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Abstract

The degradation of steam generator tubes in pressurized water nuclear
reactors, particularly by stress corrosion cracking mechanisms, continues to be a
serious problem. Primary water stress corrosion cracking is commonly observed
at the roll transition zone at U-bends, at tube denting locations, and occasionally
in plugs and sleeves. Outer-diameter stress corrosion cracking and intergranular
attack commonly occur near the tube support plafe crevice, near the tube sheet
in crevices or under sludge piles, and occasionally in the free span. A particularly
troubling recent trend has been the increasing occurrence of circumferential
cracking at the RTZ on both the primary and secondary sides. Segmented axial
cracking at the tubes support plate crevices, with interspersed uncracked
ligaments, is also becoming more common. Despite recent advances in in-service
inspection technology, a clear need still exists for quantifying and improving the
reliability of in-service inspection methods with respect to the probability of
detection of the various types of flaws and their accurate sizing. These
improvements are necessary to permit an accurate assessment of the
consequences of leaving degraded tubes in service over the next reactor operating

cycle.

Improved inspection technology and the increasing occurrence of such
degradation modes as circumferential cracking, intergranular attack, and

discontinuous axial cracking have led to the formulation of a new performance-

based steam generator rule. This new rule would require the development and




implementation of a steam generator management program that monitors tube
condition against accepted performance criteria to ensure that the tubes perform
the required safety function over the next operating cycle. The new steam
generator rule will also be applied to severe accident conditions to determine the
continued serviceability of a steam generator with degraded tubes in the event of
a severe accident. Preliminary analyses are being performed for a hypothetical
severe accident scenario to determine whether failure will occur first in the
steam generator tubes, which would lead to containment bypass, or instead in the

hot leg nozzle or surge line, which would not.

*Job code: W6487; NRC Program Manager: Dr. J. Muscara




1. Introduction

Reliability problems have plagued steam generators since the very
introduction of commercial pressurized water reactor technology in the late
1950's. Various forms of steam generator tube degradation have resulted in the
plugging of more than 100,000 tubes to date around the world.! In 1994, 49% of
the 217 operating PWRs included. in the annual EPRI report on the worldwide
status of steam generator problems were required to plug steam generator tubes.
Sixty-one steam generators in 22 PWRs around the world had been replaced by
the end of 1994 because of serious tubing degradation, including 35 steam
generators at 12 plants in the U.S. The replacement of 85 additional steam
genérators at 27 plants worldwide was planned, with 33 of these steam
generators located at 10 plants in the U.S.] The cost associated with such steam
generator replacements now typically ranges bétween $100 million and $200
million per plant, not ihcluding power replacement costs.2

The causes of steam generator tube plugging have evolved with time, as
shown in Fig. 1.1 Early problems with wastage were found to be associated with
the use of a low Na/PO4 molar ratio phosphate water chemistry, and the problem
was essentially eliminated with the introduction of all volatile secondary water
treatment for pH control. Subsequent problems with tube denting were solved
through better water purity, the replacement of Cu bearing alloys in the secondary
system, and redesign of the tube support plates to eliminate the use of carbon
steel and modify the geometries at the junctions with the tubes. Figure 1 clearly
indicates that in recent years, primary water stress corrosion cracking (PWSCC)
and outer diameter stress corrosion cracking and intergranular attack
(ODSCC/IGA) have become the predominant identifiable causes of steam

generator tube plugging in the U.S. The remainder of this paper will deal with

these forms of tube degradation and their impact on tube integrity.




2. Corrosion Problems in Steam Generator Tubing

As indicated above, stress corrosion cracking (SCC), both on the primary and
secondary sides of the steam generator tubes, has become the principal
degradation mode leading to tube plugging in the U.S. and worldwide. SCC can
occur at any of a number of locations on both sides of the steam generator tubes,
and it can take on variety of forms and configurations. The various forms of SCC

seen and recent trends in observed degradation modes are summarized here.

