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II.

INTRODUCTION AND PROGRAM OVERVIEW

In response to the NRC's Generic Letter 84-11, dated April 19, 1984
[Reference (b)], Vermont Yankee Nuclear Power Corporation performed an
augmented in-service reinspection of Recirculation and Residual Heat
Removal System piping during the 1984 refueling outage.

This report contains our assessment of indications found in piping as a
result of that inspection, as well as the repair and/or evaluation
techniques utilized to ensure recirculation system integrity for the
next operating cycle.

Contained within, as part of this report, are numerous Enclosures,
Attachments, Figures, and Tables which provide the details of our 1984
Augmented ISI Program. The report also includes comparisons of our 1984
program with certain aspects of our 1983 program.

o An extensive ultrasonic examination was conducted on welds in the
recirculation and residual heat removal systems in accordance with
the provisions of of Generic Letter 84-11, except as discussed in
Item 7 of Enclosure 1. Results are contained in Section V and
detailed in Enclosure 2 to this report.

0 Weld overlays applied during the 1983 refueling outage were
reinspected in accordance with the criteria of Generic Letter
84-11. The inspection included weld overiay integrily and bond of
overlay to base metal.

No indications were found in any overlay.

¢ Weld Joint 32 which had a mini-overlay applied at the 1983 refueling
outage was further overlayed. The overlay at this joint is now
structural.

0 Weld Joint RHR-32-4, which had a small axial indication, was
overlayed in accordance with appropriate criteria.

o In the 1984 inspection, no flaw indications were found in the 12"
diameter welds. All 12" susceptible welds have been examined at
least cnce during either the 1983 or 1984 inspection.

o In the 1984 inspection, unly one small axial flaw was found in the
20" diameter welds. All 20" susceptible welds have been examined at
least once during either the 1983 or 1984 inspection.

o in the 1984 inspection, no flaw indications were found on the 24"
RHR piping. No flaw indications were found in the 1983 inspection.

© For the large diameter 22" header and 28" suction and discharge
piping welds with indications of Intergranular Stress Corrosion
Cracking (IGSCC), linear elastic fracture mechanics analyses have
been conducted which show that flaw growth during the next cycle of
operation is sufficiently small so as to permit operation without
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III.

repair. Acreptance criteria for the evaluation are established in
Enclosure 2 to this report. All susceptible 22" piping has been
inspected at least once during the 1983 and 1984 inspections.

Twenty five out of 33 28" susceptible welds have been inspected at
least once in the 1983 and 1984 insp. ction.

In the 1984 inspection, the new flaw find rate was 18% (10 out

of 57) as compared to 59% (34 out of 58) in 1983. These results
confirm the assessment that the most susceptible welds were selected
for inspection in 1983 and that the selection criteria are sound.

The twenty-two weld overlays applied during the 1983 refueling
outage are now all structural overlays of low carbon (.025%) and
high ferrite content. The structural integrity of these overlays
was demonstrated in our letters dated March 13, 1984 [Reference (c)]
and May 15, 1984 [Reference (d)].

Weld joints with indications of IGSCC were conservatively

evaluated. These evaluations indicate that the flaws are relatively
short and shallow. Predicted flaw growth is very small in the next
cycle of operation.

Our pipe replacement contractor studied the drywell arrangement,
identified interferences, and established plans for the 1985 pipe
replacement. Utilizing this extensive pre-planning, an efficient
replacement effort with a minimum of personnel radiation exposure
will be conducted.

ESS_IGSCC C

We are replacing all Recirculation System and stainless steel
Residual Heat Remcval (RHR) System piping with seamless Type 316
nuclear grade stainless steel during the 1985 refueling outage.

Reactor Water Cleanup (RWCU) piping wns replaced during the 1980 and
1981 refueling outages with low carbon stainless steel.

Susceptible Core Spray piping was replaced in 1977 with low carbon
stainless steel.

Recirculation Bypass piping was replaced in 1976 with cast stainless
steel.

Sections of other nonsusceptible piping systems are also under
consideration for replacement in 1985. These include:

- Remaining Core Spray piping which operates at < 200°F, and
-~ Vessel bottom head drain line.
Plant procedures have been revised to require enhanced Reactor

Coolant System leak rate monitoring, rurveillance frequencies, and
corrective actions consistent with thcse described in Enclosure 3 to

this report.
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0 A local leak detection system will be installed to monitor eight (8)

28" uninspected joints. This system is discucsed in Enclesure 3 to
this report.

JUSTIFICATION FOR CONTINUED OPERATION

The evaluation of the overlayed weld joints and affected large bore weld
joints indicate that flaw growth is acceptable for all design
conditione. The justification for operation for a second cycle of
operation with weld overlays was provided in our letter, dated

March 13, 1984 [Reference (c)]. The results of this inspection confirm
the basis prisented for the integrity of the overlays.

Acceptance criteria for the analyses of large and small bore piping are
established in Enclosure 2 of this report. These analyses demcnstrate
that there is no loss of design safety margin over that provided by the
rules for Class I piping in the ASME Boiler and Pressure Vessel Code,
Section III.

For these reasons, we conclide that the operation of Vermont Yankee for
another cycle of operation is justified.






ENCLOSURE 1

The Ultrasonic Examination Program utilized in completion of the Vermont
Yankee 1984 refuel outage was planned and executed with the following as
its primary attributes:

a. Utilize both equipment and personnel demonstrated as qualified in
accordance with the EPRI NDE Center course, "U.T. Operator Training
for the Detection of IGSCC".

b. Utilize equipment capable of producing "hard copy” examination
results.

¢. Utilize equipment capable of manipulating examination data "off-line"
allowing for analysis of data in a non-radiation environment.

d. Provide redundant levels of evaluation techniques to compliment the
basic discrimination techniques.

e. Size detected and discriminated flaws in accordance with a program
demonstrated capable of providing accurate through wall dimensions.
The EPRI NDE Center, UT operator training for planar flaw sizing was
utilized to provide assurances in this respect.

To this end an examination program significantly different than that used
in 1983 (see Attachment A) was devised and implemented. The primary
detection phase of the program was relegated to the P-Scan System as
deployed by Independent Testing Laboratory (ITL) of Searcy, Arkansas (see
Attachment B)., The P-Scan System, used in conjunction with the MWS-2
semi-automatic scanner, provided the primary means for acquisition of
detection and discrimination data. This system was coupled to standard,
contact type 2.25 megahertz shear wave transducers. The primary
detection angle used was 45° nominal with 52° nominal used for

additional investigation and to a very limited extent to compensate for
coverage limitations of the 45° probe. Individuals qualified through

the EPRI NDE Center analyzed all P-Scan data and provided disposition.
P-Scan dispositions were made primarily on spatial parameters all of
which were compared to construction documentation and actual as-built
measurements obtained during pre-examination investigation.

