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PRODUCT DESCRIPTION

Argonne National Laboratory (ANL) has performed leak rate testing of degraded steam
generator tubing for a number of years as part of the Steam Generator Tube Integrity Program,
under the sponsorship of the Office of Nuclear Regulatory Research of the U.S. Nuclear
Regulatory Commission. This document describes the results of a review and evaluation of ANL
time-dependent leak rate information. )

Results & Findings ,

This report presents an evaluation of ANL time-dependent leak rate test data in terms of impact
on the present standard methods of leakage integrity analysis of degraded steam generator
tubing. This method was developed in the context of known incidents of time-dependent leak
rate increases in operating steam generators.

The ANL leak rate tests have shown that leakage at high rates can lead to fatigue crack growth
and subsequent time-dependent leak rate increases. The driving force for fatigue cracking is leak
jet/structure interactions. However, there is no demonstrated practical concern requiring
significant modifications to leakage integrity methods. It is prudent to develop the destructive
examination information on test specimens needed to clarify the degree and time history of the
degradation present in the leak rate specimens.

Challenges & Objective(s)
The objectives of this project were as follows:

e To review ANL data and test results to determine if there is a need to modify the current
method of evaluating potential leakage of degraded steam generator tubes.

e To determine if ANL test results are applicable to operating steam generators.

o To determine the need for additional testing or data.

Applications, Values & Use
The documentation in this report can be used by the industry to justify current leak assessment
methods. This report also includes recommendations for further study of this issue.

EPRI Perspective

EPRI will continue to study the issue of time-dependent leak rates in degraded steam generator
tubes. ANL will participate with the industry in this study. However, there is no immediate need
to modify current methods for evaluating potential leakage in degraded steam generator tubes.



Approach ,
The project investigators met with ANL representatives and exchanged details of test results both

by ANL and by the industry. They also reviewed progress reports and U.S. Nuclear Regulatory
Commission Regulation (NUREG) documents from the Steam Generator Tube Integrity

Program. .
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1

INTRODUCTION

Leak rate testing of degraded steam generator tubing has been performed at the Argonne
National Laboratory for a number of years as part of the Steam Generator Tube Integrity
Program under the sponsorship of the Office of Nuclear Regulatory Research of the U. S.
Nuclear Regulatory Commission. Test results have been presented at meetings with EPRI and
industry representatives [1-6] as well as published in NUREG reports [7-9] and in monthly
progress reports [10] of the Steam Generator Tube Integrity Program.

EPRI contracted AREVA to review this leak rate information with a focus on evaluating the
impact of reported time dependent leak rates on present standard methodologies of leakage
integrity analysis of service degraded steam generator tubing. This document describes the
results of a review and evaluation of ANL leak rate information provided in the following

‘sources:

. o Monthly Progress Reports of the Steam Generator Tube Integrity Program, January, 2003 to
June, 2007

o Presentations to the Technical Coordination Group of the Steam Generator Tube Integrity
Program

¢ NUREG/CR 6664, August, 2000
¢ NUREG/CR 6774, May, 2002
¢ Draft NUREG/CR 6879, Section 3 Leak Rate Studies.

This information was supplemented by presentations at EPRI-ANL-NRC meetings in January
and August of 2007, as well as by tours and explanations of the ANL laboratory leak rate test
systems.

The next section presents examples of leak rate versus time data for past cycles of operation of
several steam generators. This illustrates that the phenomena of increasing leak rates at
essentially constant operating conditions has been well known to be a possible result of stress
corrosion degradation of steam generator tubes. A description of present leakage integrity
analysis methods follows. This methodology was developed in the context of known incidents of
time dependent leak rate increases. ANL time dependent leak rate test data is then presented and
evaluated in terms of impact on the present standard methodologies of leakage integrity analysis.
Items needed for clarification are identified along with suggestions for future experimental work.
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OPERATING PLANT LEAK RATE DATA

Figure 2-1 through Figure 2-8 are example plots of leak rate at normal operating conditions
versus time for several steam generators in past operating cycles. [11] The leakage is due to
incidents of stress corrosion cracking resulting in forced leaker outages. In these figures the leak
rates at plant shutdown range from 50 to 150 gpd (0.035 to 0.105 gpm). The maximum
allowable leak rate at normal operating conditions is 150 gpd but most plants have lower
administrative limits. Current practice provides for essentially continuous leak rate monitoring.
Significant leak rate increases over several days is usually noted for corrosion related
degradation. This provides time for orderly shutdowns.
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Operating Plant Leak Rate Data
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Figure 2-1
Farley Unit 1, Normal Operation Leak Rate Trend, 1998

