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On the first plugging occasion (March 1982) the inspectorate prescribed
use of both the amplitude and phase angle method, whichever gave the
most stringent requirement for plugging. Later on, as experience with
the amplitude measurement method grew, the inspectorate in effect
dropped the phase angle method for evaluation of indications in tube
support plate positions. The original margin of about 15% for
measurement uncertainties was reduced as more intercalibration data from
pulled tubes became available. However,the main part of the original
margin was proved prudent as the new data showed that earlier
calibration curves had been non-conservative in the high-wear region.

5. THE "TELL-TALE" PLUG CONCEPT.

Obviously, the inspectorate was concerned about possibilities to monitor
if the most worn tubes - after plugging - were subject to continuous
wear as they could be expected to be the most exposed tubes in terms of
adverse flow patterns and support situation. Continuous monitoring
during operation of any developing leak in those tubes would provide
early warning of

- Gross errors in the prediction of maximum wear rates at the chosen
power.

- Rapidly increasing risk of generating l1oose parts.

In response to the inspectorate's concerns about such continuous
monitoring, so called "tell-tale"plugs were proposed by SSPB. These
plugs have a small hole providing a controlled primary to secondary leak
path if a plugged tube is worn through. The leakage rate is Timited by
the size of the hole to values above detection 1imits but well below the
rate normally allowed in the technical specifications. Such plugs were
used on all tubes requiring plugging. The "tell-tale" plugs can be
described as an independent safety net, catching abnormal tube wear.
Obviously, the use of "tell-tale" plugs eliminated any immediate need
for stabilization of plugged and worn tubes, thus providing time to
develop and evaluate long term solutions to the worn tube problem.
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In this context it might also be mentioned that loose part monitoring
systems have been installed on all Ringhals PWRs.

6.  OPERATIONAL PERMITS FOR RINGHALS 3 BEFORE MODIFICATION

In April 1982, the inspectorate granted Ringhals 3 an operating permit
for 1500h (e.g about 2 months) at 40% power. In its decision the
inspectorate cited the improved modelling of the wear mechanism
presented by SSPB, based on Aelvkarleby data and on the first vibration
measurements in Almaraz, as well as the application of the plugging
criteria described above using "tell-tale" plugs3, After the 1500h of

operation Ringhals 3 was shut down for eddy current testing in June,
1982. Although some additional wear could not be fully excluded, both
the eddy current tests and the vibration measurements in instrumented
tubes during operation indicated that previous estimates of maximum wear
rates had been conservative. Hence, an operational permit for an
additional 1500h period of operation was granted in August, 1982. In
September, an unplanned shutdown and eddy current inspection took place
due to the detection of loose parts in the steam generators - without
connection with vibration induced wear. The operational permit was then
extended to Christmas, 1982, when the reactor was shut down for renewed
eddy current testing. The eddy current testing also included previously
plugged tubes after removal of the plugs. Furthermore, one worn tube was
pulled, providing improved calibration data for the eddy current
measurements. As the eddy current tests indicated very small - if any -
wear, an operation permit for another 2000h, i.e. about 3 months, at 40%
power was granted in January 1983. The operation permit was later '
extended to June 1983 without requiring any inspection before that
time. The extension was based on increasing operational experience from
other reactors of the same type.
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7. REVIEW OF STEAM GENERATOR MODIFICATION

The inspectorate's review of the modified feed water inlet design
proposed by Westinghouse consisted of two parts. The first part was a
review of the structural integrity of the presented manifold design.
This review is outside the scope of this presentation. The other part
was a review of the functional efficiency of the manifold with respect
to reduced vibration-induced tube wear.

The SSPB and Westinghouse evaluation of the functional efficiency of the
manifold design was largely based on experimental data from the
Aelvkarleby laboratory, comparing flow and vibration patterns at various
main feedwater flows with corresponding data without manifold. Based on
the results of such comparisons, SSPB proposed operation after the
modification at 100% power with a maximum of 82% of main feedwater flow
through the pre-heater section of the steam generators; the remainder of
the feedwater being fed through the top nozzle normally used only during
start-up.

On February 11, 1983, the inspectorate granted a construction permit for
the modification of Ringhals 4 - the first plant modified in Sweden. The
modification was completed by the end of March. Ringhals 3 was modified
in the same way during the summer of 1983.