Calibration of the system is established using a 10% ID notch in a basic
code calibration standard. Once basic reference is established P-Scan
records the presence of all ultrasonic reflectors to approximately -64 Db
of this 10% notch reference reflector.

It is the ability to look for flaws far below normal recording levels

which permits P-Scan to detect small or off-axis flaws without swiveling
the search unit. P-Scan presents a high confidence for detection of all
indications having any circumferential component as is the case with most
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IGSCC flaws. In EPRI tests P-Scan has demonstrated an ability to detect
pure "axial" flaws without benefit of additional compensatory scans.

The information su; .lied by P-Scan can be further evaluated by several
different methods. "xaminers demonstrated qualified through the EPRI
Program supply signal characteristic and echo dynamic information from
basic A-Scan analysis as well as supportive full or half scale plots of
specific areas. The ALN 4060, programmed to discriminate actual IGSCC
may also be applied. This manually-applied system, programmed by EPRI,
digitizes and analyzes received RF signals and provides a detailed
analysis of this information. This equipment has again been demonstrated
by perso~nel utilized at Vermont Yankee as a reliable means of
discriminating I1GSCC flaws from other perturbations at the weld root.

Evaluation scans, whether with the ALN or A-Scan units utilized probe
motions intended to detect additional "axial” flaws in welds requiring
further evaluation.

The WSY 70 probe, utilizing ID “"creeping” waves was used to confirm flaws
in a number of welds. This tool was only used in confirmation of flaws
gince it was felt that significant potential for false-negative flaw
interpretations exists.

The examination with a P-Scan System is limited to some extent by the
inspection fixture. The P-fcan System is capable of inspection of
pipe-to pipe and pipe-tu-elbow configurations on both sides of the weld.
On pipe-to-tee, pipe-to-valve, and pipe-to-pump, only one-side exams were
performed. Scan limitations are noted on the P-Scan data sheets. The
areas not scanned with P-Scan were manually examined with qualified
examiners where possible. All pipe-to-pipe and pipe-to-elbow
configurations were scanned on both sides, with minor areas not scanned
due to interference of integral supports or branch connections. All
pipe-to-pump, pipe-to-valve, and pipe to-tee configurations were
completed on the pipe side only. The heavy sections of the fitting and
necessary weld taper preluded any examinations in these areas. Because
ultrasonic examination of the component side of the weld joint is not
possible, no relevant ultrasonic information is available on the
component side of the weld. Tables VIII, IX and X summarize both 1983
and 1984 examination restrictions.

Sizing

A number of different techniques were utilized in establishing
through-wall flaw dimensions. These techniques fall into four primary
categories. High Angle Longitudinal Beam Techniques (HALT), were
utilized to integrate the outer 4/10's of the pipe wall for crack faces
or crack tips which may have propagated to that region. Flaws found to
be located in that region can be confirmed with a full-vee examination.

Pulse Arrival Time Techniques (PATT), are utilized to interrogate the
remaining volume to determine crack tips below the 0.D. region. As a
complement to PATT, a similar Satellite Pulse Observation Technique
(SPOT), can be used to both observe the crack tip and relate its position
to the root of the flaw through observations of both pulses
simultaneously.




Complementing the aforementioned techniques is the Multi-Pulse
Observation Sizing Technique (MOST), which insonifies the entire pipe
wall with several angles and modes of sound beam. Through observation of

several constant and changing pulse relationships, determinations of
through-wall depth can be made.

It is the combination of these techniques and their ability to complement
one another in establishing a given flaw size which serves as the basis
for the 1984 flaw sizing program.

All personnel utilized in sizing flaws at Vermont Yankee were trained in
accordance with the EPRI UT Operator Training for Planar Flaw Sizing.
Three individuals, providing the basis for all sizing calls, have been
designated as having passed a final examination at EPRI, thus
establishing their overall ability.

All flawed welds were evaluated on a weld-by-weld basis as to the need to
grind for flaw sizing. Grinding, when necessary, was completed to
enhance flaw sizing.

1983 Inspection Techniques

The examinaticn program in 1983 consisted of total manual scanning and
evaluation of the weld joints with methods qualified per IE Bulletin
83-02. These methods generally consisted of 1/2 vee path 45° shear
wave examinations performed at 1.5 MHz. Supplemental examinations were
performed using 60° shear wave examination techniques. Sizing was
performed with 4ual element search units using the amplitude drop
technique modified to include beam path geometry. Details of the 1983
exams were included in the 1983 I&E Bulletin 83-02 Final Report
[Reference (e)]. Attachment A to this report is a summary of the 1983
examination.

Scan limitations in the 1983 program were noted on the data sheets.
Pipe-to-comgonent configurations were scanned on the pipe side only. The
configurations were pipe-to-valve, pipe-to-tee, and pipe to pump.
Pipe-to-pipe and pipe-to-elbow configurations were scanned from both
sides with minor areas not scanned due to interference with integral
supports. Because ultrasonic examination of the component side of the
weld joint is not possible, no relevant ultrasonic information is
available on the component side of the weld.

In 1983, welds were scanned for axial indications in full scope oxams.
Based on Vermont Yankee/NRC meetings, some large bore piping was scanned
only at locations 90° apart. This was referred to as a cardinal point
exam. These cardinal point exams only scanned fo~ circumferential
indications. The extent of the weld exams, including those with only
cardinal point examine, are included in Table VIII to this report.

Cardinal point exams were performed by selecting four areas of the weld
joirt, 12" in length centered at 0°, 90°, 180°, and 270° around

the joint. This was an initial sample of 48" of inspection. The
inspections were on both sides of the weld joint where possible, as
described above. When an indication was noted that extended beyond the
original scan length, the examination was continued to determine the full
extent of that indicaion.
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4.

Weld Overlay Examination Technique

The examinations following the weld clad repair at Vermont Yankee
consisted of the following:

a. Clad Bond Examination
b. Clad Tntegrity Examination

The clad bond examination consisted of a straight beam examination from
the clad surface. The principal area of concern is the clad-to-base
metal interface. A 3/8" diameter flat-bottomed hole at the clad-to-base
metal interface of a clad calibration standard was used as the reference
reflector. Scanning sensitivity were at least +6 dB gain. The
acceptance criteria was 50% of the 3/8" diameter hole reference signal or
any indication with an area less than the reference reflector at
reference sensitivity. This examination revealed no relevant indications.

The clad integrity examination consisted of an angle beam inspection of
the clad and clad-to-base metal interface. The inspections were
performed with a KB Aerotech gamma series, dual element, 3/8 x 3/4",

45°, refracted longitudinal beam search unit, at r frequency of 1.5

MHz. The reference reflectors were 1/16" diameter side -drilled holes.
The holes were positioned such that an examination zone contained weld
metal, weld-to-base metsl interface, and base metal. The calibration was
performed on we'ded clad pipe of essentially the same material as the
piping components in the plant. These calibration standards were
manufactured in such a way as to duplicate the weld process and surface
conditions of the actual repairs. Overlay calibration standards were
fabricated at the minimum and maximum overlay thickness anticipated, thus
bracketing the overlays examined. Acceptance criteria were any
indication less than 50% of the reference reflector. No cracks, lack of
penetration, or lack of fusion were allowed. No elongated indications
greater than 1/4" were permitted. The results did not reveal any
relévant indications in the overlay or overlay-to-base metal interface.