Figure 2-2
ANO Unit 2, Normal Operation Leak Rate Trend, 1996

Operating Plant Leak Rate Data
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Operating Plant Leak Rate Data

Figure 2-3
McGuire Unit 2, Normal Operation Leak Rate Trend, 1997

Figure 2-4
Comanche Peak Unit 1, Normal Operation Leak Rate Trend, 2003
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Operating Plant Leak Rate Data

Figure 2-5
Oconee Unit 2, Normal Operation Leak Rate Trend, 1994

Figure 2-6 .
Byron Unit 2, Normal Operation Leak Rate Trend, 1996

2-5



Operating Plant Leak Rate Data

Figure 2-7
Post Burst Test Fractograph of a Pulled Specimen with Axial ODSCC
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Operating Plant Leak Rate Data

Figure 2-8
Higher Magnification of Figure 2-7 Showing Tapered Depth Ligaments at the End of an OD
Stress Corrosion Crack



Operating Plant Leak Rate Data

Figure 2-9
Circumferentially Offset but Parallel Axial Cracks Leading to a Ledge Ligament between
the Crack Segments



Operatiné Plant Leak Rate Data

Figure 2-10
Fractograph of an Axial Stress Corrosion Crack in a Pulled Tube, Ledge Ligament
lllustration
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Operating Plant Leak Rate Data

Figure 2-11
Fractograph of an Axial Stress Corrosion Crack in a Pulled Tube, Illustration of an Interior
Ledge Ligament
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Figure 2-12
Branched and Unbranched Crack Segments

Operating Plant Leak Rate Data
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EPRI LEAKAGE INTEGRITY METHODOLOGY

This section provides a general description of the methodology of leakage integrity analysis
currently applied to steam generator tubes with stress corrosion degradation. This methodology
is presented in a number of EPRI reports.[14-16] Other equivalent approaches are in use but all
methodologies are benchmarked versus experimental data.
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EPRI Leakage Integrity Methodology
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EPRI Leakage Integrity Methodology
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EPRI Leakage Integrity Methodology

Figure 3-1
Comparison of Measured Leak Rates at NOP with Calculations from EPRI Leak Rate
Equations
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EPRI Leakage Integrity Methodology

Figure 3-2
Comparison of Measured Leak Rates at SLB with Calculations from EPRI Leak Rate
Equations



EPRI Leakage Integrity Methodology

Figure 3-3
Comparison of ANL and EPRI Calculations of Crack Openings Area of an Axial Crack as a
Function of Business



EPRI Leakage Integrity Methodology

Figure 3-4 :
Benchmark Resuits for EPRI Methodology of Calculation Crack Opening Areas of
Circumferential Cracks with Lateral Motion Restricted by Tube Support Structures

Figure 3-5
lllustration of the Effect of Restricting Lateral Motion on the Crack Opening Areas of
Circumferential Cracks
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EPRI Leakage Integrity Methodology

Figure 3-6
Calculated versus Measured Crack Opening Displacement of a Circumferential Crack

under Bending Loads

Figure 3-7
Comparison of ANL and EPRI Methodologies of Calculation of Leak Rates of Axial Crack at
Normal Operating Conditions
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EPRI Leakage Integrity Methodology
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rigure 3-8

Comparison of ANL and EPRI Methodologies of Calculation of Leak Rates of Axial Cracks

at SLB Conditions

Figure 3-9
l.og-L.og Plot of Data in Figure 3-7
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Figure 3-10
Log-Lot Plot in Figure 3-8

EPRI Leakage Integrity Methodology
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REVIEW AND EVALUATION OF ANL LEAK RATE TEST
DATA

Since the late 1990°s ANL has performed leak rate tests on several series of specimens of steam
generator tubing containing laboratory produced axial stress corrosion cracks [1-10]. Leak rates
were observed to increase with time under essentially constant pressure conditions in both room
temperature and elevated temperature tests: In mid 2004 testing of specimens containing
trapezoidal and rectangular EDM notches was initiated to develop an understanding of the
mechanisms of time dependent increases in leak rates [10]. Leak test results for the EDM
specimens are summarized first to provide a basis for understanding and evaluating the leak rate
data for the specimens with stress corrosion cracks. The main question of interest is whether or
not the ANL leak rate test results indicate that modifications are required to the current standard
methodology of leakage integrity evaluations of steam generator tubing in operating plants.

