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NOTICE

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, or any of their
employees, makes any warranty, expressed or implied, or assumes any legal liabihty of re-
sponsibihty for any third party's use, or the results of such use, of any information, apparatus,
product or process disclosed in this report, or represents that its use by such third party would
not infringe privately owned rights.

Availability of Reference Materials Cited in NRC Publications

Most documents cited in NRC publications will be available from one of the following sources:

1. The NRC Public Document Room,1717 H Street, N.W.
Washington, DC 20555

2. The NRC/GPO Sales Program, U.S. Nuclear Regulatory Commission,
Washington, DC 20555

3. The National Technical Information Service, Springfield, VA 22161

Although the hsting that follows represents the majority of documents cited in NRC publications,
it is not intended to be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC PubSc Docu-
ment Room include NRC correspondence and ir,ternal NRC memoranda: NRC Office of Inspection
and Enforcement bulletins, circulars, information notices, inspection and investigation notices:
Licensee Event Reports: vendor reports and correspondence; Commission papers; and applicant and
licensee documents and correspondence.

The following documents in the NUREG series are available for purchase from the NRC/GPO Sales
Program: formal NRC staff and contractor reports, NRC sponsored conference proceedings, and
NRC booklets and brochures. Also available are Regulatory Guides, NRC regulations in the Code of
Feaeral Regulations, and Nuclear Regulatory Commission issuances.

Documents available from the National Technical Information Service include NUREG series
reports and technical reports prepared by other federal agencies and reports prepared by the Atomic
Energy Commission, forerunner agency to the Nuclear Regulatory Commission.

Documents available from public and special technical libraries include all open hterature items,
such as books, journal and periodical articles, and transactions. federal Register notices, federal and
state legislation, and congressional reports can usually be obtained from these libraries.

Documents such as theses, dissertations, foreign reports and translations, and non-NRC conference
proceedings are available for purchase from the organization sponsoring the publication cited.

Single copies of NRC draft reports are available free upon written request to the Division of Tech-
nical Information and Document Control, U.S. Nuclear Regulatory Commission, Washington, DC
20555.

Copies of industry codes and standards used in a substantive manner in the NRC regulatory process
are maintained at the NRC Library, 7920 Norfolk Avenue, Bethesda, f/aryland, and are available
there for reference use by the public, Codes and standards are usually copyrighted and may be
purchased from the originating organization or, if they are American National Standards, from the
American National Standards institute,1430 Broadway, New York, NY 10018.
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ABSTRACT

Pacific Northwest Laboratory (PNL) was asked to develop and recommend a
regulatory position that the Nuclear Regulatory Commission (NRC) should adopt
regarding the ability of reactor pressure vessels to withstand the effects of
pressurized thermal shock (PTS). Licensees of eight pressurized water
reactors provided NRC with estimates of remaining effective full power years
before corrective actions would be required to prevent an unsafe operating
condition. PNL reviewed these responses and the results of supporting
research and concluded that none of the eight reactors would undergo vessel
failure from a PTS event before several more years of operation. Operator
actions, however, were often required to terminate a PTS event before it
deteriorated to the point where f ailure could occur. Therefore, the near-term
(less than one year) recommendation is to upgrade, on a site-specific basis,
operational procedures, training, and control room instrumentation. Also,
uniform criteria should be developed by NRC for use during future licensee
analyses. Finally, it was recommended that NRC upgrade nondestructive
inspection techniques used during vessel examinations and become more involved
in the evaluation of annealing requirements.

,
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EXECUTIVE SUMMARY

Pacific Northwest Laboratory (PNL) was asked by the Nuclear Regulatory
Commission (NRC) to develop and recommend a near-term (<1 year) regulatory
position that NRC should adopt to avoid or mitigate pressurized thermal shock
(PTS) at nuclear power plants. The PNL technical staff and several independent
consultants, who provided an overview of the program, evaluated what corrective
actions, if any, must be taken before longer-term PTS generic resolution and I

acceptance criteria are established. Responses to NRC's request for informa-
tion are still being received from licensees and owners groups. In this
regard, the PNL review is limited to information available through May 1982.

The responses considered several classes of overcooling scenarios which
could lead to a PTS event. For all scenarios, it was concluded that none of
the eight reactors under review would undergo vessel failure should a PTS event
occur before several more years of operation and, in most cases, before the end
of reactor life. However, in many scenarios, operator actions were required
to terminate the event before it deteriorated to a state where the conditions
necessary for vessel failure were present. The NRC evaluation of PTS proce-
dures and operator training at two of the eight plants indicated deficiencies
in these areas. Therefore, it is recommended that procedures, training, and
control room instrumentation be changed on a site-specific basis in the near-
to long-term period.