Flaw Evaluation Summary

© UT Indications were found at welds in Vermont Yankee piping as shown
in Table 2-1 of Enclosure 2. Indications in the recirculation system
welds were evaluated and found to be acceptable for another l4-month
fuel cycle without repair. The axial indication at weld joint
RHR-32-4 was repaired by weld overlay as described in Enclosure 2.

¢ UT indications were evaluated for acceptability by fracture mechanics
analyses for crack growth and ASME Section XI, IWB-3640 flaw size
limits., End-of-cycle limits were used which included a 2/3 factor on
Table IWB-3641-1 flaw sizes and included thermal and prior repair
shrinkage stresses in the IWB-3641-1 evaluation.

0o Weld overlay thickness sizing is in accordance with ASME Section XI
Table IWB-3641-1. The thicknesses recommended for circumferential
flaws include an additional load factor margin of 1.5 for flaws less
than 180° in length. These factors are in addition to the safety
factor of 2.773 incorporated in the above Section XI Table. This
approximately corresponds to the inclusion of thermal stresses in

ol



sizing overlays for less than 180°. This methodology was used to
apply a full structural weld overlay to a previous repair at Weld
Joint 32 of the Recirculation System.

0 The width of the weld overlay for circumferential flaws is computed
as 1.5 (Rt)1/2, The width for axial flaws is centered on the axial
flaw length and extend 0.5 (Rt)1/2 past each end of he indication.

Compliance with 10CFRS0 General Design Criteria
Appendix F to the Vermont Yankee Final Safety Analysis Report (FSAR)

describes how Vermont Yankee satisfied the AEC General Design Critecia
(Appendix A to 10CFR50) when the plant was constructed.

This discussion will demonstrate that IGSCC, weld overlays and/or the use
of flawed pipe analysis have no effect on Vermont Yankee's compliance
with the General Design Criteria.

Of the General

Design Criteria identiflied in Appendix A to 10CFRS50, this

discussion will address only those criteria that could be affected by the
existence of IGSCC in the reactor coolant pressure boundary.

Criterion 14 -

“The reactor coolant pressure boundary shall be designed,
fabricated, erected, and tested so as to have an extremely
low probability of abnormal leakage or rapidly propagating
failure, and of gross rupture. "

Method of Compliance - The potential for 1GSCC will
increase the probability that flaws may exist in reactor
coolant piping. Vermont Yankee compensates for this
probability by increasing the frequency of inspection.

The existence of IGSCC flaws does not necessarily result
in system leakage. Many studies, supported by actual
operating experience, have shown that [GSCC flaws will
tend to arrest before pene'rating the pipe wall.

Between 1983 and 1984, 90/113 weld joints have been
inspected with very sensitive ultrasonic examination
techniques. Indications in unrepaired joints are very
shallow and have resulting very low probability of
propagating (see Enclosure 2).

Structural weld overlays have been applied to weld jointse
which do not pass ASME Code flaw evaluation eriteria.
These overlays are performed with a material which is
immune to IGSCC propagation.

Flaw evalustions on unrepalired joints were perfurmed to
the criteria recommended in Generic Letter 84-11. Several
additional conservatisms were appllied, as described in
Enclosure 2. Large margin between slized flaws and
acceptable flaws exists for one additional operating eyele,



We performed a Tearing Stability Analysis of the
Recirculation System which demonstrated that assumed
through wall flaws, having lengths which would result in
readily detectable leaks, were stable urder ASME Level D
loads. Integrity is shown to exist with ample safety

margins.

Flawed welds that are repaired by weld overlay or flawed
welds that do not require repair because of compliance
with limit load analyeis techniques satiefy the design
marging required by the ASME code. Thus, they are nu more
probable to experience rapidly propagating fallure or
gross ruptuce than an unflawed weld.

Thus, we conclude that GDC 14 is satisfled.

“"Components wh' ch are part of the reactor coolant pressure
boundary shall be designed, fabtlcated, erected, and
tested to the highest quality standards practical. Means
shall be provided for detecting, and t° the extent
practical, ldentifying the location of the source of
reactor coolant leakage. "

-i ~ Testing for 1GSCC is performed
using ultrasonic testing methods that have been shown to
have & high degree reliablility in detecting and sizing
IGSCC flaws. The detalls of the methods are described
elsewhere in this report. In addition, as described in
Enclosure 3, we have implemented more restrictive leakage
detection provisions and will install a moisture sensitive
tape system on eight (8) 28" uninspected weld joints.

T™h. 1, we conclude that GDC 30 is satiefled.

“The reactor coolant pressure boundary shall be designed
with sufficlent margin to assure that when stressed under
operating, maintenance, testing, and postuluted accident
conditions: (1) the boundary behaves in & nonbrittle
manner, and (2) the probabllity of rapldly propagating
fracture s minimized. The design shall reflect
consideration of service temperatures and other condltions
of the boundary material under operating, maintenance,
testing, and postulated accldent cond'tions and the
uncertainties in determining: (1) material properties,
(2) the effects of irradiation on ma’erial properties, (1)
residual, steady state and transient stresses, and (4)
slee of flaws. "

Mathod of Compliange - Stainless steel is very ductile
materisal that is highly resistant to brittle behavior and
rapldly propagating fracture. The Limit load analysis
technique accounts for the presence of flaws ard the
effect they may have on structural integrity. Compliance
with limit load analysis requirements ensures that



unstable flaw propagation will not occur. The tearing
stability analysis discussed in Enclosure 5 to this report
demonst~ates that even if a significant flaw should
propagate through wall, the plant leakage limits will
initiate corrective action well before the potential for
unstable flaw propagation develops. “

Thus, we conclude that GDC 31 is satisflied.

Criterion 32 - "Components which are part of the reactor coolant pressure
boundary shall be designed to permit: (1) periodic
inspecticn and testing of important areas and features to
assess their structural and leaktight integrity, and (2)
an appropriate material surveillance program for the
reactor pressure vessel."

Method of Compliance - The application of weld overlays
precludes the ability to inspect the pipe weld under the
overlay. However, since the weld overlays are structural
overlays only the integrity of the weld overlays needs Lo
be inspectable. As described elsewhere in this report,
the weld overlays are inspectable, and the requirements
fov inspecticn of overlays as defined by NRC Generic
Letter 84-11 have been performed.

Thus, we conclude that GDC 32 is satisfied.