Leak rate tests of specimens with various types of EDM notch specimens have been performed at
ANL in a high pressure, high flow rate system at room temperature. The pump capacity is about
12 gpm. During leak rate testing the pump runs at full capacity. A constant pressure is
maintained in the test section and excess flow bypasses the test section. Test section pressure
and the leak rate through the test specimen is recorded.

Figure 4-1 depicts a trapezoidal EDM notch used in a series of leak rate tests. The central
section of the EDM notch is 100 %TW with an opening gap width on the order of 0.007 inches.
The EDM notch depth tapers to zero as selected distances away from the throughwall section. In
the parlance of Section 2, this produces a tapered depth ligament. Trapezoidal notches are
commonly machined on the specimen ID thus facilitating optical observation of crack growth
from the tips of the throughwall notch section. Some tests have been performed with the tapered
EDM notch on the specimen OD. The results are basically equivalent.

As the specimen test pressure increases a small amount of mechanical tearing develops at the tips
of the throughwall EDM section. The amount of tearing increases with the test pressure. Similar
tapered notch burst tests have been performed by the industry to examine the tearing behavior of
tapered depth ligaments. The ANL tests included the additional variable of active leakage over
several days or more. The initial leak rate through a 0.20 inch long throughwall EDM notch
section is about 2 gpm at a pressure of 1300 psi. Figure 4-2 shows a plot of leak rate versus time
for an EDM trapezoidal notch specimen. The initial leak rate was slightly less than 2 gpm and
increased to over 3 gpm during the next 7 hours. The test pressure was approximately 1000 psi.
The increasing leak rate was caused by the initiation and growth of a fatigue crack which
propagated down the length of the tapered depth ligament. Figure 4-3 illustrates cracking from
the tips of the throughwall EDM notch section. This is a record of the progressive failure of the
tapered depth ligaments via fatigue crack growth. ’
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Review and Evaluation of ANL Leak Rate Test Data

The fluid exiting the EDM notch specimens is in the form of a jet stream. At large flow rates
leak jet/structure interactions produce very high frequency but small amplitude pressure pulses
that are believed to be the driving force for fatigue crack growth of leaking flaws. The magnitude
of the leak jet/structure interaction has been shown to depend on the degree of confinement of
the leak jet, which is on the geometry of the structures surrounding the exiting leakage jet.

Pressure testing where no flow is allowed through the trapezoidal EDM notch by the presence of
a bladder and foil seal at the throughwall EDM section revealed another source of fatigue
loading. Vibrations from pump operation and pressure pulses from a 12 gpm bypass flow can
lead to crack growth as illustrated by the data of Figure 4-4. Leak rate and crack length is plotted
versus test time. In the “dry” condition, where no flow is allowed through the EDM notch, crack
growth of about 0.06 inches developed in about 21 hours by the action of the high flow, high
pressure test system alone. When flow was allowed by removal of the seal, the rate of cracking
increased substantially. Note the jump in leak rate and crack length in Figure 4-4. The test
pressure was maintained at 1300 psi in both the “dry” and leaking, “wet”, condition. The effect
of the pump operation and bypass flow was confirmed when static pressurization using bottled
nitrogen gas did not lead to time dependent crack growth in 220 hours at the same test pressure
of 1300 psi.

From the foregoing three types of crack growth have been identified in EDM notch specimens:

e Small scale, time independent mechanical tearing of tapered depth ligaments as internal
pressure is increased

e Small scale, time dependent fatigue cracking of tapered depth ligaments via pump operation
and bypass flow effects

e Large scale, time dependent fatigue cracking from fluid jet/structure interactions at high flow
rates

It should also be noted than small scale fatigue cracking of tapered depth ligaments is expected
from repeated pressurization cycles to the same maximum test pressure by a process of low cycle
fatigue. Here the extent of crack growth will depend on the ligament sizes, applied pressures and
number of pressurization cycles.

The ANL leak rate test data on EDM notch specimens provides a good basis for understanding
and interpreting the significance of prior ANL leak rate tests of specimens with laboratory
produced axial stress corrosion cracks. A summary of this testing is presented along with an
evaluation of its significance.