In addition, the responses differed in terms of event conditions, assump-
tions, and acceptance criteria beyond what would be expected because of plant-
specific situations. It is therefore recommended that uniform criteria be used
to evaluate the effective full power years (EFPY) remaining before further
corrective actions are required. Adopting these criteria may shorten the pro-
jected remaining EFPY under some PTS event scer,arios, but it should not require
additional corrective actions in the near-term.

To provide a data base on flaws, it is recommended that vessel inspections
incorporate currently available, improved nondestructive inspection techniques;
that a demonstration of inspection procedures be required; and that a standard
method of reporti'ig results of vessel inspections be developed. It is also
recommended that an inspection be performed following a PTS event when analyses
predict the potential for the initiation of a crack. The presence of a flaw
in the highly irradiated vessel area is a necessary condition for crack propa-
gation during a PTS event. However, due to the lack of aefinitive information,
it is necessary to assume a conservatively large flaw during the fracture mech-
anics analyses. It is also recommended that the NRC more actively participate
in evaluating vessel annealing. The NRC will need to consider the operational
and safety questions concerning the vessel, piping components, supports, and
other structural members. At this time, it would be appropriate for NRC to
start drafting analyses requirements; methods for determining the new vessel
material properties following annealing, inspection, and approval requirements;
and any regulatory changes that may be necessary.
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l.0 INTRODUCTION

1

1.1 BACKGROUND

The pressure vessel of a nuclear plant is subjected to a pressurized ther-
mal shock (PTS) when an extended cooling transient to the vessel wall is accom-
panied by system pressurization. Under these conditions, thermal and pressur-
ization stresses on the internal surfaces of the vessel are additive. Moreover,
these stresses are in tension and tend to open cracks located at or near the
internal surfaces.

Nuclear plant pressure vessels are f abricated from ferritic steels. The
internal surf aces of the vessels are clad with stainless steel weld to prevent
metal corrosion processes. The vessels are designed to withstand normal heat-
ing and cooling transients for the life of the plant, which is usually 40 years
at 80% operating efficiency or 32 effective full-power years (EFPY). A pres-
'sure vessel intended for 32 EFPY must be designed to maintain fracture tough-
ness of the vessel material. An adequate level of fracture toughness provides
assurance that small cracks will not propagate in a " brittle" manner as a
result of stresses during an abnormal transient such as a PTS event. Failure
in a brittle manner could fracture the vessel wall and lead to severe f ailure
of the pressure boundary in the core area. In contrast, a ductile type of
failure would be expected to result, at worst, in a through-vessel crack, which
would leak but not result in a total loss of the pressure boundary.

In older nuclear plants, the pressure vessels were often fabricated with
weld materials containing relatively high levels of copper, phosphorus, and
nickel. These elements were later shown to result in greater irradiation dam-
age to the vessel material than had been initially expected. Irradiation dam-
age caused a shift in the fracture toughness curve to higher temperatures and,
therefore, increased the remote possibility of a nonductile vessel f ailure.

Evaluating the f ailure probability of any nuclear pressure vessel is very
complex. The evaluation must be plant-specific to allow for differences in
material properties of the plant components, systems configuration, operating
procedures, and dosimetry history. The plant control systems, component redun-
dancy, operating history, and operator training and proficiency are important
in determining the initiation, sequence, and timing of accident-type events and
in evaluating the probability of mitigating operator actions. Finally, the
thermal-hydraulic, material properties, and fracture mechanics analyses, using
currently available codes, are used to determine the consequences of the events
being analyzed.

The following conditions must be present during a PTS event before a sig-
nificant nonductile failure probability would be expected:

1.1
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The nuclear plant pressure vessel must exhibit significant loss ofe
fracture toughness through neutron irradiation.

An overcooling transient must occur that would be of sufficient dura-e
tion to cause a steep thermal gradient across the vessel wall and
cooling to the low-toughness temperature range.

A flaw must be present of sufficient size and be located at a criti-.

cal beltline location where reduced fracture toughness and high ther-
mal stress exist.

A simeltaneous high reactor coolant system pressure must be present.e

In recent years a number of incidents have occurred that involved several,
but not all, of the above conditions. The PTS issue is, therefore, being
investigated in much greater detail by the NRC, the utility industry, and
Nuclear Steam Supply System (NSSS) contractors.

1.2 OBJECTIVE OF STUDY

Pacific Northwest Laboratory is providing technical assistance to NRC to
develop and recommend a regulatory position that NRC should adopt before the
longer-term PTS program provides generic resolution and acceptance criteria.
Thenear-termrecommendationsincludeanycorrectiveactiogg)requiredattheeight plants identified in the August 21, 1981 NRC letter.t The recommen-
dations of this report are based on the review of information described in Sec-
tion 1.3.

1.3 APPROACH

Eight pressurized water nuclear power plants (Ft. Calhoun, H. B. Robinson
2, San Onofre 1, Maine Yankee, Oconee 1, Turkey Point 4, Calvert Cliffs 1, and
Three-Mile Island 1) have been identified for specific review of PTS event
scenarios. These plants and hg* SS owners groups have supplied information
in response to NRC requests. The following sources of information*

were useJ by PNL to recommend NRC's near-term regulatory position.