2.1 Primary Water Stress Corrosion Cracking

2.1.1 PWSCC in the Roll Transition Zone

PWSCC most commonly occurs in the tube expansion transition region, or
roll transition zone (RTZ), where the tube is expanded into the tube sheet. The
cracks are usually axial, but circumferential cracking has also been observed and
can occur near the end of the expanded region above the tube sheet or farther
down in the expanded portion of the tube. This type of cracking is discussed in
more detail in Section 2.3 In the latter location, the cracks pose no particular
threat to tubing integrity as long as they are sufficiently contained within the tube
sheet to preclude bursting. However, PWSCC is a serious problem and a leading
cause of tube plugging when it occurs near the end of the expanded zone above
the tube sheet. |

Several processes have been used to expand and seal the tubes against the
tube sheets, and the process used strongly influences the residual stresses
present in the RTZ and the tendency toward PWSCC. The mechanical roll
expansion process used by Westinghouse and its licensees for many years, in
combination with low-temperature mill-annealed (LTMA) tube material, has led

to a relatively high incidence of PWSCC in PWR steam generators. Reduced

instances of PWSCC have been reported in tubes expanded by the Westinghouse




explosive expansion (Wextex) process, and the most recent use of hydraulic
expansion in Westinghouse steam generators has been demonstrated to produce
lower residual stresses. Combustion Engineering plants use an explosive tube
sheet expansion process (“Explansion”) in combination with high-temperature
mill-annealed (HTMA) tube material, and these units have only recently begun to
experience PWSCC in the expansion zone. Babcock & Wilcox units utilize
mechanically expanded transitions that have been stress relieved and sensitized.
These units do not a;ﬁpear to have experienced PWSCC, a circumstance that can
be attributed at least in part to the beneficial microstructure produced by the heat
treatment. A two-step roll transition configuration with less severe reductions
(“kiss rolling”) used in French3 and Belgian4 plants has experienced early axial
cracking at both ends of the step. In any plant design regardless of fabrication
process, fabrication errors such as oversize holes in the tube sheet, incomplete

expansion, and overexpansion can increase the susceptibility to PWSCC.5.6

2.1.2 PWSCC at U-Bends

The forming processes used to produce U-bends in steam generator tubes
can create residual stresses in the bends, with the greatest stress levels occurring
in the inner row tubes with the smallest radius of curvature. These stresses, in
combination with a susceptible microstructure, can be sufficient to cause PWSCC
problems. Historically, the first such problems were seen in the rows 1 and 2 U-
bends of earlier design Westinghouse? and Framatome® units, where the U-bends
were not stress relieved and the tubing material was LTMA Alloy 600. The
problem was dealt with in a similar manner in both designs. In some cases, the
most susceptible tubes were plugged as a preventative measure, but the
subsequent development of an in-situ thermal treatment process appears to have
solved the problem.8 Newer designs utilize thermally treated U-bends in

combination with more resistant material (e.g., Alloy 600 TT or Alloy 690), and

the problem has been largely eliminated.




2.1.3 PWSCC at Tube Denting Locations

PWSCC has also been known to initiate at tube dents resulting from tube
support plate (TSP} corrosion. This phenomenon has probably been most
thoroughly documented in the examination of the retired Surry Unit 2A steam
generator destructively examined at Pacific Northwest National Laboratory (PNNL)
in the 1980s.9 A total of 27 hot leg and 11 cold leg dented tubes were examined
for ID cracking. PWSCC was not observed in any of the tubes with denting strains
below 10%, in about one-third of the tubes with strains between 10 and 20%, and
in all of the tubes with strains >20%. Crack depths ranged from 27 to 88% of the
wall thickness. Circumferential cracking at relatively mild TSP dent locations has

also been observed in a few plants, as discussed in Section 2.3.