An early series of leak rate tests are reported in NUREG/CR 6664 [7]. The tubing appears to be
0.875 inches diameter by 0.050 inches wall thickness. After a sensitization heat treatment to
facilitate cracking in an aggressive sulfur species environment the yield strength was 26 ksi and
the ultimate strength was 88 ksi. In this test series one leak test was performed at 282 °C. All
_other testing was performed at room temperature in the high pressure, high flow rate system. In
summary the leak tests results are:

e SGL 177, Room Temperature Test
— 0.01 gpm leak rate at 2450 psi, developed after 100 minutes
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Review and Evaluation of ANL Leak Rate Test Data

— 0.068 gpm leak rate at 2450 psi at 160 minutes
— 0.44 gpm leak rate when pressure was raised to 2800 psi

e SGL 195, Room Temperature Test
— 0.01 gpm leak rate at 2129 psi
— 7.9 gpm leak rate at 2188 psi
— 8.6 gpm leak rate at 2250 psi
e SGL 104, Room Temperature Test
— 5.6 gpm leak rate at 2300 psi
— 6.2 gpm leak rate at 2500 psi, remained constant for 15 minutes, test terminated -

e SGL 219, Room Temperature Test
— 0.97 gpm leak rate at 1930 psi, remained constant for 90 minutes

— 3.7 gpm leak rate at 2346 psi, increased to 10.3 gpm over 11 minutes, then remained
constant for next 9 minutes, test terminated

e 2-10(W), Doped Steam SCC Specimen, Room Temperature and 282 °C Tests
— 0.01 gpm leak rate at 2500 psi, developed after 180 minutes
— Increased to 0.018 gpm over 24 hours at 2500 psi
— Increased to 0.032 gpm after 5 hours at 2700 psi

— Retested at 282 °C, 0.079 gpm at 2700 psi, increased to 0.19 gpm at 2700 psi after 2
hours

The post test appearance of these specimens is shown in Figures 4-5 through 4-9. The first four
specimens have a heavily IGA character as expected from the method of preparation. Specimen
2-10(W) was obtained from Westinghouse and was developed in a doped steam environment. It
is reasonably representative of a service cracked steam generator tube. Note the ledge ligaments
between parallel crack segments. - No metallographic or fractographic results were found for the
first series of test specimens. Crack depth versus length profiles from destructive examinations
was not available.

The above test data illustrate ligament fracture as the test pressure increases. At low leak rates at
room temperature the fatigue loading of pump operation and bypass flow explains the failure of
small ligaments and increased leak rates over time. The increase in leak rate from 3.7 gpm to
10.3 gpm over 11 minutes at 2346 psi may be indicative of fatigue crack growth due to
jet/structure interaction at high flow rates. Finally, the time dependent increases of leak rates in
specimen 2-10(W) are consistent with gradual fracture of small ligament due to time dependent
deformation as discussed in Section 2. The above leak rate test data does not challenge current
leakage integrity analysis methodology.

A second series of leak rate tests of specimen produced in the same manner as described in the

preceding paragraphs is presented in NUREG/CR 6774. [8] Leak rate were measured as a
function of increasing pressure at room temperature. No time dependent behavior was studied.
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Review and Evaluation of ANL Leak Rate Test Data

However crack depth versus length profiles were obtained by destructive examination. These
profiles are reproduced in Figures 4-10 through 4-13 for specimens SGL 480, 494, 493 and 413.
The total crack lengths are on the order of 0.5 inches as in the first series of sensitized specimens.
Three of the four specimens have very small depth direction ligaments. Specimen SGL 494 had
a maximum depth less than 80 %TW and suffered an abrupt burst as the test pressure was
increased as would be predicted.

The third series of specimens with laboratory produced stress corrosion cracks used a modified
procedure which did not require a sensitization heat treatment to facilitate cracking. These
specimens had yield strength of 43 ksi and an ultimate strength of 98 ksi which is reasonably
representative of mill annealed Alloy 600 tubes in service. Specimen SGL 731 was tested at
room temperature. Leak rates were determined as a function of pressure. No unusual behavior
was observed. Specimen 876 was first tested at room temperature. As the pressure was
increased crack tearing occurred and the leak rate increased. Tube burst occurred when the
specimen was retested at 282 °C. Other than the fact the eddy current profile apparently was a
poor match to the actual severity of degradation, the behavior of this specimen was
unexceptional. :

Specimen SGL 822 was tested at 282 °C. Time dependent increases in leak rates were observed
at a test pressure of 2500 psi. Figure 4-14 illustrates the time histories of leak rate and pressure.
The crack depth profile is plotted in Figure 4-15. After a 30 minute hold at 2500 psi the leak rate
increased from 1.6 to 4.8 gpm. From the post test crack depth profile, fracture of small depth
ligaments via time dependent deformation is expected. Test results are consistent with this
expectation. '

With the given eddy current depth profile of Figure 4-15 as an inspection result, current leakage
integrity methodology leads to a condition monitoring leak rate of 10.7 gpm. If the fractographic
profile is taken as a projected crack profile from an operational assessment the projected leak
rate is about 4.5 gpm. The conservatism of operational assessment leakage projection is
provided by the conservatism of crack profile projections and the assumption of a leak rate for
any given projected crack that is near the upper edge of the scatterband of leak rate versus length
test data. The behavior of specimen SGL 822 both in terms of time dependent leak rates and
maximum observed leak rate is completely consistent with the expectations of current industry
leakage integrity methodology.