In summary, Lhe existence of IGSCC in Vermont Yankee does not reduce
Vermont Yankee's compliance with the General Design Criteria of
Appendix A to 10CFRSO.

Basis for Improved Inspection Results

The basis for better inspection results in 1984 s twofold. The
validated examiner and examination procedure certainly provide the most
significant resson for better performance. All personnel performing
detection, discerimination, and sizing, who are Level 'I or III, are
qualified on an individual basis using the EPRI-NDE Center qualification
programs. The 1983 exams used a team approach to the qualification
process, rather than qualification on an individual basis.

The multifaceted examination procedure, using P Scan examinations, as
well as manual evaluations, and the ability to compare results with 1983
examinations provide the second major reason for better 1984 examination
results. The use of P-Scan equipment has allowed a greater examination
work scope within the limite of avallable personnel and personnel
exposure. Thus, more detall can be provided by the qualified manual
examiners doing indlcation evaluations. A more detalled comparison of
key examination variables is included as Table VI to this report.

In contrast, exposure levels in 1983 were such that total exposure
limited exam scope to the point that only cardinal point scans for
clrcumferentlal indications were performed on a large portion of large
bore pliping.



In summary, the 1984 examinations are performed with people who are
better trained, with the training validated by performance exams. The
equipment provides a greater amount of detail and a larger work scope,
within the limits of total exposure.

Attachment C to this report provides graphic representation of improved
sizing capability based on training and qualification of personnel.

Weld Joint Sampling Critecia
The sampling program was developed using four criteria for examination:
© Criterion 1
Inspect all unrepaired welds with I1GSCC.
o Criterion 2
Inspect all overlayed riser weld joints with previous cracks longer

than 10% of pipe circumference. The inspection is for bond integrity
with the base metal and a weld metal examination.

o Criterion 3

Inspect 20% of previously inspected joints without indications in
each pipe size (minimum of 2 weld joints).

o Criterion )

Inspect 20% of the previously uninspected welds in each pipe size
(minimum of 4 weld joints).

The table below depicts the criteria and the first and second additional
samples if defects were found in the original sample.

1f defects are found in the additional sample, then all remaining welds
of that size in that line should be examined.

The original sample has been expanded to include those welds defined in
Criteria 4 - 20", 22", and 28" lines.

The table also depicts the total number of welds in each criterion.

Criterion 1 - All unrepaired welds with IGSCC indications in 1983.

Original Sample - 28" - 64 28" - 58
28" -~ 1A 28" - 59
m" - 2 22" - 168
28" - 9 22" ~ 368
28" - 65A 22" - 308
28" - 15A 24" - RHR-31-1

Total - 12 Welds



~ Overlayed welds which had indications over 10% of

¢ ~ overlay bond and weld integrity exams.
12" « 30* 12" « 16* 12" -~ 24
12" - 3 12" -« 23> 12" - 29
12" ~ A2% 12" -« e 12" - 2
12" « A5» 12" - 50 12" - 35
12" - 20% 12" « 53 12" - 5

*Denotes sweepolet to riser welds.

12" - 54

lzl.
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Criterion 3 - 1983 inspection - no indications; 20% or minimum of 2 welds.

Original Sample

Total Population

a2t

S51A
S4A
4l
aa

18

RHR-32-4

207

1

¥

23A
30A

Criterion 4 - Remaining welds - not inspected; 20% or 4 welds minimum.

Original Sample

Total Population

First Additional Sample

Second Additional Sample

20
RHR-32-2
RHR-32-¥1
RHR-32-5
RMR-32-1

RHR-32-6
RHR-32-7

-
16A
a7

AR
I6A

238
49

Justification for Expanded Sample of 28" Pipe Welds

During the initial inspections during the 1984 refueling outage, IGSCC
indlcations were detectad. The sample population was increased as
required by NRC Generic Letter 84-11 and as described in our letter dated
An additional 28 - inch weld was found Lo

July 6, 1984 (Reference (J)].

have a flaw in the second sample population.
Generiec Letter 84-11 would require that all remaining 28-inch welds

9.

24°

RHR 301
RHR-30 13
RHR-30-9
RHR- 30 10

20

Strict interpretation of

28"

9%
17

m

15
158
27
26A
61

23

L7A
15¢C

178

s>



(there are 13) be inspected. A third sample of five welds was selected
for inspection. The five welds were selected to ensure that at least one
of each susceptible weld location in either loop was inspected. The
results of that sample showed that one weld was found with & small flaw
(approximately 3 inches long). Vermont Yankee does not belleve that
additional inspections are warranted. Our justification is provided
below.

During the inspections this year, the maximum cumulative flaw length in
any weld is less than 25 percent of the pipe circumference; average flaw
lengths are in the range of 1 to 4 inches. The maximum flaw depth
detected in any flaw is iess than 30 percent of wall thickness; average
flaw depths are 15 to 20 porcent of wall thickness. The weld sample
population was selected to ensure that the welds most probable to contain
IGSCC were inspected first. The sampling criteclia addressed carbon
content, service stresses, and fabrication-rolated repairs. The
legitimacy of the selection criteria is supported by the fact that even
though additional flaws were detected in the exponded samples, the size
of the flaws is less than the first sample. Of the total length of al!
weld joints inspected, less than two (2) percent of the total contalned
flaws. Vermont Yankee belleves there is sufficlent evidence to suggest
that the remaining 8 welds do not contain a flaw larser than the first &7
welds.

The safety significance of this situation can be shown to be negligible,
as follows: "

1. Using limic load analysis techniques, the allowable end of cycle flaw
depth for a flaw 25 percent of clrcumference is in excers of 100
percent of wall thickness;

2. Based on limit load analysis, the allowable flaw length for a 30
percent deep flaw is in excess of 100 percent of pipe clireumference;

3. The limit load evaluvations account for potential flaw growth during
the next operating cycle;

4. The Limit load rvaluations maintain full ASME Code design margine; and

S. EPRI studies have demonstrated that a multiply flawed pipe system has
at least the same margin of safety as & cingly flawed system. (In
actuality, It cean be shown that the multiply flawed system has
inereased margin, but no credit is taken for that. )

Thus, Vermont Yankee belleves that further inspections will result in no
increase in safety margin. Increased inspections will have a significant
radiologleal impact on the lnspection personnel. Specifically, we
estimate that an additional 22 man rem would be expended to inspect the
last sight (8) 28" weld joints, of which 16 man-rem would be to the UT
personnel. There ls approximately 12 man-rem remalning among *he
avallable UT personnel, which ls insufflelent to complete the exams.
Purther, It would take & week and & half to two wesks to obtain
sdditional qualified personnel. Based on the principal of ALARA, we
belleve no further exposure to inspect the remalining 28" welds e
Justified.
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As a compensatory measure for the lack of inspections, Vermont Yankee

to continue in effect the more stringent "unidentiflied leakage"
limits adopted by management directive during the last operating cycle.
Thess limits are discussed in detall in Enclosure 3 to this report.
Purther, & local leak detection system will be installed to monitor eight
(8) 28" uninspected weld joints. This system is also discussed in
Enclosure 3.

