69 724
7.1.6-3 WEXTEX MAI at Plant Z2 R20C43 7-25
7.1.6-4 WEXTEX MAI at Plant Z2 R20C58 725
7.1.7-1a  Slanted SAI in Plant Y2 SG-23 R4C18 (Scan Line Plot) 7-26
7.1.7-1b  Slanted SAI in Plant Y2 SG-23 R4C18 (Contour Plot) 7-26




LIST OF FIGURES (Continued)

7.1.7-2a -Slanted SAI in Plant Y2 SG-24 R6C37 (Scan Line Plot) 7-27
7.1.7-2b  Slanted SAI in Plant Y2 SG-24 R6C37 (Contour Plot) 7-27
7.1.8-1  Location of BWT Below Top of Tubesheset . ' . 7-28
7.2-1 Bobbin Detection of RPC-Confirmed SAIs vs. Peak RPC VOltage ..u..eveecvvemsnecennne 7-29
7.3-1 C-Scan Display for NDE Specimen 115 mil (300 kHz) Rotating Coil..........ccoueueeee 7-30
7.3-2 C-Scan Display for the NDE Specimen PlusPoint (300 kHz) Rotating Coil........... 7-30
7.3-3a C-Scan Display for the NDE Specimen 80 mil (300 kHz) Rotating Coil..........c.... 7-31
7.3-3b  C-Scan Display for the NDE Specimen 80 mil (600 kHz) Rotating Coil................ 7-31
74-1 Cumulative Probability Diéuil_)\ition for Growth of W* Region Axial

INAICAONS ...cveeeenrcrmrereernracscrennsnnances . 732
8.2-1 W#* Zone A and B1-B4 Boundaries ; 8-15
AS.1 Location of the Top of the Tubesheet............... ' A-13
A52  Location of the Bottom of the WEXTEX Transition BWT). A-14
‘AS5.3 Identification of the Uppermost Crack Tip (STR) : A-15
AS4 Identification of the Lower Crack Tip (STP) A-16
AS55 Measurement of the Circumferential Extent of the Indication A-17
AS56  Individual Scan Line Depth Measurement for Profiling. A-18

AS.7 Final Report Data for W* Axial Crack Characterization..... A-19




ABSTRACT

Alternate steam generator tube plugging criteria were developed to reduce the need to repair or
plug 51 Series steam generator tubes having indications in the WEXTEX explosive expansion
region. The criteria address indications located below the top of the tubesheet and below the
bottom of the WEXTEX transition. Indications which meet the W* criteria also meet RG 1.121
criteria for tube integrity, and mdxcatxons left in service would have an aggregate leakage below
allowable limits based on radiation exposure during a postulated SLB accident. The altemnate
tube plogging criteria, or W* criteria, are based on maintaining structural and leakage integrity of
tubes returned to service with indications in the WEXTEX region. The W* criteria analysis are
based on bounding conditions which were developed from a review -of the operating conditions
of the WEXTEX plants participating in the study. ‘W* plugging criteria related to the structural
integrity of the tube have been defined for two zones of the tubesheet.. .A methodology. is
provided to determine the faulted condition leak rate contribution of cracks for five different
radial zones of thc tubesheet and on both hot and cold leg. sxdes, as a function of the dxstance
between the upper tip of an axial indication and -the bottom of the WEXTEX expansion
transition.



GENERIC W* TUBE PLUGGING CRITERIA FOR
51 SERIES STEAM GENERATOR
TUBESHEET REGION WEXTEX EXPANSIONS

1.0 BACKGROUND

Existing plant Technical Specification tube repair/plugging criteria apply throughout the tube
length and do not take into account the reinforcing effect of the tubesheet on the external surface
of an expanded tube. The presence of the tubesheet will constrain the tube and complement tube
integrity in that region by essentially precluding tube deformation beyond the expanded outside
diameter. The resistance to both tube rupture and tube collapse is significantly enhanced by the
tubesheet. In addition, the proximity of the tubesheet in the expanded region significantly
reduces the leakage of throughwall tube cracks. ‘Based on these considerations, the establishment
of altemnate plugging criteria applicable to the portion of tubing expanded by the Westinghouse
explosive tube expansion (WEXTEX) process is supported by the test and analysis results of this
report.

For 51 Series steam generators with WEXTEX expansions, the full depth expansion can be
generally defined as follows. From the tube lower end and extending upward for a length of
approximately 2.75 inches is a region expanded by the roll expansion process. From the top of
the roll expansion to the vicinity of the top of the tubesheet, the tube-to-tubesheet expansion is
accomplished by the WEXTEX explosive expansion process. The resulting full depth tube-to-
tubesheet expansion can be considered as four distinct regions. These are described below,
starting from the bottom of the tubesheet, and are ilfustrated in Figure 1.0-1.

1. Roll Region - The region of the tube which has been expanded by a rolling process. This
region extends from the bottom of the tube to approximately 2.75 inches above the bottom

of the tube.

2. Roll Transition (RT) - The portion of the tube which extends from the roll expanded region
of the tube to the initially unexpanded region, and which is subsequently expanded by the
WEXTEX process.

© 3. WEXTEX Region - The portion of the tube expanded by the explosive expansion process
to be in contact with the tubesheet. This region starts at the roll transition and extends to
the WEXTEX transition in the vicinity of the top of the tubesheet.

4. WEXTEX Transition - The portion of the tube which acts as a juncture between the

WEXTEX region and the unexpanded region of the tube. This region starts at the top of
the explosively expanded region and extends for approximately 0.25 inches.
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This report documents the basis for criteria which were developed to reduce the need to repair
or plug steam generator tubes having eddy current indications in the explosively expanded region
below the expansion transition. This report summarizes the generic 51 Series SG WEXTEX plant

W* tube integrity evaluation with respect to:

1. Maintenance of tube integrity for all power loadings associated with normal plant
conditions, including startup, operation in power range, hot standby and cooldown,
and arnticipated transients.

2. Maintenance of tube integrity under postulated limiting conditions of primary-to-
secondary and secondary-to-primary differential pressure.

3. Limitation of primary-to-secondary and secondary-to-primary leakage consistent with
allowable leakage limits and the desire to minimize leakage.

This report is a generic evaluation for 51 Series SGs with WEXTEX expansions. Site-specific

operating parameters must be reviewed against the bounding analysis conditions described in this
report, and any leak rates determined for the W* region must be combined with leak rates of
other applicable criteria and compared to plant specific allowable Jeak rates. In addition, crack
growth rate data and operating periods are used in determining the potential end-of-cycle length
of cracks as input to leakage evaluations.

———e ot = .



Figure 1.0-1

Regions in the WEXTEX Full Depth Tube-to-Tubesheet
Expansion

a,c




2.0 SUMMARY AND CONCLUSIONS
2.1 OVERALL SUMMARY

WEXTBX-expanded region altemate tube plugging criteria, or W* cntena, were developed for
the tubesheet region of 51 Series steam generators considering the most stringent loads associated
with plant operation, including transients, and postulated accident conditions. The W*.criteria
are developed to prevent tube burst and axial separation due to axial pullout forces acting on the
tube, and to demonstrate that steam line break (SLB) leakage limits ase not exceeded. The W*
criteria developed in this report permit tubes with indications in the tubesheet region to be
returned to service. :

The approach taken to develop the W* criteria is to utilize the general methodology of the L*
criteria (Reference 9.1) for hardroll expansions and adapt the methods for WEXTEX expansions.
The hardroll L* criteria utilize an L* length of undegraded tubing to limit leakage and permit a
flexible length (F*) to resist pullout forces which may be increased if .degradation is.present
within the minimum F* length. Since WEXTEX expansions have lower tube-to-tubesheet contact
forces than hardroll expansions, limited leakage is possible under SLB conditions and the L*
length is replaced in W* by the requirement to calculate SLB leakage for indications left in
service. SLB leakage is dependent upon the location of the top of the crack below the bottom
of the WEXTEX transition (BWT). A flexible W* length patterned after the flexible F* length
of the L* cnteria is applied in W*. Because of the limited number of circumferential and
volumetric indications found within the W* length, circumferential and volumetric indications
within the W* region are not specifically addressed by the W* criteria and these indications
would be repaired if found in an inspection. Below the W* length, any type of tube degradation
is acceptable as tube integrity is not required to accommodate axial loads on the tube or to limit
tube leakage.

22 SUMMARY AND CONCLUSIONS

The: ‘development of the generic W* criteria mcluded testing of samples representanve of the
WEXTEX expanded tubeoto-tubesheet joints, analySIs of contact pressures between the tube and
tubesheet at relevantoperating conditions, and analysis of axial loads acting on the tube. Testing
included pull force tests to determine the coefficient of friction between the tube and the
tubesheet and the force required to cause movement of the tube within the tubesheet.

Leak rate tests were performed to develop a WEXTEX leak rate model relating leak rate to
Jocation of the crack within the tubesheet and with operating conditions. The model is used to
estimate potential leakage from tubes with indications left in service under SLB accident
conditions. .

The generic W* alternate plugging criteria can be summarized as follows:




W* Len

The W* length in the hot leg shall be 7.0 inches in W* Zone B and 5.2 inches in W* Zone A.
The W* length is the length of tubing below the bottom of the WEXTEX transition (BWT)
which must be demonstrated to be undegraded in accordance with the following criteria. If
cracks are found within the W* region, the flexible W* length must be applied to account for the
assumed lack of axial restraint over the length of the crack (Section 5.4). The flexible W* length
is the total RPC-inspected length as measured downward from the BWT, and includes NDE
uncertainties and crack lengths within W* as adjusted for growth. For most inspections, it is
expected that the RPC inspection length will be measured from the top of tubesheet (TTS). In
this case, the distance of the BWT below the TTS must be subtracted from the inspected length
for comparisons with the flexible W* length. Below the flexible W* length any type or
combination of tube degradation is acceptable.

The following are the length requirements to be applied in the two zones across the tubesheet
with and without degradation within the flexible W* distance:

» Without degradation
W* Length below BWT = 7.0" (5.2" for Zone A) + ANDE,,,
» With degradation in W* length

Flexible W* Length below BWT = 7.0" (5.2 for Zone A) + ANDE,;,. + XCL; + N *ANDE,

where ANDE,,., CL,, N, ANDE,, and ACG are, respectively, the NDE uncertainty for the
measurement of the W* length, the overall crack length for the i* group of parallel cracks, the
number of crack groups, the NDE uncertainty for the measurement of crack lengths and the crack
growth in length per operating cycle. The uncertainty, ANDE,, for measurement of the W*
length relative to the BWT includes the uncertainty for locating the BWT relative to the TTS
since all measurements are made relative to the TTS.

Allowable Tube Degradation Within W* Length
Tube degradation within the W* length shall be limited as follows:

+ Axial indications left in service shall have the upper crack tip below the BWT by at least the
NDE uncertainty, ANDE_, on locating the crack tip relative to the BWT.

* Resolvable, single axial indications (multiple indications must return to the null point between
individual cracks) within the flexible W* distance can be left in service. RPC or equivalent
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coils or a UT inspection can be used to demonstrate retumn to null between multiple axial
indications or the absence of circumferential involvement between the axial indications.

Tubes with inclined axial indications less than 2.0 inches iong '(iﬁcluding'- the‘crack"gm\'#th

allowance) having inclination angles relative to the tube axis of < 45° minus the NDE
uncertainty, ANDE,,, on the measurement of the crack angle can be left in service. That is,
the measured crack angle must be less than (45° - ANDE_,). Tubes with two or more parallel
(overlapping elevation), inclined axial cracks must be repaired. The limit of 2.0 inches for
inclined axial indications is conservatively applied to limit the circumferential involvement of
the indication. For application of the 2.0 inch limit, an inclined indication is an axial crack
that is visually inclined on the RPC C-scan, such that an angular measurement is required and.
the measured angle exceeds the measurement uncertainty of ANDE.,. There is no length limit
on axial indications that are not inclined by this definition. : .

All circumferential or volumetric indications within the flexible W* distanc‘e‘ z;nd axial
indications with inclination angles greater than (45° - ANDE_,) are to be repaired.

Any type or combination of tube degradation below the W* length is acceptable.

SLﬁ Leakage Evaluation

The SLB leakage evaluation shall be based upon:

Deterministic leakage analyses (Section 6.4) utilizing leak rates for Zones A and B1 through
B4 as a function of the distance of the upper crack tip below the BWT. The total leak rate
is obtained as a sum of the leak rates from individual indications in the SG. As an option,
Monte Carlo SLB leak rate analyses may be performed -to reduce conservatism in the

.deterministic analysis method.

For a condition monitoring assessment (analysis of as-found inspection r‘&m]t's.) the RPC

‘measured distance of the crack tip be!ow the BWT shall be reduced by the measurement

uncertainty (ANDE,,).

For an operational assessment (anaiy§i5 bf projected EOC conditioné), the RPC meas;uféd
distance of the crack .tip below the BWT shall be reduced by the measurement uncertainty
(ANDE,) and the crack growth allowance (ACG).-

The total leak rate from RPC-inspected tubes in the W* fegion will be divided by the percent

-of tubes inspected by RPC or equivalent probes to. obtain the total leak rate from all

indications.

The combined predicted leakage from all tubes with indications, including those which have
been returned to service previously, must be compared to the plant specific allowable SLB
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leakage limits. The leakage from W* indications shall be added to the predicted leakage for
indications left in service based on other implemented altemnate repair criteria (ARC). If the
predicted leakage is less than the allowable limit, the tubes with indications may be returned
to service provided that all other W* criteria are met. If the allowable leakage limit is
exceeded, tubes shall be repaired until the allowable leakage limit is met.

Inspection Requirements

The inspection requirements for implementing the W* repair cmena, given in more detail in
Section 8.6, can be summarized as follows.

» The W* criteria provide for disposition of indications found by bobbin or RPC inspections and
do not mandate a specific inspection sample size.

« Indications within the flexible W* length found by bobbin coil inspection must also be
inspected by RPC (or equivalent coil such as + Point} to characterize crack lengths and
elevations.

» All indications left in service within the flexible W* length must be RPC inspected at each
subsequent planned inspection.

* When RPC inspections are performed of the WEXTEX transition region, the inspection shall
include the full length of the flexible W* region.

= Bobbin coil inspection results shall include, as a minimum: the tube location, the elevation of
each indication relative 1o the top of the tubesheet, the peak-to-peak voltage of each indication
and the phase anple and/or depth of the indication. The recorded results shall include all
indications in the tubesheet region and are provided for information only since the bobbin data
are not used in W* applications, except to identify indications for RPC inspection.

* Recording of results from the RPC inspection shall include: tube location; length of RPC
inspection relative to the TTS (or BWT) on either an inspection basis if constant for all tubes
inspected or on a tube basis if not uniform for all inspected tubes; location of the BWT
relative to the TTS,; elevation below the TTS (or BWT) to the uppermost crack tip of each
indication; crack length of each axial or inclined indication; the inclination angle of the crack
relative to the tube axis for axially oriented cracks clearly inclined relative to the tube axis;
the inspection record shall distinguish between multiple axial indications which can be
individually resolved and those which cannot be individually resolved (RPC amplitude does
not return to null level between indications); the elevation of circumferential and volumetric
indications relative to the TTS or BWT and the circumferential arc length or angular extent;
maximum RPC voltage (peak-to-peak) of each indication; and RPC phase angle and/or depth
of each indication.
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30 TECHNICAL APPROACH
3.1 REQUIREMENTS FOR W* CRITERIA
3.1.1 Regulatofy Reduirements

Regulatory Guide (RG) 1.121, "Bases for Plugging Degraded PWR. Steam Generator Tubes",
issued for comment in August of 1976, describes.a-method acceptable to the NRC staff for
meeting General Design Criteria (GDC) numbers 14, 15, 31 and 32 by reducing the probability
and consequences of steam generator tube rupture through determining the limiting safe
conditions of degradation of steam generator tubing, beyond which tubes with unacceptable
cracking, as established by inservice inspection, should be removed from service by plugging.
The recommended W* plugging criteria for the tubesheet region of WEXTEX expansions may
result in tubes with partial throughwall and/or throughwall (non-leaking) cracks being returned
to service. In the limiting case, the presence of a throughwall crack alone is not reason enough
to remove a tube from service. " The regulatory basis for leaving throughwall cracks in service
in the tubesheet region of WEXTEX expansions is provided below. . :

Steam generator "tube failure” is defined by the NRC within RG 1.83 as the full penetration of
the primary pressure boundary with subsequent leakage. Consistent with this definition, upon the
implementation of the tube plugging cnteria of this report, known leaking tubes will be removed

from service. The tube plugging criteria of this report are established such that operational
leakage is not anticipated. :

The NRC defines steam generator tube rupture within-RG 1.121 as any perforation of the tube
pressure boundary accompanied by a flow of fluid either from the primary to secondary side of
the steam generator or vice versa, depending on the differential pressure condition. As stated
within the regulatory guide, the rupture of a number of single tube wall barriers between primary
and secondary fluid has safety consequences only if the resulting fluid flow exceeds an acceptable
amount and rate. This rate has been defined in NUREG-0844 as exceeding the make-up capacity-
of the plant. Loss of steam generator tube integrity means loss of "leakage integrity”. Loss of
"leakage integrity” is defined as the degree of degradation by a throughwall crack penetration of
a tube wall membrane that can adversely affect the margin of safety leading to "tube failure”,
burst; or ‘collapse during both normal operation and postulated accident conditions. Acceptable
service, in terms of tube integrity, limits the allowable primary to secondary leakage rate during
normal operating conditions and provides that the consequences of postulated accidents would
be within the guidelines of 10 CFR 100. In order to determine that steam generator tube integrity
is not reduced below a level acceptable for. adequate margins of safety, the NRC staff position
focused on specific criteria for limiting conditions of operation. These include: :

.Secondary Water Monitoring
Primary-to-Secondary Tube Leakage
Steam Generator Tube Surveillance

. Steam Generator Tube Plugging Criteria

BN
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Tubes with throughwall cracks will maintain "leakage integrity” and are acceptable for continued
operation if the extent of cracking can be shown to meet the following RG 1.121 criteria:

1. Tubes are demonstrated to maintain a factor of safety of three against failure for
bursting under normal operating pressure differential.

2. Tubes are demonstrated to maintain adequate margin against tube failure under
postulated accident condition loadings (combined with the effects of SSE loadings) and
the loadings required to initiate propagation of the largest longitudinal crack resulting
in tube rupture. All hydrodynamic and flow induced forces are to be considered in the
analysis to determine acceptable tube wall penetration of cracking.

3. A primary-to-secondary leakage limit under normal operating conditions is set in the
plant technical specifications :which is less than the leakage rate determined
theoretically or experimentally from the largest single permissible longitudinal crack.
This action would ensure orderly plant shutdown and allow sufficient time for remedial
action(s) if the crack size increases beyond the permissible limit during service.

In addition to the RG 1.121 criteria, it is necessary to satisfy FSAR accident condition limits for
primary-to-secondary leak rates. Leak rate limits must be satisfied on a plant specific basis to
the guidelines of 10 CFR 100. For Westinghouse plants, a steamline break event (SLB) is
generally the limiting event for radiological consequences and the SLB is applied in this report
as the reference event for limiting accident condition Jeakage.

3.1.2 Requirements for W* Tube Plugging Criteria

Tube Burst Considerations

Tube burst is precluded for cracks within the tubesheet by the constraint provided by the
tubesheet. Thus the RG 1.121 criteria are satisfied by the tubesheet constraint. Crack lengths
do not need to be limited by burst considerations, and operating leakage limits are not required
since, without the potential for tube burst, there is no need for leak-before-burst leakage limit.

Conceivably, however, a 360° throughwall circumferential crack or many axially oriented cracks
could permit severing of the tube and tube pullout from the tubesheet under the axial forces on
the tube from primary to secondary pressure differentials. The W* criteria are required to prevent
tube pullout from the tubesheet under axial loading conditions. A W* length is required such
that the tube to tubesheet contact pressures integrated over the W* length are sufficient to
compensate for the axial forces on the tube and thus prevent tube pullout. Within the W* length,
tube degradation must be limited to permit the axial loads to be transmitted over the entire W*
length without severing of the tube. The W* criteria limit the number, angle of inclination, and
length of axial cracks to sustain acceptable axial load capability. Because of the limited number
of circumferential and volumetric indications in the W* length and consequently a limited growth
history, circumferential and volumetric indications within the W* region are not specifically
addressed by W* criteria; these indications would be repaired. Below the W* length, any type
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of tube degradation is acceptable as tube mtegnty is not required to accommodate axlal loads on
the tube or to limit tube leakage.

Operating Leakage Considerations

WEXTEX region cracks could potentially occur as the result of primary water stress corrosion
cracking (PWSCC). Extensive European operating experience has been obtained with axial
PWSCC cracks left in service as summarized in Reference 9.2. This operating experience has
demonstrated negligible normal operating leakage from PWSCC cracks even under free span
conditions in o]l transitions. PWSCC cracks (if they were to occur) in WEXTEX expansions
in the tubesheet region would be ‘even further leakage limited by ‘the tight tube-to-tubesheet
crevice and the limited crack opening permitted by the tubesheet constraint.

Consequently, negligible operating leakage is expected from cracks in the tubesheet region of -
WEXTEX expansions and no requirements must be applied to limit operating-leakage.

Accident Condition Leakage

As noted in Section 3.1.1, the accident condition leakage must be limited to acceptable limits
established by plant Specnﬁc FSAR evaluations. The SLB event is limiting for the Series 51.
steam generator leakage evaluation and is applied in this report.. Since the pressure differentials
associated with a SLB event can open cracks that had negligible operating leakage, the W*
criteria must provide a method to calculate SLB leakage to demonstrate compliance with FSAR
requirements. Leakage is limited for cracks in the tubesheet by crack size and the small crevice
opening within the tube to tubesheet crevice. Based on Westinghouse models for leakage through
cracks, and leak rate tests of WEXTEX expansions, a SLB leakage ‘analysis model is developed
in thls report to ca]culate SLB leak rates for cracks Ieft in service.

Application of the W* tube plugging criteria reqmres the use of plant specific leak rate limits.
SLB leak rate analyses for cracks left in service must be performed using the methods of this
report to demonstrate leak rates less than the acceptable limits.. The leak rates calculated from
other alternate plugging criteria must also be included in’ the totals for comparison to the plant
specific leak rate limit. If tubesheet region cracks, as accounted for in the SLB leak rate analysis-
are the only deep (>40% depth) cracks left in service, it is expected that SLB leakage will not
exceed allowable limits.

Operating Conditions for the Generic W* Cnteria -

The normal operating conditions and design parameters utilized in this analysis are summarized
in Table 3.1-1. The values were developed from a review of the licensed and current operating
conditions of WEXTEX units participating in this study. They are inténded to be conservative
estimates of potential operating conditions. They do not represent currently allowable operating
conditions, but were developed to encompass most potential future operating conditions in units
employing the W* criteria.