The fourth series of leak rate tests of specimens with laboratory produced axial stress corrosion
cracks was composed of specimens SGL 750, 900, 904, 905 and 911. Testing was first
performed at room temperature. The focus of testing was measurements of leak rate versus time
at a test pressure of 2500 psi. This data is plotted in Figures 4-16 through 4-20. Test durations
ranged from 300 to 1000 minutes. Testing ended at leak rates of about 2 gpm. No destructive
examination crack depth profiles were available for this series of specimens. Spemmen
preparation procedure and final crack lengths are consistent with the third series of SCC leak rate
specimens. Crack depth profiles similar to specimen SGL 822 are therefore assumed. Time
dependent increases in leak rates are therefore expected from gradual fracture of small depth
ligaments from the effects of pump operation and bypass flow.

The final leak rates are consistent with throughwall leaking crack lengths of about 0.45 inches,
the expected extent of stress corrosion cracking. Specimen SGL 900 displays a leak rate versus
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time curve that is trending toward a stable upper limit. Current leakage integrity methodology
would identify this stable limit with essentially the total extent of stress corrosion cracking.
From the information available this is a value of about 2 gpm. Leak rate versus time curves for
other specimens were terminated at about 2 gpm. It is possible that longer term testing would
have revealed fatigue crack propagating into the full wall thickness region at the ends of the
stress corrosion cracks from leak jet/structure interactions. Leak rate tests on EDM notch

~ specimens shows that this is possible at high leak rates. This fourth series of tests were
terminated without either proving or disproving this possibility. The leak rate versus time curve
for specimen SGL 900 does suggest that a total stress corrosion crack length of about 0.45 inches
is not sufficient to ultimately lead to fatigue crack propagation into full wall thickness material .
via leak jet/structure interactions at SLB pressures.

The final series of specimens with laboratory produced axial stress corrosion cracks were
identified as SGL 959, 968, 973, 974 and 975. The target stress corrosion crack length was 0.25
inches. Specimens 959, 968 and 973 were leak rate tested at room temperature. There are no
reported results for the other two specimens. Specimen SGL 968 did not leak at 1400 psi and
testing was terminated. Specimen SGL 959 started to leak at a extremely low level at 1000 psi.
The test objective was to develop a leak rate on the order of 0.052 gpm (75gpd) at a pressure of
1300 psi, a reasonable normal operating pressure. Overpressurization to 2700 psi was required

to obtain a significant leak rate. Upon lowering the test pressure to 1300 psi, a leak rate of 0.029
gpm was obtained. Long term testing at 1300 psi was planned. However, no further tests results
for this specimen were ever recorded in any subsequent ANL monthly progress reports.

Leak rate data for specimen SGL 973 completes the information available for the final series of
leak rate tests of laboratory produced stress corrosion cracks. Leak rate test pressures were
gradually increased as low leak rates at a given test pressure decreased over time rather than
increased. Finally, at a test pressure of 2000 psi, day to day increases in leak rates were noted as
the test system was operated intermittently. Day to day pressure cycling may be a contributor to
the observed leak rate increases. More often than not leak rate decreases occurred during any
single day of testing followed by a leak rate increase on the next day of testing. After a total of
about 72 hours of testing at 2000 psi, the test pressure was increased to 2200 psi. A jump in leak
rate from 0.0027 gpm to 0.013 gpm was observed. The level of this increase indicates some
mechanical tearing as the test pressure increased.