8. OPERATIONAL PERMITS FOR RINGHALS 3 AND 4 AFTER MODIFICATION

Before modification, the inspectorate had only permitted Ringhals 4 to
run low power testing, not using the preheater inlet, before
modification. During the period April - August, 1983, Ringhals 4 went
through a normal start-up programme with stepwise power increases. The
reactor was shut down in August for inspection including a base line
eddy current test. In September the inspectorate granted an operation
permit for 3000h at 100% power with a maximum feedwater flow of 82%
through the preheater section. At the end of 1983 Ringhals 4 was shut
down for eddy current testing. No tube wear could be detected. The
inspectorate then granted an extension of the operation permit to the
normal refueling and maintenance shut-down planned for August, 1984.
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After completion of the modification of Ringhals 3 in September 1983,
the inspectorate granted an operational permit for 3000h at 100% with a
maximum feedwater flow of 82% through the pre-heater section. On the
basis of the eddy current test results received-during this period from
Ringhals 4, McGuire and, especially, Almaraz (the oh]y other operating
plant with extensive tube wear), the inspectorate granted a continued
operation permit4 without requiring shut-down for testing until the
normal maintenance and refueling outage, starting May, 1984. Eddy
current tests performed during the outage showed that some tube wear
could not be excluded, but that any additional wear from one full

fuel cycle of operation could be expected to fall within the margins
already provided in the plugging criteria. No additional plugging was
required and the operational permit was extended to the next refueling
and maintenance shut-down in 1985,

9.  CONCLUDING REMARKS

Throughout the operational history of Ringhals 3 and Ringhals 4, the
inspectorate has thus adjusted operation periods and inspection
intervals as growing operational experience demonstrated that early
predictions of wear rates were on the conservative side. It should be
pointed out in this context that it is the maximum wear rates of the
most exposed tubes that are of interest from a safety point of view.
Analysis of the vibration-induced wear phenomena shows that maximum wear
rates are to a considerable extent determined by factors of a
probabilistic nature, such as variations in local flow patterns and the
individual tube support situation within the manufacturing tolerances.
Hence, the statistical spread in wear rates is more interesting than
simple estimates of mean values. The inspectorate's requirement to use
“tell-tale" plugs for all worn tubes is an example of the conclusions
drawn by this analysis.
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When faced with a new problem with obvious safety aspects, such as the
vibration-induced wear, it is technically sensible from a safety point
of view to resume operation only under stringent conditions with respect
to power limits, inspection intervals, etc, kéeping margins on the safe
side with respect to uncertainties in the detailed understanding of the
problem and in the efficiency of applied remedial measures. As
operational experience resolves such uncertainties, the operational
limitations should then be rapidly restored to normal.

Rapid international sharing of operational experience between regulatory
authorities as well as between utilities is a key factor in this
process. In this respect, the granting of the continued operation of
Ringhals 3 for a period of 8 months after modification through step by
step inspectorate descisions provides a good example. Considering that
Ringhals 3 has the most worn tubes of all the reactors affected, this
long operation period without eddy current testing could hardly have
been granted if rapidly disseminated operational experience from other
reactors had not been available, showing that actual wear rates (if any)
and their statistical spread were well within the safety margins
provided in the plugging criteria. Thus the experience with the
vibration-induced wear problem has shown the great value to both
authorities and utilities of a well established international
information exchange network - both of a formal and informal nature.
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SESSION 7.6:UNITED STATES NUCLEAR REGULATORY COMMISSION
INTERGRATED PROGRAM FOR THE RESOLUTION OF
UNRESOLVED SAFETY ISSUES A-3, A-4, AND A-5
REGARDING STEAM GENERATOR TUBE INTEGRITY

Frank J. Miraglia
Gary M., Holahan
Emmett Murphy
United States Nuclear Regulatory Commission

1 INTRODUCTION AND SUMMARY
This paper presents a summary of the NRC staff activities relative to
resolving Unresolved Safety Issues A-3, A-4, and A-5. The staff's
recommended resolution of these issues is currently under review by
the Commission and is therefore not complete at this time.