1. Documentation by the licensees and owner groups to the NRC requests for
information concerning the PTS issue.

2. Participation in reviewing current procedures, training, and operator
responses to PTS events at selected plants as established by the NRC's PTS
task force on procedure review.

3. Reviews of research work being performed in support of the PTS issue at
NRC, national laboratories, industry, and other research institutes.

1.2
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4. Reference documents which are pertinent to the PTS issue or technical
areas important to this issue.

The report contained herein was completed using the above information and
information from site visits, where appropriate, to establish the methodol-
ogies, procedures, sensitivities, and completeness of the various technical'

areas. ~~5is report has also been critiqued by a selected group of nationally
known consultants within various technical areas of the program.

1.4 LIST OF STUDY PARTICIPANTS

The following staff members and consultants participated in the multidis-
ciplinary study:

;

Pacific Northwest Laboratory

Program Management
L. T. Pedersen, Manager, Special Projects, Engineering Physics
Department

Probabilities and Risk Assessments
P. J. Pelto, Senior Engineer, Systems Safety Analysis Section

Systems Operation
W. J. Apley, Technical Leader, Nuclear Systems, Energy Systems
Engineering Section
L. J. Defferding, Senior Engineer, Energy System Engineering Section

Human Factors
M. H. Morgenstern, Technical leader, Human Factors Engineering,
Mechanical Design and Development Section

Thermal Hydraulics
S. H. Bian, Senior Engineer, Fluid and Thermal Engineering Section

Vessel Material Properties
E. P. Simonen, Technical Leader, Nuclear Metallurgy, Metallurgy
Research Section

Fracture Mechanics
F. A. Simonen, Technical Leader, Structural Analysis, Structures and
Mechanics Section

Nondestructive Evaluation
T. T. Taylor, Senior Engineer, Nondestructive Testing Section

Statistical Analyses
D. L. Stevens, Senior Engineer, Statistics Section

I

,

1.3
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consultants,

! Probabilities and Risk Assessment
Dr. Robert Budnitz, Future Resources Associates, Inc.i

I Human Fa * ors
Dr. Jui.E'n~fEristensen, General Physics Corporation

1

I Systems Operation
Mr. Reese J. Bursey, Nuclear Personnel Qualification, Inc.

:
~ Thermal Hydraulics

Dr. Donald S. Rowe, Rowe and Associates
,

Vessel Material Properties
Dr. Spencer H. Bush, Senior Staff Scientist, PNL

Fracture Mechanics
Prof. George T. Hahn, Vanderbilt University, Mechanical and Material

,

|
Department

Statistical Analysis

| Dr. Carl A. Bennett, Human Aff airs Research Center, PNL
,

i

!

!

i
t

!

r

i

!
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2.0 CONCLUSIONS AND RECOMMENDATIONS i

>

The conclusions reached within the technical sections of this report sup-

port the continued operation of the eight plants underfreview. However, oper-
ator mitigating actions are required to reduce the probability that abnormal
overcooling events will deteriorate into the pressurized thermal shock regior.

.'

of concern. Therefore, recommendations are made for corrective actions to
procedures, training, and control room instrumentation on a near-term, inter-
mediate, and long-term schedule.

:

The analyses provided by the licensees did not completely treat all
aspects of the PTS issue. To provide acceptable, complete analyses, criteria
were developed and are recommended for future PTS analyses. Finally, recom-
mendations are made to upgrade nondestructive inspection techniques used to
examine reactor vessel welds, and to improve the NRC VISA code.

The recommendations are of three types: corrective actions, regulatory
revisions, and changes or additions to the PTS support program.

; 2.1 EVENT SCENARIOS
q

Conclusions

Event scenarios can be used to help predict the degree to which PTS
threatens the continued safe operation of commercial nuclear facilities. Cur-
rently, the scenarios are generic in nature; therefore, unless it can be rigo-
rously shown that the generic corrective actions needed to avoid or mitigate a
PTS event lead to consistent improvement in individual plant safety, safety
actions should be established on a plant-specific basis. A more detailed eval-

1

uation of event scenarios is provided in Chapter 3.0.

Recommendations

The following recommendations need to be taken to support mitigating
actions for the four generic event scenarios. These recommendations need to
be implemented to ensure that the plant operating staff (given the existing,
design-basis control systems) have the training, equipment, and procedures
necessary to preclude and/or mitigate potential PTS events. These recommenda-
tions discuss additional analyses required, proposed corrective actions, and
methods to implement those actions.