2.1.4 PWSCC of Plugs and Sleeves

PWSCC can also occur in the plugs used to remove steam generator tubes
from service. Failures in both Westinghouse and Babcock & Wilcox mechanical
plugs have been reportedl0-15; the first reported failure of a Westinghouse plug
occurred at North Anna Unit 1 in February of 1989, and plug cracking was
subsequently detected at several other plants, including Sequoyah 1 and North
Anna 2. It was concluded that the thermally treated Alloy 600 plugs were failing
by PWSCC and that essentially all of them had come from one of four heats of
susceptible material. Another susceptible heat has been more recently
identified.14 In the case of the Babcock & Wilcox plugs, cracking has been
detected in several plants prior to gross failure, and a susceptible heat of Alloy
600 material was again implicated.15

PWSCC of tube regions fitted with repair sleeves is also reported in the

literature.16.17 Cracking typically occurs not in the sleeve itself, but rather in the

tube material adjacent to one of the sleeve welds. The problem is associated with




the residual stresses and thermal cycle associated with the sleeve welding
process. Since the cracked tube material has already proven- to be susceptible to
PWSCC, the addition of undesirable tensile residual stresses and possible
detrimental microstructural changes create an opportune situation for further
PWSCC. Pierson and Stubbel® report that more than 50% of explosively
expanded sleeves used in Belgian reactors produced PWSCC failures in the
adjacent tubing within a few months. Guidelines have been developed for sleeve

materials, design, joining procedure, and subsequent residual stress relief.18

2.2 Outer Diameter Stress Corrosion Cracking

2.2.1 ODSCC in the Tube Support Plate Crevice

ODSCC/IGA is a leading cause of PWR steam generator tube plugging in the
U.S. and worldwide, and the tube support plate crevice is the predominant
location for this process. Corrosion products, mainly from the tube support plate,
‘and deposited sludge from the sécondary water system eventually fill this crevice
with porous material, resulting in a region of restricted secondary water flow,
intermittent dryout, and concentration of corrosive species. The pH of the
concentrated crevice may be very basic if the bulk water has a high cation/anion
ratio or somewhat acidic for a low cé.tion/ anion ratio.l9 This subject is described
in more detail in a subsequent paper by Millet and Welty entitled "A Review of the
Current Understanding of PWR SG Crevice Chemistry."

The OD cracking observed in the tube support plate crevice is generally
intergranular in nature and commonly consists of short axial cracks of varying
length and depth within the crevice region. Adjacent cracks are often separated
by ligaments of sound tubing material, and crack linkage can occur as ligament
sections are corroded. Other more complex’ODSCC crack configurations have

been increasingly observed at the tube support plate crevice in recent years. For

example, intergranular cellular cracking has been seen at this location in a




number of reactors, with the extent of cracking ranging from relatively minor in
tubes from the Prairie Island20 and Asco steam generators2! to more severe for
tubes from the Sequoyah22 and Doel 423.24 steam generators. Cracking in all
forms tends to occur more commonly in the hot leg of the U tube.

The crevice is essentially inaccessible for the purpose of making in situ
analyses of the local water chemistry, but numerous calculations of local chemistry
have been made using computer codes such as MULTEQ and MONA.25-28
Concentration factors for dissolved salts in the secondary water are predicted to
approach 108 in the crevices, and, depending upon the nature of the
concentrated species, crevice pH can depart greatly from that of the secondary
water. Under high cation/anion ratio conditions, NaOH concentrations are
calculated to reach several percent, as compared with ppm levels in the bulk
secondary coolant. The corresponding crevice pH values at operating
temperatures can exceed 10, with the neutral pH at 300°C being 5.726 Under
low cation/anion conditions, local concentration of acid sulfates or chlorides may
reduce pH values to <2.28 These pH extremes represent aggressive
environments with respect to the cracking of Alloy 600.

ODSCC/IGA at the support plate crevices is most commonly observed in the
extended series of Westinghouse steam genérator designs with carbon steel
éupport plates and drilled circular holes (Models 44, 51, 51M, D-2, D-3, D-4, and
E). These are still the dominant designs‘in service in the U.S. The susceptibility
of these designs to ODSCC/IGA is not surprising, since their carbon steel support
plates readily corrode in the secondary water environment, filling the annular
crevices with corrosion product, and the LTMA Alloy 600 used for the tubes in
these designs is susceptible to IGSCC. Westinghouse has addressed some of the
deficiencies in their more recent steam generator designs, using thermally

treated (TT) Alloy 600 tubes and broached quatrefoil Type 405 stainless steel

support plates in their Model D-5. Alloy 600 TT or Alloy 690 tubes and broached




quatrefoil Type 405 stainless steel support plates are used in the Models F and
Delta 75 steam generators.