1.1 Background

Degradation of steam generators (SGs) manufactured by each of the U.S. three
pressurized water reactor (PWR) vendors has resulted from a combination of
problems related to steam generator mechanical design, materials selection,
fabrication techniques, and secondary system design and operation. To date,
many different forms of steam generator tube degradation have been jdentified
including: stress corrosion cracking, wastage, intergranular attack, denting,
erosion-corrosion, fatigue cracking, pitting, fretting, support plate degra-
dation, and mechanical damage resulting from impingement of foreign objects

of loose parts on steam generator internal components. One or more of these
_forms of degradation have affected at least 40 operating PWRs and have resulted
in extensive SG inspections, tube plugging, repair, or replacement.
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The majority of the SG tube failures that have occurred under normal operat1ng
conditions were small stable leaks; some required plant shutdown, inspection,
and corrective actions; but others were small enough (e.g., below the leak rate
Timit of the technical specifications) so that plant operation continued until a
scheduled shutdown. However, four significant SG tube ruptures have occurred

in U.S. PWRs since 1975. These events occurred on February 26, 1975, at Point
Beach Unit 1; September 15, 1976, at Surry Unit 2; October 2, 1979, at Prairie
Island Unit 1; and on January 25, 1982, at R, E. Ginna.

The first three of these events were evaluated, including evaluations of systems
response, operator actions, and rad1olog1ca1 consequences. The event at the
Ginna plant-and subsequent plant restart were also evaluated 2 3. These
evaluations. include descriptions of the event, U.S. Nuclear Regulatory
Commission (NRC) findings; an evaluation of system response, operator response,
steam generator inspection and repair programs, emergency preparedness, and
radiological consequences.

An overall summary of operating experience of steam generator tubes was prepared
by the U.S. Nuclear Regulatory Commission by identifying the types of problems
which have occurred in steam generators, that report particular emphasis on
recent operating experience 4. In addition, that report briefly addressed the
status of the NRC Unresolved Safety Issue Task Action Plant (TAPs) A-3, A-4,

and A-5 regarding steam generator tube integrity; the short- and long-term
corrective actions being pursued by the industry; and the inspection and repair
requirements being recommended to ensure continued safe plant operation and
minimization of the associated radiation exposures. An update of that report
was the subject of discussion at the first Session of this meeting.

Concerns relative to steam generator tube degradation stem from the fact that
the steam generator tubes are a part of the reactor coolant system (RCS)
boundary and that tube failures result in a loss of primary coolant. In
addition, the steam generator tubes constitute a particularly 1mportant part
of the RCS boundary since their failure allows primary coolant into the steam
generators where its isolation from the environment is not fully ensured. The




|
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release of primary coolant into the environment has fwo major safety
jmplications. The first is the direct release of radioactive fission products;
and the second is the loss of cooling water which is needed to prevent core
damage. An extended loss of coolant outside of confainmentvwou1d result in the
depletion of the initial RCS inventory and émergency core cooling system (ECCS)
water without the capability to recirculate the water as would be the case for
any LOCA inside containment.

The U.S. NRC regulations provide a framework with which to assess the importance
of steam generator tube integrity. Specifically, the General Design Criteria
(GDC) state that the reactor coolant system boundary shall "have an extremely

Tow probability of abnormal leakage" (GDC 14), shall "be designed with sufficient
margin" (GDC 15 and 31), shall be of "the highest quality standards practical"
(GDC 30), and shall be designed to permit "periodic inspection and testing ...

to assess ... structural and leak tight integrity" (GDC32). 10 CFR Part 50,
Appendix B, is also pertinent to the maintenance of steam generator tube
integrity. |

1.2 Development of’Integrated Program

Steam generator tube integrity was designated an unresolved safety issue (USI)
in 1978 and Task Action Plans (TAP) A-3, A-4, and A-5 were established to
evaluate the safety significance of degradatioh in Westinghouse, Combustion
Engineering and Babcock & Wilcox steam generators, respectively. These studies
were later combined 1ntoa0ne effort because many problems being experienced by
PWR vendors were similar. ‘The staff prepared a draft report regarding this
issue in early 1982. This draft report primarily considered corrosion-related
failure mechanisms, including the "denting" mechanism, since those failures were
the main concern during the period when most of the technical studies were
performed.