1. Based on the studies that have been performed to date$ severe PTS scen-arios have an estimated frequency in the range of 10- to 10-6 for
generic Babcock & Wilcox, Combustion Engineering, and Westinghouse plants.
Additional work is necessary to support these values and should include a
more systematic identification process for potential PTS scenarios, a
more detailed consideration of operator error, and a consistent treatment
of multiple failures and potential dependencies.

2.1
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2. The time required for operator action plays a critical role in determining
whether'a potential PTS scenario may cause crack initiation. Therefore,
it is essential that, as a part of the procedure upgrade implemented under
Item I.C.1 of the Three Mile Island (TMI) task action plan, the following
items be addressed:

a. PTS-related procedures need to be audited using time-line charts to i
<

identify critical time constraints and ensure that they are clearly I

noted to the operator.

'

b. Siirulator and in-plant testing need to be conducted to establish
.

reasonable generic estimates for operator response times for certain
critical PTS evolutions (example: A percent of operators can per-
form evolution B within C minutes.)

,

, c. Licensee Event Reports (LERs) need to be reviewed to ascertain actual
'

time-related information (including data on operator error) which can
be used to supplement and validate information obtained in items a
and/or b above.

'
3. Operator action has been identified as a major element in initiating,

i preventing, or mitigating PTS scenarios. Recommendations provided below
address training and development of improved " tools" for the operator's1

use. Individual actions are prioritized into three categories: near ,
intermediate , and long-term. Recommended actions are either
operator-oriented (including training), instrumentation-oriented, or
procedure-oriented. Expanded discussion of each recommendation is con-

,

tained in Chapter 3.0. Numbering corresponds to that used within '

Section 3.8.

Near-Term Implementation (<1 yr)

Procedure-oriented recommendations:
i 1. improve general criteria

2. require short-time reactor coolant system (RCS) cooldown rate limits
3. improve RCS pressure control guidance
4. improve RCS cooldown control guidance.

Operator-oriented recommendations:
la. review overcooling events
Ib. provide PTS transient control classroom instruction (shift walk-

i through)
Ic. conduct PTS simulator training
Id. conduct special transient-control simulator training
le. conduct nil-ductility transition (NDT) and PTS theory classroom

training.

Instrumentatior-oriented recommendations:
1. add temperature-based subcooling meter indication

'|

i
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Intermediate-Term Implementation (1-2 yr)

Procedure-oriented recommendations:
5.* review high pressure injection (HPI) termination pressure requirement
6.* establish post-transient " hold points"
7.* reduce saturation margin requirements.

Instrumentation-oriented recommendations:
2a. add instantaneous RCS cooldown rate monitor
2b. add integrated RCS cooldown rate monitor
3. improve RCS pressure readout.

Long-Term Implementation (>2 yr)

Procedure-oriented recommendations:
8.* incorporate variable saturation margin.

Instrumentation-oriented recommendations:
i 2c.* add RCS cooldown rate change indicator

4.* add NDT margin meter
5. improve steam generator level instrumentation
6.* add transient warning indicators.

4. Because nuclear facilities differ in terms of design and operating modes,
each plant should be required to prepare a PTS mitigating actions package
(MAP) which describes how that facility intends to implement the above
listed recommendations (or technical justification for exceptions). The
PTS MAPS should be reviewed and approved within an established time frame,
and audits should be performed on a periodic basis to reaffirm continued
facility attention to and action on the PTS issue.

2.2 THERMAL-HYDRAULICS

The thermal-hydraulic conditions in the reactor vessel downcomer provide
the basic driving conditions for PTS. Driving conditions can be identified .

through the selection of specific accident scenarios and the use of analytical
i methods to calculate thermal-hydraulic conditions such as pressure, tempera-

ture, and heat transfer in the reactor vessel downcomer. The following con-
clusions and recommendations are from the thermal-hydraulic evaluation of PTS
(Chapter 4.0).

* Require detailed analyses.
NOTE: Within the individual categories and classifications (e.g., instrumenta-
tion-oriented), recommended mitigating actions are listed in order of descend-
ing priority.

3
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Conclusions

1. Transient Scenario Evaluations. Three major classes of transient scen-
arios were identified by the utility owners groups for PTS analysis:
small-break LOCA (SBLOCA), main steam line break (MSLB), and small steam
line break (SSLB).

Even though the pressure and temperature behaviors for each scenario are
, plant dependent, a more critical f actor in almost all cases reviewed is

"

the operator action and the time allowed for the corrective actions for
bringing the coolant conditions within the PTS safety regions. The sens-
itivity of the action time versus thermal-hydraulic behaviors were not
addressed by the utilities. (See Chapter 3.0 for further discussion.)

None of the utility responses addressed the issue of noncondensable gases.
There are transient scenarios in which the primary system pressure could
drop sufficiently to allow injection of emergency core cooling system
(ECCS) water and nitrogen (noncondensable gas) from the ECCS accumulator.
This is of concern because it affects the pressure-temperature relation-
ship observed by the operator in the control room, and it could inhibit
the re-establishment of natural circulation flow.