The improved Westinghouse designs appear to have alleviated the severe
ODSCC and IGA problems seen in earlier units, although longer service times are
needed to verify this. Three reactors (Catawba 2, Byron 2, and Braidwood 2) have
been using the Model D-5 steam generators for the past seven to nine years with
no ODSCC/IGA reported. Several of the Model F steam generators have been in
service for ten years or more (Turkey Point 3 and 4, H. B. Robinson, Surrey 1 and
2, and Callaway), and again no ODSCC/IGA has been observed.l For all but the
Callaway plant, these Model F units are replacements for earlier failed steam
generators. No Delta 75 steam génerators are yet in service, but the replacement
units for the cracked Model D-3 steam generators in the V. C. Summer plant are
to be of this design.

Combustion Engineering (CE) steam generators have used the more resistant
HTMA Alloy 600 tubes from the beginning. Despite this, a majority of the CE
steam generators that have been in service for more than six years have
experienced at least some ODSCC/IGA, although less severe than in the
Westinghouse steam generators using Alloy 600 LTMA tubes. The replacement
units installed at Millstone 2 in 1992, which were built by B&W of Canada, used

Alloy 690 TT tube material in response to this concern.

2.2.2 ODSCC in the Tube Sheet Region

ODSCC and IGA also commonly occur in the tube sheet region, either in the
built-in crevice between the tube sheet and the tubes that was present in earlier
Westinghouse designs or in the sludge pile atop the tube sheet. At either
location, the process is similar to that operative in the tube support plate

crevices, with the creation of highly caustic or acidic conditions in the crevice

because of local boiling and concentration effects.




In older Westinghouse steam generator designs (up through the early Model
51 units), the roll bond sealing the tubes to the tube sheets extended only =50-75
mm (2-3 in.) above the bottom of the tube sheet, leaving an annular crevice of
=0.2 mm (0.008 in.) in width around the unexpanded portion of the tube for the
remaining length of the 530-mm (21-in.) thick tube sheet. This crevice created
a favorable environment for the concentration of impurity species, and significant
ODSCC/IGA problems at the location were experienced at a number of units of
this design, including Ginna, Point Beach 1 and 2, Robinson 2, Kewaunee, and
Cook 1 in the U.S. and Doel 2 in Belgium, Beznau 1 and 2 in Switzerland,
Ringhals 2 in Swedén, and Takahama 2 in Japan. This problem has been
eliminated in more modern steam generator designs with the use of full-depth
tube expansion.

However, even with these design improvements, deposition of corrosion
products and sludge atop the tube sheet can still occur, particularly at locations
where flow rates are low. The porous sludge deposits effectively create crevice-
like regions in the vicinity of the tubes that result in local boiling and impurity
concentration.2® General wastage and pitting of the tubes can result,30 but the
more serious problem is the occurrence of severe ODSCC and IGA.18.9.31 Residual
stresses introduced by the tube expansion process appear to contribute to the
cracking process in this region. The resulting RTZ cracking is commonly
circumferential, for which the plugging criteria used in both the U.S. and most
European countries require tube plugging for throughwall cracks. However, axial
and multi-directional cracks are also commonly observed.8.32

ODSCC/IGA can also occur in the sludge-pile region above the RTZ. The
situation here is very similar to that present at the tube support plate crevices
filled with corrosion product and sludge. These cracks are commonly axial, but

more complex multidirectional cracking has been reported in Belgian plants.32
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2.2.3 ODSCC/IGA in the Free Span

The free span regions of steam generator tubes have generally been thought
of as unlikely locations for significant ODSCC because of the apparent absence of
crevices or other geometries favorable to the local concentration of impurity
species. However, secondary-side ODSCC and IGA in the free-span region has
observed a number a times over the Years, and, in particular, the rupture of a
steam generator tube at the Palo Verde 2 plant in March 1993 dramatized the
potential for significant free-span ODSCC/IGA.33

The free span cracking incidents observed in recent years may be divided
into three categories. The first category includes those incidents in which the
tube bundle geometry created a local region favorable for the concentration of
impurity species. In some cases, structural occlusions produced local steam
pockets (Ft. Calhoun34 and Maine Yankee33), and in others the impurity
concentration occurred under corrosion product or sludge deposits on the tube
surface (Palo Verde 233 and Crystal River 336). The second category also includes
those incidents in which aggressive chemical species in the secondary water
were responsible for cracking without the need for local concentration.
Examples are provided by Doel 423.24 and Farley 1,37 where significant Pb (and to
a lesser extent Cu) contamination was present.