Finally, Vermont Yankee has conducted a tearing stability analysis on the
recirculation system. This analysis includes consideration of the
recently identifled potential for low fracture toughness in austenitic
submerged arc weldments. Even with these very conservative toughness
conslderations, it was demonstrated that structural stability was
sssured, even assuming a flaw of sufficient size to result in 10 gpm
leakage (five times the control limit). The results of this analysis are
provided in Enclosure 5 to this report.
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1.0 Introduction

During the current outage at Vermont Yankee, circumferential indications
were observed by ultrasonic (UT) inspection at weld joints (listed in Table
2-1) of the recirculation system. An axial indication was observed at RHR
weld joint 32-4, The indications are all located in weld heat affected zones
and are judged to be intergranular stress corrosion cracking (IGSCC) in
nature.

Fracture mechanics evaluations of the observed indications were performed in
accordance with References 1 and 2, in order to determine any need for
repairs. This assessment is for one fuel cycle (14 months) of operation. The
crack growth evaluation was performed for as-welded residual stresses plus
operating stresses and shrinkage stresses from previous weld overlay
repairs. The flaw was conservatively grown in depth as a 360° circumferen-
tiai crack.

Results from the above evaluation are compared to the end-of-cycle (EOC)
allowable flaw depth in ASME IWB-3640 (Ref. 1). A factor of 2/3 was placed
on allowable EOC flaw depth to account for flaw sizing uncertcinties, and
thermal stresses and shrinkage stresses from previous overlays were con-
sidered as primary stresses in the IWB-3640 evaluation, to acccount for any
possibie low weld metal toughness. With these conservatisms included, a
comfortable safety margin exists for the indications observed in the
recirculation pining welds at the end of one fuel cycle (14 months).

Based on the above fracture mechanics evaluations, a weld overlay repair was
performed on weld joint KHR 32-4.

Weld overlays have been successfully implemented on Type 304 austenitic
stainless steel pipe welds for the repair of intergranular stress corrosion
cracks (IGSCC) in boiling water reactors. These repairs consist of
depositing a 3600 band of Type 308L weld metal (with controlled ferrite) on
the pipe outer diameter and over the indication.
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The weld overlay repair serves a number of purposes toward restoring the
piping integrity: (1) structural reinforcement, (2) compressive residual
stresses on the pipe inner diameter due to weld shrinkage, and (3) an IGSCC-
resistant weld metal pressure boundary. Consideration of welding residual
stresses is not necessary in cases of through-wall cracks. Structural
reinforcement requirements are computed based upon the net section collapse
criterion (NSCC), as justified by elastic-plastic fracture mechanics analy-
sis (tearing modulus) to show that the NSCC is the controlling mechanism for
fracture.

Weld overlay repairs of IGSCC have been performed on a large number of welds,
including Vermont Yankee. Weld overlays were designed for Vermont Yankee es
reported in this document, and bound the worst hypothetical cases (through-
wall cracks in highly stressed weld joints).
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2.0 Details of UT Indications and Weld Joint Stresses

The size, location and orientation of UT indications in the Vermont Yankee
piping are presented in Table 2-1, along with the corresponding applied
stresses at the weld joint. UT indications are described in Enclosure A.

Stresses for this analysis were taken from References 4 and 5, and are based
on the piping design stress report (Ref. 3).

The values of weld shrinkage stresses (Ref. 6) from previous weld overlay
repairs at Vermont Yankee have been determined (as shown in Table 2-1) and
are added to residual plus operating stresses for flaw growth calculations.
These shrinkage stresses were also inciuded with primary and thermal
stresses in the determination of allowable flaw sizes.
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3.0 Fracture Mechanics Evaluation

3.1 Factors on Results

Certain factors were employed to account for uncertainties in flaw sizing and
weld metal toughness in the analysis. References 7 and 8 recommend using a
factor of 2/3 on the end-of-cycle (EOC) flaw size limit from ASME Table IWB-
3641-1 (Ref. 1). Reference 8 recommends that thermal expansion stresses be
considered as a primary stress in the use of IWB-3641-1 for end-of-cycle flaw
size limits. Reference 8 also uses a conservative 3600 circumferential crack
model to predict growth in the crack depth direction, whereas such cracks are
usualiy less than 3600. All these recommendations were included in this
analysis.

3.2 Crack Growth Evaluation

Crack growth was computed using the methodology of Reference 8. This
methodology is based on growth by intergranular stress corrosion cracking
(1GSCC) under sustained loading during operation, and has been found to be
consistent with cracking experience (Ref. 8).

Contributions of fatigue loading to crack growth are considered negligible
in this case. A major contributor to crack growth is the welding residual
stress, which enters heavily into sustained loading calculations, but has
only a mean stress effect in fatigue cycling. Furthermore, the available
data suggests that the contribution of the conventional design operating
transients to crack growth is negligibly small (because they comprise such a
relatively small fraction of the life) and that most of the crack growth
occurs under the nominal steady-state operating conditions (Ref. 8). Small
fluctuations in operating stresses are negligible from a fatigue standpoint
(Ref. 8). Thus, in large diameter piping the fatigue crack growth associated
with design loading histories is very small, and crack growth will be due
primarily to IGSCC (Ref. 8).
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3.2.1 Applied Stresses

Pressure, dead-weight and thermal stresses, for the weld joint being
studied, were employed with shrinkage stresses from previous repairs and
with the following residual stress distribution, crack model and crack
growth law to predict crack growth in the pipe thickness direction. These
applied stresses are tabulated in Table 2-1, as discussed previously, and are
all conservatively treated as through-wall membrane tensile stresses in the
¢rack growth analysis. The residual stress distribution through the pipe
wall is described below.

3.2.2 Residual Stresses

The best estimate axial residual stress distribution as showr in Figure 3-1,
was used with the above applied stresses for crack growth calculations. This
residual stress curve is consistent with Reference 8.

Due to the non-linear nature of the residual stress profiles, a third order
polynomial equation was used to curve fit the test data and analytical data.
The third order polynomial equation has the form

Stress = Co + C1X + CoX2 + C3x3 (1)

A least square curve-fit procedure was used to determine the coefficients in
Equation 1, where X is location in the wall thickness direction.

3.2.3 Crack Model and Crack Growth .nalysis

A full 360° circumferential crack on the pipe inside surface was con-
servatively assumed for crack growth computations in accordance with the
practice of Reference 8, even though the observed indications were finite
length. Accordingly, the fracture mechanics crack model was a 3600
circumferential crack in a cylinder with a thickness to radius ratio (t/R) of
0.1. The best estimate severely weld sensitized crack growth law (Figure 3-
2) was combined with the preceding stresses and crack model, and numerically

integrated to predict flaw depth as a function of time. Results are shown in

Appendix A.
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3.2.4 (rack Length Growth

Crack growth was computed conservatively in the length direction by assuming
a constant growth rate of 0.00025 in/hr (2.19 in/yr) at each crack end (Refs.
9 and 10).