2. Analytical Methods. The analytical methods from the owners groups
responses included three major f actors in the thermal-hydraulic analysis:
1) system analysis to define bulk temperature and pressure in the vessel
downcomer; 2) mixing analysis to define the effects of cold high pressure
injection (HPI); and 3) the calculation of heat transfer at the vessel
wall..

e System Analysis. All the system codes used by the owners groups
are one-dimensional codes based on homogeneous, two-phase flow.
The codes also assume thermal equilibrium. The Combustion Engi-
neering and Westinghouse models have provisions for relative
phase velocity to account for the separation of steam and water
in slowly moving two-phase flows. The Babcock & Wilcox model
assumes equal phase velocity and would apply to single-phase-
flows or to conditions where homogeneous two-phase flow would '

exist. It would not apply to cases of vertical, low velocity,
counter-current, steamwater flow where phase separation could
occur. This could be especially important regarding natural
circulation flow in the reactor loops or flow through the vent
valves in Babcock & Wilcox plants. Vapor accumulation at high ,.

points in the system could stop or prevent natural circulation '
;

flow. None of the 19,1ytical models have provisions for con-
sidering nonconde'saa.1 cas.

All of the r n e er des used for the system analysis have the
ability to c <acc ultiple loops. All cold-leg flows are
assumed to fo,1y mix in the downcomer, and the mixed temperature
is used as part of the boundary condition for thermal stress

!

|
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analysis. For loop imbalances where one cold leg is at a lower
temperature, this is an overly optimistic assumption. It would
be more realistic to use the minimum cold-leg temperature for
the vessel wall thermal stress analysis.

I
The ability of the system computer codes to calculate the proper
system pressure depends upon their ability to calculate conden-
sation and flashing phenomena. Condensation is of particular
importance to system repressurization during HPI. Most computer
codes can consider flashing; however, there are analytical model
difficulties with condensation of steam against subcooled water.
In the pressurizer, for example, condensation of steam occurs
at the water surface during inflow of subcooled water. The
ability to consider condensation more accurately is not code-
specific, and is a weakness of current analytical models.

o Mixing Analysis. The utility owners groups responses included
a variety of methods to define the effect of mixing the cold HPI
water with the much warmer cold-leg flow. The basic result of
all analyses was significant mixing in the cold leg and down-
comer before reaching the critical welds. The assumption of
large amounts of mixing in the cold leg downstream of the HPI
and in the downcomer as predicted by different mixing models
used by owners groups is reasonable as long as the loop flow is
maintained (either through pumping or natural circulation).
Thisphenomen9pp1 basically supported by the CREARE 1/5-scaletest results.W. However, for the situation where the loop
flow is not maintained, little mixing would be expected. This
is not clearly addressed in the Babcock & Wilcox and Com ion
Engineering submittals. The Westinghouse generic report
mentioned that in the SBLOCA, no mixing is allowed when natural
circulation is lost. In the Babcock & Wilcox case, credit was
taken for the vent valve flow circulation through the downcomer,
the core, and the vent valve. Under certain conditions where
voids form in the core, the vent valve circulation may not be
maintained. It is not clear whether the system code (CRAFT)
used by Babcock & Wilcox could predict loss of vent flow. This
is because of the restrictive nature of the homogeneous equili-
brium model used in the code. In the MSLB, total mixing was
assumed by all three NSSS groups. Again, this is reasonable as
long as the loop circulation is maintained. Maintenance of loop
circulation for MSLB in certain cases needs operator action.
This was not clearly addressed in the submittals. In the small
SLB, the probability of losing loop circulation is not very
likely; therefore, the assumption of total mixing is acceptable.

Both one- and two-dimensional mixing analysis codes were used
by the owners groups. While two-dimensional analysis can pro-
vide more realistic assessments than one-dimensional analysis,
caution must be used when assessing results. Multidimensionals

2.5



- . . -

turbulence mixing models suffer from enhanced mixing caused by
numerical diffusion, and they can miss some of the observed
phenomena such as hydraulic jumps and secondary flows.

e Wall Heat Transfer. The heat transfer coefficient used by the
owners groups had a wide range of values. Little supporting
information was given other than a statement of what was done.
Based on a discussion in Chapter 4.0, it is concluded that the
heat transfer coefficient would be an insensitive parameter if
it is large (nucleate boiling, forced convection) relative to
the conductance of the vessel cladding. The heat transfer
coefficient is most sensitive to the wall temperature gradient
when the coefficient is at the mid-range value. At mid range,
the heat transfer coefficient is of the same order of magnitude
as the wall conductance (such as for free convection).