Sensitivity analysis was performed to determine the effect of variations in steam pressure and hot
leg temperature at 100% of rated power on tube radial contact pressures at the top of the
tubesheet. Secondary side pressure was assumed to act on the tube OD over the full depth of

the tube/tubesheet crevice. [

J*¢ A full load steam pressure of | ]1* higher than the
steam pressure in any of the Series 51 WEXTEX units reviewed, was selected for the tubesheet
structural analysis. Since the thermal coefficient of expansion of the Alloy 600 tubing is higher
than that of the SA-508 tubesheet, lower primary pressures produce lower radial interference
pressures; a limiting, lower bound primary temperature of { J*° was selected for analysis

purposes.
3.2 LOADING CONDITIONS

The loading conditions for which tube integrity must be maintained include all power loadings
associated with normal operation, including startup, operation in power range, and hot standby
as well as anticipated transients and postulated accident conditions. Specific conditions evaluated
were normal operation, steamline break (SLB) + SSE, feedline break (FLB) + SSE, and LOCA
+ SSE. '

The applied loads acting on the tube which could result in tube pullout from the tubesheet during
normal and postulated accident conditions are predominantly axial and due to the intemal-to-
- external pressure differentials. For a tube that has not been degraded, the axial load is given by
the product of the differential pressure and the internal cross-sectional area of the tube. However,
for a tube with degradation, e.g., cracks oriented at an angle to the axis of the tube, the intemnal
pressure may also act.on the flanks of the degradation. Therefore, for a tube which is
conservatively postulated to be severed at some location within the tubesheet, the total force.
acting to remove the tube from.the tubesheet is given by the product of the pressure and the
cross-sectional area.of the tube outside diameter, i.c., the inside diameter of the tubesheet hole
for an expanded tube.

The loads from normal and faulted conditions act from the inside of the tube and are tensile in
nature, tending to pull the tube from the tubesheet. The LOCA loadings are due to pressure.
acting on the OD of the tube and are compressive and tend to push the tube into the tubesheet.
The magnitude of these loads is addressed below.

3.2.1 Normal Operating Loads
For analysis of the axial force loadings from normal operating conditions it is assumed that the

tube has degradation and that the pressure acts on the combined internal and wall cross-sectional
area of the expanded diameter of the tube. This approach develops higher loads than those
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exhibited from end cap loads, in which the pressure load is applied only on the tube ID.

The pullout loads are developed from the primary-to-secondary pressure differential, so the
limiting loads are developed by low steam pressure conditions. A review of plant operating data
was performed of the units participating in this effort to determine a near term lower bound
estimate of normal operating steam pressure. The value found in the evaluationis [ . ]** psia.
This value does not take credit for the pressure drop between the steam nozzle exit and the SG
lower bundle, which would give a reduced normal operating condition differential pressure at the
tubesheet secondary face.

The primary operating pressure for the Series 51 units is 2250 psia. The normal operating
condition pullout load requirement per RG 1.121 is the normal operating pnmaxy-to—secondary
pressure differential, or 3AP, ,, with a factor of safety of three.

The force acting on the tube under the bounding normal operating pressure shown in Table 3 1-1
can be’ expressed as: ) -

[
]‘.‘J

With a safety factor of three, the normal operation axial load bearing requirement for Series 51
WEXTEX plam tubes is thus [ J<¢Ibs. Other forces such as fluid drag forces in the U-bends
and vertical seismic forces are neghgxble by comparison. ,

3. 2 2 Faulted Condmon Loads

The '-RG 1.121 faulted condition load requirements are.that the pullout load be reacted with a
factor of safety of 1.0/0.7, or 1.43, in the faulted SG during any portion of the transient.. The
maximum faulted condition load occurs at the maximum primary-to-secondary pressure
differential. Including the adjustment for safety valve setpoint error, the feedline break transient
provides a more limiting primary-to-secondary pressure differential (2650 psi) than a steam line
break (2560 psi), and is therefore used in the pullout load analyses. Pressure loadings are

conservatively applied to the entire cross-sectional area of the expanded tube (i.e., pressure was

applied to the cross-sectional area of the tube), nominally [ ]*° diameter. The faulted
condition load is then calculated as follows:

|

e

The above "Case (1)" faulted analysis condition assumes that the full 2650 psi pressure
differential occurs instantaneously after the break, at the minimum operating hot leg temperature
of | ]**. The secondary temperature for the "Case (1)* faulted condition is the associated
steam temperature of [ J=.
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A review was performed of the conditions later in the SLB and FLB transients. The limiting W*
faulted condition for pullout loads, "Case (2)", was found for the 412 plant (4-Loop) at

(

J° The faulted conditions analysis cases are
summarized in Table 3.2-1.

As discussed in Reference 9.3, these loads need not be further augmented for dynamic loading
effects because of the sequence of events during the transient.

"As previously noted, the SLB condition is limiting for the leakage analysis. Consistent with
established altemnate repair criteria analyses, W* leakages are determined for the SLB AP of 2560
psi with a hot leg temperature of 600°F, as shown in Table 3.2-2. Both the leak rate calculation
and the leakage structural model are evaluated for the Table 3.2-2 conditions.

3.2.3 Other Transient Conditions

An evaluation was performed to consider operating transients which could result in the condition
where the tube would be at a temperature lower than the tubesheet. ‘In this situation some of the
engagement preload would be lost as the tube would shrink relative to the tubesheet. The worst
case occurs for a Loss of Flow transient where the tube temperature becomes about 10 degrees
lower than the tubesheet temperature. However, during this transient the decrease in primary side
pressure offséts the effects of the decrease in primary side temperature and the temperature
difference between the tube and the tubesheet, such that a net increase occurs in the contact
pressure between the tube and tubesheet hole.

3.24 LOCA

The axial load acting on the tube under LOCA conditions is approximately [ ]**° Ibs. and is
compressive from the tube OD. Therefore, it tends to force the tube into the tubesheet rather
than to pull it out, and is not a factor in W* analyses.

3.2.5 Other Faulted Load Considerations

Seismic analysis of the Series 51 steam generators, Reference 9.4, has shown that axial loading
of the tubes is negligible during a safe shutdown earthquake (SSE).
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Table 3.1-1

W* Normal Condition Analysis and Design Parameters

ace



Table 3.2-1
W* Structural Analysis Conditions (W* Length and Pullout)

ac

Primary | Secondary | Pullout Hot Leg | Cold Leg | Secondary
Structural Pressure | Pressure Load Temp., Temp., Temp.,
Analysis Case (psia) (psia) (lbs.) (°F) (°F) (°F)
' i} Table 3.2-2 I
W* Leakage Analysis Condition
Leakage Primary Secondary Hot Leg Secondary
Analysis Case | Pressure (psia) Pressure (psia) Temp., (°F) Temp. (°F)

|
|
|

I
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40 PULLOUT LOAD REACTION LENGTH
41 EVALUATION METHODS AND LOADS

In the unlxkely event that a steam generator tube is c:rcumferentnally degraded within the

tubesheet 1o the extent that tube separation could occur, significant tube axial movement would

likely be prevented by the tube support plates (with or without denting), adjacent tubes in the U-
bend, and/or the AVB retaining rings. Nevertheless, if a tube separation within the tubesheet
occurs, that portion of the tube from the separation to the top of the tubesheet must react the
applied loads to meet RG 1.121 requirements. The Jargest normal and largest faulted operation
axial load requirements are [ 1% pounds, respectively, as developed in Section 3.2.
These loads must be reacted by the axial restraint afforded by the contact pressure between the
tube and tubesheet times the friction coefficient of the tube-to-tubesheet interface acting over
some interface length. For the purposes of this evaluation, the leng1h of engagement of a tube
in the tubesheet necessary to meet the pullout load requirements is defined as the pullout load
reacnon length, or PLRL.

To determine the PLRL it is necessary to know the magnitude of the contact pr&csure between{

the tube and tubesheet, which is the contact pressure during operation and postulated accidents,
plus that from the WEXTEX expansion process, and the value for the static coefficient of friction
for the tube/tubesheet material couple. Contact pressures occurring during normal or faulted
conditions have been calculated through finite element analysis as described in Section 4.3. The
contact pressure from the WEXTEX process was determined through testing of WEXTEX
fabricated samples representative of the WEXTEX tube-to-tubesheet expansions described in
section 4.2. The friction coefficient for the tube-to-tubesheet interface was also determined from
these tests, in section 4.2.2.

The engagement length, i.e., PLRL, 'is the length of tube, measured from the bottom of the
WEXTEX transition, where the integrated resistance load is equal to the applied load, and is
provided in section 4.4.

- 42  TESTING

421 Approach

A review was made of the field-implemented WEXTEX process to identify procéss parameters

and controls affecting pullout load resistance, so that a conservative test technique could be

employed. Two of the more significant factors are:

WEXTEX Charge Variability: The explosive exp;msion process has been the subject of extensive
research in the nuclear and other industries. The WEXTEX process employed in the Series 51
SGs systematically controlled by design and procurement procedures, and was reviewed with
regard to structural, materials, manufacturing, safety, process and other features. The WEXTEX
charge density was statistically controlled, and sampling of each lot of detonating charge was
performed to confirm that these values were maintained.
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Tube Yield and Ultimate Strength Variability: WEXTEX expansion of Series 51 SGs was
performed in the field, after SG shipment. A range of tube yield strengths exists in these units.
The WEXTEX charge imparts an energy which is sufficient to produce the strain deformation
necessary to cause the tube to come into contact the tubesheet hole. The confirmation of a
complete expansion can be determined from bobbin and RPC. inspections, including observation
of the WEXTEX transitions at the proper location. Since WEXTEX expansions in [

]t.c

Reviews of WEXTEX expansions by profilometry analyses have shown full expansions below
the BWT for lengths considerably larger than the required W* distances of about 6 inches. Thus,
identification of the BWT is sufficient to confirm expansion over the W* length and further
confirmation of the expanded length is not required. The elevation of the BWT below the TTS
is typically variable within a few tenths of an inch, Lack of an expansion near the TTS would
be identified by the inability to locate the BWT, and exclusion of the tube under W* criteria.

4.22 Pullout Load Test Specimen Descriptions
4.22.1 W* Pullout Test Specimens

The W* pullout test samples were selected from a number of specimens prepared in the W*
program to provide a bounding case condition with regard to pullout resistance. These samples
were similar in configuration to those used in the L* program.. The W* pullout test samples
consisted of carbon steel collars approximately [

]b.cx

Since the WEXTEX expansion is a high energy process which causes the tube OD to impact and
to be formed into even small variations in the tubesheet hole bore surface, the feature which is
of most significance to pullout load resistance is the surface finish of the tubesheet hole. The
Series 51 SG tubesheet hole bore finish requirement was [ ]* microinch rms maximum. The
samples in the test program were procured to a [ ]* rms requirement. For the W*
pullout tests, two tubesheet collar specimens were selected: specimen W4-006, which appeared
to have a bore surface roughness at the upper end of the bore finish requirement, and specimen
W8-007A, which was smooth throughout. Specimen W8-007A was cut from a longer length
specimen, and surface roughness measurements on the cutoff end were found to vary from only
[ J* microinch rms. Both of the tubesheet collar samples had uniform diameter profiles,



The tube specimens were fabricated from Quality Assurance (QA) controlled stock and
fabrication of the collars was done under QA surveillance. The WEXTEX expansions were
fabricated per approved procedures and detonation cord analysis was within the range of the
WEXTEX explosive charge procurement specification.

The collars used to simulate the tubesheet were [

]b.c,e

The WEXTEX samples fabricated for pull force testing were of a |

. ]b.&e

The samples were also noted to have [

]b,c.c A

A number of preliminary specxmens identified by an "NLS-" prefix, were prepared prior to the
above test program. These specxmens were 0.875 inch nominal tube size, and had the same tube
material, collar material, and collar sizes as the above samples, but were not fabricated with full
QA certification. These specimens were exposed a 750°F doped steam environment in a
corrosion test, and results are provided for information purposes.

4.2.2.2 W* NDE Specimens Modified for Pullout Test

To ascertain the degree of conservatism in the above W* pullout load test specimens, additional
pullout testing was performed to provide more typical, clean condition (conservative) WEXTEX
radial contact pressure and friction coefficient results using the W* NDE test specimens’
described in section 7.3.2 after NDE testing was completed. The WEXTEX-expanded NDE
specimens were prepared in [ .

. ]’ The NDE specimens were
modified for pullout testing by [

1" Surface roughness measurements made prior to tube installation

- _on the hole bore surface were as follows:




]b,:.e

423 Pullout Test Description and Results
42.3.1 W* Pullout Test Specimens

The W* pullout samples were tested at various temperature and internal pressure conditions to
assess the pull forces associated with the WEXTEX joint. The test samples used for the
pressurized and unpressurized tests were slight modifications of the as-expanded double ended
sample described in 4.2.2.1. The test sample configurations are illustrated in Figure 4.2-2. As
noted in the figure, the samples were tested by applying an axial tensile load to the tube while
restraining the collar.

The testing was performed on a SATEC testing machine and a load/crosshead displacement curve
was recorded as the test progressed. The pull force of the sample was taken to be the load where
"first slip” of the tube in the collar occurred as reflected by a drop in the test load. In those tests
at room temperature where there was no noticeable drop in the load, the pull force was taken as
the load that is present when the tube was at { ]** inch crosshead movement.

The samples were tested at differing steady state temperature and pressure conditions to obtain
pull forces at [ ] different. tube-to-collar interface contact pressures. The nominal test
conditions included [ ‘

]b.c.e

The curves of pullout load versus crosshead displacement (deflection) exhibited [

1**. Figure 4.2-3 illustrates the pullout load/deflection curve for
specimen W8-007A-at | :

]:,c,e

The length of the constant diameter section (length of engagement) of the specimens and the
pullout load results for the pull test samples are given in Table 4.2-1. The test specimens include
a typical "taper region"” as discussed previously, and thus the effective contact length of 2.0" from
room temperature measurements is taken as the constant diameter region of the test specimen.
As discussed in the analysis of the test data (Section 4.4.2), a review was made of the effect of
varying the effective interface length of 2.0", to adjust it for changes in the contact pressure
between the tube and collar. The review concluded that [
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Table 4.2-1 shows that the preliminary "NLS-"-specimens, which were exposed to doped steam,
had pullout loads per unit length about a [ - ]*< than those of the non-exposed
specimens. This is generally consistent with observations from L* test programs.

4 2 3 .2 W* NDE Specrmens Modified for Pul]out Test

Pullout testing of the modxﬁed W‘ NDE specimens was performed according to a revision of the
W* pullout test procedure described above. Table 4.2-2 illustrates the specimen condition and
test condxtmns for the pullout tests.

Smce it was pressurized internally during testing and had the hlgh&st radial contact pressures the
specimen [ . : : . J** The first data pomt for
this specimen was at [ : . .

' el Table 42-3. hsts
the pull test results for all of the W* NDE specimen test condmons Analysis of the W* pullout
test and W* NDE specimen pullout test data is provided in section 4.4.2,

Specimens [

-

]b.C.c

Specimen NDE 02-2 was stress relieved [

e

test conditions, and is believed to be the reason for a decrease in slip load. Section 4.4.2
provides analysis of the data.




43 ANALYSIS OF TUBESHEET

The analysis of 51 Series SG tube/tubesheet contact pressures involves a 2-D axisymmetric finite

element analysis model to determine the contraction and dilation of the tubesheet holes as a
function of operating temperatures and pressures and tubesheet location. These are used with
calculations of contact pressure from thick cylinder equations to develop the tube-to-tubesheet
interface contact pressure. The finite element model was developed of the 51 Series SG
tubesheet, channel head, and lower shell in Reference 9.6. This model is shown in Figure 4.3-1.

43.1 Matenal Properties and Tubesheet Equivalent Properties

The tubesheet, shell and channel head are fabricated of SA-508 Class 2, SA-533 Grade A Class
1, and SA-216 Gr. WCC materials, respectively. Tables 4.3-1 to 4.3-3 list the applicable
mechanical, thermal, and strength properties for the tubesheet, shell and channel head materials,
taken from Reference 9.7. The perforated tubesheet in the Series 51 channel head complex is
treated as an equivalent solid plate in the finite element analysis. It is assumed that the tubesheet
is a thick plate and that the loading results in a generalized plane strain condition. The finite
element model conservatively neglects the stiffening effect from the tubes in calculating the
tubesheet displacements. The perforated pattem is square with a pitch of 1.281 inch and
maximum hole diameter of [ ]*. To account for the perforations in the plate, the
modulus of elasticity, E, and the Poisson's ratio, v, for the plate material are modified. The
ligament efficiency is used in the determination of these values, and is defined as:

h_.
Ligament Efficiency, n = o
pomninas
where hogainet = Prominat = Gnaximum
Powia = 1.281, Pitch of the square pattem
orimm = [ ]*, tube hole diameter
Therefore,
hmin-l = 1.281 '[
- ]l.t

The resulting E* and v* from Slot (Reference 9.8) are input as tubesheet material properties in

the analytical model:
ac

p— ot
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Table 4.3-1 gives the modulus of elasticity, E, of the tubesheet material at various temperatures.
Using the ratio E*/E calculated above gives the modulus of elasticity for the equivalent solid
plate in the perforated region of the tubesheet for the finite element model. The material
properties of the tubes are not utilized in the finite element model, but are listed in Table 4.3-4
for use in calculations of the tube/tubesheet contact pressures.

43.2 Analysis of Tubesheet Rotation Effects

Using the finite element model of Figﬁre 4.3-1, dispiacements throughout the tubesheet were
obtained for the unit loads listed below:

Unit Load Magnitude
Primary Side Pressure 1000 psi
Secondary Side Pressure 1000 pst
Tubesheet Thermal Expansion 500°F AT
Shell Thermal Expansion -500°F AT
Channel Head Thermal Expansion 500°F AT

The three temperature loadings consist of applying a uniform thermal expansion to each of the
three component members, one at a time, while the other two remain at ambient conditions. The
boundary conditions imposed for all five cases are UX = 0 at all .nodes on the center line, and
UY = 0 at one node on the outer surface of the tubesheet. In addition, an end cap axial stress
(pst) is applied to the top of the secondary side shell elements (based on the shell R, and R_) for
the 1000 psi secondary side pressure unit load, equal to:

a,c

This yielded displacements througixbut the tubesheet fbf the unit loads.

The axisymmetric analysis does not include the effect of the divider plate in restraining the
tubesheet displacements. Calculations performed with a 3-D finite element model of a Model
D4 steam generator (Reference 9.9) showed that the displacements at the center of the tubesheet
when the divider plate is included are [ ]*** of the displacements without the effect of the
divider plate. Since the 51 Series SG channel head/tubesheet/divider plate geometry is effectively
identical to that of the Model D4, the same factor of [ .]J** was applied to the 51 Series
" tubesheet displacements. This[  ]*** factor is applied to the tubesheet displacements (y-axis)
produced by the pressure unit loads; as seen below, this limits the changes in tubesheet hole

dilation on the secondary face of the tubesheet. - The radial displacements produced by the

thermal unit Joads are unaffected by the divider plate.

The radial deflection at any point within the tubesheet is found by scaling and combining the unit
load radial deflections at that location according to:




P

The above expression provides the radial deflections along a line of nodes at a constant axial
elevation (e.g., top of the tubesheet) within the perforated area of the tubesheet.

The ex;;ansion of a hole of diameter D in the tubesheet at a radius R is given by:

[
|

U, is available directly from the finite element results. dU/dR may be obtained by numerical
differentiation. Using central differences,

[ I

for all nodes except those at the inside and outside boundaries of the perforated region of the
tubesheet. At these locations, second order forward or backward differences are used.

[ P
[ ¥

This numerical differentiation has been shown to be sufficiently accurate for calculating dU/dR
(Reference 9.3).

The maximum expansion of a hole in the tubesheet is in either the radial or circumferential
direction. Typically, these two values are within 5% of each other. Since the analysis for
calculating contact pressures is based on the assumption of axisymmetric deformations with
respect to the centerline of the hole, a representative value for the hole expansion must be used
that is consistent with the assumption of axisymmetric behavior. A study was performed in
Reference 9.10 to determine the effect of hole out-of-roundness on the contact pressures between
the tube and tubesheet.

The equation used for the hole AD is:

[ I

e m .  ——————



where SF is a scale factor between zero and one. For the eccentricities typically encountered
during tubesheet rotations, SF is usually between [ J*. These are listed in the table
below:

- a,c

b

These data were fit to the polynomial below:
a,c

This hole expansion includes the effects of tubésheet rotations and deformations caused by'.'th\e‘E

system pressures and temperatures. It does not include local effects produced by interactions
between the tube and tubesheet hole. Thick shell equations from Reference 9.11 in combination
with the hole expansions from above are used to calculate the contact pressures between the tube
and tubesheet.

The unrestrained radial expansion of the tube, AR,, is given by:

Thermal: AR" =c a (T, - 70)

a,c

Intemal pressure, psi

External pressure, psi

Inside radius of tube, in.

Qutside radius of tube, in.

Coefficient of thermal expansion of tube, in./in/°F
Modulus of elasticity of tube, psi.

Temperature of tube, °F

Poisson's ratio

where

nmnannnnnn.
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The radial expansion of the hole, ARy, is given by:

Thermal: ARy = ¢ a (T, - 70)

ac

where the additional terms are,

E;s =  Elastic modulus of the tubesheet, pst

a;s =  Coefficient of thermal expansion of tubesheet, in./in./°F

d = Outside radius of cylinder which provides same radial stiffness as the
tubesheet, in.

T;s =  Temperature of tubesheet,°F

If the unrestrained expansion of the tube O.D. is greater than the expansion of the ID of the
tubesheet hole, then the tube and the tubesheet are in contact. The inward radial displacement
of the outside surface of the tube produced by the contact pressure between the tubesheet and
tube, &, is given by: -

a,c
where
P, = Contact pressure between tube and tubesheet, pst
The equation for the contact pressure P, is obtained from:
ac

where

AR = Hole expansion produced by tubesheet rotations obtained from finite element results.

The resulting equation is:

4-10



ac

For a given set of primary and secondary side pressures and temperatures, the above equations
are solved for selected elevations in the tubesheet to obtain the contact pressures between the tube
and tubesheet as a function of tubesheet radius. Negative "contact pressures” ‘indicate a gap
condition. - ‘

4.3.3 Results for Normal and Faulted Conditions

The unit load displacements were taken from Reference 9.6 along lines of constant axial elevation
in the perforated part of the tubesheet. These displacements are used to calculate tube/tubesheet
contact pressures using the equations defined above. Contact pressures for the unit load
conditions are scaled to correspond to the appropriate pressure and temperature conditions for
normal operation and faulted conditions. Scale factors are also applied to adjust the contact
pressures to the actual material properties at normal operating cold leg and hot leg temperatures.

The loadings considered in this analysis were selected to provide the limiting conditions for the
51 Series SG WEXTEX plants in this study. The conditions for pullout load evaluations were
summarized in Table 3.2-1, and the conditions for SLB leakage are shown in Table 3.2-2.

Primary pressure is assumed to act on the inside of the tube and the secondary pressure is
assumed to act on the outside of the tube and the inside of the tubesheet hole.

Tube/Tubesheet Dimensions_and Matlerial Properties

From Reference 9.6, the dimensions of the WEXTEX section of the tube and the tubesheet unit
cell are: -

[
]&C.'
Material properties at the limiting temperatures are:

[

| g
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For these sets of primary and secondary side pressures, temperatures and material properties, the
equations derived in Section 4.3.2 are solved for selected elevations in the tubesheet to obtain
the contact pressures between the tube and the tubesheet as a function of tubesheet radius for

both the hot leg and cold leg.