Table 3-1 presents a summary of predicted crack growth for the Vermont Yankee
UT iadications in a 14-month operating period.

3.3 Allowable Flaw Size Determination

Based on the concept of net section plastic collapse (Ref. 11), ASME Section
XI IWB-3640 contains end-of-evaluation period allowable flaw depths for
circumferential flaws for normal and upset operation conditions for aus-
tenitic piping material (Table 3-2). Results for Vermont Yankee are shown in
Appendix B.

3.3.1 Circumferential Flaws

Briefly, the net section collapse theory for circumferential flaws considers
a given crack of length,[ (corresponding to a crack angle 26), and depth a,
with nominal primary membrane stress Py and nominal primary bending stress Pb
at force and moments equilitrium in the longitudinal direction and with
stress at the net section location equal to the flow stress of the material,

0f. This equilibrium is illustrated in Figure 3-3, along with /4, the shift in
neutral axis of the pipe due to loading the cracked pipe.

The following equations are derived from the above concepts (Ref. 11):

for ® + Bz 7
8. 7-6/) : (Pm/ %) (2)
Pp = -27-;1 [ZSin,G - (a/t)sin@] (3)
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for@+/3 >

’IT_(_l-a/t - Pn/0%)
A= 2 - a/t (@)
_ 20% .
Pp = -a/t
b 7 (2-a/t) sin/3 (5)

Using the above equations, the critical flaw size (%,&69) can be determined
through iteration.

The above basis leads to the formulation of the allowable end of evaluation
period flaw depth for circumferential flaws for normal operating conditions
in ASME Section XI Table IWB-3641-1 (shown in Table 3-2). Several
assumptions are used in obtaining Table IWB-3641-1. The primary membrane
stress is essentially due to operating pressure. It is assumed to be equal
to half of the allowable stress intensity (Sp). A safety factor of 2.773,
from the consideration of the minimum margin on primary membrane stress as
required by the ASME Code and the safety margin for pure bending in pipes, is
used.

An arbitrary cut-off at 75% for the allowable crack depth to thickness ratio
is made for conservatism. Also, for crack lengths larger than 1809, a full
circumferential crack solution is conservatively used, as illustrated in
Fiqure 3-4.

It can be seen that the allowable flaw dcpth in Table IWB-3641-1 (Table 3-2
and Figure 3-4) depends on the piping stress rat'o (Pp + Pp)/Sp. In
accordance with the latest NRC guidelines (Ref. 8), service level A thermal
expansion stresses are included in the stress ratio calculation to account
for possible low weld metal toughness. Therefore, weld joint stresses due to
pressure, dead-weight, seismic (0OBE), and thermal and prior repair shrinkage
(shown in Table 2-1) were used to compute corresponding stress ratios with an
Sm of 16.95 ksi. for austenitic stainless steel at 550°F.

7
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Stress ratios corresponding to the above stresses are shown in Table 2-1 and
were used with Table IWB-3641-1 to determine the allowable end of cycle flaw
depths. A factor of 2/3 is also included (Ref. 7 and 8), in the IWB-3641-1
results to establish the final allowable flaw size, in order to account for
flaw sizing uncertainties. This results in an allowable flaw depth of 50% of
the pipe wall thickness in all cases for the circumferential indications.

3.3.2 Axial Flaws

Table 3-3 presents the allowable end of evaluation period flaw depth to
thickness ratio (a/t) for axial flaws for normai operation conditions. This
table is formulated through emperical results for a through-wall flaw in pipe
and extended to part-through-wall axial cracks with a curvature correction
factor. Although an arbitrary flaw depth limit of a/t = 0.75 is shown in
Table 3-3, Section XI IWB-3642 permits flaw acceptance based on applied
stress and maintaining a factor of at least three against failure stress.
Thus, the source equations (Ref. 2) for Table IWB-3641-2 (Table 3-3) can be
solved, as shown below, to demonstrate a factor of at least three against
plastic collapse for a through-wall axial flaw, 0.5 in. long, in Vermont
Yankee 20 in. RHR piping.

Oh = 0 (6)

2 172
1.614 (7)

where: O = hoop stress at failure
3 Sm = flow stress, with Sy = 16.95 ksi. at 5500F
(from ASME Section III)
= curvature correction factor
through-wall axial flaw length

T ey T
"

= pipe radius (10 in. for RHR)
tm = pipe min. wall thickness (1.095 in. for RHR)

The hoop stress, due to a design pressure of 1250 psi., in the 20 in. RHR pipe
is given by:

oy = PR (8)
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The above equation results *: a design hoop stress of 11,416 psi. for the
design pressure. Thus, the predicted failure stress should be at least three
times the design hoop stress, or 34,248 psi., to give the required safety
factor. Substituting a failure hoop stress of 34,248 psi. into Equation (6)
and solving for £ in Equation (7) gives a through-wall axial flaw length of
5.72 in. This flaw length of 5.72 in. is significantly above realistic axial
flaw lengths at piping welds, which are generally limited to the weld heat
affected zone width of less than 0.5 in.

The above equations can also be solved for the more realistic through-wall
axial flaw length of £= 0.5 in. to show a predicted hoop stress at failure of
50,617 psi., and a corresponding safety factor of 50,617/11,416 = 4.43.
Another way to look at this is that the material flow stress could be reduced
as low as (3/4.43) (3 Sp) = 34,436 psi to still maintain a safety factor of
three against plastic collapse for a 0.5 in. long through-wall axial flaw.

Thus, it can be seen that such an axial flaw is not a safety issue. The use
of a thin weld cverlay, simply to arrest further crack extension and to act
as a seal against potential leakage, is considered adequate in this case.
This conclusion is consistent with Reference 8, which states that analysis
can be usel to justify long-term operation with weld overlays for relatively
short axiel cracks. This is true because errors on crack depth measurement
or flaw growth predictions will lead at worst to relatively small leaks,
which will be easily detectable long before the crack can grow long enough to
cause failure (Ref. 8).
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4.0 Results and Disposition of Indications

A typical change in flaw size for cne fuel cycle (14 months) is presented in
Figure 4-1 and is compared to the final allowable flaw size as described in
the preceding sections. The disposition of the Vermont Yankee I'T indications
is summarized in the following paragraphs.

4,1 Acceptable Indications

Even with the preceeding conservatisms considered in the analysis, there is
still a comfortable margin (from the allowable flaw depth of a/t =0.5) at the
end of one fuel cycle of operation (14 months), for the circumferential
indications observed in the recirculation system. Thus, these indications
are judged to be acceptable without repair for one ]4-month period of
operation.