From the review of the submittals, Westinghouse (4a) and Babcock &
Wilcox (0conee)(3d) used Dittus-Boelter correlation for the forced con-
vection heat transfer coefficient. It is judged to be adequate. As dis-
cussed above, the coefficients for this mode of heat transfer usually are
so large that thev do not contribute significantly to the temperature
gradient. Combustion Engineering (4b) used a constant value cf
300 Btu /hr ft2*F. This may not be conservative for the initial phases
of PTS transients when large amounts of heat transfer are expected.

For natural convection heat transfer, where the film coefficient is more
sensitive, all three owners groups gave different values based on differ-
ent correlations. Combustion Engineering, however, used a constant value
(see Chapter 4.0).

Recommendations

1. The role and sensitivity of the operator to mitigate adverse thermal-
hydraulic response needs to be more clearly determined.

2. Scenarios in both SBLOCA and steam line break (SLB) transients should
include the cases where there is a breakdown of natural circulation. When
natural circulation is lost, zero thermal mixing in the cold leg and down-
comer should be used in the PTS analyses.

3. Selection of break sizes for the SBLOCA cases should be such that both
! loss of natural circulation and repressurization occur as early as pos-

sible during the transient.

4. In an imbalanced loop situation, the lowest temperature cold leg should
be used as the bulk coolant temperature for local mixing analyses.

5. The hydrodynamic model inside the system should include phase separation,

capability (e.g., drift flux or two-fluid model) and thermal nonequili-'

brium to predict acceptable temperature, pressure, and flow.
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6. For the calculation of forced convection heat transfer at the vessel wall
in the downcomer, the Dittus-Boelter correlation is acceptable. For the
naty yl convection heat transfer, the correlation based on Kato et
al.L'1 or equivalent correlation should be used as a criterion.

7. Experimental work on mixing, such as that at CREARE under EPRI sponsor-
ship, should be continued to develop a more complete understanding of
mixing within the cold leg and downcomer. Specific attention is needed
for conditions of stagnant loop (and vent) flow. Attention should also
be given to scaling the small-scale mixing data to full scale.

Testingwith({?fferent HPI configuration should be pursued further. The
CREARE tests showed that by keeping injection velocity high (through
a smaller diameter HPI pipe), considerable turbulence mixing can be
created. More extensive testing in different HPI pipe sizes and angles
(including laterally inclined and multiple injections to promote swirling
flow patterns) should be performed.

8. Because the assessment of and conclusions about PTS will depend heavily
on the results of computer codes, continued development of analytical
methods is recommended. Specific areas for attention include:

improved condensation modeling of liquid level interfacese
(pressurizer, stratified hot leg) during pressurization

e the breakdown and re-establishment of natural circulation (hot
leg, vent flow) under low-velocity, two-phase conditions, and
with provision for ncncondensable gases

improvement and verification of multidimensional models fore
analysis of mixing in the cold leg and downcomer

e improvement in modeling the thermal imbalance in transient sit-
uations when the loop temperatures are unsymmetrical.

These eight recommendations are not expected to significantly influ-
ence the final results in terns of the EFPY; therefore, further corrective
actions will not have to be taken within the next one to two years. One
possible exception is the effect of operator actions on the thermal-
hydraulic results. Operator actions are addressed in Chapter 3.0.

2.3 MATERIALS PROPERTIES

Conclusions

The review of material properties of the critical welds in the eight
plants considered in this report has demonstrated that concerns about
severe embrittlement are justified and that the embrittlement concern is
not due to excessive conservatisms. The following conclusions and recom-
mendations are from the materials evaluation (Chapter 5.0) of PTS.
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1. Dosimetry. Fluence uncertainties from dosimetry analyses have been
reduced significantly in the last few years. Estimates of inner wall

; fluence are reliable to within accuracies of 10% to 30%. The
through-wall damage analysis is currently being evaluated. Recent
assessments suggest that damage through the vessel is greater than
expected from fluence (E > 1 MeV) gradients. Revised estimates are
based on the dependence of RTNDT on fluence, flux, and spectra.

2. Initial RTNDT. The initial nil-ductility transition reference

temperature (RTNDT) values used in the PTS evaluations are sub-
stantially above the mean. If the mean plus two sigma conservatism
is judged as necessary, then the values used in the analyses are
realistic. If better information becomes available, it is not

expected that the revised initial RTNDT could be lowered by more
than 10 to 20 F.

3. Irradiated Properties. The substitution of the test reactor-based
Regulatory Guide 1.99, Rev. 1, with the surveillance-based HEDL
equation is justified. The surveillance data more realistically
reflect irradiation behavior for pressure vessel neutron fluxes and
spectra. Further refinements in the HEDL equation will result as
more surveillance data become available. Prediction of damage satu-
ration in high-copper / low-nickel welds is not justified based on the
current data base.