Contact pressures from the combined effects of differential thermal expansion between the tube
and tubesheet, pressure, and tubesheet bending for the pullout load evaluations are provided in
Tables 4.3-5 to 4.3-10. Contact pressures for the leakage analysis conditions are provided in
Table 4.3-11. The results in these tables do not include the contact pressure component due to
the WEXTEX expansion. Negative contact pressures near the top of the tubesheet do not
represent a tensile condition, nor do they constitute a loading condition which non-conservatively
reduces tubesheet rotation at the top of the tubesheet; instead, they are the result of the equations
used to combine the tube and tubesheet interaction results with the results of the tubesheet finite
element model. Negative contact pressures represent gap conditions, and therefore do not
contribute to pullout load resistance. :
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44 CALCULATION OF PULLOUT LENGTH

The pullout load resistance length (PLRL) has been defined as the length of sound tube
engagement in the tubesheet necessary to resist- the analysis axial loads resulting from the
pressure differentials. The axial resistance to pullout is due to the force resulting from the radial
contact pressure between the tube and the tubesheet and the friction coefficient between these two
components. '

The radial contact pressure between the expanded tube and the lubesheet during steam generator
operation includes radial contact pressures related to the thermal expansion mismatch (0.40 E-6
in/in/°F) between the alloy steel tubesheet and the Alloy 600 tube at approximately 600°F, and
to the differential pressure across the tube wall. Any radial interference contact pressure resulting
from the WEXTEX expansion process also contributes to the total radlal contact pressure

To determme the engagement length necessary to react the axlal loads it is necessary to def ne
the operating radial contact pressure and the expansion process radial contact pressure. The
steam generator operating radial contact pressures were calculated from a structural model and
the results were provided in Section 4.3. The WEXTEX fabrication contact pressure, S,y and
friction coefficient, p, are developed in this section using the pull test results from Section 4.2.
From analysis of the combined WEXTEX and operating radial contact pressures, this section also
develops 'the pullout load lengths required to meet the structural criteria Since radial contact
pressure varies with increasing tubesheet radius, the analysis is performed for two tubesheet
zones, defined as Zone A (near periphery) and Zone B (centrally located). Although W*
degradation has only been observed on the hot leg to date, pullout lengths are also calculated for
the cold lep.

44.1 Nommal Operation Contact Pressures

Radial contact pressures for normal operating conditions were determined in Section 4.3, and the
Joads and related temperatures were provided in Section 3.2. :

The pullout load model assumes that the bottom of the WEXTEX transition (BWT) coincides
with the top of the _tubesheet. This approach is employed since BWTs are not higher than the
top of the tubesheet, and since tubesheet contact pressures are conservatively lower near the top
of the tubesheet. Figure 4.4-1 illustrates the model used for W* length calculations.

442 WEXTEX Radial Contact Pressure and Friction Coefficient from Tests

The radial contact pressure between the tube and collar is composed of residual contact pressure
from WEXTEX expansion, contact pressure due to the differential thermal expansion of the tube
(higher coefficient of thermal expansion) into the tube (lower), and pressure expansion of the tube
into the collar. The product of the integrated contact pressure, the surface area in contact
between the tube and tubesheet, and the friction coefficient provides is equal to the pull force.
For a discrete length with a uniform contact pressure, this is expressed as:
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[ P (4.4-1)

where,

PF = Pull Force measured during test, lbs.

D = tube OD and collar ID, inch

1} = friction coefficient

S,w = radial contact pressure from WEXTEX expansion, pst

St = radial contact pressure from thermal expansion mismatch
between the tube and collar, psi -

Sp = radial contact pressure from intenal pressure, psi

L, = effective engagement length, inch

The determination of the radial contact pressure from WEXTEX expansion, S,y, and the friction
coefficient, p, from the pullout test results required a calculation of the applied contact pressures
for each test condition.. Applied contact pressures are those due to pressure and thermal
expansion (at room temperature and pressure the applied contact pressure is zero.) A calculation

similar to that employed for the tubesheet contact pressure was developed, as described below. -

At the tube OD surface, outward movement of the tube due to intemal pressurization and thermal
expansion is opposed by the radial contact pressure from interaction with the tubesheet collar.
The collar ID surface moves outwardly, 8;, a distance equal to the tube outward movement, 3.,,.,
in response to contact pressure at the collar ID and thermal expansion. These are shown as:

Oupe = Srube, thermat T Orube pressure (4.4-2)
Ors = O1s, termur + Ors, pressure (4.4-3)
The formulas of Reference 9.11 provide:
ac
- (4.4-4)
where,
|

]l.‘

The thermal expansion of the tube and collar are:
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Bube, et = b Oy * (T - 70) ' (4.4-5a)

Ors. e = D ays* (T -70) : . (4.4-5b)

where, i
' = Coefficient of thermal expansion of the tube, in./in./°F

Oys = Coefficient of thermal expansion of the tubesheet, in/in./°F

T = Temperature of the tube and collar, °F

The "70" value is room temperature, in degrees Fahrenheit.

The formulas of Reference 9.11 also provide:

a,c '
(4.4-6)
where,
P = Radial contact pressure, psi
Eis = Young's modulus for the tubesheet collar, psi
c = Outside radius of tubesheet collar, in.
There is no external pressure differential across the tubesheet collars. :
|
Solving equations (4.4-2) through (4.4-6) for P results in:
a,c
) t
4.4-7)

|

The material properties for the 1018 carbon steel collars and the I-600 tubing were obtained from
Reference 9.7.
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Pullout Load Test Material Properties‘vs. Temperature
Temperature, °F ' : 70 400 600
Tube Elastic Modulus, E, psi 31.0E+06 29.5E+06 28.7TE+H06 H
Collar Elastic Modulus, E;q, psi 29.5E+H06 27.7E+06 26.7EH06 H
Tube Coeff. of Thermal Expansion, o, 6.90E-06 7.57E-06 | 7.82E-06
in/in./°F
Collar Coeff. of Therm. Expansion, o5, 6.50E-06 7.07E-06 | 7.42E-06
in./in./°F

Dimensional values for the test are:

[

]lﬁ

The W* pullout load test contact pressure results are shown in Tables 4.4-1 and 4.4-2 for
{ 1" the unrestrained
differential thermal expansions between the tube and collar for each are [

P

Test Specimen Effective Engagement Length: The effective engagement length, L, is the length
of tube which provides pullout resistance in the test specimen. The "constant diameter” fully

expanded zone, L, of these samples is [ ]'S. At each end of the "constant diameter zone",
there is a slight taper over a |

I

Since increases in the applied contact pressure (due to pressure and thermal expansion) will cause
a greater length of the tube to come in contact with the collar, and hence a greater radial load,
an evaluation was performed of potential adjustments to the contact length as a function of the
changes in contact pressure due to intemal pressurization and heatup. On the "low end” of the
analysis cases, (
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_"End effect"” comrections are employed as a conservatism in pullout load resistance length criteria
since a degraded portion of tube adjacent to the sound tube portion could induce an edge rotation
at'the end of the sound tube section, théreby reducing the contact pressure in the sound tube
portion. The end effect correction was not uséd for the W* pullout test specimens, since the -
reduction in effective length that occurs wnh such an assumpt:on produces a larger less

conservative friction coefficient. :

Applied Radial Contact Load: Equation (4.4-1) was modified to develop the total radial contact
load at each test condition. The total applied radial contact load, P, ., is portion of the radial
contact load which varies with changes in the test temperature and tube internal pressure, and is
the product of the applied radial contact pressure and the area of the contact pressure:

[ - I (4.4-8)
where,
D = Tube diameter at contact, inch

and the other parameters are the same as defined for Equation 4.4-1.

The temperature and pressure {

J*¢ This
is represented as following: <
[ | (4.4-9)
'where, - . |
SL = Slip load from .the appiied load vs. reacted -ioad curve, 1bs.
P, = The slip load corresponding to zero applied load, Ibs.
Figure 4.4-2 illustrates the above method.
From equation 4.4-1, Sy, is found when (S,; + S, ) = 0, and PF = P,:
[ e (4.4-10)
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Figure 4.4-3 illustrates the regression fits of applied versus slip loads for all of specimens tested.
The results for each specimen are generally quite linear, indicating that [

1™ Referring to
Table 4.2-3, it is also noted that the initial slip load for specimens [

J*<* and illustrates the margin inherent in the approach. The above test results also
do not take credit for any potential decrease in pullout load due to the EDM notches.

From equation 4.4-10, the WEXTEX contact pressure, Sy, is [

]I.c
4.43 W* Pullout Length

Since the contact pressure between the tube and tubesheet varies across and through the tubesheet
as a result of primary and secondary temperature and pressure differentials, the engagement
length was determined by dividing the load for a given criterion by the axial resistance load
(Equation 4.4-1) at incremental, increasing depths in the tubesheet.

Table 4.4-3 provides the W* length calculation summary for the hot leg normal operating
conditions. The column at left is the distance below the top of tubesheet at which the radial
contact pressures are calculated. The radial contact pressures shown in the next two columns,
"Total Contact Pressure” are the calculated contact pressures from the structural model for the
normal operating conditions [ ' ]*¢ as described in Section 3.2 and
include the WEXTEX contact pressure of | ]*¢. The contact pressures are the minimum
contact pressures for each W* zone, with the 2.28" radius being the limiting position for Zone
B, and 37.7" the limiting radius for Zone A. The "Incremental Load at Depth” provides the
pullout resistance load developed over the given depth increment, e.g., for this case [ ]*° Ibs.
of load is developed by the length of undegraded tubing between J*¢ inch below the
top of the tubesheet. No pullout load resistance is attributed to |

]*°. The final columns sum the incremental loads at each depth. At bottom,
the W* length is shown by interpolating the incremental load and adding to the largest
cumulative load which is less than the criterion load of [ I
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End effects, which are typically small (on the order of 0.17), are not included in the WEXTEX
W* length calculation since the WEXTEX expansion process is performed in one continuous
step. Unlike the stepwise roll expans:ons WEXTEX expansxons have negl:glble residual intemal

moments, and a complete severance of the tube at any given position in the WEXTEX-expanded ,

length has a negligible effect on the pullout resistance of a neighboring tube section. This is
evidenced by the tight contact and neghglble ID changes found when sectioning collars with
WEXTEX expansions. : 4

Tables 4.4-5, -6, -7, “and -8 provide the contact pressures and W* length determmatlons for

faulted conditions. Case (2) is the hrmtmg faulted condition.

Crackmg in WEXTEX mbe-to-tubesheet joints has been observed only in the hot leg to date,
however, cold leg W* lengths were calculated in the event that cold leg W* region indications
are observed. Cold leg W* lengths are provided in Tables 4.4-4 and 4.4-6 for the normal
condition and faulted Case (l) respectively. Cold leg W* lengths are not calculated for faulted
condition Cases (2) and (3) since the cold leg W* lengths are essentlally the same as the hot leg
lengths.

Table 4.4-9 provides a summary of the W* lengths for each analyzed case. Due primarily to a
lower thermal contact pressure component, the cold leg W* lengths are slightly increased in
comparison to the hot leg lengths. The limiting hot leg W* lengths occur for normal operating
conditions, and are 7.0 inches for W* Zone B, and 5.2 inches for W* Zone A.

4-19
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45 ZONES FOR W* LENGTH AND LEAKAGE

In a given tube, a length of sound expansion equal to the W* length provides that the structural
criteria for pullout are met. Two W* length zones have been defined. These correspond to the
zones currently used at WEXTEX plants for inspection of the expansion transitions. W* Zone
A includes the same tubes as expansion transition inspection Zones 1, 2, and 3. W* Zone B
corresponds to expansion transition inspection Zone 4. Inspection can be limited to the maximum
W* length calculated within these two zones. This reduces inspection time as compared to a
single W* length criterion. Figure 4.5-1 shows W* Zones A and B on a tubesheet map.

For the leakage calculation described in Section 6.0, Zone B has been subdivided into four zones .

designated Zones B1 through B4. Refer to Figure 8.2-1 for a tubesheet map of these zones.
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TABLE 4.2-1

WEXTEX EXPANSION JOINT PULL FORCE TEST RESULTS
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Table 4.2-2

Specimen Conditions and Test Conditions
for Pullout Tests of W* NDE Samples

Specimen
Number

Stress Relief
(time at temp.)

Temperatures
Tested (°F)

Intemnal Pressures
Tested (psig)

Collar

Lengths
Tested (inch)

L —— o ——  —— . — ____  —  — _—— _———— —  ——
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Table 4.2-3

Pull Test Results for W* NDE Specimens

Slip Load at Indicated Temperature, Pressure | Tube Intemal | Collar |Engagement
Sample (bs.) Pressure Length | Length
Number | 70 P [ 200 ¢F) | 400 ¢F) | 600 CF) (psi) (inches) | (inches)”
* First slip load.

™ Measured from centerline of WEXTEX transition.
@ Test suspended to avold tube yield (no slippage).
®) Tube yielding observed.

ciwstar\pulirev2pulioutSxds Pt Test2 Tablo 4-23
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Tabie 4.3-1
Summary of Material Properties
Tubesheet Material
SA-508 Class 2

PROPERTY TEMPERATURE (°F)

70 200 | 300 | 400 | 500 600 700

Young's Modulus 2920 | 28.50 | 28.00 | 27.40 | 27.00 | 2640 | 25.30
psi x 1.0E+06 :

Coefficient of Thermal '
Expansion 6.50 8.67 6.87 7.07 7.25 7.42 7.59

inin/°F x 1.0E-06

Density 7.32 7.3 7.29 7.27 7.26 7.24 7.2
Ib-sec?/in® x 1.0E-04

Table 4.3-2
Summary of Material Properties
Shell Material
SA-533 Grade A Class 1

PROPERTY TEMPERATURE (°F)

70 200 300 400 500 600 700

Young's Modulus 2920 | 28.50 | 28.00 | 27.40 | 27.00 26.40 25.30

psi x 1.0E+06
Coefficient of Theomal 7.06 7.25 743 7.58 7.70 7.83 7.94
Expansion
infin/°F x 1.0E-06’
Density 7.32 730 | 7.283 | 7.265 | 7.248 7.23 721

| bsec’in® x 1.0E-04
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Table 4.3-3 ,
Summary of Material Properties
Channel Head Material

SA-216 WCC
PROPERTY - TEMPERATURE (°F)

70 200 300 400 500 600 700

Young'’s Modulus 29.50 | 28.80 | 28.30 | 27.70 | 27.30 26.70 25.50

psix 1.0E+06
Coefficient of Thermal 5.53 5.89 6.26 6.61 6.91 717 7.41
Exbansion
in/in*F x 1.0E-06
Density 7.32 7.30 7.29 7.27 7.26 7.24 1.2

ib-sec?in* x 1.0E-04

. Table 4.3-4
Summary of Material Properties
Alloy 600 Tube Material

PROPERTY TEMPERATURE (°F)
70 200 300 400 500 600 "700
Young's Modulus 31.00 | 30.20 | 29.90 | 29.50 | 29.00 28.70 28.20
psix 1.0E+406 '
Coeffident of Thermal 690 | 720 | 740 | 757 | 770 7.82 7.94
Expansion '
inr._nré x 1.0E-06 .
Density 794 | 792 | 7.90 | 789 | 7.87 7.85 7.83

Ib-sec?in® x 1.0E-04

Thermal Conductivity 201 | 211 | 222 | 234 | 245 | 257 268
Btu/secin-*F x 1.0E-04 '

Specific Heat 41.2 426 439 44.9 45.6 47.0 47.9
BtuinNb-sec®*F

|
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Table 4.3-5
Normal Operating Conditions
Hot Leg Contact Pressures Through the Tubesheet Thickness

a,c
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Table 4.3-6
Normal Operating Conditions

Cold Leg Contact Pressures Through the Tubesheet Thickness
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Table 4.3-7
Faulted Case 1
Hot Leg Contact Pressures Through the Tubesheet Thickness

4-28
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Table 4.3-8
Faulted Case 1
Cold Leg Contact Pressures Through the Tubesheet Thickness

4-29
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Table 4.3-9
Faulted Case 2
Hot and Cold Leg Contact Pressures Through the Tubesheet Thickness

u
i
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Table 4.3-10
- Faulted Case 3 .
Hot and Cold Leg Contact Pressures Through the Tubesheet Thickness
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Table 4.3-11
SLB Leakage Analysis Conditions
Hot Leg Contact Pressures Through the Tubesheet Thickness
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Table 4.4-1
Pullout Load Test - Specimen W3-007A _
Determination of WEXTEX Radial Contact Pressure, S,w, and Fricﬁon Coefficient, n

Design Values: ac
Tube Inside Radius
Tube Outside Radius
Tubesheet Collar Equiv. Radius
Ambient Temperature
— L Test Conditions
. Hot Leg
WEXTEX HotLeg Zone B
Contact " Zone B W* Length,
Friction |Pressure, StW,| W+*Length, { ~Faulted
Contact Length Employed Cocfficient, p {psi) Normal Op. Case (2)

[
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Table 4.4-2
Pullout Load Test - Specimen W4-006
Determination of WEXTEX Radial Contact Pressure, S,w, and Friction Coeflicient, p

Design Values: a,c
Tube Inside Radius .
Tube Outside Radius
Tubesheet Collar Equiv. Radius
Ambient Temperature
[_ | Test Conditions ] abc
1
WEXTEX
Contact
Friction Pressure, SrW,
Contact Length Employed Cocfficicent, pt (psi) abc '

[

Cowitarw JenghPLLLOUTS LS W4.006 A3 4-34 L




Table 4.4-3
Incremental and Cumulative Pullout Resistance Load vs. Distance from TTS
Normal Operating Conditions - Hot Leg

from . Pressure (psi) | - atDepth(lbs) . |  at Depth (Ibs.)

Diétance * Total Contact . ‘Incremental Load Cumulative Load

TIS(in) | ZoneB | ZoneA | ZoneB | ZoneA | ZoneB .| ZoneA

Load : Load
Zone B (ibs.) Zone A (Ibs.)

PULLOUTS XLS Table 4.43 2 ‘ 4-35 .
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Table 4.4-4

Incremental and Cumulative Pullout Resistance Load vs. Distance from TTS

Normal Operating Conditions - Cold Leg

PULOUTS)AS Table 4.4-4 ()

Distance Total Contact Incremental Load Cumulative Load
from Pressure (psi) at Depth (Ibs.) at Depth (Ibs.) -
_ LTIS (in) | ZoneB I Zone A Zone B | Zone A | ZoneB l Zone A
- . Load . Load
Zone B (Ibs.) Zone A (fbs.)
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Table 4.4-5
Incremental and Cumulative Pallout Resistance Load vs. Distance from TTS
Faulted Conditions Case (1) - Hot Leg

Distance Total Contact | IncrementalLoad ~ | Cumulative Load -
from | -~ Pressure(psi) - - |- - atDepth(lbs.) .*. '{ - -atDepth(lbs.) -

TIS(in) | ZoneB- li Zone A Zone B I _Zone'A | ZoneB ] -Zone A-

Load Load
Zone B (Ibs.) Zone A | (Ibs.)

PULLOUTSXLS Table £.45 (2 . 4-37
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Table 4.4-6
Incremental and Cumulative Pullout Resistance Load vs. Distance from TTS
Faulted Conditions Case (1) - Cold Leg

Distance Total Contact Incremental Load Cumulative Load
from Pressure (psi) at Depth (lbs.) . at Depth (Ibs.)

TTS (in.) Zone B l Zone A Zone B | Zone A Zone B Zone A

Load Load
Zone B (1bs.) Zone A (Ibs.)

PULLOUTSXLS Table 4.4.6 () 4-38
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Table 4.4-7
Incremental and Cumulative Pullout Resistance Load vs. Distance from TTS -

Faulted Conditions Case (2) - Hot Leg and Cold Leg

Distance Total Contact Incremental Load Cumulative Load
from Pressure (psi) at Depth (Ibs.) . atDepth(lbs.) - .
—~ TIS (in) | ZoneB | ZonéA | ZoneB ] "Zone A | ZoneB ‘ Zone A | abe
L. -~
- Load Load
_ - -Zone B -(Ibs.) - | Zone A (Ibs.) abe
e —
PULLOUTSXLS Tablo 447 () 4-39




Table 4.4-8
Incremental and Cumulative Pullout Resistance Load vs. Distance from TTS
Faulted Conditions Case (3) - Hot Leg and Cold Leg

Distance Total Contact Incremental Load Cumulative Load
from Pressure (psi) at Depth (lbs.) at Depth (Ibs.)

TIS(in) | ZoneB l Zone A Zone B J ZoneA | ZoneB [ Zone A | abe

Load Load
- ZoneB (Ibs.) Zone A | (Ibs.) abe

RALOUTSIAS Table 448 () 4"40




Table 4.4-9

W* Length Summary
W# Length (inches)
Hot Leg Cold Leg
Conditions Zone B Zone A Zone B Zone A

Normal 7.0 52 75 55
Faulted Case (1) 55 3.4 58 3.4
Faulted Case (2) 6.7 43 6.7 43
Faulted Case (3) 6.6 42 6.6 42
4-41 aias
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Figure 4.2-1

As-Fabricated WEXTEX Sample for Pull Tests
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Figure 4.2-2

Pull Force Sample Configurations Tested
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Figure 4.2-3

Load/Deflection Curve for Specimen W8-007A at 600°F,
and 1620 psid
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Figure 4.3-1

ac,e

Tubesheet/Channel Head/Lower Shell Finite Element Model
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Figure 4.4-1

Structural Model for W* Length Calculation
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Figure 4.4-2
Determination of Friction Coefficient from Test Data

a,c




Cwsapuiepuined s Fig 443 A3

Figure 4.4-3
Applied Load vs. Reacted Slip/Pull Load
W* Pullout Specimens

Applied Radial Load (lbs.)




Figure 4.5-1 W#* Length Zones A and B and Expansion Transition Zones
4-49 -
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50 DEGRADED TUBE STRENGTH
5.1 EVALUATION METHODS
Earlier F* and L* (Reference 9.1) work for roll expanded tubesheet joints focused on the

presence of degradation below the bottom of the roll expansion transition of the single’band
degradation (SBD) and multiple band degradation (MBD) types. These forms of degradation,

- which are an annular group or groups of multiple cracks, have not been observed in WEXTEX

expansions. The absence of band~type degradat:on in WEXTEX expansions is consistent with
the expansion process; roll expansion occurs in discrete steps, whereas WEXTEX expans:on
essentially occurs in one step.

WEXTEX region degradation has occurred primarily as single circumferential and single axial
or near-axial cracks. Nearly all of the circumferential indications are located at the expansion
transition, and the axial indications include those in and above the expansion transition plus those
located below the transition. The largest reported W* region SAI from the inspection database
presented in section 7.0 was 0.68 inch long. Although data on MAIs is more limited, the longest
reported W* region MAI is 0.24 inch, and the MAIs reviewed usually were comprised of only
two axial or near axial cracks. No SAIs nor MAlIs with crack angles in excess of 30° from
vertical were observed. C A

The W* criteria address only those indications located below the bottom of the WEX'I‘EX
transition. There were some circumferential and volumetric indications and a few multiple axial
indications reported at distances well below the WEXTEX transition, however, secondary review
of these indications has shown them to be very’ small and volumetric in appearance.
Circumferential 'and volumetric indications are not permitted under W* criteria, and unless other
alternate plugging criteria are applied, circumferential indications would be repaired. Volumetric
indications would also ‘be plugged “since they represent a different degradation mode than
PWSCC. Undegraded sections of tubing within the tubesheet region are referred to as sound
WEXTEX expans:ons

This section addresses the stmctural acceptance basis for single axial or near-axial, and multxple
axial or near-axial cracks in the W* criteria. For vertically-oriented cracks located in the W*
region, there is no effect on the axial pull strength of the tube. However, should slanted single
or slanted multiple axial cracks occur within the W* region, there can be a reduction in axial pull
strength. The degraded region must therefore have sufficient strength to transmit loads to sound
regions of the tube within the W* length to meet pullout load criteria. A conservative approach
used in analyzing slanted crack effects on axial pull strength is to take no credit for the reduction
in the axial load on successive degradation bands because of axial resistance afforded by the prior
(nearer to the top of the tubesheet) sound expansion regions. Thus, all degraded regions in this
evaluation are assumed to experience the total axial load. In the most conservative case, i.e., no
axial restraint attributed to the degraded expansion, the applied axial loads are considered to be
reacted by the aggregate length of sound tube portions above and below any bands of axial or
near-axial indications.