Figure 4-21 plots leak rate versus test time at a pressure of 2500 psi. The last data point
corresponds to a leak rate of 1.7 gpm. Figure 4-22 shows a post test photograph of the leaking
crack. Note the debris lodged within the crack opening. Figure 4-23 shows the crack opening
after cleaning. The debris has been removed. Two notable features are now apparent, the
jagged irregular crack path and crack branching near the crack tip on the right hand side. Neither
of these features, especially crack branching, are consistent with a length increase from fatigue
crack growth. This is a key point since the initial total length of the stress corrosion crack was
expected to be 0.25 inches from optical observations on the OD surface after specimen
preparation while the optical observations after leak testing point to a total crack length of 0.42
inches. The as produced stress corrosion crack surface was heat tinted before leak testing to
delineate the original crack surface. Test plans included post test examination of the crack face
surfaces to verify the original crack size and to determine if leak testing had dislodged grain
facets weakened by intergranular attack during specimen preparation. The debris in the crack
opening shown in figure 4-22 indicate dislodgement of grains due to grain boundaries weakened
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by intergranular attack. Other than measurements of both ID and OD crack opemng areas there
are no further reported destructlve examination results.
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Drawings of Typical Trapezoidal Notch Configuration
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Figure 4-2
Leak Rate versus Test Time for an EDM Trapezoidal Notch Specimen at 1300 psi

Figure 4-3
Fatigue Crack Growth from the 100%TW Section of a Trapezoidal Notch Specimen during

Leak Rate Testing
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Figure 4-5
Post Leak Test OD Appearance of ANL Specimen SGL-177



Review and Evaluation of ANL Leak Rate Test Data

Figure 4-6
Post Leak Test OD Appearance of ANL Specimen SGL-195
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Figure 4-7
Post Leak Test OD Appearance of ANL Specimen SGL-104
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Crack Depth Profile of ANL Specimen SGL-494
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Figure 4-16
Leak Rate versus Time at Room Temperature, ANL Specimen SGL-750, 2500 psi
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Figure 4-17 .
Leak Rate versus Time at Room Temperature, ANL Specimen SGL-900, 2500 psi
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Leak Rate versus Time at Room Temperature, ANL Specimen SGL-804, 2500 psi
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Figure 4-20
Leak Rate versus Time at Room Temperature, ANL Specimen SGL-911, 2500 psi
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Figure 4-21
Leak Rate versus Time at Room Temperature, ANL Specimen SGL-973, 2500 psi

4-20



i Review and Evaluation of ANL Leak Rate Test Data

Figure 4-22 )
Post Test Appearance of ANL Specimen SGL-973 Prior to Cleaningt

Figure 4-23
Post Test Appearance of ANL Specimen SGL-973 After Cleaning
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SUMMARY AND CONCLUSIONS

Leak rate testing of degraded steam generator tubing has been performed at the Argonne
National Laboratory for a number of years as part of the Steam Generator Tube Integrity
Program under the sponsorship of the Office of Nuclear Regulatory Research of the U. S.
Nuclear Regulatory Commission. This document describes the results of a review and evaluation
of ANL leak rate information provided in the following sources:

Monthly Progress Reports of the Steam Generator Tube Integrity Program, January, 2003 to
June, 2007 [10]

Presentations to the Technical Coordination Group of the Steam Generator Tube Integrity
Program [1,2]

NUREG/CR 6664, August, 2000 [7]

NUREG/CR 6774, May, 2002 [8]

Draft NUREG/CR 6879, Section 3, Leak Rate Studies [9]

Presentations at EPRI-ANL-NRC meetings in January and August of 2007 [4-6].
Laboratory tour of ANL leak rate test facilities.

ANL time dependent leak rate test data is presented and evaluated in terms of impact on the
present standard methodologies of leakage integrity analysis of degraded steam generator tubing.
This methodology was developed in the context of known incidents of time dependent leak rate
increases in operating steam generators.

Five types of crack growth have been identified in ANL leak rate tests:

1.

Small scale, time independent mechanical tearing of tapered depfh ligaments as internal
pressure is increased

2. Small scale low cycle fatigue failure of small ligaments from stop/start pressurization cycles

3. Small scale, time dependent fracture of small ligaments via time dependent plastic

deformation at very high stress/strain levels

Small scale, time dependent fatigue cracking of tapered depth ligaments via pump operation
and bypass flow effects in the room temperature test system

Large scale, time dependent fatigue cracking from fluid jet/structure interactions at high flow
rates ' —
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APPENDIX A: ACRONYMS

%TW

ANL

EDM

GPM

GPD

IGA

MSLB, SLB
NOP

NRC
ODSCC

Degradation depth as a percent of tube wall thickness
Argonne National Laboratory

Electro-discharged machined

Gallons Per Minute

Gallons Per Day

Intergranular attack

Main Steam Line Break

Normal Operating Pressure

Nuclear Regulatory Commission

Outside Diameter Stress Corrosion Cracking
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