4. Sensitivity Analyses. The PNL evaluation of uncertainties in the
predicted embrittlement indicated that the typical uncertainty of a
few hundredths of a percent of copper or a few tenths of a percent

nickel result in an uncertainty of a few (e.g., 2,F uncertainty into 5 years) EFPYneeded to achieve a given RTNDT. Similarly, a 10
assumed initial RTNDT results in a 1 to 2 year EFPY uncertainty.
Fluence uncertainties only slightly affect the uncertainty in RTNDT
due to the low fluence exponent of 0.27 in the HEDL equation. A
fluence uncertainty of *40% results in an RTNDT uncertainty of only
about 25'F. Establishing better estinates of fluences, weld chemis-
try, and initial toughness can postpone, for a few years, the concern
for reachincj a given RTNDT, but the long-term, end-of-life embrit-

i tlement concern remains.

5. Fracture Toughness. The validity of using Charpy tests for estimat-
ing fracture toughness is supported by correlations between the tem-
perature shift in the Charpy impact energy and the temperature shift
in the fracture toughness. The current practice of using a lower-
bound fracture resistance (KIR) is justified due to the absence of
an adequate data base to form a statistically based KIR-

6. Control and Reduction of Embrittlement. The predicted as well as
actual embrittlement of welds can be reduced by annealing the reactor
vessel, reducing the irradiation flux to the vessel, or determining
more precisely the weld chemistry. A one-time vessel anneal is not

2.8
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effective unless the post-anneal irradiation exposure is short. One
anneal performed in, say, June 1982 without subsequent irradiation flux
reduction would not significantly reduce the end-of-life RTNDT of any
of the plants. One anneal plus a substantial (80%) reduction in flux
would significantly reduce the end-of-life RTNDT (e.g., a 135'F reduc-
tion for Fort Calhoun).

Two anneals performed before end-of-life result in significant reduction
in RTNDT even with no flux reduction. The RTNDT of all plant welds
in this evaluation can be maintained below 250 F to end-of-life fluences
by annealing twice and reducing the flux by 80%. Furthermore, remote in-
situ chemical analysis of welds could reduce the RTNDT uncertainty of
some high copper-high nickel welds for the near-term evaluation of vessel
integrity.

Recommendations

1. Fluence estimates from Discrete Ordinate Transport (DOT) codes and sur-
veillance dosimetry analysis are acceptable. The fluence estimates
should be upgraded as additional dosimetry data are obtained.

2. Evaluations of through-wall radiation damage evaluations should be based
on displacements per atom, and not a fluence (E > 1 MeV).

3. The dependence of embrittlement on damage rate and temperature should be
more clearly defined for the long-term PTS evaluation.

The initial RTN4.
of credibility:DT should be accepted according to the following ordertesting archival material; discovering unreported, plant-
specific test results; or testing welds that are similar to plant-specific
welds.

5. The conservative estimates of the initial RTNOT should be evaluatedstatistically using nonparametric tolerance limits (see Section 2.6).

6. The HEDL predictions of RTNDT should be used to estimate the effect of
copper, nickel, and fluence on embrittlement.

7. The irradiation shift in RTNDT observed in the surveillance data and
the HEDL predictions should be analyzed for confidence as a function of
copper, nickel, and fluence. The statistical meaning of using a mean
plus two sigma should be established for the long-term PTS evaluation.

8. The lower bound reference curve should be used to estimate fracture tough-
ness (see Section 2.4).

9. The metallurgical reasons for variability in fracture resistance should
be established. The reasons should provide mechanistic justification for

- defining realistic versus conservative fracture resistance criteria in the

f long-term PTS evaluation.
|

|
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10. The feasibility of determining weld chemistry by remote access to the
vessel exterior should be evaluated.

;

! 11. Acceptance criteria for predicting the annealing and reirradiation
! embrittlement of vessels should be established for the long-term PTS

evaluation.!

i

12. The validity of the HEDL curves for predicting reirradiation embrittle-
ment should be determined. In particular, the dependence of embrittle-
ment mechanisms on annealing, reirradiation, and flux reduction, should
be clearly established in the long-term evaluation of PTS.

2.4 FRACTURE MECHANICS

! Fracture mechanics analyses have been used in the utility owners group
responses to predict whether fracture of an embrittled vessel is possible for
a given overcooling transient. A conservative, but realistic, analysis frac-
ture requires careful selection of inputs and assumptions for the analyses.
The following are conclusions and recommendations from the fracture mechanics
analyses (Chapter 6.0) of PTS.

Conclusions

i 1. Analytical Methods. Available fracture mechanics analysis methods for
the PTS evaluations are at the mature state of developinent, and any near-
term advances are likely to be insignificant relative to uncertainties ini

inputs for material properties and pressure-temperature histories for PTS
,

events.i

I 2. Vessel Tests. Fracture mechanics experiments underway at Oak Ridge
| National Laboratory (0RNL) should provide added confidence in PTS evalua-

tions. However, the results of clad effects and crack propagation under
PTS conditions will not likely be sufficiently timely or conclusive to

,

permit less conservative assumptions to be used to address the plant-!