4.2 Repairs

The axial indication at weld joint RHR 32-4 of the RHR system was
dispositioned to be repaired by weld overlay, as described in the preceding
section.

A full structural weld overlay (through-wall, 360° flaw assumed)was also
" applied to weld joint 32 of the recirculation system to add further margin to
a previous repair. The weld overlay design methodology is described in the
following section.

10
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5.0 Weld Overlay Repairs

Weld cverlay repairs for Vermont Yankee were designed as described in the
following paragraphs, using IWB-3640 (Ref. 1) as a basis, and including
appropriate conservatisms and factors.

5.1 Factors on Results

Weld overlay repairs were designed based on measured indication length
assuming a flaw completely through the original pipe wall thickness
(through-wall crack). This is conservative, based on the measured finite
depth of UT indications (as shown in Table 2-1), but is done to account for
any uncertainties in depth sizing. It also avoids the need to consider
further defect growth as influenced by overlay induced residual stresses in
the pipe (an effect that gives further margin).

As in the evaluation of UT indications for acceptability, thermal stresses
were considered in the primary stress ratio for determining IWB-3640 table
flaw limits. This is approximately equivalent to multiplying the primary
stress ratio (pressure, dead-weight and OBE) by a factor of 1.5 to account
for potential low weld metal toughness. Overlay thicknesses corresponding
to a load factor of 1.5 or the inclusion of thermal stresses in the primary
stress ratio were used for piping repairs when flaws of less than 180° length
are assumed for overlay sizing. This is based on past experience with weld
overlays, and results in reasonable thicknesses for the corresponding loads.
This load factor is an extra level of conservatism to guard against any
possible lower toughness in existing butt welds and is in addition to the
margin of 2.773 on loads in Table 2-1. The factor of 1.5 becomes less
important for larger flaws where more loading is supported in the controlled
tougher weld overlay material. For flaws greater than 1809 length, no credit
is taken for the existing butt weld, and a load factor of 1.0 is considered
adequate for the overlay deposited by the Tungsten Insert Gas (TIG) welding
process. For flaws less than 1800 length, the smaller overlay, based on
sizing with actual flaw length and a load factor of 1.5 or by sizing with a
1800-360° length with a load factor of 1.0, may be used.

11
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5.2 Repair Design Methodology and Results

The overlay designs are based on net section collapse theory, as described in
the section of this report on allowable flaw size determination, and includes
the preceding conservatisms.

Overlays for circumferential flaws were designed in thickness to meet the
flaw limits of Table IWB-3641-1 (Table 3-2), and include additional factors,
as discussed above. Two principal effects of the overlay are considered in
using this table to size thicknesses of overlays: (1) reduction in pipe
stresses due to increased wall thickness from the overlay and (2) reduction
of the flaw depth/wall thickness, a/t, ratio as a result of the overlay. A
maximum a/t of 0.75 is permitted.

A weld overlay design miminum thickness of 0.2 in. was computed for weld
joint 32, based on an assumed through-wall 360° flaw in the 12 in. diameter,
0.53 in. thick pipe, and an enveloping primary stress ratio of 0.522.

The steps followed for the weld overlay thickness sizing, for through-wall
cracks in the unrepaired pipe, are:

Obtain allowable a/t using the given (Pp + Pp)/Sy ratio from
Tab'e 2-1.

Reduce (Pm + Pp)/Sy proportional to the increase of wall
thickness t due to the addition of assumed weld overlay thickness
At.

Recalculate the allowable a/t corresponding to the adjusted Py +
Pp, due to the weld overlay.

If the calculated a/t from step ¢ is larger than the allowable value given in
Table 3-2 for the adjusted stress level, repeat steps b and ¢ by increasing
At until the solution converges to the allowable a/t at the adjusted stress
level. If the calculated a/t is significantly smaller than the allowable
value for the adjusted stress level, then the overlay thickness can be
accordingly reduced.
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The minimum width of the weld overlay was computed as 1.5 (Rt)1/2 where R is
the pipe radius and t is the pipe thickness. This is based on extending the
overlay a sufficient distance from the crack that the effects of the local
discontinuity (crack) on the structural reinforcement are dissipated. This
weld overlay design is shown in Figure 5-1.
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6.0 Summary

UT indications were found at welds in Vermont Yankee piping as shown in
Table 2-1. Indications in the recirculation system welds were evaluated
and found to be acceptable for another 14 month fuel cycle without
repair. The axial indication at weld 32-4 was repaired by weld overlay
as described in this report,

UT indications were evaluated for acceptability by fracture mechanics
analyses for crack arowth and [WB-3640 flaw size limits. End-of-cycle
limits were used which included a 2/3 factor on Table IWB-3641-1 flaw
sizes, and included thermal and prior repair shrinkage stresses in tha
IWB-3641-1 evaluation.

Weld overlay thickness sizing is in accordance with ASME Section XI Table
IWB-3641-1. The thicknesses recommended for circumferential flaws
include an additional load factor margin of 1.5 for flaws less than 1800
in Tength. These factors are in addition to the safety factor of 2.773
incorporated in the above Section XI table. This approximately
corresponds to the inclusion of thermal stresses in sizing overlays for
less than 1809. This methodology was used to apply a full structural
weld overlay to a previous repair at weld joint 32 of the recircilation
system.

The width of the weld overlay for circumferential flaws is computed as
1.5 (Rt)1/2. The width for axial flaws is centered on the axial flaw
length, and extends 0.5 (Rt)1/2 past each end of the indication.
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TABLE 2-1 Details of Circumferential UT Indicatons and Weld Joint Stresses

SRivoosey A,UHDg«lNl
WEHNLONYLS

Outer wWall Stresses (ps1.) (Shr.+Th. + UT Indication
weld Dra. Thickness Shi *Th. P+Dw Length

Component 151 No. _ {wn.) tlin.) Shrinkage  Therm.  Press. W OBE +PeDW  +0BE/16,950 alt N freirc.
ELBOW 1A 28.169 1.2 0 2122 5954 1177 155 9253 0.55% 0.22 5 0.057
ELBOW 2 28.169 1.2 0 917 5954 635 371 7506 0.465 0.15 2 0.023
ELBOW 9A 28.337 1.29 600 393 5534 259 476 6786 0.428 0.20 5 0.057
TEE 158 28.169 1.18 200 1887 6053 464 2164 8604 0.635 0.18 3 0.034
ELBOW 26A 28.169 1.15 0 958 6210 637 636 7805 0.498 0.15 19 0.22
ELBOW 27 28.169 1.15 0 735 6210 475 182 7420 0.449 0.19 4.5 0.051
VALVE 61 28.337 1.25 150 325 5711 83 1158 6269 0.438 0.20 24 0.27
PUMP 59 28.337 1.34 200 389 5330 54 1221 5973 0.424 0.21 18 0.15
TEE 65A 28.337 1.29 700 537 5534 461 1149 7232 0.495 0.23 15 0.17
TEE 16A 21.879 1.05 1190 2303 5614 1417 758 10,524 0.666 0.20 7 0.10
TEE 168 21.879 1.03 1190 2909 5718 1422 758 11,239 0.708 0.12 1 0.015
CAP 308 21.879 1.04 0 0 5666 0 0 5666 0.334 0.20 20 0.30
ELBOW 178 28.169 1.27 250 537 6023 196 227 7006 0.427 0.20 6 0.068
VALVE 49 21.879 1.09 2400 1136 5408 546 230 9490 0.574 0.22 1.5 0.022
PUMP 6 28.337 1.26 200 435 6068 173 1320 6876 0.484 0.17 3 0.034
CAP 238 21.879 1.09 0 0 5408 0 0 5408 0.319 0.27 6 0.087