In May 1982, subsequent to the Ginna steam generator tube rupture (SGTR) event,
the staff initiated an integrated program to consider the lessons learned from
the Ginna SGTR event 2,3 from the three previous domestic SGTR events 1, and to
consider the recommendations identified in the draft USI report prepared in early
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1982. the objective of the integrated program was to complete resolution of
USIs A-3, A-4, and A-5, including identification of staff positions that should
be addressed by operating license (OL) applicants and licensees and identifica-
tion of further efforts that should be undertaken by the NRC. This paper
described the results of this integrated program.

To develop an integrated set of requirements that addresses the safety concerns
discussed above, the appropriate NRC offices and divisions were asked, sub-
sequent to the steam generator tube rupture at the Ginna plant, to review the
steam generator issue and identify recommendations for any generic actions they
believed appropriate. After assessing the 1ist of proposed recommendations,
'iésues were grouped into one of the five major subject areas: (1) steam
generator integrity, (2) plant system response, (3) human factors consideration,
(4) radiological consequences, and (5) organizational response.

The issues within the above five major areas were then categorized with respect
to whether they were appropriate for consideration by the staff as potential
positions to be addressed by all pressurized water reactors licensed applicants.
Issues outside this first category fell into a second general category, which
consisted of issues warranting further staff study, issues already receiving
attention as part of an existing regulatory program, or issues for which
corrective actions had already been taken. Issues within this second category
are discussed later in this paper.

The issues within the first category, were grouped into the technical areas
Tisted below and were subjected to a value-impact evaluation by the staff.

1. Prevention and Detection of Loose Parts or Foreign Objects
(a) Secondary Side Visual Inspection and Improved QA/QC Procedures
(b) Loose Parts Monitoring System
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2. Inservice Inspection of Steam Generator Tubes
(a) Supplemental Tube Inspections
(b) Full-Length Tube Inspections
| (c) Denting Inspections )
| (d) Steam Generator Inservice Inspection Interval

(e) Inspections Following Shutdown for Repair of Leakage

3. Improved Eddy Current Techniques

4, Upper Inspection Ports

5. Secondary Water Chemistry Program

6. Condenser Inservice Inspection Program

7. Stabilization and Monitoring of Degraded Tubes

8. Primary to Secondary Leakage Limits v
9. Coolant lodine Activity Limit

I 10. Reactor Coolant System Pressure Control

‘ 11. Safety Injectiov Signal Reset

12. Containment Isolation and Reset

1.3 Scope of Value-Impact Evaluation

The value-impact analysis of the issues in the first category addressed the
potential for reductions in (1) the probability of core melt, (2) the proba-
bility of significant radiological releases comparable to NUREG-75-014* PWR

*Formerly WASH-1400
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release categories 8 and 9 during SGTR events not leading to core melt, (3)
public risk , and (4) occupational radiation exposure (ORE). The potential
requirements were also evaluated for their conformance with good operational

and engineering practices, enforcability with respéct to NRC regulations
relating to steam generator tube integrity and SGTR mitigation capability.
Economic costs were also a consideration of this analysis. Net economic costs
were considered in relation to the benefits to public health and safety. Net
economic benefits (deriving from the cost-effectiveness of some of the potential
requirements) were considered neither as a barrier nor a basis for the dis-
position of the potential requirements under consideration.

The NRC's evaluation considered input from a report by the staff's contractor,
Science Application, Inc. (SAI), "Value-Impact Analysis of Recommendations
Concerning Steam Generator Tube Degradation and Rupture Events."® The SAI
report provided much of the basis for the staff's evaluation of the effective-
ness of the potential requirements in reducing the incidence of steam generator
tube degradation, tube ruptures, and occupational radiological exposures (ORE)
and for the staff's evaluation of the potential cost benefits and cost impacts.

1.4 Risk from SGTR-Related Causes

The NRC's analysis of risk from SGTR-related causes indicates that the core
melt probability from these events is small, no more than 5 x 10'6/reactor year
(RY) as an industry average. This probability is a relatively small fraction
(10% or Tess) of the overall probability of core melt events from all causes
based on probabilistic risk assessments that have been performed for a number
of PWRS. The corresponding risk to the public is estimated to be limited to -
2.5 x 10°3 Tatent fatalities and 1.1 x 100 early fatalities per reactor year
from steam generator tube rupture accidents associated with core melt.