The third category of free span cracking is the most interesting in that
ODSCC occurred at a location where neither impurity concentration not
contamination by aggressive species was implicated. Examples are provided by
the McGuire 198938 and 199239 occurrences as well as the Braidwood 139
cracking. In both reactors, the cracking apparently occurred at preexisting
surface flaws, but the chemical species and the concentration mechanism

responsible are not obvious.
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2.3 Circumferential Cracking at the RTZ and Dented TSPs

A particularly troubling recent trend has been the increasing occurrence of
circumferential cracking at the RTZ on both the primary and secondary sides.
Such circumferential cracks normally require plugging or sleeving upon
detection, since they are difficult to reliably size, the threshold of detection for
these cracks is greater in terms of size than for axial cracks, and their growth
rates are difficult to predict.40 As early as 1992, limited cracking of this type was
reported at Arkansas Nuclear One Unit 2,4! and Maine Yankee plugged 358 tubes
because of this degradation mode prior to 1995.40.42.43 However, the most
dramatic example of this type of failure was provided by Maine Yankee during a
subsequent unscheduled shutdown and subsequent refueling outage in early 1995,
when an inspection carried out during March and April revealed that more than
60% of the tubes had circumferential crack indications in the RTZ.10 All of the
cracks were seen on the hot leg side of the tubes. This inspection was one of the
first using the advanced Zetzec +Point™ eddy current probe, which was
specifically designed to provide improved sensitivity to circumferential cracking.
The decision was made to repair all 17,000 tubes in Maine Yankee using
Westinghouse laser-welded sleeves, and the plant finally returned to service at
90% power in January of 1996 after an outage of about one year.44 Even more
recently, extensive circumferential RTZ PWSCC at the Salem 1 plant has resulted
in a decision to replace the steam generators,45:46 and significant circumferential
PWSCC is being reported at the Braidwood 1 and Byron 1 nuclear plants47-49 as
well as at Sequoyah 1, Diablo Canyon, and Callaway 1.49

Both axial and circumferential cracking has been observed at dented TSP
locations at several of the same plants that have reported circumferential RTZ
cracking, including Sequoyah 1, Diablo Canyon 1, and Salem 1.49 These
indications are associated with minor dents and were detected using more

advanced EC probes such as the Cecco probe or a rotating probe with +Point™ or
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pancake coils. The examinations suggest that the axial indications initiated at the
ID and the circumferential indications at the OD. However, destructive
examination at Diablo Canyon 1 determined that several of the circumferential

cracks initiated at the ID.

3 Reliability of Detection and Sizing of Flaws

Conventional eddy-current bobbin coils are currently the principal tool
utilized for detecting flaws in steam generator tubing. Multiple frequencies are
used to acquire data, with the frequencies selected dependent on the tube
material, geometry and inspection objectives. Currently, four different
frequencies are used for detection and sizing of flaws. Optimizing one of the
frequencies or finding an appropriate frequency mix for detection of small cracks
is important in devising an inservice inspection (ISI). The bobbin coils allow for
fast inspection rates and have been reasonably reliable for the types of flaws
generally seen in the past. However, their effectiveness for some of the more
recently observed flaw types, such as circumferential IGSCC or cracks in dents, is
questionable. Regardless of flaw type, cracks are not generally detectable until
they are =40-50% throughwall.59 Supplemental probes of varying design
(rotating-pancake-coils, pancake arrays, cross-wound coils, transmit/receive
reflection coils, etc.) are employed to help resolve questionable bobbin-coil
indications or generally improve inspections.