The evaluation of degraded tube-strength considers the most stringent axial load on the tube for
the normal, FLB and LOCA conditions. These are summarized below:

5.1.1 Normal Operation Loads

As developed in Section 3.2, the axial load to be borne by the tube under normal operation
conditions is [ 1***. A safety factor of three
is applied to this load so the tube axial load requirement for normal operation is [ ™
pounds. This represents the most stringent axial load on the tube for all conditions considered.

5.1.2 Feed Line Break

Also as developed in Section 3.2, the axial load to be bome under feed line break (FLB)
conditions is [ : I*. A safety factor of 1.43,
comresponding to an ASME Code factor of 1.0/0.7 for allowable stress for faulted conditions, is
applied to this load. Therefore the axial loadbearing requirement for FLB is 1*5¢ pounds.

5.1.3 Loss of Coolant Accident

An axial load from a LOCA event acts to move a tube downward. Therefore this condition does
not apply a tensile load to the tube and is not considered further.

52  ANALYSIS OF DEGRADED TUBE STRENGTH

The strength of a degraded tube is dependent on the crack geometry as well as the number of
cracks and the angle of the cracks relative to the tube axis. Figure 5.2-1 illustrates the case of
multiple, slanted axial cracks. The transmission of axial force across the crack array creates a
bending moment in the ligaments of material between cracks and lowers the load required for
plastic collapse. This crack case was previously presented in Reference 9.1 for L* criteria. The
load required to yield the slanted crack array is given by Equation 5-1. The variables for the
equation are shown in Figure 5.2-1. The axial plastic displacement, §,, resulting from yielding
and then rotation of the crack array is given by Equation 5-2.

- ) . a,c
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If the crack array plastic displacement computed from the above equations, as a function of axial
load, is added to the baseline load-displacement record of an otherwise identical tube without a
crack array, the computed load-displacement record closely approximates actual measurements
of an array with straight, slanted cracks as illustrated in Figure 5.2-2.

The evaluation of degraded tube strength for the WEXTEX tubes included analysis of the
response of degraded regions of tubing to axial loads based on data from previous tests performed
to determine the axial load bearing capability of degraded tube-to-tubesheet rolled joints
(Reference 9.1). The referenced tests were performed to determine the tensile strength of non-
degraded and degraded 0.75" OD x 0.043" wall Alloy 600 MA tubes rolled into AISI 1018
carbon steel collars. Some additional degraded samples were tested in the unexpanded condition
and others were tested in the decollared condition. Tbroughwa]l degradation was simulated by
elecmc dxscharge machined (EDM) slots in the tube specimens. The slots were [ ]*** inches
long and were machined at an angle of { ~ J**° degrees from the axial centerline of
the tubc The number of slots in the tubes was either [ | e

Laboratory measurements of the axial pull strength of rolled 0.75 inch OD tubes showed that the
maximum pull strength is far above the yield load when substantial numbers of slanted cracks
are present (Reference 9.1). The presence of the slanted cracks leads to early yielding as the
ligaments between cracks deform in bending. As plastic deformation proceeds, rotation of the
slanted crack network occurs, and the tube rotates while becoming longer. As rotation occurs
the effective moment arm for bending of the hgament between cracks decreases and pIastxc
deformation becomes more difficult. This is an example of geometric hardening. Maximum
strength is reached when tearing at the crack tips occurs. The onset of crack tearing depends on
the cracked body toughness of the material. In tests of roll expanded tubes with slanted slots,
the maximum pull strength correlated reasonably well with a J integral value of { 1% in-lb/in.
Applied J values can be obtained from computed load versus plastic displacement definition of
J. The high toughness and small scale geometry of cracked Alloy 600 tubes makes neglecting
the elastic loading a reasonable approach in the estimation of maximum pull strength.

A very conservative approach to axial pull strength is to accept crack geometries on yielding
criteria since, as noted above, the yield loads of slanted crack arrays are substantially below
measured maximum Joads. Figure 5.2-3 is a plot of yield load versus the crack length of slanted
cracks for 0.875 OD.by 0.050 inch wall tubing with [ ] crack angles developed from
Equation 5-1. Figure 5.2-4 1s a similar plot for[  ]** crack angles. The results are applicable
to the tubesheet expansion zone of WEXTEX tubes. In both Figure 5.2-3 and 5.2-4, all
geometries above the | ] pound level (See Section 5.1.1) are acceptable.

53 LIMITATIONS ON ALLOWABLE DEGRADATION
Figure 5.2-3 indicates that an array of up to [
J*°¢ or less from vertical will meet the 3AP axial load requirement of [ i
pounds. Figure 5.2-4 shows that an array of up to [
1*¢ or less from vertical will meet the 3AP axial load requirement.

The basis for acceptability of W* region degradation was determined from the above results, and

is described in Sections 8.4 and 8.6. The W* requirements include additional limitations on crack .
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number and orientation, to provide additional margin above that included in this evaluation, and
to simplify the implementation of W*.

Note that all circumferential and volumetric indications within the flexible W* distance and axial
indications with inclination angles > 45° are repaired to exclude circumferential involvement

within the W* length.
54 W* ADJUSTMENTS FOR TUBE DEGRADATION

The effect of axial cracking on tube pullout loads has not been fully quantified. In the limiting
case, long, closely spaced, uniform axial cracks in which the axial ligaments do not interact with
each other could result in a reduction in pullout resistance load. Therefore, if a crack occurs in
the W* length, it is assumed that the axial resistance to applied loads is effectively reduced.
While the effect of the crack on axial resistance may be localized, it is conservatively assumed
that the full axial extent of the tube having an axial crack provides no pullout restraint. As
discussed above, the region will, however, transmit the axial loads to the sound portion of the
tube below the crack. The total length necessary to react the postulated axial load then becomes
the length of the undegraded region of the tube above the crack plus the appropriate length of
sound, undegraded tube below the crack.

The method of accounting for the non-active region of the tube (in terms of providing axial
restraint) is to delete the length of the crack. Since the continuous W* expansion process differs
from the stepwise roll expansion process, no added length is required to account for end effects.
This method 1s' summarized in Section 8.0.
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Figure 5.2-1

Model for Plastic Collapse of Slanted Straight Crack Array
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Figure 5.2-2
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Comparison of Load-Displacement Records, Computed Versus
Measured for 30 Slots at ¢ = 45°
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Figure 5.2-3
Array Yield Load for Arrays of Differing Numbers (N) of
i} Cracks Slanted at 45 Degrees vs. Crack Length
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Figure 5.2-4
Array Yield Load for Arrays of Differing Numbers (N) of
Cracks Slanted at 30 Degrees vs. Crack Length

SLANT_L.XLS 30 Deg Chart 5-8
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6.0 LEAK RATE EVALUATION

The leak rate evaluation for the W* alternate plugging criteria is based on a combination of
empirical and analytical methods. Section 6.1 describes the operating and faulted pressure
conditions analyzed. - Section 6.2 reviews the testing of prototypic WEXTEX tubesheet
expansions used to develop the crevice leak rate model. Section 6.3 describes two test sequences
with constrained crevices used to develop an effective crack length leak rate model. Section 6.4
describes the leak rate analysis model, and includes a calculation of leak rate for a sample set of
W* region indications. Section 6.5 provides the statistical confirmation of the deterministic leak
rate calculation methodology.

6.1 EVALUATION METHODS AND CONDITIONS

At normal operating pressures, leakage from PWSCC cracks in WEXTEX expansions in the W*
zone is limited by both the tube-to-tubesheet crevice and the restrictions on crack opening
provided by the tubesheet constraint. Consequently, negligible normal operating leakage is
expected from cracks within the tubesheet region of WEXTEX expansions. This has been
evidenced by extensive European operating experience with axial PWSCC cracks left in service,
summarized in Reference 9.2, which showed negligible normal operating leakage from PWSCC
cracks even under free span conditions in the roll transitions.

The steamline break (SLB) conditions provide the most stringent radiological hazards for
postulated accidents involving a loss of pressure or fluid in the secondary system, and W* leak
rates are calculated with the steam line break primary-to-secondary pressure differential. The
evaluation of SLB leakage includes calculation of leak rate for all cracks left in service. The
total leakage,-i.e., the combined leakage for all such tubes, plus the combined leakage developed
by any other alternate repair criteria, must be below the plant Technical Specification leak rate
limit.

The method for assessing leakage from cracks in the W* region considers the leak rate across
the tube-to-tubesheet interface to be a function of the differential pressure across the tube wall,
the radial contact pressure between the tube and the tubesheet, and crevice length. The crevice
length is taken as the distance from the BWT to the upper tip of the crack, reduced by the NDE
uncertainty and crack growth. The radial contact pressure between the tube and tubesheet hole
was provided for applicable operating conditions in Section 4.3. Leak rates for WEXTEX joints
were determined through testing of prototypic WEXTEX tube-to-tubesheet joints. The test data
were used to generate a leak rate model that permits the calculation of leak rate for a given crack
depth within the tubesheet. From this model leak rates can be determined for cracks within the
W* region. - Furthermore, the model shows that below the W* region the leakage will be
. negligible, such that leakage from cracks below the W* length does not need to be considered '
in the SLB leakage limits.

The loads considered in the analysis are those resulting from normal operation, faulted and LOCA
as described in Section 3.0 and summarized below.
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6.1.1 Normal Operation
The differential pressure between the primary side and secondary side during normal operation

is [ ]*° Negligible leakage is expected from cracks under normal
operating conditions and no W* requirements are applied to limit operating leakage.

6.1.2 Faulted Condition - Steam Line Break

The primary-to-secondary differential for the SLB condition is ]** and is the basis for
W* leakage calculations.

6.1.3 LOCA

The ~1000 psi secondary-to-primary pressure differential during LOCA will tend to close cracks
and restrict leakage, and is not used for W* leakage calculation.

6.2 WEXTEX EXPANSION LEAK RATE TESTS

-

6.2.1 Sample and Test Description

The samples for the leak rate tests were designed to simulate the WEXTEX tube-to-tubesheet
interface characteristics. The samples consisted of carbon steel collars each approximately [

)¢ The tube specimens were
fabricated from Quality Assurance (QA) controlled stock and fabrication of the collars was done
under QA surveillance. WEXTEX expansions were fabricated per approved procedures.

The collars used to simulate the tubesheet were [

]b.c.e

The configuration of the WEXTEX leak rate test samples is shown in Figure 6.2-1. The sample
was rolled and welded at one end prior to WEXTEX expansion to create a seal at one end of the
tube-to-collar crevice. As was the case with the pull force test samples described in Section 4.2,
the as-fabricated leak rate test samples had smaller diameters between the BWT and the fully
expanded region, which starts about [

*=* locations are given in Table 6.2-1 along with the average diameter over the fully
expanded region. These data are used in the determination of the average contact pressure along
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the tube-to-collar crevice leak path.

6.2.2 Test Description

Samples were tested at various temperatures and pressures to assess WEXTEX joint leakage at
normal and faulted conditions, which are more stringent than the LOCA condition, to develop
a leak rate model. The tests were performed in accordance with an approved, referenceable test

specification.

After e@mﬁoﬁ, each sample was dnlled with a series of [

]b,c,e'

The room temperature leak tests were performed in [

]b,e;e

The elevated temperature tests were also performed in |

-

]b.c.e

623 Test Results

The results of the tests are summarized in Table 6.2-2. The nominal crevice length shown is the
distance from the top of the collar to {

]b.c.e

The staking operation noted above deformed the tube in the vicinity of the through-wall hole and
effectively shortened the crevice length. As.shown in the Figure 6.2-3 example of test sample
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W4-018, the staking, combined with the radius of the drilled hole, decreased the crevice length
by [

"¢ For the RT-1620 psi test
condition with a nominal crevice length of 2 inches, this sample would be estimated to have zero
contact pressure at approximately [

]b,c,e

The average contact pressure for the test is the integrated contact pressure over the effective
crevice length after accounting for the reduced contact pressure resulting from the smaller tube
diameter. End effects, which were discussed in Section 4.4.2, were also included in the
determination of integrated contact pressure.

The reduced data from the WEXTEX joint leak tests are summarized in Table 6.2-3 and include
the leak rate, the effective crevice length, and the average contact pressure over this length for
each test. The average contact pressure includes that due to differential thermal expansion and
primary-to-secondary differential pressure. Contact pressure due to the WEXTEX expansion is
inherent in both the test samples and SG tubes and is not included in the average contact
pressure. These data are used in the development of the leak rate model for the WEXTEX tube-
to-tubesheet joints (Section 6.4).

63 CONSTRAINED CRACK LEAK RATE TESTS
6.3.1 Test Design and Description

Additional testing was performed to provide an enhanced basis for the prediction of leak rates
from WEXTEX-expanded tubes. Previous leak rate models utilized the crack opening area of
free-span lengths of tubes, and did not simulate the reinforcing effect which the tubesheet has in
limiting crack opening and leakage. The test program described in this section was performed

to provide an empirical basis for [
]b.c

64



]b.c

Figure 6.3-1 illustrates the overall test arrangement. The correlation between crevice depth (6r
length) and loss coefficient are known from the testing reported in Section 6.2, [

]b,e

6.3.2 Sample Preparation and Test Assembly

[

6-5



I’ It is noted that the actual crack lengths
are not an input to the leak rate calculation since, as described later, the leak rates were found
to be essentially independent of crack length and to correlate strongly with contact pressure, The
room temperature and elevated temperature free span leak rates for the specimens confirm the
significant leakage potential of these cracks when crevice constraint is not present.

The |

lb_c_e

6.3.3 Test Conditions

Leak rate data were first obtained for [

1> pressure differentials, respectively.
Leak rate data were then obtained {
. _ - . ¢ The
test matrix for the leak rate tests is presented in Table 6.3-2.
634 Leak Rate Test Results and Conclusions

Leak rate test results are presented in Table 6.3-3. The leak rate for each sample and operating
condition is presented. In addition, calculated gaps and contact pressures are listed.

Analysis of the leak rates was performed in two steps. First, [
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J*¢ This relationship permits
application of the leak rate test results to field cracks in WEXTEX crevices.

" Figure 6.3-5 displays all the free span test data, plotted against the predictions of CRACKFLO.
The figure demonstrates that |

|

In order to integrate the constrained crack test results into the leak rate calculation model, a link

is needed between the test crack physical environment in the collars and an-actual crack physical !
environment in a WEXTEX crevice. A primary characteristic of crack constraint in a crevice is
the radial contact pressure which the wall of the collar or tubesheet exerts on the tube OD
surface. This contact pressure provides the link between the test and cracks in the field.

For the data in Table 6.3-3, which was at operating temperature and [

1** Figure 6.3-8 shows the |

I
64 LEAK RATE ANALYSIS MODEL

Calculation of leakage from an axial crack within the tubesheet and below the WEXTEX

transition uses the CRACKFLO code for crack leakage in series with a crevice, represented by

laminar flow through a porus medium. The combined calculation is performed by the DENTFLO

Code. This code calculates the primary to secondary leakage rate through an axial crack with

a flow resistance between the exit of the crack and the secondary side pressure. In the case of .
the WEXTEX joint, the flow resistance is the crevice between the tube OD and the tubesheet !
hole surface. ‘



Application of the DENTFLO Code requires the input of a |

™

Earlier applications of this analysis model calculated the crack opening as if it were a free span
crack. The test results presented in section 6.3.3 show {

|

In this section, a deterministic leak rate model is developed and used to calculate leak rates as
a function of crack depth and tubesheet radial position. The following section statistically
assesses the leak rate model by conducting a Monte Carlo simulation. This evaluation
demonstrates the margin inherent in the deterministic leak rate model.

6.4.1 DENTFLO Model Description

The DENTFLO Code was developed to assess leakage through tube cracks within the tubesheet.
Leakage is determined by crack leakage characteristics as well as the flow resistance of the
crevice. The code [

]lt

In DENTFLO, the model for crack leakage is the same as the one used in the CRACKFLO Code.
This code uses [

J** One such comparison is
reported section 6.3.4 of the present report.

6.4.2 DENTFLO Inputs for Leak Rate Calculation
As noted, principal inputs to DENTFLO are |
]*¢ Values for both these parameters are developed from correlations with contact

pressure between the tubesheet hole surface and the OD of the tube. Contact pressure is a
function of depth below the tubesheet surface and radial position on the tubesheet; these relations
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are developed in Section 4. In addition to its dependence on effective crack length and crevice
flow reststance, crack leakage is a function of tube properties and operating conditions.

Crack Effective Length
The DENTFLO Code assumes [

]l.c

Based on the results of Section 6.3, [

] DENTFLO will calculate the leakage for the constrained crack
as a function of the primary pressure and temperature and the back pressure between the tube and
the tubesheet, resulting from the crevice pressure drop L

Crevice Flow Resistance :
Similar to the crack leakage model, the crevice leakage model relates leakage flow through the
crevice to the pressure drop between the crack outlet and the secondary side.pressure. The
govemning equation is provided by Darcy's Law for laminar flow in porous media for.tight
crevices. The law is adapted to two phase flow by incorporating a two phase multiplier.

Solution of the Darcy equation requires knowledge of the WEXTEX crevice flow resistance. The
loss coefficient needed to characterize the crevice flow resistance was developed from the results
of the tests of simulated WEXTEX tube-to-tubesheet joints reported in Section 6.2. The results
were summarized in Tables 6.2-2 and 6.2-3. The leakage model was used in conjunction with
the test data for leakage rate and test conditions to determine the loss coefficient.. Figure 6.4-2
shows [

I
To apply the DENTFLO Code to the WEXTEX field analysis requires input of the [

I




Calculation for WEXTEX Tubes
With crack effective length and crevice average loss coefficient known as a function of crack

depth at different tubesheet radial positions, crack leakage can be calculated. DENTFLO was
used in a parametric study to calculate leakage under faulted conditions as a function of crack
distance below the bottom of the WEXTEX transition for five tubesheet radial zones, as defined
in Table 6.4-1. For each region, the minimum contact pressure at each depth (Table 4.3-11) was
used and, therefore, the calculation yields maximum leakage for the tubes in each zone. The
results of this parametric study are given in Figure 6.4-3. W* leakage zones are shown in Figure
8.2-1.

6.4.3 Sample Leak Rate Calculation

To demonstrate the application of the leak rate model, total leak rate was calculated for a set of
75 cracks. These cracks are typical of a set which might be found in a steam generator, based
on the database described in Section 7. The 75 cracks assumed are listed in Table 6.4-2 with
their assumed indicated depths and tubesheet radial zones. It can be seen from this table that two
thirds of the cracks are within one inch of the BWT.

The leak rate model was used to calculate the leak rate from each of the 75 cracks for two cases.
For each case, a total leak rate was obtained. The first case calculated represents the leakage
assessment at the end of a completed cycle and is defined as "condition monitoring.” Before this
calculation, the indicated depth of each crack tip, which appears in Table 6.4-2, is reduced by the

NDE uncertainty of [ ]*¢, developed in Section 7. Figure 6.4-4 shows the cumulative leak
rate, starting from the deepest cracks. The bulk of the {
|

The second case of total leak rate calculated is described as an "operational assessment.” This
case projects the leakage to the end of the upcoming cycle and, in addition to accounting for
NDE uncertainty, accounts for crack growth. Crack growth (Section 7) is calculated to be
[ ] in per EFPY. An 18 month fuel cycle is assumed and the crack tip depths from table
6.4-2 are reduced by a total of [ '

J*°. Also for this case, tubes which either have or are projected to have, at the end of the
cycle, a crack tip above the BWT, are assumed to be plugged. Applying the above depth
adjustments to Table 6.4-2, about one half of the tubes are required to be plugged. Since these
are the tubes closest to the BWT they have the largest leak rates. Deleting these tubes, even with
the growth of the remaining tubes to shallower depths during the cycle, causes the total leak rate
to be reduced to | e

6.4.4 SLB Leakage below W*
It is desirable to limit the inspection and characterization of cracks to the region between the top
of the tubesheet and the W* distance. Inspection for cracks below the W* region is not

necessary if it can be shown that any leakage from cracks left in service is negligible, or if a
reasonable accounting for potential leakage from this region is made.
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The SLB leak rate for cracks at the W* depth is reduced by factors of | J** depending
on the tubesheet zone. Further, based on the database described in section 7, the number of
cracks in evidence decreases at 2-3 inches below the BWT (Figure 7.1-3b). The combination of
these factors provides that | ‘

]!.‘
65 LEAK RATE MODEL STATISTICAL EVALUATION
In order to assess the conservatism of the deterministic model in esimating the total leak rate
from the W* tube indications, a computer code was written to calculate a 95% confidence bound
on the total leak rate based on Monte Carlo simulations of the leak rate from the individual

indications. The simulation methodology is in accord with the USNRC's Generic Letter 95-05,
Reference 9.12, and, in general, conforms to the methods presented in Reference 9.13.

6.5.1 Overview of the Calculation of the Leak Rate

The calculation of the total leak rate from indications in tubes in the W* region is performed
similar to that from ODSCC indications at the elevations of the TSPs. For W*, there are [

. - J*° Additional input data are unchanged for the
Monte Carlo s:mu]anons The main program in DENTFLO was converted to a subroutine of the
code WEXTLEAK for the Monte Carlo analyses. Otherwise it is unchanged from the version
used for the deterministic calculations.

An overview of the simulation steps is provided in the following list:

1) The contact stress, G;, as a function of elevation into the tubesheet, x, with the origin
at the top of the tubesheet (TTS) with downward reckoned as positive, is given by,

C, =a,+ax, (6.5-1)

where the a's are a function of tubesheet radius. For the leak rate evaluations, a
discrete number of radii are considered to approximate the parameters instead of
determining them as continuous functions. Because the coefficients, a's, are obtained
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from a structural analysis, they are not stochastic variables and Monte Carlo variation
of these coefficients is not to be performed. Typical values of the contact pressure
as a function of the depth below the BWT/TTS are illustrated on Figure 6.5-1. Also
illustrated are regression curves from a linear regression analysts of the calculated
contact pressure values on the depths for contact pressures greater than or equal to
zero. [

]l.t

The local fluid loss coefficient, X, as a function of contact pressure or stress, G, is
given by,

K = 10""h%, (6.5-2)

where the b's are stochastic variables obtained from the regression analysis of the
logarithm of K on the contact stress. The results of the regression analysis are
summarized in Table 6.5-1. The p-value for the slope coefficient is { 1
which is well below the value of 0.05 required by Generic Letter 95-05. The data
values of the local loss coefficient as a function of contact pressure are illustrated on
Figure 6.5-2. Also illustrated is the regression curve for the common logarithm of the
loss coefficient and a lower 95% confidence bound for the median (the average of the
logarithm of the loss coefficient) and average local loss coefficients as a function of
the contact pressure. A scatter plot of the residuals versus the predicted values of the
logarithm of the loss coefficient is illustrated on Figure 6.5-3. Inspection of the figure
indicates that the residuals are not correlated to the predicted values. In addition, the
intercept, slope and index of determination from a linear regression of the residuals
on the predicted values were all found to be zero. A plot of standardized normal
deviates against the ordered residuals is illustrated on Figure 6.5-4. The plotted data
do not contradict the assumption of normality of the residuals. The extreme values
of the residuals are less than expected, indicating a Jack of outliers in the data. The
examination of the residuals confirms the assumptions inherent in performing the
regression analysis, which, when coupled with the small p-value obtained for the slope
coefficient, justifies the use of the correlation in predicting loss coefficients from
contact pressures.
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4)

The average or effective loss coefficient, X, for an indication is found by integrating
the local loss coefficient over L,, the distance from the BWT/TTS to the elevation of
the top of the indication, i.e.,

Ln
K, LL'l K(o,,R)dx. (6.5-3)

where R, is the radial location of the tube in the tubesheet. Since the contact pressure
is zero over some length from the BWT/TTS, the loss coefficient is a constant over
that length corresponding to the flow through a crevice with a zero contact pressure.
The local loss coefficient as a function of distance below the top of the tubesheet is
illustrated on Figure 6.5-5. The average loss coefficient corresponding directly to the
regression curve is also shown. The loss coefficient has a constant value of [

J*¢ Below the elevation of zero
contact pressure the loss coeffi cient is govemed by Equation (6.5-2). These regions
are illustrated on Figure 6.5-5 for tubes at a radius of 2.3" from the center of the SG.