The relatively low estimates are attributed in part to the effectiveness of
existing steam generator related requirements in minimizing the frequency of
SGTR occurrences. This includes requirements which have been imposed by

the staff for specific plants which have experienced severe degradation of the
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steam generator tubes. However, the above estimates are also attributable to
conservative operating practices in excess of minimum requirements being
implemented by many utilities to varying degrees to minimize the occurrence

of excessively degraded tubes.

The staff also evaluated the potential for significant radiological releases
(comparable to NUREG-75/014* PWR release categories 8 and 9) during SGTR

events not leading to core melt. SGTRs create the potential for steam generator
overfill, as evidenced by the Ginna experience, which can lead to steam
generator safety valve challenges in which water relief occurs, and the safety
values may not properly close. This creates the potential for a prolonged
release of radioactive fluid from these valves.

The probability of significant non-core melt releases during SGTRs is
estimated to be about 2 x 10'4/RY.

1.5 Disposition of Potential Positions

+

The above generic risk estimates notwithstanding, degradation of steam generator
tubing has become widespread throughout the industry where the average age of

the steam genérator is still Tess than a quarter of their intended lifespan.
Necessary repairs have caused high radiological exposure to workers and now
contribute 20% of the average annual plant occupational dose for PWRs. Four

SGTR events have already occurred as a direct result of steam generator tube
degradation. SGTR events represent a significant challenge to the plant operators
since a variety of diagnoses and manual actions must be taken in a relatively
short time. In addition, SGTR events have a relatively high potential for
causing undesirab1é'radiologica1 releases to the public. It is also likely that
some plants have experienced limited periods during which they were vulnerable to
rupture in the event of a sudden, loading transient such as a main steam line
break.

*Formerly WASH-1400
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TABLE 1

DISPOSITION OF POTENTIAL POSITIONS

Item

Prévention and Detection of Loose Parts

(a) Visual Inspection of Secondary Side
and Quality Assurance Work Procedures

(b) Loose Parts Monitoring System

Steam Génerator Tube Inservice Inspection

(a) Supplemental Tube Inspections

(b) Full Length Inspections

(c) Denting Inspections

(d) Steam Generator ISI Interval

(e) Inspections following Shutdown for
Repair of Leakage

Improved Eddy Current Techniques

Upper Inspection Ports

Secondary Water Chemistry Program

Condenser Inservice Inspection

Stabilization and Monitoring of
Degraded Tubes

Primary to Secondary Leakage Limit
Céo]ant Iodine Activity Limit

Reactor Coolant System Pressure Control
Safety Injection Signal Reset

Containment Isolation and Reset

Industry Action*
Dropped

Staff Action
Industry Action*
Staff Action
Industry Action*
Dropped

Staff Action
Dropped

Industry Action*
Industry Action*

Dropped

Industry Action*
Industry Action*
Staff Action

Industry Action*

Dropped

* These items have been incorporated as staff positions.
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The NRC has concluded that improvements from past performance are needed to
further ensure continued compliance with its regulations relating to steam
generator tube integrity, SGTR mitigation, and to reduce occupational exposures,

As a result, the integrated program herein, the potential positions identified
previously were categorized as (1) items warranting industry action (2), items
warranting further study or development as staff actions, and (3) items which
should not be proposed as industry or staff actions. A summary of the staff's
dispositions of the potential positions is provided in Table 1.

The staff has concluded on the basis of the value-impact evaluation that the
indicated actions as a group will be effective in significantly reducing (1)
the incidence of tube degradation, (2) the frequency of tube ruptures and the
corresponding potential for significant non-core melt releases, and (3)
occupational exposures, and are consistent with good operating and engineering
practices. Adoption of these measures would further reduce public risk and
provide added assurance that risk is and will continue to be small. In
addition, these measures would be expected to reduce the need for plant-
specific licensing actions by the staff to ensure that plants with unusually
severe or active degradation can continue to be operated safely.