A clear need exists for quantifying the reliability of ISI methods with respect
to the probability of detection (POD) of the various types of flaws and their
accurate sizing. This information is necessary to assess the true state of
degradation after an ISI so that the consequences of leaving degraded tubes in
service over the next reactor operating cycle can be accurately assessed, as
discussed below. Improvements in the POD of flaws and sizing accuracy will, in

turn, require more sophisticated probes and an increased number of pulled tubes

or retired steam generator sections, along with laboratory-generated cracks,




against which to qualify procedures and techniques. Omne of the ISI techniques
under development that shows promise for improved accuracy in sizing defects is
the application of neural networks.

A standard convention in the industry is to attempt to relate ODSCC eddy
current voltage amplitude to tube integrity and leakage. This approach is
empiricai, and the relationship between eddy current voltage amplitude and
crack depth and length is relatively poor. Thus, the use of voltage amplitude for
flaw detection and sizing requires a very conservative approach to data analysis
and data interpretation, and one concern is the possibility of a small eddy current
voltage arising from a crack with a low burst pressure. PNL has shown that burst
pressure and the probability of leakage can be related to an eddy current voltage,
but the correlation not yet satisfactory. In particular, no strong relationship is
observed between leak rate and voltage. However, with proper assumptions, a
voltage based approach may be useful for predicting potential primary-to-
secondary leakage.5! It is clear that the robustness of eddy current voltage
parameter and of other flaw characterization parameters and techniques must be

evaluated with respect to their range of applicability.

4. Performance-Based Steam Generator Rule and Regulatory Guide

The U.S. Nuclear Regulatory Commission (NRC) is presently developing a
"performance-based" rule and regulatory guide for steam generator tube integrity.
This new rule is necessitated by the fact that current regulatory practice, which
was formulated in the 1970s, is becoming outdated with the advent of substantial
improvements in inspection technology and the increasing occurrence of such
degradation modes as circumferential cracking, intergranular attack, and
discontinuous axial cracking with interspersed intact ligaments. For at least

some degradation modes, the current "rule-based" regulatory approach appears to

be too conservative.




Current regulatory practice takes a prescriptive approach under which tube
plugging or repair is required when certain conditions are met. The most
notable of these is that degradation depth by any process cannot, in general,
exceed 40% of the tubing wall thickness. This depth was chosen to provide a
factor of three safety margin against burst under operating conditions and 1.4
against burst under postulated accident conditions. It includes allowances for
NDE measurement error and flaw growth between inspections (how much?)
Objections to these plugging limits are based on the fact that flaw depth alone is
often not best indicator of tube strength and that cracks in particular may not be
inspectable to the 40% depth criterion. In response to these objections, eddy
current voltage-based alternate repair’ criteria have been developed for ODSCC at
the tube support plates and flaw length parameters on SCC in the tube expansion
zone at the tube sheets. In addition, alternate plugging criteria, (based upon
what?...need some words here), are being developed to deal with
circumferential cracking at the RTZ.

Leak rate limits are also imposed under current regulatory practice.. The
primary-to-secondary leak rate cannot exceed 500 gallons per day per steam
generator to guard against possible rupture of the leaking tube before shutdown.
In addition, the leak rate for all steam generators in a given plant cannot exceed 1
gallon per minute to ensure that the radiological consequences of leakage during
postulated accidents is within applicable limits. Leak rate limits in conjunction
with effective leakage monitoring have proven to be an effective means for
minimizing the frequency of tube ruptures, but significant precursor leakage may
not always precede a tube rupture event. ‘

The new performance-based rule would do away with this prescriptive and
sometimes inflexible approach. The new rule and the accompanying NRC
Regulatory Guide would require the development and implementation of a steam
generator management program that monitors tube condition against accepted

performance criteria to ensure that the tubes perform the required safety
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function over the next operating cycle. In particular, the performance criteria
must ensure that the tubes have adequate structural and leakage integrity to
permit safe shutdown under normal, design-basis-accident, and severe-accident
conditions. Analyses must be performed to calculate overall projected leak rates
over the next operating cycle for degraded tubes remaining in service. However,
the specific implementation details and methodologies for the new steam
generator rule are to be developed by the utilities, with the regulatory guide
providing broad guidelines concerning the key considerations, parameters, and
constraints that must be addressed. It is the intention of the new rule that the
licensees have the flexibility to adjust the specifics of their program within the
constraints of the regulatory guide guidelines to reflect new information, new
NDE technology, new degradation mechanisms, and changes in flaw growth rate
with NRC review and approval.