The effective free spah length of each indication, L,, is calculated as,

L =b,+b0 (6.5-4)

$ T

where the b coefficients are obtained from a regression analysis. Hence, the b's are
also stochastic variables and must be simulated. The results from the regression
analysis are summarized in Table 6.5-2. - The p-value for the slope coefficient is
[ J*< which is significantly less than the value of 0.05 required by Generic Letter
95-05. The database and the regression curve for the |

I

-

" A scatter plot of the residuals versus thc predxcted values of the logarithm of the loss .

coefficient is illustrated on Figure 6.5-7. Inspection of the data illustrated indicates
that the residuals are not correlated to the predicted values, although the presence of
some outlying data, the extreme upper and lower values of the effective length, is
indicated. In addition, the intercept, slope and index of determination from a linear
regression of the residuals on the predicted values were all found to be zero. A plot
of standardized normal deviates against the ordered residuals is illustrated on Figure
6.5-8. The plotted data support the assumption that the residuals are normally
distributed about the regression line. The extreme values of the residuals are
significantly greater than expected, indicating the presence of outlying data values.
An investigation of the test program performance and specimens did not reveal any
information indicating abnormal testing conditions associated with the potential
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outliers, hence, the data were retained in the database. The evaluation of the residuals

confirms the assumptions inherent in performing the regression analysis, which, when -
coupled with the small p-value obtained for the slope coefficient, justifies the use of

the correlation in predicting effective free-span crack lengths from the contact pres-
sures corresponding to the elevations of the tops of the WEXTEX indications.

5) The average loss coefficient and the effective length are both input variables to the
leak rate calculation computer code DENTFLO, and the leak rate calculated, i.e.,

Q, = DENTFLO(K,,L,...). (6.5-5)

Here, DENTFLO is actually a subroutine to the computer code WEXTLEAK.

6.5.2 Monte Carlo Simulation Methods

The simulation of the regression equations was performed using methods essentially identical to
those described in Reference 9.13. One simulation of all of the W* indications in a SG was per-
formed to estimate the total W* leak rate for the SG. For each simulation of the SG, random
values of the parameters of the correlating equations were calculated and used for the W* indica-
tions in the SG for that simulation. Thus, the first step was to [

F
6.5.2.1 Simulation of the Loss Coefficient
From the BWT/TTS to a depth of 0.7", designated x,, the local loss coefficient is a2 constant

value of |
- . ]** with the value at the zero contact elevation

calculated as, -

[ ' ] (6.5-6)

The logarithm of the local value thus found is considered to vary with the same standard devia-
tion as the local values govemed by the regression equation.
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Below the elevation of zero contact pressure, a local value of the loss coefficient as a function
of depth in the tubesheet is found as, ae

[ | ] 65-7)

where Z is a random deviate from the standardized normal distribution and f, is the simulated
standard deviation of the population of residuals about the regression curve. For elevations
within Regions 2 and 3 of Figure 6.5-5, the minimum loss coefficient is restricted to being

greater than or equal to [

J** Thus, no significant error is introduced by the numerical integration procedure.
Furthermore, the estimated loss coefficient is lower than the actual loss coefficient, so the error
is in the direction of additional margin relative to the leak rate calculation.

The numerical integration to obtain the effective loss coefficient, X, , for a specific elevation of
an indication, x, is based on discretizing the K(x) relationship as,

e

K = Kox+ ) K,Ax , (6.5-8)
x

where Ax; is a uniform fraction of the distance from x, to x, and each Ky, is calculated per
Equation (6.5-7). Note that because of the stochastic behavior of each individual Xj;, the
numerical integration of the function is significantly easier than attempting an algebraic
integration to quantify the distribution of the sum, especially since the loss coefficients are
assumed to be lognormally distributed about the regression curve.

6.5.2.2 Simulation of the Effective Length '
The effective length simulated for input to DENTFLO is a single value as opposed to the

integrated value of the loss coefficient. Therefore, a random value of the effective length for one
indication in the SG, L,, was found from the estimated coefficients of equation (6.5-4) as,

L =B,+B,o +ZB,, _ (6.5-9)

i

where the f3's are calculated for the SG, o, is found from equation (6.5-1), Z is a random variable
from the standardized normal distribution, i.e., ~N(0,1), and f; is the simulated standard deviation
of the population of the residuals about the regression curve.
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6.5.3 Monte Carlo Simulation Results
For comparison with the deterministic estimation results, a distribution of seventy-five (75)

indications was created with elevation distances below the BWT/TTS ranging from 0.01 to 3.5".
A 95% confidence bound for the 95™ percentile of the distribution of total leak rates from the test

distribution was calculated to be [

I The
trend of estimated value decreasing with increasing number of simulations is similar to historical
results from simulations of the total leak rate from ODSCC indications at TSPs.

The deterministic estimate of the total leak rate from the same indications was [
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TABLE 6.2-2
WEXTEX EXPANSION JOINT LEAK RATE TEST RESULTS

SAMPLE DIFFERENTIAL CREVICE TEST TIME LEAK RATE,

NUMBER TEMP. °F PRESSURE, PSi LENGTH, IN. MINUTES® DROPS/MIN.

6-18
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TABLE 6.2-2 (Cont'd)
wexrex EXPANSION JOINT LEAK RATE TEST RESULTS

~SAMPLE ‘DIFFERENTIAL REVICE . TEST TIME

LEAK RATE,

DROPS/MIN.

NUMBER TEMP., °F PRESSURE, PSI LENGTH, IN. MINUTES
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, TABLE 6.2-3
WEXTEX EXPANSION LEAK RATES, CREVICE LENGTHS AND
AVERAGE CONTACT PRESSURE

Test Condutions .

Average ’
Differential Crevice Contact Leak Rate Loss
Sample Temp. Pressure  Length Pressure  (Drops per Coefficient
Number (°F) {psi) {inch) (psi) min.) In*

6-20

a,c




. TABLE 6.2-3 (cont’d)
WEXTEX EXPANSION LEAK RATES, CREVICE LENGTHS AND
AVERAGE CONTACT PRESSURE

- Test Conditions -

Average
Differential Crevice  Contact Leak Rate Loss :
Sample Temp. Pressure  Length Pressure  (Drops per Coefficient !
Number °F) {psi) inch {psh) min.) In*  ac -
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Test Type

Table 6.3-2..

Constrained Crack Leak Rate Test Series

Temperature

°F

-

Pressure Difference
psi .
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Tube #

Table 63-3 ..
Leak Rate Test Data - Constrained Crack Opening

Free Span -+----- Collar A ~vevevecee cccna- CollarBev-eoee---
Leak Rate LeskRate Diaml Contact Leak Rate iDia.m'l Contact_‘
.- @RT.. - . @RT .Gap Presswre .. @RT. .  Gap Pressure ¢
“(gpm) - _(gpm) =~ _(mils) _(psia) Agpm) . (mils) C{psi)
6-23°
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Table 6.3-3 (cont.)
Leak Rate Test Data - Constrained Crack Opening .

Free Span  ------- Collar A ~-cc-mee  cccee- CollarB-«===---
Tube #- ‘Leak Rate’ Leak Rate  Diam1 Contsct  ~LeakRate  Dism1  Contact
D @RT  @RT .Gap  Pressure " @RT :Gap Presswre.
{gpm). _(gpm)  (mils}  _(psia) —(gpm), {mils) _(psi)
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Table 6.4-1

.. Tibe Sheet Zones for Leak Rate Analysis.

Egte2 a

. Wf;Lea‘!éage- Zone - | Radial Dnstance to Centerlme Radxa] Distance to Centerline of
: (Note 2) - of Innermost ‘Tube in Zone (m) Outermost Tube in Zone (m)
I B 228 | <1997 .
. p2’ >19.97 - <2882
B3 >2882 <33.50
. B4 53350 . ‘Note1) ... .
. -A >37.70 " .. . ~ (Note i)'
Note 1: -

Zone B4 is based on the boundaxy between expansnon transmon Zone 3and4,ie,
between the boundary between W* Zone B and Zone A as shown in Flgure 4.5-1. Flgure
8 2-1 illustrates the W* ]eakage zones.” ",

“Tube radial distance (R) from the centerlme of the SG may also be calculated for a: glven ’

‘Row and Column number from the followmg formula:

R '(x2+Y2)0.5
. where T
X = (47.5- Column)‘ 1.28125

Y =21875 % (Row l) * 128125
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Table 6.4-2

Sample Set of WEXTEX Tubesheet Indications

Depth Depth - Depth
Tube below w* Tube below - Tube below w*
Number | BWT-in. | Zone [} Number | BWT-in. | Number | BWT-in.| Zone
1 3.53 A || 26 | -0 51| -041 A H
2 247 B3, .27 -084 .52 | 041 | B4.
i3 (231 [ 85 | 28 [ -osi 53 | 04 |- BI B
ﬂ 4 -2.19 A 29 -0.79 54 -038 .| B3 |
5 -1.97 A Jl_ 30 -0.78 55 -0.38 B3 n
6 -19 |. B4 IL 31 -0.75 ' 56 -036 | B3 H
7 176 | B4 || 32 | -075 '57 -035 | B3 |
BE -L.71 Bl | 33 -0.75_ - 58 -034 | B2 |
9 -1.67 B2 34 -0.74 59 | -034 | B4 n ~
10 -167 | B4 )| 35 074 | 60 | 032 | B2-]
11 -149 | B2 | 36 -0.69 - 61, |.-028 .| A []
12 | -147 | Bl 37 | -069 62 | 0287 B3 ||
13 -1.45 B4 38 | -0.64 63 -0.26 B3 [|
14 -14 | B2 || 39 -0.61 ~64 .| -025 Bl |
15 -139 B4 l 40 -0.58 65 024 | B3 |
“ 16 -1.27 B3 41 -0.56 A 66 -024 -1 B3 |
| V7 -1.23 B2 42 -0.55 B3 67 024 | BY ||
i 18 | -122°| B3 43 -0.53 B4 . 68 -015 | B3 |
19 -1.17 A 44 -0.5 B4 69 014 | B2 l
20 -1.14 | B3 45 -0.47 B2 70 -0.13 B1
2] -1.12 B2 46 -047 B2 71 -0.11 A
22 -1.08 B4 47 -0.47 B2 72 -0.08 A
23 -0.99 A 48 -0.46 A 73 -0.02 B4
24 | -099 A 49 -0.45 A 74 0 Bl
25 092 | B2 _"_ 50 043 | A 75 0 B1
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Table 6.5-1: Regression Analysis Results,
Log(Loss Coefficient) on Contact Pressure

K = 1075

Parameter Value

Table 6.5-2: Regression Analysis Results,
Effective Length on Contact Pressure

Q=Q+Qq

Parameter Value
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ngrc 6.2-1

As-Fabricared WEXTEX Sample for Leak Testing

6-28




Figure 62-2

Configuration of WEXTEX Leak Rate Samples
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TUBE INSIDE DIAMETER - INCHES

08

0.795 -

.79
- Q.785
0.78 -
0778 -
Q77 -

0.765 -

.78

TUBE INSIDE DIAMETER - -| |
~ SAMPLE W4-018 :

M"’*““ﬁ‘—‘ Decreased diameter °

{_/ | /due to staking

b

Aty

¥ |
1 .
POSITION FROM TOP OF COLLAR — INCHES

<o

Figure 6.2-3. Inside Dlameter of Leak Rate Sample W4-018
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.. Figure 63-1  Constrained Crack Leak Rate Test Amrangement
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Figure 6.3-2  Tube Specimens Utilized in Constrained Crack Leak Rate Tests
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Figure 6.3-3
WEXTEX Leak Rate Test Crack Length Measurements

A GTHALOXLS Wetar Test Crack Largth 6-33




Figure 634 Type 410 Stainless Steel Collar Utilized in Constrained Crack Leak Rate Tests
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Figure 63-5 Measured Free Span Leak Rate vs. CRACKFLO Predictions
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Figure 63-6  Measured Collar B ("Closed Gap™) Leak Rate vs. CRACKFLO Predictions
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Figure 63-7  Measured Collar ‘A ("Tight Gap”) Leak Rate vs. CRACKFLO Predictions = -
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Figure 63-8  Effective Crack Length vs. Contact Pressure -
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Figure 64-1  Effective Crack Length Versus Tube-to-Tubesheet Coptact_}’ressuré
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Figure 6.4-2 Crevice Local Loss Coefficiént Versus Tube-to-Tubesheet Contact Pressure
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Figure 64-3 WEXTEX Crack - Crevice Leak Rates, Hot Leg, Faulted Conditions.
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Figure 6.44 Coumulative Lezk Rate vs Depth below BWT for 75 Crack Set
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figure 6.5-1: Contact Pressure vs. Depth into Tubesheet
WEXTEX Expanded Tubes e a0

. &9

Contact Pressura (psi)

Depth Below BWT/TTS
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Local Loss Coeﬁicient (in-4)

Figure 6.5-2: Local Loss Coefficient vs. Contact Pressure

X o3

d:\apciwaxtax\KvaCP.ds (KvaCP.Piot}

WEXTEX Expanded Tubes, Mean Correlations

Contact Pressure (psi)

- e e——

a,c
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Figure 6.5-3: Residual vs. Predicted Log(Loss Coefficient)
' Residuals Analysis Scatter Plot a,c

. Residual Logarithm of the Loss Coefficient

Predicted Loéarithm of the Loss Coefﬁciént, Log(K) |

dapciwextex\KvsCP. s [Res.Scat) RFK: 1/25/97, 12:31 PM
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Figure 6.5-4: Normal Dev1ate vs. Residual Log(Loss Coefflclenu)
Residuals Analysis Normal Plot a,c

99
Standardized Normal Distribution Deviate

Ordered Residual Log(Loss Coefficient)

Alensiaviaviicie D vie (Ras Mam) RFK: 1/26/97. 12.51 PM
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Figure 6.5-5: Local Loss Coefficient vs. Depth Below BWT/TTS
WEXTEX Expanded Tubes, Mean Correlations e

Ly-9
Local Loss Coefficient (in™)

Distaﬁce Below BWT/TTS (in.)

fle manta viel K Pint ' ' RFK: 1/25/07, 12:85 PM _
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Effective Length (in)

——— s t—

Figure 6.5-6: Effective Crack Length vs. Contact Pressure

Contact Pressure (ési)

Adancwavtavil valiP via Il aff Plal)
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Figure 6.5-7: Residual vs. Predicted Effective Crack Length
Residuals Analysis Scatter Plot ‘ ae

69
 Residual Effective Crack Length (in.)

Predicted Effective Crack Length (in.)

Alansuaviavit variD vie (Ran Reatl AFK: 1/25/97, 12:468 PM
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- Standardlze Normal Distﬁbution Deviate
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Figure 6.5-8: Normal Deviate vs Residual Effective Crack Length
Residuals Analysis Normal Plot

Ordered Residual Effective Crack Length (in.)
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7.0 WEXTEX PLANT INSPECI' TON RESULTS . .

of the umts with Series 51 steam generators and WEX’I'EX expansrons in this study, 1he earhest
began operation in 1976 and the latest began operation in 1985. The total operating penods (as
of thelr most recent inspection), for these umts range from 7.4 10 11.4 EFPY. . :

71 INDICATION DISTRIBUTION AND MORPHOLOGY

7.1.1 Indication Database and Summary

A database of WEXTEX tubesheet indications was.assembled from Westinghouse and non- -
Westinghouse inspections of WEXTEX plants. The data were similar with respect to reporting
of indication types, and included both RPC and PlusPoint examinations. The data were mostly
from the two most recent inspections of the units in the study, but included some earlier results. .
The database totaled 511 hot leg tubesheet indications, including expansion transition indications -
plus those within -the tubesheet. 382 of these indications were located below the top of the
tubesheet.  The-data included some indication elevations reported with respect to the top of the
tubesheet (TTS), and others reporied with respect to the BWT

Table 7.1-1 provrdec a summary of the 382 mdrcat:ons below the top of the tubesheet The

elevations of eighteen of these indications were located with respect to the BWT, and 364 were
located with respect to the TTS. Of the 364 indications measured from the TTS, 227 (64%) were
single axial, 4 (1%) were multiple axial, 2 (0.5%) were volumetric, and the remaining 131 (34%)
were circumferential. Of the 18 indications measured from the BWT, all were single axial
indications. The W* criteria address the portion of single and spaced multiple axial cracks which

are positioned below the bottom of the WEXTEX transition (BWT), and exclude volumetric and-
circumferential indications. A further descnptron of mdlcatron types and location follows.-

7.1.2 WEXTEX Indication Tube Locatxons

Frgure 7 1.241 shows the locanons of smg]e axral mdlcatrons (SAIs) and mulnple axral mdrcahons

(MAIs) from the database that may. be expected to be addressed by the W* criteria. .Since the:
indication elevations were determined with respect to-the top of the tubesheet rather than the:
BWT, it was decided to include only indications with the highest likelihood of apphcabxhty t0
W* criteria. Therefore, included in the figure, and refemng to Table 7.1-1; are the 180 SAIs that
are more than 0.40" below the top of the tubesheet, the 13 indications more than 0.40" below the
BWT, plus two MAIs also located 0.40" or more from the top of the tubesheet.. The tubesheet .
map shows that the indications are distributed relatively evenly, with a slight bias toward the
center of the tubesheet. - Of the 195 indications, 44 (23‘7) are in W‘ Zone A, and 151 (77%) are .
in W* Zone B.

ercumferentral and volumetnc mdrcatrons in the expansron transmon regron are not addressed :
by the W* criteria, and unless other alternate repair criteria are applied, these would be required
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to be repaired. Circumferential and volumetric indications within-the W* length are also not
permitted under W* criteria, however, circumferential (or any) indications below the W* length
are permitted per the W* criteria. Figure 7.1.2-2 shows the four circumferential (3 SCI and one
MCI), one volumetric (SVI) and two closely spaced MAIs below the BWT reported in the
WEXTEX expansion indication database. These indications were all within the expected W*.
length. Such indications are less frequent and less consistent.with typical corrosion morphologies
below the BWT, and are reviewed in sections 7.1.4 through 7.1.6. '

7.1.3 Indication Elevation and Length Distributions

The indications elevations with respect to the top of tubesheet and BWT were developcd for both
c1rcumferennal ancl ax:al md:cauons

anure 7.1.3-1a illustrates that most of the 131 circumferential mdxcatxons are located w:thm the
first 0.2" from the top of the tubesheet Because the WEXTEX process employs a single
explosive expansion step (as compared to a step roller) the number of circumferential indications
away from the expansion transition is expected to be small as was generally observed.
PN

Figure 7.1.3-1b shows the axial crack elevation dlstnbutlon for 1nd1canons below the 'ITS or
BWT. A significant number of the indications are located near. the expans:on transition. The
number of indications decreases significantly to about 0.8 inch depth increases at 1.0 inch’ depth
and then falls to a plateau at about 2.4 inch depth.

7.1.4 Volumetric Indncanons

Of the 382 indications below the top of the tubwheet in Table 7.1-1, two were volumetnc
mcludmg one at the transition and one within the: tubesheet. Volumetric degradation in this
region is generally considered to be inconsistent with PWSCC

Figure 7 1.4-1 shows a volumetric indication at Plant Z2 R28C4l from a January 1996 inspection.
The indication is located 2.1 inch below the top of the tubesheet, and was detected by both the
PlusPoint axial and circumferentially-oriented probes. The graphics from PlusPoint examination
appears to be exaggerated in the circumferential direction because of lead-in and lead-out effects.
This indication is quite short in length, and includes only 5 to 6 axial scan lines. - The indicated
circumferential extent is 0.20 inch, or 27 degrees. ‘

7.1.5 ercumferennal Indlcahons

Flgure 7.1.5-1- shows a circumferential indication (SC]) reponed at 1.47” below the top of the
tubesheet at Plant Y1 tube R18C52. This scan was performed with the PlusPoint probe with the -
circumferentially-oriented coil (Channel 2). The circumferentially oriented coil provided a
response as indicated in the Lissajous window in the upper left comner of the figure. The
indication- is small in extent, and is reported as 49.9° in circumference, and 2.19 volts peak.
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Because of the circumferential content of this indication, W‘ cntena ‘would not apply, and the
tube would be plugged o 8 o

‘Figure 7. 1 5-2 shows a crrcumferentral tndrcatron (SCI) at Plant Y2 R30€56 from the 2R7
inspection in Apnl 1996. This indication is located 0.69 inch below the top of the tubesheet.
The mdrcatron is 34° in crrcumferermal extent.

7. l 6 Multxple Axlal Indrcanons

v
o,

A total of four rnultrple axial indications were found at depths greater than 0. 39 mch below the’

top of the tubesheet. As shown in Table 7.1-1, for two of these indications, an RPC null point
was found between the axial indications. These are illustrated in Figures 7.1.6-1-and 7.1.6-2, and
the two mdtcatrons whlch do not reach a null pomt are | m Frgures 7.1. 6-3 and -4

v ! :

The Plant Z2 RSCSl MAI in Frgure 7.1.6- l is located 1 95" below the top of the tubesheet 'I'hls ’
PlusPoint examination shows two clearly separated axial-cracks, a larger one at about the 10°

position, and a2 smaller one at about the 160° posmon The circumferential aspect of the
indication is exaggerated by PlusPoint. . R R

Figure 7.1.6-2'is a Plant Z2 R12C69 indication from'November 1994 “inspéction. *-This MAI,
located 0.79 inch below the top of the tubesheet, includes two axial cracks which the RPC probe

shows to be clearly separated each scan lme reaches a null posmon between the ‘two axial -
mdrcauons - : : _ ‘ Ly

Frgure 7.1.6-3 is also a Plant Z2 tube, R20C43 from the March 1993 mspectrorL Thrs RPC scan‘.

shows two closely spaced axial cracks, with an indefinite null condition between the mdrcatlons
Thrs indication would not be acceptable in the w* cntena S ~

Figure 7.1.6-4 shows Plant Z2 tube R20C58 from the March 1993 mspectron Tlus MAI has'
-appearances more consistent with a"dent than-a crack-like indication.- The indication exhibits .

three closely spaced parallel axial npplw whlch occur over about an 80° crrcumferentral extent

- 717 Inclmed Indrcatrons ‘

The W" criteria limit the crack morphology to that of smgle and drstmctly separate muluple axra!

cracks as further deﬁned in Sectron 5.0 and as deﬁned in Sectron 8 7

Approximately 319 C-scans of WEXTEX region mdrcatlons from avmlable data were revrewed
to determine the orientation of the singlé ‘axial and multiple axial -cracks. ‘Although a full

determination of crack angles wasnot possible from the C-scans, nineteen of those reviewed were

observed to be slanted from the vertical direction. The orientation of the cracks was most easrly
observed in contour plots developed from the C-scans. s :
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Figures 7.1.7-1a and 7.1.7-1b present a slanted, slightly curved SAI in R4C18 from the March
1993 inspection at Plant Y2, SG-23. The relatively long, straight segment in the center of the
indication is inclined at about 2 28° angle from vertical. A small indication is noted near the
tip of the larger section. The uppermost tip of the crack was reported as 2.08" below the top of
the tubesheet, and the BWT was 0.14" below the TTS. o

Figures 7.1.7-2a and 7.1.7-2b indicate a short SAI in R6C37 from also from the March 1993
inspection at Plant Y2, SG-24. The straight segment in the center of the indication is. inclined
at about a 22° angle from vertical. The tip of the crack was reported as 1.18" below the top of
the tubesheet. . The BWT was not. determmed. K 4 : .