Of those actions listed above, items la, 5, 6, and 11 were found to be the
most effective actions for reducing tube degradation, ruptures, offsite releases,
core melt, and occupational radiological exposures.

1.6 Staff Actions

The integrated program has identified a number of staff actions and studies
related to steam generator tube integrity, plant systems response, human

factors considerations, radiological consequences, and organizational response

to events. These staff actions are summarized in Table 2. A number of these
actions have been completed, as noted in Table 2. Other staff actions identified
in Table 2 involve broad generic issues extending beyond strictly steam generator
related issues and are being addressed by other existing regulatory programs.
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TABLE 2
RELATED STAFF ACTIONS AND STUDIES (1)

Report
Section Action
1. Steam Generator Tube Integrity
- Guidance for Sleeve Repairs 4.2.1 Note 2
- Inspections for Denting 4,2.2 Note 2
- Improved Eddy Current Techniques. 4,2.3 Note 2
- Category C-2 ISI 4.2.4 Note 2
2. Plant Systems Responses
-. Steam Generator Overfill 4.3.1 06/85
-~ RCS Pressure Control 4,3.2 06/85
- Pressurized Thermal Shock 4,3.3 UST A-49, Note 3
= Improved Accident Monitoring 4.3.4 RG 1.97 Programs,
Generic Ltr 82-33
- Reactor Vessel Inventory 4.3.5 TMI TAP II.F.2,
Measurement : Generic Ltr 82-28
3. Human Factors
- Guidance on RCP Trip 4.4.1 TMI'TAP II.K.3.5,
Generic Ltr 82-33
- Control Room Design 4.4,2 TMI TAP 1.D.7,
, Generic Ltr 82-33
-. Improved Emergency Operating 4.4.3 TMI TAP I.C.T7,
~ Procedures Generic Ltr 82-33
4, Rgdio]ogica1 Consequences
- Reassess Potential Consequences 4.5.1 06/85
- of SGTR
- Reassess Design Basis SGTR 4.5.2 Note 4
5. Improved Organization Response to Events
- Seven Actions are Being Taken by 4.6 6 of 7 Complete
Staff Note 5

(1) These tasks are discussed in detail in Section 4 of Draft NUREG-0844.

(2) Not high priority. Will be scheduled pending availability of staff

resources.

(3) A proposed rule relating to this issue is currently under review by

the Commission. , S ‘ :

(4) Not scheduled pending completion of tasks described in Sections 4.3.1
and 4.5.1,

(5) 6 of 7 Completed. Remaining task by 06/84.
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The remaining staff actions identified in Table 2 involve other issues related
to steam generators which the staff finds warrant further study or action by

the staff. Completion of these tasks may lead to additional staff proposals

if warranted on the basis of additional reductions in risk or to ensure
compliance with the NRC regulations. However, those tasks do not appear to
involve issues relating to either (1) major reductions in the degree of
protection to public health and safety, or (2) significant risk to public health
and safety. Thus, resolution of USIs A-3, A-4, and A-5 are not contingent on
completion of these actions.

1.7 Conclusions Stemming From the Integrated Program

1. The integrated program has found public risk from SGTR related
causes to be small.

2. The integrated program has re-affirmed the need for the fundamental
regulatory requirements pertaining to RCS boundary integrity in
assuring public health and safety, including the need for inservice
inspections and preventing maintenance on steam generator tubes and
for SGTR mitigation.

3. The NRC has developed additional potential actions identified in Table
1 as warranting industry action were found to be effective reducing
(1) the incidence of tube degradation, (2) the frequency of tube
ruptures and the corresponding potential for significant non-core
melt releases, and (3) occupational exposures, and are consistent with
good operating and engineering practices.

4. The NRC has identified a number of broad generic issues extending
beyond strictly steam generator related issues which are being
addressed as part of other regulatory programs. Resolution of these
issues is considered to be outside the scope of USI A-3, A-4 and A-5
‘resolution. In addition, the NRC has identified other steam generator
related issues warranting further study or action by the staff.
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Although these tasks may lead to additional proposals by the NRC if
found to be warranted, resolution of USIs A-3, A-4, and A-5 is not
contingent upon completion of these tasks. Table 2 provides a summary
of the followup staff actions and studies.
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