The Regulatory Guide framework supporting the new steam generator rule
will include a number of key elements. First of all, it will provide guidance for
developing measures to mitigate active degradation and to minimize the potential
for new forms of degradation. Secondly, it will provide guidance on the
development of inservice inspection programs, tube repair criteria, and leakage
limit and monitoring programs. In addition, it will provide performance criteria
commensurate with adequate tube structural and leakage integrity. Guidance will
also be provided for performing assessments to confirm that the performance
criteria adopted have been met during the previous operating cycle and that they
will continue to be met during the next operating cycle. Finally, guidance will be
provided on appropriate corrective actions (e.g., mitigation of active degradation
mechanisms, improved ISI procedures, etc.) and for evaluating the radiological
dose consequences of tube leakage during postulated accidents. The new rule is

discussed in more detail in a subsequent paper by Strosnider entitled "Steam

Generator Rule.”




4.1 Degradation-Specific Management

Implementation of the new steam generator rule and its provisions for
degradation-specific management is likely to result in different acceptance/repair
limits for different types of degradation at different locations. For example, flaws
occurring in tubes at locations where support structures exist (e.g., axial ODSCC
at the tube support plates) may be restricted from gross failure and leakage by the
presence of those support structures and might therefore require less restrictive
acceptance/repair limits than similar cracking in the free span. Another form of
degradation that is being increasingly observed is cracking made up of numerous
small crack segments with interspersed uncracked ligaments. Tubes with this
‘type of cracking exhibit higher failure pressures and lower leak rates than would
be predicted for the overall bounding crack. However, as the individual crack
segments grow and the ligaments become smaller, the strengthening effect of
these ligaments disappears as some stage, and the failure pressure and leak rate
predictions for the overall bounding crack then apply. Thus, as long as it can be
established that such cracks remain in the "infant" stage, a less demanding
acceptance/repair limit might be applied them.

As the above examples illustrate, the implementation of a performance-based
rule and degradation-specific management requires a detailed knowledge of the
specific nature and severity of the flaws present in a given steam generator. This
detailed knowledge, in turn, requires that robust methods be developed for
survey inspections, so that flaws can be reliably detected and correctly classified
and characterized. Only then can appropriate degradation-specific management
requirements be applied to them. A subsequent paper in this session by
Kupperman and Bakhtiari entitled "Computational Modeling of Eddy Current
Tests" describes in detail the results of calculated simulated eddy current probe
responses to typical steam generator OD tube defects. A second paper by the

same authors entitled "Characterization of Flaws in a Tube Bundle Mockup for
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Reliability Studies" discusses progress to date on the development of a tube
bundle mockup for the evaluation of current ISI technologies used to detect and
characterize tubing degradation. Finally, an additional paper by Henry and Welty
entitled "Steam Generator Tubing NDE Performance" provides a review of the

current NDE technology for the ISI of steamn generator tubing.

4.2 Evaluations Based on Overall Projected Leak Rates

Some current safety and integrity evaluations are based on calculations of
overall projected leak rates over the next operating cycle for degraded tubes
remaining in service. Additional information is needed in several areas to
implement thése evaluations. The first of these areas is once again inspection
reliability, POD, and sizing accuracy. Detailed information on inspection reliability
and POD will permit the true state of the generator to be estimated after ISI by
including flaws that were missed because of imperfect POD. Similarly, knowledge
of sizing accuracy will permit corrections in the flaw sizes obtained from ISI.

Evaluations based on calculated overall projected leak rates also require
information on the nature of the specific degradation processes active in the
steam generator so that the state of degradation at the end of the operating can
be estimated. More specifically, information on crack initiation is needed to
estimate the number of cracks that will develop during the operating cycle, and
information on crack evolution and morphology will permit an estimation of the
total growth of cracks present at the beginning of the cycle as well as of those
that initiate during the cycle. In addition, an understanding of the crack
evolution and morphology is needed to determine if small cracks and ligaments
change during the cycle to produce more planar cracks by the end of the cycle.