7.1.8 Locanon of the Bottom of the WEXTEX 'I‘ransmon '

Figure 7.1. 8-1 mustrates the location of the bottom of the WEXTEX transition w:th respect to
the top of the tubesheet for one unit.. The median location of the BWT in this unit is between
0.2 and 0.3 inches below the top of the tubesheet. . - .
72 DETECTION OF RPC-CONFIRMED INDICATI'ONS-hir BOBBIN,

Bobbin detection of RPC SAIs was analyzed for Plant W2 over a three-cycle time period. A
total of 25 RPC indications detected were teviewed to determine if bobbin inspection also found

an indication.- Of the 25 indications, 8 (or 32 percent of the total) were found by bobbin

inspection. Figure 7.2-1 illustrates that some relationship exists between peak RPC voltage and
bobbin detection, with the largest of the RPC voltages detected by the bobbin coil. 41% of the
RPC SAls (17 of 41) at Plant Y2 during 2R6, 2R5 and. IR6 were also detected by bobbin. .

Bobbm detection was also determmed for 36 PlusPomt SAIs below the BWT at Plant Yl and Y2
during IR7 and 2R7. Table 7.2-1 shows these results. The PlusPoint voltages for these
indications range from 0.31 to 3.80 volts. . Two of largest indications, 3.80 and 2.16 volts, were
found by bobbin. These results. support bobbin detection of the largest voltage indications. ..

The bobbm coil appears capable of dctecung potenual leakers for mdlcatxons below the BWT

although' detection is limited for smaller indications. The data of Figure 7.2-1 and Table 7.2-1

support adequate bobbin detectability for indications above about 3 volts by RPC. In situ testing
of PWSCC axial indications in roll transitions for 29 indications up to 3.3 volts and 3 additional
indications between 6.9 and 11 volts resulted in no leakage at SLB indications. Thus, it is

expected that indications would have to exceed about 3.5 or larger volts to have a significant

probability of leakage at SLB conditions and bobbin detectability should be adequate to detect
significant leakers. The leakage calculations for W* are particularly conservative in assummg
that all RPC mdlcanons are throughwall and contnbute to SLB leakage.

Although bobbin detectablllty appears to be adequate for detecnon of indications that would leak
at SLB conditions, the SLB leakage calculation is based on only the fraction of tubes inspected
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by an RPC or equivalent coil.
73 NDE UNCERTAINTIES
73.1 NDE Uncertamty Test Approach

Apphcahon of altemate Tepair ‘criteria: for axxal cracks requxres that provxsxon be made in the
engineering evaluations for uncertainties inherent in the measurement of NDE parameters. ‘For
W* these parameters include the elevation of the BWT (bottom of the WEXTEX transition), the
distance between'the BWT and the uppermost crack tip (CT), the crack(s) length, the W* length,
the angle of inclination of axial cracks from the tube axis, and the resolving power of the eddy
current coils used. A test program was performed to meet these r'equirements A summary of
the NDE uncertainties determined in the test program is provided in Table 7.3-1, and a
description of the test program follows.

7 3 2 Sample Conﬁguratton

:~To pronde the * und ‘truth” for the determmatxon *of the uncertamtles relevant to W"
memrements,{ = s PR

1" As.shown in Table 7.3-1, the measurement uncertainties needed to support W* were
obtained with bobbin coil and 115 mil pancake for Jocation of the BWT; the 115 mil pancake,
a mid-range PlusPoint, and an 80 mil pancake were used for the length measurements related to
the propertxes of the ﬂaws SRR : - s

Smgle-tube samplw NDE-O]-] NDE 01-2 and NDE~02 l were [

]l.c
The position of the WEXTEX expansion was determined for each sample. This was performed
by [

|
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7.3.3 Data Acquisition and Analysis

A channel head mockup of a Model 51 Steam Generator was adapted so each test sample could
be positioned at the elevation of the primary side face of the tubesheet. The‘eddy current probes
were delivered through a standard end effector attached to the arm of 2 ROSA robot. The probe
pusher was mounted below the channel head manway at the elevation of a platform. The eddy
current data was recorded on'an optical disk using a:-TECRAD TC6700 eddy cusrent tester and
a HP 650A data recorder Both were set up to use the ANSER software

The samplw were tested wnh bobbm corls and rotatmg probes eqmpped wrth 3 corls a 0.115"
pancake, a PJusPoint configuration, and a 0.080" pancake. Testing was performed at [

[ :

1*¢ The actual values for each
sample and the NDE measurements for each sample are given in ’I'ablc 7.3-4 and 7.3-5 for the
single tube and 21-tube samples, respectively.

734 BWT-to-Crack Txp Uncertamty

To promote umforrmty in the analys:s of the eddy current data, the posmon of the crack tip was
measured in the same fashion as was the location of the BWT; i.e., both were located relative
to the top of the tubesheet. To determine the uncertainty of measurement of the uppermost crack
tip relative to the BWT, the standard error of the difference between the standard deviations of

the individual measurements (TTS-BWT, TTS-Crack Tip) was calculated. The expected error
and its standard deviation were calculated by:

| “ %

where,

I
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Taking the relevant results from Table 7.3-1, the uncertainties in Table 7.3-6 are obtained for the
rotatmg coils used in this study; in this case the mean error on the crack np re]anve to the TI'S
is subtracted from the mean error on locating the BWT. relative to the TTS.

As used in tube integrity calculations, the applied error values are used to decrease the distance
from the BWT to the uppermost crack tip below the BWT. The applied error value assures a

one-sided 95% upper bound on the actual distance; it is the net sum of the average error plus_

1.65 txm&c the standard deviation.

The performance of the bobbin probe in locating the BWT {

7.3.5 Crack Length Measurement Uncertainties

ST Co ]"c of the measurcments for, these notches were notxceably
longer than the Iengths obtamed for identical length notches whose .examinations were not,
perturbed by the interference between the tube ends and the motor unit:

The values recorded in Table 7.3-1 represent the [

]Lc ’ .
It was observed that [

- :1* which require inclusion of the length between the null points at the ends
of the ﬂaw signal. The measurement uncertamtles to be applxed to crack lengths, based on this
work arc summanzed in Table 7 3-7 -

The apphed error given in. Table 7.3-7 for ﬂaw length measurement reprosents a valuc that is .
subtracted from the observed flaw length. The applied error value assures a one-sided 95% upper
bound on the actual crack length; it is the net sum of the average error plus 1.65 times the .

standard deviation. Since NDE ‘consistently overestimates the actual crack length and the mean
error exceeds 1.65 o, the net NDE uncertamty on crack length is a negative correction.



73.6 W* Length Uncertamty

Each of the samples designated “NDE-0x-x" was fitted with a [/

]"‘

these were located appr'oximately [ »
: ]"e measurements

obtained were used to denve a measurement uncertainty for W* for each of the 3 rotating coils

used in this study. The values derived from these measurements are given in Table 7.3-8 and

summarized in Table 7.3-1.

The measurement uncertainties derived are comparable to those obtained for flaw length
measurements. Observed values should be increased by the value of the appropnate applied error
value.

7.3.7 Flaw Inclination Angles

A subset of the machined notches used in this study were set at inclined angles relative to the
longitudinal axis of the tubing; these flaws were used to assess the effectiveness of the analysis
guidelines to yield reliable measures of the angle of inclination. The guidelines require
measurement of the circumferential arc length subtended by the signal peaks on the first and the
last circumferential scan lines which reflect the presence of the flaw. This arc length is converted
from degrees to inches by mulnplymg by the tube circumference divided by 360°. The angle
of inclination is obtained using the arctangent function of arc length divided by the corresponding
vertical component (axial) of the flaw length. (The tube circumference, ID or OD, should be
chosen to best represent the degradation being evaluated.) The ID circumference was used in this

report.
0 = arctan (arc length® * tube circumference/ 360; / axial length)
where,
0 = angle of inclination

The inclination angles for the machined flaws ranged from [ . ]*° and were associated
with flaws whose vertical length components ranged from [ :

J'* are affected by the interference noted above for the ﬂaw.
length measurements. The effect of overstating the length of the notch is to decrease the tangent
of the inclination angle, which in tum yields a lower inclination angle. Calculation of the error
in measuring the angles using only the f{. J** notches - gives. the measurement
uncertainties for the three rotating coils which are given in Table 7.3-9, along with the applied
error values for tube integrity calculation. Thereis approximately [  ]*¢ difference in the result.
obtained when all the inclined notches are included.



The measured angles underestimate the true angles in all cases. The smallest error is obtained
with the 80 mil high frequency pancake. - As applied the observed angles should be corrected
by the value of the applied error for tube integrity calculations.

Measurements rﬁadc_yvith 3he PlusPoint coil for ﬂaws with angles of inclination approaching [

]"c For the EDM notches used in this study
the rwults obtamed w:th the PlusPomt were comparable to those obtamed with the 115 mil coil.

738 Rotanng Coxl Resolutxon L
Sample [

]“ ‘
The C-scan -displays for the 115 mil pancake (300 kHz), PlusPoint (300 kHz) and 80 il
pancake (300 kHz and 600 kHz) rotating coils are provided as Fxgures 73-1, -2, -ad, and -3b

respectively. By examining the C-scans in the "valleys” between the signal amphtude peaks,
return to null can be determined between the signals. [

I
74  AXIAL CRACK GROWTH RATES |

Axial crack growth rates were determmed for three of the p]ants based on consecutive
examinations of axial indications within the tubesheet. This included 19 SAls and 1 MAI from

Plant W2, 11 SAIs from Plant W1, and 8 SAIs combined from Plants Y1 and Y2. The average:: 3

growth rates of the indications were adjusted for cycle lengths, and found o be similar for these
outages. The Plant W1 and W2 indications were all developed from RPC examination, had an
average length increase of 0.06 and 0.12 inch per EFPY, respectively. The Plant Y data included
axial crack length changes determined from comparison of 80-mil pancake to PlusPoint lengths,
3-coil circumferential element to PlusPoint lengths, and pancake to pancake lengths; these data
averaged 0.10 inch length change. Figure 7.4-1 shows the axial crack length growth cumulative
probability distribution. The distribution is reasonably linear in the range between minus 0.05
inch and 0.35 inch. The growth rate per EFPY at 95% cumulative probability is 0.25”, based on
the combined data.
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Summary of Database of WEXTEX Indication
SAl MAI svi Circ. (SCl or MCI)
"~ | RPC Null Point| RPC Null Point _ ,
Single Reached ' | ' NotReached |- Single | Single or Multiple
Axial Between Between Cracks | Volumetric] Circumferential
Indicalion Cracks or Indetemminate*] Indication* Indication*
Elevation (Depth)
Measured Relative
to TTS
<-0.4° 180 2 2 1 4
-0.4"t0<-0.2" 24 0 0 0 23
-0.2"t0 <-0.1" 9 0 o 0 52
-0.1"t0 < 0.0 14 0 0 1 52
Subtotals 227 - 2 2 2 131
Total Indications Below TTS Measured Relative to TTS: 364
Elevation (Depth)
Measured Relative
to BWT*
<-0.4* 13 0 0 0 0
-0.4" to <-0.2* 3. (¢} 0 0 0
-0.2" to <-0.1" 1 0 0 0 0
-0.1"to < 0.0° 1 0 0 0 0
Totals 18 0 o 0 0
Total Indications Below TTS Measured Relative (o BWT: 18
Cheen Lt . Total of All Indications below TTS: 382
* Criteria Not Applicable ' o

Table 7.1-1 - . .

s. BeAlo'm; TI’S .

* Circ. Cracks not included in BWT study
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Table 7.21
.. Bobbin Detection of Plus Point SAls -

Plus Point} Bobbin - “|Plus Point] Bobbin - [Plus Poin] Bobbin ]

Volts' |{Detected?]” Volts ' [Detected?] = Volts [Detected?] - -
0.31 'No .. . 0.64 No SR 2.16 Yes
03 No 071  No 38  Yes
0.36 No 081 No '
037~ No , 083  No_
0.40 ‘No ©1.06 No
041 No 1.12 No
0.42 No 124" ‘No ~
044 ‘No o 1.27 No
044  No 135  No
0.45 _No 1.38 No
0.47 “No 146 ~ No =
0.53 No 1.49 No
054" . No’ - 174 - No
0.55 No 1.76 No
0.57 No : 1.98 No
0.58 No 2.04 No
0.61 No 261 No
WEXTEX SAls Detected by Bobbin Versus Plus Point Voltage at
Plant Y1 and Y2
12
o 104 ]
s.add = - [ ONot Detected
g 61 M Detected by Bobbin
E 41
b= —
Z 24
0 } 4 4 Na B t .
05 10 . 15 2.0 25 3.0 35 40
Plus Point Volts

 CWstanCOMBOAXLS PlankY PissPt_Bobbin Defn 7-11 s




Table 7.3-1
W* Alternate Repair Criteria NDE Uncertainties
(Units in inches)

Measurement Uncertainty (Actual - NDE)
0.115" PlusPoint 0.080" Bobbin

Pancake ' o Pancake
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Table 7.3-2 Single Tube NDE Test Sample Identification

I Single Tube Mockup

Flaw Description

Top of Tube to | Top of Tube to Notch Elevation | Orientation Length
Identification TTS (Inch) BWT (Inch) Identifier (Inch) (Degrees) (inches) Comment
I

7-13

a,c




b ——— . : . —
"Table 7.3-3 21-Tube Test Sample Identification
21 Tube ' Flaw Description
Mockup TTS BWT - T -
Identificati Elevati Elevati Notch 1D, | Elevation* |Orientation Length Comment
entification (Elcvation) (Elevation) ! (Degrecs) (inches) .

7-14
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wnleirepatll_ITILXLS Walsr Slang Data (2)

Tuble 7.3-4 W* NDE Data for Single Tube Samples

715,




——

Wt eirepeni7_JTBLXLS Wetes Bising Dals ()

Table 7.3-5 W* NDE Dala for 21-Tube Mockup
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Table 7.3-6

W* Measurement Uncertainties for Rotating Coils

- for Distance from BWT to Uppermost Crack Tip

(All values in inches)

Rotating Coil

- Measurement Error *

Applied - Error

i

Table 7.3-7 .

~“W* Flaw Length Measurement Uncertainties -

(All Values in Inches) -

- Rotating Coil

Measurement Uncertainty

Appiied Error

7-17 -
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a,c

—— - -



Table 7.3-8
' W?* Length Measurements ‘
(Top of Tubesheet to Cnrcumfcrenual EDM Notch; All Values in Inches)

o ot ctmn  —

Rotating Coil Measurement Uncertainty Applied Error ac
Table 7.3-9
W* Inclination Angle Measurement Uncertainties
(All Values in Degrees) ' » '
Rotating Coil B Uncertainty Applied Error ='|
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B Flgure712-1 o
WEXTEX Single and Spaced Multiple Axlal Indlcatlons Below TTS
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WEXTEX Clrcumferentiai Volumetric Indications, and Closely Spaced

Figure 7.1.2-2

Multiple Axial Indications Below TTS
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WEXTEX MAI at Plant Z2 R5C51
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WEXTEX MAI at Plant Z2 R12C69

7-24



(R WP . 0v e Kaiame | Siube Thed wre =T =
£3 ra Tl | o Toai0m | Mioes X R 1 1 6
[ my o (I 1] e Ao &7 | e Yod 97 o o
I RO "-4-:3 Tl Ciesey § ik e
N Wi in 6| ek @ poss a-teq o vemw | M e Ten]]
Tume Fort 06 | Fiis Rste § | Tood Gom_vai | o4 oung @7 ] e ] na
K i o s | e dia ST O] O

Figure 7.1.6-3
WEXTEX MA1 at Plant Z2 R20C43
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- Figure 7.1.7-1a
Slanted SAI in Plant Y2 SG-23 R4C18 (Scan Line Plot)
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Figure 7.1.7-1b
Slanted SAI in Plant Y2 SG-23 R4C18 (Contour Plot)
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Figure 7.1.8-1
Location of BWT below Top of Tubesheet
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Figure 7.2-1

Bobbin Detection of RPC-Confirmed SAls vs. Peak RPC Voltage
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C-Scan Display for NDE Sp

Figure 7.3-1 ;
ecimen 115 mil (300 kHz) Rotating Coil

Figure 7.3-2

J

C-Scan Display for the NDE Specimen PlusPoint (300 kHz) Rotating Coil

7-30 .

a,c

a,c



-

e

- ac

Figure 7.3-3a
C-Scan Display for the NDE Specimen 80 mil (300 kHz) Rdtating Coil

42,

Figure 73-3b
C-Smn Display for the NDE Specimen 80 mil (600 kHz) Rotating Coil
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. Figure 7.4-1
Cumulative Probability Distribution for Growth of W* Region
Axial Indications

Combogr2.ds Growth COF Chat 2 Y2397 ) } 7-32
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80 W#* TUBE PLUGGING CRITERIA -

This section integrates the results obtained in prior sections to summarize the W* tube.pluggmg
criteria for eddy.current indications in the tubesheet region of the WEXTEX expansion.  The W*
criteria.provide the basis for disposition of indications found by bobbin conl or RPCi mspectxons
below the bottom of the WEXTEX transition. . ... .. .. . . ..

8.1 GENERAL APPROACH TO W* CRI'I'ERIA
The approach taken to develop the W‘ cntena is to utxhze the general methodology of the L"‘

criteria for hardroll expansions and adapt the methods for WEXTEX expansions. .The hardroll
L* critena utilize an L* length of undegraded tubing to limit leakage and perrmt a flexible length

(F*) to resist pullout forces, with the length increased if degradauou is’ prese:xg,thhm the

minimum F?* length. Since WEXTEX expansions have lower tube-to-tubesheet contact forces
than hardroll expansions, limited leakage is possible under SLB conditions and the L*.length is
replaced in W* by the requirement to calculate SLB leakage for indications left in service. The
SLB leakage for a given indication is dependent upon the distance of the top of the crack below
the bottom of the WEXTEX transition (BWT). A flexible W* length patterned after the flexible
F* length of the L* criteria is applied in W*. The general approach taken for W* can be applied -
to indications within the tubesheet for altemate types of tubesheet expansions. The principal
difference between the type of tubesheet expansion (hardroll, explosive, hydraulic, partial deptb)
is that the methods for calculatmg SLB. leakage must be specxallzed for the method of expansxon -

The general approach taken to develop the wt tube pluggmg cnterla mcludes
1. Prevenuon ofTube Burst AR S | : _' o

* Tube burst is precluded for cracks within:t‘ll'e tubesheet by ‘ille'constraint provxded by
the tubesheet.

2 Prevemxon of Axxal Separatxon Due 1o Pullout Forces i ( ‘ e ". v‘

.. Axnal separanon (tube pullout is precluded by requmng that undetected degradanon be .
at least a distance W* below -the bottom of the WEXTEX transition ‘such that the
pullout forces under normal operating or accident eondmons are exceeded by the elastic .
preload between the tube and tubesheet. A flexible W* length approach is applied

: whereby the minimum W* length is increased by the length of any axial mdlcanons left

«* in service to obtam an undegraded length equal to the minimum W* length

. Cnrcumferenual mdxcatxons wzthm the flexxble W‘ dxstance are repazred
3. Limit SLB Leakage Within Allowable Lxrmts |
» SLB leakage is hmlted by leakage ﬂow restnctlons resu]tmg from the crack and tube
to tubesheet contact pressures which provide a restricted leakage path above the

81, e



indications and also limit the degree of crack face opening compared to free span
indications.

« The requirements for allowable leakage under accident: conditions. are satisfied by
demonstrating that the leakage from indications within the W* distance, when combined
with leakage from other implemented altemnate repair criteria, is less than the plant
specific allowable leakage limit.

4. Negllgxble Leakage Expected Under Normal Operatmg Condmons

+ Extensive operatmg expenence in Europe with PWSCC axlal cracks left in service has :
- demonstrated: negligible operating leakage even for thousands of free span cracks

remammg in service.

» Operating leakage is further limited for cracks within the tubesheet by the tube to

tubesheet contact forces.

82 w* LENGTH

As developed in Section 4, the tube to tubesheet contact force res:stmg axial pullout forces is.
comprised of: radial contact pressure from the WEXTEX expansion’ process, radial contact.

pressure from local tube thermal expansion and pressure differentials at operating conditions, and

the ax:ally dependent radial contact pressures resulting from the tubesheet deflection due. to

pressure and thermal differentials across the tubesheet. The radial contact pressures from
tubesheet deflection are a function of the radial distance from the tubesheet centerline.
Consequently, the minimum W* distance for the tube to tubesheet contact forces to exceed the
pullout forces is also a function of the radial position of a tube in the tube bundle.

Two zones have beea defined, W* Zone A and W* Zone B, corresponding to inspection zones
currently in use for inspection of the expansion transition. The W* lengths for W* Zone B and
W* Zone A are 7.0 and 5.2 inches, respectively. The W* distance is defined as the distance
below the bottom of the WEXTEX transition (BWT). Only hot leg values are given in this
section as cold leg WEXTEX indications have not been found in operatmg SGs Flgure 4.5-1
provided a tubesheet map defining the two W* length zones.:

Below the flexible W* distance, any degradation including a 360°- circumferential crack is
acceptable since the tube to tubesheet contact force integrated over the W* distance precludes
tube pullout under normal operating or accident conditions. As developed in Section 4.4,
Regulatory Guide 1.121 margins against rupture at normal operating conditions are limiting in
determining the W* length.

Allowable degradation within the W* length is developed in Section 8.4.




83 APPLICATION OF GROWTH AND NDE UNCERTAINTY _
83.1. - Flexrble W‘ Length

Srnce the reqmred length of tubmg to be mspected depends upon the presence or absence of .
indications and must include allowances for NDE uncertainty. and growth-of an-indication, a-
variable or “Flexible W* Length” has been defined. The Flexible W* length is the distance from
the bottom of the WEXTEX transition (BWT) to the bottom of the required inspection zone and
includes: the minimum W* length, the length of indications if present within the W*. length,

conservative additional length for measurement uncertainty, and modrﬁcatrons 10 account ‘for
potentxal growth of mdxcanons - e S

. The flexrble W" length below the BWT is def ned as:
. . '.:.l»‘y;;’

. Flexible.w*.,r;ength =.w* -+.:ANDEW. + ICL; + No sANDE,, + N *ACG -

'wherc, SR T O NP
W+ is the W‘ length (7.0 for W* Zone B and 5.2" for W" Zone A)
ANDEW is the NDE uncertamty in measunng thc W‘ depth |

:'ZCL is the total axral Iength of tubmg in whrch axral crackmg is present S
~‘-'below the BWT and down to the adjusted W* length. For-axial cracks which ©
share the same elevation over a portion of their length, (e.g., parallel cracks) - - -
the contribution to CL from that band of axial cracks is the distance from the
uppermost crack within the band to the lowermost crack within'the band. CL
may mclude contrrbutrons from both parallel cracks and smgle axial cracks

- Ng is the: .number of enveloped grouprngs of mdrcahons (erther of smg.lc-
o :fcraclcs or parallel cracks) as descnbed in CL above : SRS

‘ANDEC,_ is the NDE uncertamty assocrated thh measurement of the length of co
-ax:al cracks. o . . .