TABLE 3-1
SUMMARY OF PREDICTED CRACK GROWT!'
FOR A 14=MONTH OPERATING PERIOD

CIRCUMFERENTIAL FLAW SIZE

PIPE START FINAL START F INAL F INAL

SIZE WELD DEPTH DEPTH LENGTH LENGTH LENGTH
(IN.) COMPONENT ISI NO. A/T A/T (IN,) (IN,) L/CIRC.
28 ELBOW 1A 0.22 0.300 5 9.745 0.1
28 ELBOW 2 0.1% 0.236 p 6.745 0.077
28 ELBOW 9A 0.20 0.261 5 9.745 0.1
28 TEE 158 0.18 0.238 3 7.745 0.088
28 ELBOW 26A 0.15 0.246 9 23,745 0.270
28 ELBOW 27 0.19 0.268 4.5 9.745 0.1
28 VALVE 61 0.20 0.261 24 28,745 0.327
28 PUMP 59 0.21 0.245 18 22.745 0.202
28 TEE 65A 0.23 0.285 15 19.745 0.224
22 TEE 16A 0.20 0,294 7 11,745 0.1
22 TEE 168 0.12 0.254 ! 5.745 0.084
22 CAP 308 0.20 0.244 20 24.745 0.35
28 ELBOW 178 0.20 0.254 6 10,745 0.122
22 VALVE 49 0.22 0.287 1.5 6.245 0.091
28 PUMP 6 0.17 0.247 3 7.745 0.088
22 CAP 238 0.27 0.286 6 10,745 0.015
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TABLE 2-2

CIRCUMFERENTIAL FLAW SIZE LIMITS
(SECTION XI, IWB-3641-1)

TABLE TWB-364]-1

ALLOWABLE END-OF-EVALURTION PERIOD FLAW
DEPTH? TO THICKNESS RATIO
FOR CIRCUMFERENTIAL FLAWS — NORMAL OPERATING (INCLUDING UPSET AND TEST) CONDITIONS

P+ P, Ratic of Flaw Length 7, to Pige Circumference (Note (3]
T Tizo7 05 (1D-3607
Diote @) oo 01 O&/e7 o2 03 a3l 04 or More
15 “) ) — ) () - “ )
14 075 0« a7 o 0.1s - @ (4)
13 075 0rs .Sl o 027 AT o 0.19
12 0rs 075 .27 0% oe 373 032 027
11 078 078 .11 ons 0851 40 042 0.34
10 0rs 01s ¥ o ey S0 051 04l
09 0.7% 075 15 ors 07y .63 0% 047
(¥ ] 0rs 0rs .15 o718 078 .TA7  oes 0.5)
0.7 (%} 018 75 e 0rs .78 07s 038
<0 0rs 0rs L35 ers 0rs 1% 078 0.6
NOTES:
(1) Flaw depth = a_ftor & surface faw
24, for a st wrface flaw
t = nominal thickness
Liwar interpolation i permesdie

@) P, = primary membrane stress
P, = primary bending stress

S, = allowable design stress mtemsity (in accordance with Section ill)

(3) Corcumference based on nomina pipe duareter
) IWB-3514 3 shal! be used




TABLE 3-3

AXIAL FLAW SIZE LIMITS
(SECTION XI, IwB-3641-3)

TABLE IWB-3641-3
ALLOWABLE END-OF -EVA_UATION
PERIOD FLAW DEPTH! TO THICKNESS RATIO FOR AXIAL FLAWS —
NORMAL OPERATING (INCLUDING UPSET AND TEST) CONDITIONS

Nondimensional Flaw Length (Nete @) (7,/\7A)

Stress
Rato
[Note (2)) 00 0s.6 10 20 30 40 50 60 70 80 90 w00 110

i

504 075 07575075 075 074 070 068 067 O6t 065 Co4 064 O (4

05 075 07595075 072 065 061 059 0S8 057 05 055 (@ (4) )
0e 075 075.75075 064 055 051 04 o4 047 W (4) ) a) @)
07 075 07574073 083 04 040 0V 037 W ) ) ) ) )
o 075 O075TMO62 040 032 028 026 W “) ()] [} - Y] )
(1] 075 074042 02 017 015 0 W “w ) (4) ) ) )
1.0 w W . “ W w w “w w W @ “w ()

MOTES:

(1) Flaw depth = &, for & srface flaw

2a, for & subsurface faw
Linear vrterpolation i permasible
-

f = nominal Uectness
S.= “"lmmﬁ,(humowwm)
(3) 7, = end-of evaiuation period for flaw length
r = nominal radws of the pipe
= nominal tnckness
(4) IWB- 35143 shall be used
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Outside wall
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(Best Estimeate)

LEGEND:

FIGURE 3-1

ot ol ]
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1260 Crack Deg™ (a1)

O GE 26 in NP944-1

D GE 26 in IHS! ref. pipe (4 szimutrs)
& ANL 26 in ND 944-2 (2 azimuths)

4 ANL 26 in KRB

® ANL 20 in T-114

® SWRI 28 in (3 azimuths)

e Structural Integrity Curves
Used in Analysis

RESIDUAL STRESS CURVES USED IN
ANALYSIS AND SUPPORTING EXPERI-
MENTAL DATA
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Upper Bound (Furnace Sensitizgd)
¥ 4 de/dt = 5.65x1079(k)3.07
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A 4!/
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AND SUPPORTING DATA (FROM EPRI NP-2472)




NOMINA L STRESS
INTHE NCRACKED
BECTION OF PiPE

-~

STRESS DISTRIBUTION IN
THE CRACKED SECTION AT
THE POINT OF COLLAPSE

Pon® APPLIED MEMES ANE STRESS IN UNCRACKED SECTION

M - AP LIED BENDING STRESS IN UNCRACKED SECTION

FIGURE 3-3. STRESS DISTRIBUTION IN A CRACKED PIPE -- BASIS FOR NET
SECTION COLLAPSE EQUATIONS (REFERENCE 11)
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