Finally, integrity correlations are needed to relate failure pressures, failure
modes, and leak rates to crack size, type and morphology. These correlations can
be used to determine if cracks present in the tubes are likely to cause failure

under normal or, as discussed below, accident conditions before the end of the
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operating cycle. If failure is predicted, the models can be used to estimate the

resulting leak rates.

4.3 Evaluations for Severe Accident Conditions

The above discussions have dealt primarily with possible tube failure under
normal operating conditions. However, expected tube performance under severe
accident conditions (e.g., station blackout and loss of primary feedwater) must
also be considered in determining the continued serviceability of a steam
generator with degraded tubes. As stated above, the performance criteria must
ensure that the tubes have adequate structural and leakage integrity to permit safe
shutdown under normal, design-basis-accident, and severe-accident conditions.

The principal concern under a severe accident scenario is containment
bypass. The steam generator tubes make up more than 50% of the surface area of
the primary pressure boundary, and the failure of a significant number of tubes
during a severe accident would result in an unacceptable release of radionuclides
to secondary side and eventually to the environment. The new steam generator
rule must conform with NRC safety goal guidance that the probability of such
containment bypass be less than 10-6 per year. The Regulatory Guide will discuss
how licensees are to address the severe accident risk associated with degraded
steam generator tubes in order to achieve this goal.

Preliminary analyses are being performed for a hypothetical severe accident
scenario in which a Westinghouse-design PWR suffers loss of primary feedwater
under station blackout conditions. One of the critical questions to be answered is
whether failure will occur first in the steam generator tubes, which would lead to
containment bypass, or instead in the hot leg nozzle or surge line, which would
not. It appears that the relative timing the various failure events is quite sensitive
to the high-temperature properties of the affected structural materials and the
temperature history assumed. A description of the models and methodology

being developed to analyze steam generator integrity under severe accident
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conditions, as well as under accident and normal conditions, is reported in
another paper in this session by Majumdar and Shack entitled "Predictions of
Structural Integrity of Steam Generator Tubes Under Normal Operating,
Accident, and Severe Accident Conditions." A related paper by Gorman et al.
entitled "Estimating Probable Flaw Distributions in PWR Steam Generator Tubes"
discusses a methodology for estimating the distributions of flaws of various types
in steam generator tubes, as required, for example, in calculating the probable
primary-to-secondary leakage through steam generator tubes under postulated

severe accident conditions.

5. Summary of Research Needs

This paper has attempted to summarize the principal corrosion-related
degradation processes observed in steam generator tubing and to provide the
basis for and philosophy behind the new steam generator rule and Regulatory
Guide. A number of research needs have been mentioned or alluded to in the
course of these discussions, and these needs may be summarized as follows:

i. Because implementation of the new performance-based steam generator rule
requires a detailed knowledge of the specific nature and severity of the flaws
present in a given steam generator, a clear need exists for quantifying the
reliability of ISI methods with respect to the POD of the various types of flaws
and their accurate sizing. This information is necessary to assess the true
state of degradation after an ISI so that the consequences of leaving degraded
tubes in service over the next reactor operating cycle can be accurately
assessed. As a part of this quantification, the robustness of the eddy current
voltage parameter and of other flaw characterization parameters and
techniques need to be evaluated with respect to their range of applicability.

2. The above-cited need for improved POD and flaw sizing requires more

sophisticated probes and an increased number of pulled tubes or retired




steam generator sections, along with laboratory-generated cracks, against
which to qualify procedures and techniques.

Steam generator evaluations under the new rule based on overall projected
leak rate require information on crack initiation to estimate the number of
cracks that will develop during the operating cycle. In addition, information
on crack evolution and morphology is needed to permit an estimation of the
total growth of cracks present at the beginning of the cycle as well as of those
that initiate during the cycle. This information is also needed to determine if
small cracks and ligaments change during the cycle to produce more planar
cracks by the end of the cycle.

Integrity correlations are needed to relate failure pressures, failure modes,
and leak rates to crack size, type and morphology. These correlations can be
used to determine if cracks present in the tubes are likely to cause failure
under normal or accident conditions before the end of an operating cycle,

and, if so, to estimate the resulting leak rate.
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