.'ACG is the allowance for crack growth in length for each of the Na_ crack
mups‘ - - - .
The eddy current data analysis gmde]mwof Apnendi;: A of rthis\ report are 10 l>e anplied for W‘
inspections. These guidelines are consistent with the development of NDE uncertainties.



s et

8.3.2  Leakage Analysis

SLB leak rate analyses are required for condition monitoring (analysis of as-found inspection
results) and operational assessments (projections to the next EOC). NDE uncertainties are
included in the leak rate evaluation for both assessments while an allowance for crack growth is
required only for operational assessments. The Jeak rates are dependent on the distance from the
BWT to the uppermost tip of the crack. NDE uncertainties and crack growth are applied to the
uppermost tip of the crack to conservatively reduce the distance of the crack tip below the BWT.
It is possible that the application of uncertainties and growth can result in the crack tip estimated
to be. above the BWT.. The applicable NDE uncertainty, ANDE,, is the uncertainty on the
measurement of the distance between the crack tip and the BWT. The total growth rate, ACG,
as described in Section 8.3.1, is conservatxvely assumed to all occur at the uppermost crack tip.

The estimated growth rate from Section 7.4 is added to each crack prior to the operatxonal
assessment leak rate calculation for each tube. At 95% cumulative probability, the growth rate
is 0.25 inch per EFPY. This growth rate was conservatively developed from available data. As
an option in applying the W* repair criteria, plant specific growth data can be developed and
applied for W* applications. NDE uncertainty and growth are added to beginning of cycle
(BOC) RPC crack tip positions to calculate the leakage contribution at end of cycle (EOC).

Section 6.4 provides tabulated SLB leak rates for Zone A and the four sub-zones of Zone B as
a function of the distance between the BWT and the crack tip. These tabulated leak rates are
based on deterministic analyses which are shown in Section 6.5 to be conservative relative to
Monte Carlo analyses. The tabulated Jeak rates are provided to reduce the effort required to
calculate the SLB leak rate for comparisons with allowable limits. As an option, the Monte Carlo
methods of Section 6.5 can be used for the leak rate analysis when the conservansm of the
deterministic methods may be considered to be unacceptable. :

8.33 NDE Uncenainties

NDE uncertainties are deveIOped in Section 7.3 and summarized in Table 8.3-1. The
uncertainties were developed using prototypic, robotic measurements in a2 SG mockup and
analyses by two field analysts using the NDE gmdelmes of Appendix A. NDE uncertainties are
given for the + Point coil, 80 mil pancake coil and 115 mil pancake coil. The uncertainties for
W* application are developed at the one-sided +95% confidence limit on the data. Differences
in the NDE uncertainties between coils are modest. The + Point coil, which has the largest field
spread of the coils tested, shows the largest uncertainties, Itis seen that the uncertainty on crack
length measurement is negative, that is, the measured length must be reduced by the applied NDE
uncertainty due to overestimation of the length of significantly deep flaws (50% tested) by the
NDE techniques. The uncertainty on locating the BWT relative to the TTS is approximately
independent of whether the distance is measured with a bobbin or RPC coil.

The limiting NDE uncertainties, as obtained for the + Point coil, are: dxstance of upper crack tip
relative to the BWT, (

]‘J
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84 ALLOWABLE TUBE DEGRADATION IN W* LENGTH

Tube degradation within the flexible W* length is limited to provide adequate tube strength to
transmit axial pullout forces through the W+, dlstance Allowable degradahon within the W"‘,
dtstance is lxmtted to:’ : feon X T

. -Axtal mdxcatlons left in service shall have the upper crack llp below the BWT by at ]east the _
N’DE uncertamty, ANDE(;.r on locatmg the crack t1p relatlve 10 the BWT D e
. Resolvable smgle axtal mdncauons (mult:ple mdncatxons must return to the null pomt between ,
_-individual cracks) within the flexible W* distance can be left in service. 'RPC or equivalent
~coils or a“UT inspection can be usedto demonstrate return to null between mulnple axial
*1ndxcattons or the absence of cxrcumferenttal mvolvement between the axxal mdncatlons

. 'Tubes thh mclmed axxal mdxcahons lees than 2 0 mches long (mcludmg the crack growth ,
.allowance) having inclination .angles relative .to the tube axis of < 45% minus the NDE
"uncertainty, ANDE,; on the measurement of the crack angle can be left in service. Thatis,

- the measured crack angle must be less than (45° - ANDE,). Tubes with two or more parallel .
(overlapping elevation), inclined axial ‘cracks must be repaired. .. The. limit of 2. 0 inches for
inclined axial indications is conservatively applxed to limit the circumferential involvement of
the indication. . For application of the 2.0 inch limit, aniinclined indication is an axial cfack

- that is visually inclined on the RPC C-scan, such that an angular measurement is required and .

" the measured angle exceeds the measurement uncertainty, of ANDECA There is.no length limit
on axial indications that are not mclmed by thts definition, - : : o

. All ctrcumferent:al or- volumetnc tndlcahons w1thm the ﬂexlble W* tilstance and ax1a1
~-md1catnons thh mclmatton angles greater than (45° ANDECA) are to be repaxred

L

.. Any type or combmatxon of tube degradatmn below the we length is acceptable ' ',

Based on. the above reqmrements axtal mdxcanons below the BWT by at least the NDE
uncertainty ; are permitted -to:remain in service - -although " crack - growth over .the .subsequent,
operating cycle could result in.an EOC indication crack tip above the BWT. .This repair
requirement assures that the ‘dominant length of the crack remains in the fully expanded tube
which limits.crack opening for SLB leakage and-the SLB leakage model is applicable to this-.
crack location. Leakage is essentially the same for a crack tip just below the BWT or somewhat
above the BWT since the tube expansion limits the crack opemng but there is no tight crevice .
above the crack tip to further limit leakage. In addmon, the repalr requirement prevents an axial .
tube burst since the potential crack length above the BWT is limited to the crack growth and.
would be too short for burst at SLB condmons 2 . . . : :




85 SLB LEAK RATE EVALUATION

The SLB leakage from the tubesheet region is limited by the contact pressure between the tube
and tubesheet as developed in'Section 6. The contact pressure is the result of the WEXTEX
expansion process, thermal expansion mismatch between the tube and tubesheet and from the
_ differential pressure between the primary and secondary side. The contact pressure is also
influenced by the dilation or contraction of the tubesheet hole resulting from tubesheet deflection
caused by the primary to secondary side AP acting on the tubesheet. Since the deflection effect
is a function of radial distance from the tubesheet center, the tube-to-tubesheet contact pressure
varies with tubesheet radius also. - For the purpose of the SLB leakage evaluation, the contact
pressure from the WEXTEX expansion process.is not included in the determination of the total
contact pressure. The leak rate model is based on tests for constrained crack openings and for
leakage through the expanded crevices. The WEXTEX contact pressure was inherent in the test
samples. for the crevice leak rate tests, is considered representative of that in steam generator
tubes, and therefore is not accounted for separately in the SLB evaluation: For the leak rate tests
with constrained crack openings, the test specimens were ground to produce small tube to collar
gaps or contact pressure and the WEXTEX contact pressure is not included in the tests. It is
conservative to ignore the WEXTEX contact pressure for the constrained crack opening model
since mclusxon in the analysxs would further reduce the effecnve crack openmg

The SLB leak rate model is apphcable to both the hot leg and cold leg_ 'I'he model assumes a
free span crack in series with a flow resistance for the tube-to-tubesheet crevice (Section 6). An
effective free span crack length is determined from leak rate tests with crack openings constrained
by the tubesheet. Equating the test leak rates for constrained cracks to an effective free span
crack length is performed to permit pressure drop analyses for the series model. The crevice flow
resistance is based on test results of prototypic WEXTEX joints.: Knowing the distance between
the uppermost tip of the crack and the BWT together with the radial position of the tube in the
tubesheet, the leakage rate can be predicted from the leak rate models. As shown in Section 6,
the leak rate is independent of crack length due to the tubesheet constraint on the effective crack
opening length. For cracks within 0.7 inch of the BWT for which the WEXTEX expansion

diameter may be tapered (tube-to-tubesheet gap < 1 mil), the leakage model includes the crevice

restriction of leakage due to small tube-to-tubesheet gaps and the effective crack length for zero

contact pressure. If the tip of the crack is above the BWT, the leak rate is based on no crevice

and the effective crack length for zero contact pressure. Even with the tip of the crack above the
BWT, as potentially possible with crack growth, the center of the crack is below the BWT and
the tubesheet constraint limits the crack opening.

The leakage analysis methods and leak rates as a function of the crack tip distance below the
BWT are the same for condition monitoring (analysis of as-found mdxcatlons) and operational
assessments (projected to next EOC). The difference in application is that the operational
assessment reduces the crack tip distance below the BWT by the crack length growth rate. It is
conservatively assumed that the total crack growth occurs at the uppermost crack tip.

The resulting SLB leakage for tubes with indications in the tubesheet region in the current
inspection, is to be added to the SLB leakage from other tubes retumed to service under
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additional alternate plugging criteria, if appropriate.: The total must be less than the plant specific
allowable SLB leakage limit. " If the leakage exceeds the allowable limit, an apprOpnate numbcr
of the indications must be repa:red to sansfy the allowable leakage lxmxt. ’ R

8.6 INSPECTION REQUIREMENTS

The W" repair criteria provxde for dlsposmon of mdxcanons found by bobbm conl or RPC

inspections. In this context, RPC applies to a rotating pancake coil or an' equivalent ‘coil such
as the + Point coil. The extent of the bobbin and RPC inspections are determined by Technical
Specification requirements” and 'plant  specific' RPC .inspection guidelines for the WEXTEX
transitions. Application of the W* criteria does not mandate a specific inspection-sample size.
For implementation of W*, indications within the flexible W* length that are found by bobbin
coil inspection must -also be RPC:inspected ‘to ‘characterize crack lengths and-elevations.- Al
indications left in service within the flexible W* length must be RPC inspected at each planned
refueling outage. When RPC inspections are performed for the WEXTEX transition region, the
mspectmn shall mc]ude the full length of the flexxble W" rcglon e

Recordmg of rmlts for the bobbm coil 1 mspectnon sha]l mclude as a minimum: the tube locatlon -

“ the elevation of each indication relative to the top of the tubesheet, the peak-to-peak voltage of

each’ indication and the phase angle and/or depth of the indication. . The recorded results shall -

include all indications in the tubesheet region and aré provided for information only since the

bobbin data are not. used in W‘ apphcanons except to identify mdxcatlons for RPC mspectnon :

Recordmg of results from 1he RPC mspect:on shall mclude

. Tube ]ocat:on

. Length of RPC inspection relatlve to the ’I'I‘S on exther an-inspection basis lf kept the samei

for all tubes inspected or on a tube basis if not the same for all inspected tubes. The length
to be RPC inspected below the BWT is deﬁned as the "Flexlble W" length"

. Locanon of the BWT relanve to the TI‘S

. Elevatlon below the ‘ITS to the uppermost crack np of each mdxcanon

* Crack length of each axial indication. Axial length shall be reported separately for each

. mdxcat:on

. AFor axially oriented éracks clearly inch;ned relative to the tube axis, the inclfnaﬁoh angle of
-the crack relative to the tube axis shall be reported. A value of 0° may be reported for crack
_ mclmanon angl&s that are less than about 20° and the angles do not requlre mdxvxdual sxzmg

» For multlple axial indications within the ﬂexible W“ dnstance the mspechon record shle
- distinguish between indications which can be individually resolved and those which cannot be -
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individually resolved (RPC amplitude does not return to null level between indications). This

.feature may be entered as a separate data entry in the inspection record or as an altemnate

~ classification of the indication (i.e., instead of MAI, MAR or MAU could be used). The total

circumferential angle spanning the unresolved axial indications or each resolved axial
indication shall be reported in addition to the axial Iengths of each separate indication,

« For circumferential cracks, the elevation of the mdxcanon relatwe to the 'ITS or BWT and the
circumferential arc length or angular extent shall be reported. Tube repair would be required
- if within the flexible W* distance.

. Maxlmum RPC voltage (peak-to-peak) of each indication (for mformanon only, not used n
W?* criteria). .

. RPC phase angle and/or depth of each mdlcanon (for mformanon only, not used in W*
criteria).

Reviews of WEXTEX expansions by profilometry analyses have shown full expansions below
the BWT for lengths considerably larger than the required W*. distances of about 6 inches. Thus,
identification of the BWT.is adequate to confirm expansion over the W* length and further
confirmation of the expanded length is not required. The elevation of the BWT below the TTS
is typically variable within a few tenths of an inch. Lack of an expansion near the TTS would
be identified by the inability to locate the BWT. If the bottom of the expansion transition is
above the TTS, the TTS is applied as the BWT for application of the W* criteria.

For application of the W* criteria, location of the BWT could be performed at one time for al}
tubes and the data entered into the inspection record when an indication is found within the
flexible W* distance. Altemately, the BWT measurement can be performed on an mspccnon
basis when an indication is found that requires application of the W* criteria.

87 SUMMARY OF W* TUBE PLUGGING CRITERIA

As developed in the above sections, the W* plugging criteria can be summarized as follows:

W* Length

The W* length in the hot leg shall be 7.0 inches in W* Zone B and 5.2 inches in W* Zone A.
The W* length is the length of tubing below the bottom of the WEXTEX transition (BWT)
which must be demonstrated to be undegraded in accordance with the following criteria: If
cracks are found within the W* region, the flexible W* length must be applied to account for the
assumed lack of axial restraint over the length of the crack (Section 5.4).. The flexible W* length
is the total RPC-inspected length as measured downward from the BWT, and includes NDE
uncertainties and crack lengths within W* as adjusted for growth. For most inspections, it is
expected that the RPC inspection length will be measured from the top of tubesheet (TTS). In
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this case, the distance of the BWT below the TTS must be subtracted from the inspected length

for comparisons with the flexible W* length. - Below the - flexxble w* length any type or

: combmatxon of tube degradauon is. acceptable o

The followmg are the length reqmrements to be apphed in- the two zones across the mbesheet
thh and wuh degradatxon within the flexible W* dxsta.nce -

Central Zone B
"~ Without degradatlon ‘
w* Length below BWT 7 0" + ANDEw

« With degradanon in W‘ length

Flexible W* Length below BWT = 7.0° + ANDE,. + ZCL; + N *ANDE, + N ACG

Outer Zone A
. .Wlthout degradanon'

W" Length below BWT 5 2"+ ANDEW
. th degradanon in W‘ length

Flexlble W‘ Length below BWT 5 2" + ANDEw + ECL- + Nc,_ ANDEa_ + Na_-ACG
The definitions for the NDE uncertainties and crack growth rates are gwen in Sectxon 8 3 and

further dxscussed later in this sect:on o AP . B

Allowable Tube Dgradahon Within W* Lenﬂ |
Tube degradat:on within the W* length shall be limited as follows: <

 -Axial indications left in service shall have the upper crack tip below the BWT by at least the
NDE uncertamty, ANDEC.r on locanng the crack up relatxve to the BWT ‘

. Rwolvable single axxal mdlcatxons (multxple mdlcatlons must return’ to the null pomt between
.individual cracks) within the flexible W*-distance can be left in service. RPC or equivalent
:coils or a UT inspection can be used to demonstrate retumn to null between multiple axial
fmdlcat:ons or the absence of cxrcumferennal mvolvement between the ax:al mdxcatlons

. Inclmed axlal mdncat:ons less than 20 mches long (mcludmg the crack growth allowance)_

having inclination angles relative to the tube axis of < 45° minus the NDE uncertainty,
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ANDE_,, on the measurement of the crack angle can be left in service. That is, the measured
crack angle must be less than (45° - ANDE,). Tubes with two or more parallel (overlapping
elevation), inclined axial cracks must be repaired. The limit of 2.0 inches for inclined axial .
indications is conservatively applied to limit the circumferential involvement of the indication.
For application of the 2.0 inch limit, an inclined indication is an axial crack that is visually
inclined on the RPC C-scan, such that an angular measurement is required and the measured
angle exceeds the measurement uncertainty of ANDE..,. There is no length limit on axxal
indications that are not inclined by this definition.

All circumferential or volumetric indications within the flexible W* -distance and axial
indications with inclination angles greater than (45° - ANDE,) are to be repaired.

Any type or combination of tube degradanon below the W* length is acceptable

SLB Leakage Evaluatlon

The SLB leakage evaluation shall be based upon:

Deterministic leakage analyses (Section 6.4) utilizing leak rates for Zone A and each of the.
four sub-zones of Zone B as a function of the distance of the upper crack tip below the BWT.
The total leak rate is obtained as a sum of the leak rates from individual indications in the SG.
As an option, Monte Carlo SLB leak rate analyses may be performed to reduce conservatism
in the deterministic analysis method.

For a condition monitoring assessment (analysis of as-found inspection results), the RPC
measured distance of the crack tip below the BWT shall be reduced by the measurement

nncertamty (ANDEc,)

For an operatxonal assessment (ana1y51s of projected EOC condmons) the RPC measured
distance of the crack tip below the BWT shall be reduced by the measurement uncertainty
(ANDE,) and the crack growth allowance (ACG).

The total leak rate from RPC-inspected tubes in the W* region will be divided by the percent
of tubes inspected using RPC or equivalent probes to obtain the total leak rate from all
indications.

The combined predicted leakage from all tubes with indications, including those which have
been retumed to service previously, must be compared to the plant specific allowable SLB
leakage limits. The leakage from W* indications shall be added to the predicted leakage for
indications left in service based on other implemented ARCs. If the predicted leakage is less
than the allowable limit, the tubes with indications may be returned to service provided that

-all other W* criteria are met. If the allowable leakage limit is exceeded, tubes shall be

plugged until the allowable leakage limit is met. Priority for repair to meet leakage limits
shall be the indications having the largest leakage contribution.
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Inspection Requirements

The inspection requirements for.implementing the W* rcpalr cntena, gwen in more detail 'in -
Secuon 8 6 can be summanzed as follows . Lo

. AThe W" criteria provxde for dlsposmon of mdlcatmns found by bobbm or RPC mspecuons andA :
do not mandate a specxﬁc mspectlon sample size.’. : . Do '
. Indxcauons thhm the ﬂexible w* length found by bobbm coil. mspecuon must also be'
inspected by RPC-(or equxvalent coil such-as .+ Point) to charactenze crack lengths and
elevations. -

+ All indications left in service within the flexible W* length must be RPC Jinspected at each
subsequent planned mspecuon

. -When RPC mspechons are performed for the WEXTEX transmon reglon the mspectlon shall |
-‘.mclude the full length of the ﬂexxble W* regxon - LA o e

. Bobbm coxl mspecuon results shall mclude 2s a minimum: the tube locanon the elevahon of :
-each indication relative to the top of the tubesheet, the peak-to-peak voltage of each indication -;
and the phase angle and/or.depth of the indication. The recorded results shall include all -
indications in the tubesheet region.

» Recording of results from the RPC inspection shall include: -tube location;-length of RPC."
inspection relative to the TTS (or BWT) on either an inspection basis if constant for all tubes
.inspected ‘or on a tube basis if not:consistent for -all inspected-tubes; location of the BWT -

- relative 'to the TTS; elevation ‘below the TTS (or BWT) to the.uppermost crack tip of each
indication; crack length of each axial indication; the inclination angle of the crack relative to :-
the tube axis for axially oriented cracks clearly inclined relative to the tube axis; the inspection

- record shall distinguish between multiple axial indications which can be individually resolved
and those which cannot be individually resolved (RPC amplitude does not retun to null Ievel
between indications); the elevation of circumferential indications relative to the TTS or BWT

~.and the circumferential arc length or angular extent; maximum RPC voltage (peak-to-peak) of -
-each indication; and RPC phase angle and/or depth of each indication. .- .

Application of the W* criteria permits measurements of the crack tip and W?* distances either
relative to the BWT or to the top of the tubesheet (TTS). Specific applications of either option
may depend on the coil used in the inspection and its ability to identify the BWT reliably. -NDE
uncertainties in determining the crack tip and W* distances relative to the BWT, as required for
W* application, may be ‘different between the two options as discussed in Section 8.3.3.




NDE Uncertainties

NDE uncertainties are developed in Section 7.3 -and further discussed in Section 8.3.3 and Table
8.3-1. For W* applications, the NDE uncertainties are applied at the 95% confidence level.
NDE uncertainties are provided for: distance of upper crack tip relative to the BWT, ANDE;;
crack length measurement,  ANDE,; crack angle measurement, ANDECA, and distance of W*
below the BWT, ANDE,,.. Specific values for the NDE uncertainties are moderately dependent
upon the type of rotating coil used for the inspection as shown in Table 8.3-1. “The uncertainties
ANDE,, and ANDE,, for measurements relative to the BWT include the uncertainties for locating
the BWT relative to the TTS since all measurements are made relative to the TTS.

Crack Growth Rates

A conservative crack growth rate for axial indications is developed in Section 8.3 as the 95%
cumulative probability value for data from three plants. Difficulties in sizing the prior cycle tend
to result in underestimates of the length and an overestimate of the growth rate. The resulting
crack growth rate, ACG, is 0.25 inch per EFPY. This value can be generically applied for all W*
applications: In general, the influence of crack growth uncertainties on either the flexible W*
-length or the SLB leak rate is small. As an option, plant specific growth rates can be developed
and applied for the W* criteria as an alternative to using the generic value.

Conservatisms in the W* Criteria

The W* criteria have been conservatively developed relative to providing a lower bound on tube
pullout force capability. and an upper bound on SLB leak rates. Conservatisms in the criteria
include:

» The W* lengths are the most hmxtmg length of any tube in each of the two zones and bound
all other tubes in the zone. , ,

» Lower bound tul;pull forces forWEX’I"EX expansions, based on a smooth tubesheet hole,
have been used to maximize the W* distance and bound variability in WEXTEX expansions.

 The length of a crack within the flexible W* length is assumed to provide no contribution to
pullout force even though the. contact pressures from thermal expansion and pressure
dxﬂ'erentlal would apply. - : :

. All expansions are assumed to have a small gap over the upper 0.7° of distance below the
BWT for both pullout force and leakage analyses.

» The W* length is developed for a generically low steam pressure of 760 psia which bounds
all operating Model 51 SGs with WEXTEX expansions.
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, ~ All circumferential indications within the W* distance are conservatively repaired as well as -
closely spaced axial indications for which the absence of a cxrcumferentlal indication between
the axial cracks cannot be demonstrated by RPC or UT inspection.

All é:ii'al "indications are asumed to be ﬂiroughwall for SLB leakage analyses T

'.The SLB leak ratw are the most llmmng of any tube in each of the two zones and bound all
- other tubes in the zone. - . o _M__‘:f

All crack growth in length is assumed to be toward the BWT fo'rileakage' analyses.
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Appendix A

NDE Guidelines
for Application with W* Criteria

1.0 SCOPE

These guidelines are intended to support the measurement of axial lengths associated
with point to point differences between the botiom of the WEXTEX transition (BWT) or
the top of the tubesheet (TTS) and the uppermost tip of axial crack indications, as well
as crack length measurements for axial PWSCC (primary water stress corrosion
cracking) detected in the expanded tube sections of certain Westinghouse 51 Series
steam generators. The acceptability of off-axis cracks is supported by measurement
of the angle of inclination of such cracks from the tube axis.

2,0 ENGINEERING DATA REQUIREMENTS

The WEXTEX expansion zone altemnate repair criteria (W*) impose special
engineering data requirements on eddy cumrent data analyses in order to ascertain the
structural condition of the tube. These requirements include;

Measurement of crack lengths

Inclination angle between axial crack(s) and the tube axis
Number of axial cracks in a band

Measurement of the length of sound tubing measured from

AP Lbd -

a) the bottom of the WEXTEX transition (BWT) or from the top of the
tubesheet (whichever is lower) to the uppemmost tip of an axnal crack or

crack band

b) the bottom of the axial crack or crack band to the lowest point inspected
or o the top of the next lowest crack band, if any.

Both axial and circumferential cracks are of interest. This section defines and
describes the engineering data requirements for detailed crack characterization.



21  Crack Characterization
2.1.1 Circumferential Cracks

The detection of circumferential cracks in the region below the top of the tubesheet -
shall disqualify the tube from application of W*. Normal data reporfing requirements -
shall apply. As a reminder, circumferential cracks above the bottom of the WEXTEX |
transition should be evaluated with respect to the need for, tube stablltzatlon as welt as
for structural mtegnty : . o

2.1.2 WEXTEX Transition Location =~ '

The position of the point at which full expansion is reached occurs at the bottom of the
transition.  This position is typically located within the fi rst 0.25 inches below the top of
the tubesheet. Graphically this point is obtained by’ identifying the intersection
obtained by extending the expanded tube profile in the tubesheet until it crosses the
extended trace of the unexpanded tube above. Some plants have obtained this point
by bobbin probe profilometry .in the past; this value may be used to anchor the rotating
probe analyses. Identification may be made with either type probe if satisfactory data
is available; caution should be employed in using the +Point coils for this purpose,
since its differential character may minimize the visibility of the transition.- . . . .v.

-;"

2.1.3 Sound Expansion Length =

Axial cracks are acceptable below the BWT, but the length of such:cracks may not be
used in satisfaction of the sound tubmg length requwed to prevent pullout of the tube
under aocudent Ioadmgs e

2.2 Analyét'r"r'a'lnlng e e |

Data analysts shall be given specific fraining in 1) industry experience wltn'eiépa'nsion '
zone cracking and 2) current mdustry analysns practtces for crack detectlon and _
characterization. 4

RO

Training data sets shall 'be'prepared for analyst familiarization. These data sets shall
include examples of WEXTEX expansion zone indications reflecting a diversity of test
" conditions including but not limited to; 1) large and small amplitude indications, 2) .
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indications in the presence of extraneous test variables. i.e., secondary-side deposits, -
permeability, excessive expansion zone geometry changes, etc., and 3) indications
which illustrate the engineering data requirements listed in Section 2. The training
shall reinforce analyst facility to apply the software appropriate to perform these tasks.

23 Analyst Performance Démonstrati;:n '

All data analysts shall successfully pass a site-specific practical examination. The -
examination should consist of data sets that demonstrate analyst ability to detect and’
size eddy current indications typical of those associated with WEXTEX expanded tube
sections and specifically to perform the following tasks:

a. Detemmine distances between ends of indications and reference locations
like the bottom of the WEXTEX transmon or. the top of the tubesheet

b. Lengths of indications

c.  Angles of inclination of indications relative to the tube axis.

Analysts may qualify separately for detection and characterization.

3.0 ANALYSIS SETUP

The setup instructions provided in this section apply to rotating probes using coils
qualified in accordance with Appendix H (Performance Demonstration for Eddy

- Current Examination) of the EPRI PWR Steam Generator Examination Guidelines
(NP-6201 Rev. 4).

3.1 Channel Assignments

The normal assignment of channels for the individual frequencies from rotating probe
coils, e.g., pancakes, shall be set up in such a fashion that the display of standard
flaw signals are directed upwards. This convention promotes evaluation of all data
displays consistent with industry practice. -

3.2 Spans

Initial span settings may be established as required by the qualified

procedure for the particular coil being used. Itis recommended that
the span setting be established such that the response from a 40%

(OD) EDM notch in an expansion transition be displayed at 50% full
screen displacement.
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3.3 ' Rotations -

The phase settings for pancake coils is established by. settmg probe motion horizontal
in the prime reporting frequency channel; this is expected to yield 18-22° for a 100%
axial EDM notch.-.For high frequency pancake coils, such as the 0.080" shielded coil,
rotating the:20% ID notch to ~ §° is recommended. .Care should be exercised to avold
setting this value in a-manner, which results in shallow ID. mdlcallons lying at phase .-
angles md:slmgunshable from liftoff. To the extent that +Point coils are used for -
detection and sizing in the tubesheet reglon the 100% axial EDM notch should be set
belween30and35‘ E T SV T 4 A

34 Voltage Normalization o -

The response of the 100% axlal nolch shall be callbrated lo glve 20 volts peak to peak _

in the prime frequency channel for each: coil; this vollage is acceplable forall .
supportmg channels as well. . . . e, C e

Lot

3 5 . Calibratlon Curves

For lhe purposes of the W‘ altemale repalr cntena all ﬂaws detecled in the WEXTEX

region will- be considered repairable. Phase angle-deplh calrbratlon curves are not o

required.

4.0, REPORTING REQUlREMENTS
41 Data Quality

Calibration Verification: The four EDM notches located within expans:on transitions on-
the calibration standard shall all be vusuble S L

Probe Norse The collected dala observed in the pnme ohannel for degradallon , -
evaluation shall be monitored continuously; data which exhibits excessive noise shall
be rejected and the affected tubes caused to be re-exammed with a well-behaved
probe. S L ) AT

Tube Noise: Positive measures for assessing noise levels arising from such variables
as probe motion, tube deposits, and permeability should be taken; in the event .
separation of tube indications from interfering signals is questionable, consideration
should be given to the need for altemative NDE methods less affected by lhe A
intefference.. - .. . R L

System Noise Electncal inﬂuences whlch render the collected data useless shoulq t;e
lnvestlgaled and ehmmated if the noise cannot be isolated and stopped, data
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collection may need to be scheduled at times when the source is not operative.
4.2 General Analysis Requirements

The potential for PWSCC is well documented for WEXTEX expansion transitions,
including both axiat and circumferential orientations. The presence of ODSCC in both
orientations in and below WEXTEX expans:on transition is rare but has some mdustry
precedent. : ~

With liftoff or probe motion set on the horizontal, the presence of signal trajectories in
the upper impedance plane shall be regarded as reflecting possible degradation.

While calibration standard signals exhibit predictable phase angle rotation with
changing frequency, this behavior should not be relied upon for in-plant conditions.

For example, clockwise vs counter-clockwise, 1D to OD, or OD to ID shifts with-
frequency are within the* expected pattems of behavior for flaw signals.” Detection 'of
flaw behavior in a degradation analysis channel should cause the signal to be
evaluated as an indication of degradation, notwithstanding conflict with other channels
or with other coils. If the signal in the context of its occurrence is more reasonably -
explained as arising from extraneous factors, analysts may cite these considerations
as the basis for a non-flaw disposition.” Care should be exercised to avoid nullifying a-
flaw signal call on the basis that a data channel more susceptible to interference doesv
not present clear flaw behavior. :

Filters and/or line nulling techmques are often used as an analysis aid to remove .
geometric or high frequency noise. However, the filtered data channel identification of
a potential indication should only add to the observed population, not to eliminate an
indication seen on a raw or unﬁltered data channel.

Expansion transitions which are not symmetric and smoo!hly varying, may cause’ hftoff
signals to follow a trajectory in the upper impedance plane. In these cases, a -
_coordinated review of the C-scan and Lissajous behawor may resolve the s:gnal as
representing liftoff.

Similarly, interferences arising from the presence of metallic copper deposits or
magnefite, which may be detectable in the upper impedance plane, should be
screened carefully to avoid misidentification of flaws as extraneous variables.

4.3 Data Screening

Data acquisition test extent durlng WEXTEX expansion zone examination typically -
consists of 2 inches above the top of the tubesheet to at least 5 inches below the top
of the tubesheet; in the event of an application of W* to a particular tube the
inspection extent must include the W* length (e.g., 5 inches below the TTS) plus the -
length of axial indications observed. In the event the initial inspection did not cover
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the required length, the positive identification test can be used to correct the - .
deficiency. All data acquired from this region shali be screened usmg both |mpedance
plane and C-scan plot analysrs techniques ‘ : Lo

Strip Chart Analysr - Strip. chart evaluatron technrques shall not be used m rsolatron
for data screening, but as a supplement to C-scan and :mpedance plane evaluat:ons

Impedance Plane Analysis - anary, seoondary, and process degradatron channels
(mixes, filters), if used, shall be scrolled for potential indications..The use of. multiple--..
channel analysis software display features is enoouraged to acoompllsh this
requtrement in an eff‘ crent manner S : : : N

Conservahve analysis ontena shall be used for screenrng purposes No voltage
threshold shall be used. In addilion, requirements for phase angle correlation between
degradation analysrs channels, and/or confirmation between different coils is not .
required for reporting an indication.’ Potential indications observed in‘any of the
degradatron analysrs channels shall be a basrs for reportmg

C-scan Analvsrs C-scan plots shall be generated and revrewed for all pnmary
degradation ‘analysis channels; secondary, and’ ‘process degradation .analysis channels
may be used as needed. Signal features observed:on C-scan plots shall be revrewed
in the impedance plane for evidence of degradatron

[T,

4.4 Reportlng Requirements
Analysis Codes - Appropriate three-letter analysrs codes that reﬂect indrcatron -
orientation and frequency of occurrence ‘shall be adopted. Typical industry codes for .
indications attributable to cracking include SAl and MA! for single and multiple axial : -
indications, SCI and MCI for single and multiple circumferential indications, and MMI
for mixed mode indication's in which both ‘orientations are present The oodes used
shall be defined in the plant data analysis guidelines.” . :

Final Report Entry - The record of each tube analyzed shall include the tube lD {Row,
Column), the signal amplitude (VOLTS), the phase angle (DEG), the 3-letter analysis
code, the channel (CH#) from ‘which -analysis was made, axial location and test ‘extent
for each detected flaw. “The angle of indlination of the ‘axial rndrcatlons with respect to
the tube axls wrll be czlculated from the reported data as intf cated in 5 3 6 L

The axnal locatron should be reported consistently wrth respect to the top of the -
tubesheet; this shalt apply also to the axial location of the bottom of the explosrve
transition and all other W* data requirements.: “There shall be a'separate record for -
each indication found ‘at the same location (multrple axral mdrwtrons) as well as for
axial mdrcatrons at drfferent axral Iocatrons N

A6



5 0 MEASUREMENT OF w* NDE PARAMETERS

These guidelines start with the knowledge that a flaw has been detected in the region
below the top of tubesheet to which W* applies. The analysis modes chosen below
should favor the channel(s), which are most effective in locating and sizing. For
example, the pancake coil would measure oblique flaws more effectively over the
+Point since the +Point may not reflect the true extent of the flaw.

5.1 Callbratlon Standards :

5.1.1 Table A1 provudes a llstlng of dlscontlnunles suntable for callbratlon of eddy -
current systems for many purposes. For the w* apphcatxon only EDM notches
are requnred these are mdlcated by the shaded cells in Table A1. :

5.1.2 Flat-bottom holes - Hole dlameters and tolerances for ﬂat-bottom holes. (FBH)
are as specified by current plant ASME Code requirements.

5.1.3 EDM notches - All EDM notches shall be at least 0.25" long with a‘ width \no
greater than 0.006” for W*: applications. Aithough not required for W*, it is .

- recommended that new standards have all- NDE notches at least 0.35" long and

that the 100% EDM notch be 0.5" in length.
5.1.4 Process Channel Reference Signal Sources

In addition to the tube wall discontinuities listed in Table A2, a simulated tube sheet
segment 270 degrees in circumferential extent, 0.75" thick, fabricated from SA-285

Grade C carbon steel or equivalent, shall be incorporated into the calibration standard

for process channel suppress:on

Other reference sxgnal sources e. g copper femte etc., may be mcorporated into the
calibration standard at the discretion of the user.

- 52 Analysls Setup

Rotating probes may employ pancake coils wrth dlameters rangxng from O. 080" to
0.125" on probe bodies suitably centered to establish surface-riding contact. For.
surface-riding coils, fill factor is not a relevant parameter. Probe diameters may be .
employed as needed to traverse the tube axially, so long as the probe design pemits
uniform surface contact of the sensing coils. Rotating probes may employ either
|mpedance or transmit-receive technology. While the probe may deploy 1, 2 or 3
coils, it is recommended that voltage measurements be made with a pancake coil
rather than a directionally wound coil. The combination of the probe pushing speed
and the rotation speed shall be such as would result in a maximum pitch

(displacement between scan lines) of 0.040". The NDE uncertainties developed for the '
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W* measurements were performed using 0.6” per sec pushing speed and 800 rpm -
rotation speed at a.digitization rate of 1000 per second in order to satisfy the
requirement for 30 samples per mch in both the crrcumferentral and axial drrectrons

The setup parameters provrded here are appllcable to rotatmg corl probes whlch may

be fitted with such coils as the 0.115"and/or the 0.0807:pancakes or a.+Point paired " :

configuration. A specific analysis technique sheet (ANTS) must be completed to. show.: -

the actual setup parameters for the partrcular probe type and conﬁguratron used
5.2.1 For each of the rotating co’ls to be used establrsh the pnmary, support and
process channels required by the ANTS ; additional channels may be established at .

the discretion of the analyst, but those: requrred by:this procedure shall be set up The'

lead analyst shall verify that all analysts have comectly established the required - -
channels

sl L, T

522 Conf gure the MFlPC dnsplay as follows

. a). For left strip chant, select the vertical component 'of the primary frequency
-channel of the coil that is ‘best suited to characterize the. reported ﬂaw
location. :

b) For right strip chart, select a low frequency locatmg coil channel

4,

c) For Lissajous, select the pnmary frequency channel for the corl used for the

evaluatron of. the flaw.
5.23 Set channel rotatlon as follows
Data analysis channels (0.115” t’ancake, +Point Axial, 0.08"Pancake): -: .

Set rotation such that the phase of the 40% 1D :
crrcumferentral EDM notch is at 15 Degrees (Peak to
Peak) " feie Pt .

Locator cha lA s): - .4 :
Set rotatron such that the phase response of the TSP or
the TTS is in the downward direction at 80°.

Trigger g‘ hannel; o P |

Set rotation such that the minor pulses are honzontal
and the major pulse is upward G s r e
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5.2.4 Set the axial scale between two known artifacts, such as through-wall holes on"

the calibration standard (refer to the drawmg for the as-bualt dimension).
5.2.5 Venfy axual speed is consrstent with acqu:srtlon parameters

5.2.6 ' Select the pnmary frequency channel and locate the response of the

center of the 100% axial EDM notch. Set voltage on this signal to 20.00 volt (Peak to |

Peak) and repeat for all 3 coils. The voitage may be set on non-analysis channels
using the values estabhshed for the +Point axial channel.

5.2.7 Establish phase Vs. depth curves as described, usmg ACTUAL :
percentage values from the appropnate standard drawmg for the ' ‘
calibration standard.- : .

a. Establish a 3-point OD curve using the primary frequency channel response

from the 100%, 60%, & 40% nominal OD axial EDM notches.

b. Establish a 3-point ID curve using the primary frequency response from the
100%, and 40%, nominal ID axial EDM notches (ID point 3 is O degrees =
0%).

If a process channel, such as-a mix or filter application, is being used, perform an
independent calibration curve as described above.

5.2.8 Adjust the span such that .the Lissajous response of the 40% oD axral EDM
notch is 50% of full screen (main Lissajous window) height for al apphcable analysus
channels.

5.29 Store setup'te disk and media.
5.3 Axial Length Measurement

Axial lengths and distances are cntxcal parameters for engrneering evaluatxon of
indications found in the region below the BWT. In principle crack lengths and
distances between BWT or the top of the tubesheet are measured by identical
processes; only the endpoint features which must be identified differ, e.g., BWT to
STR (uppermost crack tip or start of crack), STR fo STP (lower crack tip).

5.3.1 Load the tube to be measured and estabhsh TSH + 0. O" reference using the
low frequency locating channel. (Figure A5.1)

5.3.2 Locate the bottom of the WEXTEX rransition using the best suited channel,
(typically the 0.115" mid-range pancake coil at 300 kHz) and enter BWT with the
corresponding location into the report. (Figure A5.2)
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5.3.3 Locate the null point at the starting end- (upperrnost crack tip) of the mdrcatron,

which is the furthest away from the tube end, and enter STR along with the
correspondmg locatron mto lhe report (F‘ gure A5 3)

534 Locate the null pomt at the endmg end (lower crack tlp) of the mdrcatton, wh:ch
is the closest to the tube end, and enter STP. along with the comresponding location -
into the report. {Figure A5.4) The axial length is the difference between the STH and
STP scan lines divided by the cosine ol the mclmatlon angle .

I

5.3.5 Measure the c:rcumferentlal extent in degrees between the start STR

{corresponding to the uppermost crack tip) and stop, STP.{corresponding to the lower

crack tip), of the indication. Choose the positions corresponding to the points of
maximum amplitude on the STR scan line and the STP scan line. A true axial:®
indication should be closé to 0.degrees: - Enter this measurement along with the
appropriate cali (SCl MCI, SAl, MAI) into the report. (Figure A5.5)

5§3.6" Calculate the inclination angle based on the axnal length ol the mcf catnon and
the ‘circuriferéntial extent from start to end.” RN , ,» RS

A = ARCTAN ((D x Pix C)/360/L)

where: A = inclination angle -
D = the diameter of tubing
P = 3.14159 - o |
C = circumferential extent of the indication from section 5.3.5 *
L = the ax1al Iength ol the mdlcatlon

. '-l"

The diameter’ used should be appropnate for the type of crackmg observed
5.3.6 Repeat 5.3.3 to 5.3.5 for each axial lndlcatron ln the tube.

537 Graph:cs are reqmred for alI locat:ons recorded

1

——

5.4 Depth Measurement of Axial lndncations

is quidance is provided_in the eve t k fih ed " All axia

indications will be @arded gs regatrable uwn dgectgon,

5.4.1 Axial crack indications ldentrﬁed in the WEXTEX expanded reglon from 0 7" or
more below the top of the tubesheet or the BWT, whichever is. fower, are potentlally
eligible for retentnon in servace prowded they satlsfy the W" cntena St

54.2 Usnng the arow place the cursor at the begmnmg of the mdncatnon (STR as -
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identified in 5.3.3). Assign 0% to the NDD scan line outside the apparent start of the
indication. Move the cursor one line toward the finish (STP) of the indication.

5.4.3 Isolate the signal within the Lissajous window, and perfom Peak to Peak
measurement. . Enter the percentage value, the phase angle, percent depth;, and
amplitude (voltage) into the report (F‘gure A5.6) .,

If the indication cannot be assigned a depth measurement, the depth for this scan line
will be rnterpolared from the two adjacent scan lines.

54.4 Move the cursor to the next scan lrne of the mdlcatron and repeat 5 4.3.

5.4.5 Repeat step 5 4 4 until all scan lnnes for the axral mdrcatron have been entered
to the report. Assign 0% to the scan line outsrde the apparent end (STP) of the -
+ indication. , .

5.4.6 Repeat 5.4.1 through 5.4.5 until all subject axial indications in the tube have
been entered to report. Figure A5.7 presents a sample report of a complete data set .

- for a tube with one axial indication.

6.0 APPLICATION OF CRACK PROFILES FOR AVERAGE DEPTH
CALCULATION

6.1 Crack Length Averaged Depth

Calculations for crack length average depth are based on the area under the
depth/angular position curve divided by the total length of the crack between the
leading and trailing endpoints.

6.2 Calculation of Average Crack Depth
Y

From the profile measurements along the axial crack length.. perform a weighted
average calculation using the individual depth estimates for each scan line.

Average Depth = Sum (Depth ; x Segment ; (inches))
- Total Length (lnches)

where i = index identifying successive scans of the profile
Engineering calculations to be performed using this approach require that the source
of degradation (ID/OD) be known, as well as nominal tube OD, tube wall thickness, %

depth estimates from NDE or destructive examination, and the rotation pitch to be
applied between successive % depth data points.
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Calibration standard Reference Discontlnulty Conﬁguration ‘."ﬂ . o

Table A1

Orientation | S

urface

Location

Depth, %

Comments '

200

40 |- 60

Freespan | “~x"/

-
=

Freespan | .

100

1!
e
b
H

‘F,_.; ’

ID frses;’:}én"f x SERAET OO
Axial OD | Freespan x ';;.;.'_
FBH oD Ffeespar!' x X }( ASME Fe
Circ ID _'ExP ] x S &
Circ oD Exp i S ;
Axial ID Exp x SO
Axial oD Exp X ' ﬂ

——

Coil .

e
———e

‘Table A2
3-Coil Probe Head
Test Frequencies

Primary _

Aux 1’

__._._'_—_["_——_—'—'_——"—___'.——

-Aux 2

Locator

+Point

300 kHz

Optional

| 100-150 kHz

NA

0.115" Pancake Coil’

300 kHz .

Optional - -

100-150 kHz |

10-30 kHz -

oo

80" Pancake Coil?

——

600' kHz

Optional

100-150 kHz |

e,

'ANA

Notes:
! Unshielded.

——

2 Shielded (800 kHz may be used |f the coul desagn supports lt.)
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45 48 0.95. 4288 5 TSH ~~ -=5.16
45 48 2.86 ' 17 71 . 5 TSH. . =5.20
45 48 '3.63 " 9 '37 -5 TSH' * =5.23
45 48: 5,01 11 .46 ' 5 TSH.. . =5.27
45 48 76.43. 12 !50 - 5 TSH '@ - =-5.31
45 48 ;6.20. 14.:58 45 TSH . '=5.35
45 48. 6.66 13 - 54. "5 TSH . -5.39
45 48:.6.54° 13,54 5 TSH . -5.43
45 48 '6.19 ‘14 58 5 TSH & =5.47
45 48 6.52..13 54 :5 TSH -5.51
45 48 6.17. 14 58 S5 TSH. '=5.55
45 48 6.48° 13 54 5 TSH -5.59
45 48 6.11 15 62 5 TSH -5.63
45 48 6.55 13 54 5 TSH -5.67
45 48 6.23 14 58 5 TSH ~5.71
45 48 6.49 13 54 5 TSH -5.74
45 48 6.32 15 62 5 TSH -5.78
45 48 6.47 14 58 5 TSH - 45,82
45 48 6.22 14 58 5 TSH -5.86
45 48 6.33 12 50 5 TSH =5.90
45 48 4.96 10 42 5 TSH -5.94
45 48 3.48 13 54 @ 5 TSH . =5.98
45 48 2.59 19 79 5 TSH -6.02
45 48 0.95 51 80 5 TSH -6.06
45 48 0.26 106 O 5 TSH ~6.10
END DEPTH MEASUREMENT
DATE 12/07/96
- 09:10:56
Figure A5.7

Final Report Data for W* Axial Crack Characterization
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