1 specific fracture concerns.

: 3. Crack Initiation. The linear elastic fracture mechanics methods used in
the NSSS vendors calculations for crack initiation are similar except in

;

detail, and should give conservative predictions for vessel integrity
under PTS conditions.

4. Crack Arrest. A review of the crack arrest calculations showed a number
of unconservative features. Recent data show that the American Society

reference curve is unconservative,of Mechanical Engineers (ASME) Kia
particularly for weldments. A revised arrest toughness curve is proposed
(see Section 6.3).

5. Conservatisms and Safety Factors. A review of the conservatisms in the
,

NSSS vendors fracture evaluations indicate that no " safety factors" are
!

|
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used, and this practice is generally consistent with a narrow interpreta-
tion of the guidance given in the ASME code for emergency and faulted
loads. The conservatisms of the analyses depend on the use of realistic
upper bounds on postulated flaw size, fracture toughness reference curves,
and predicted shift in RTNDT. It is imperative that suitable allowance
be made for vessel material variability when analyses are based on vessel-
specific material properties from a limited sample of specimens.

6. Acceptance Criteria. Approaches that are more conservative than those
used in the 150-day responses by the NSSS vendors in the application of
warm prestress and also for the analysis of crack arrest in vessel integ-
rity evaluations are recommended. A set of guidelines and acceptance
criteria for fracture mechanics evaluations are proposed. Modest safety
factors (consistent with ASME Code guidelines) are specified for condi-
tions where crack arrest cannot be demonstrated. Acceptance criteria
provide specific restrictions for warm prestress and crack arrest calcu-
lations. The proposed acceptance criteria will tend to encourage the use
of flaw initiation as the acceptance criteria. Flaw initiation analyses
of PTS events are more straightforward and well founded than are arrest
analyses.

7. Probablistic Fracture Mechanics. In-house NRC probabilistic fracture
mechanics calculations were reviewed. These results were found to be
useful, and it is recommended that this work be continued by refining
inputs, particularly those for flaw size probability distributions.
Also, the credibility of the analyses could be enhanced by having the
model inputs reviewed by knowledgeable workers in the field.

8. Estimated Failure Probability. Using the results of the NRC staffs'
probabilistic fracture mechanics analyses, an estimate of the conserva-
tism of deterministic fracture predictions based on the recommended
acceptance criteria has been made. If these analyses ignore warm pre-

probabilityofabout10gpredictionsshouldcorrespondtoafailure
stress, the deterministi

given the occurrence of an overcooling trans-
ient with a specific pressure / temperature history. This estimate is sub-

)' ject to other uncertainties associated with the completeness of the data
base, and with simplifications used in the fracture mechanics treatments.

9. Postulated Flaw Sizes. The NSSS vendor and utility responses lacked
information on actual and probable flaw sizes, and did not address pos-
sible mechanisms of underclad cracking and the probability of detecting
such cracks during in-service inspection. Such information would enhance
the credibility of fracture mechanics evaluations.

NDT riteria. The implications of nil-ductility temperature criteriaC10. RT
as an alternative to detailed fracture mechanics evaluations were addres-
sed in this study. It was concluded that either criteria will iead to a
RTNDT limit for a specific vessel. This temperatura will be dependent
on the specific cooling transients possible for the plant of concern. A
fixed and arbitrary limit on RTNDT based on engineering judgment could
be justified only on the basis of low confidence in the evaluations of '

event scenarios.
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Recommendations

It is r ')mmended that the following d:ceptance criteria be adopted for
the evaluatio. of vessel integrity under PTS conditions:

1. The postulated flaw is to be at least 1.0 in deep with a 6:1 length to
depth ratio. Analyses of initiation and arrest should consider all pos- |,

sible flaws less than or equal to the postulated flaw.

reference curve with an2. Initiation is to be governed by the ASME KIc
upper-shell toughness of 200 ksi /in. For arrest calculations, the pre-

reference curve should be adjusted to accommodate-sent ASME Code KIarecent test data; a 50*F shif t along the temperature scale is considered
a suitable adjustment. An upper shelf of 200 ksi /IT1. is to be used for
Kla*

3. In general, credit for warm prestress effects should not be included for
PTS events except in those cases in which system and operator constraints
clearly prevent variation from the estimated pressure time transient.
Warm prestress is to be applied only under decreasing crack-tip stress

,

intensity factors (K) and never for conditions of increasing K. Warm

prestress is to be applied only if crack arrest can be demonstrated using
the criteria outlined under item 6 below.

4. Fracture toughness and RTNDT shift are to be based on conservative
bounding curves such as the the ASME reference curves and the NRC Regula-
tory Guide 1.99 shift curves. Future calculations should use the new
HEDL shif t curves, which are based on surveillance specimens with a two
sigma statistical bound. If plant-specific surveillance specimen data
are used, allowance should be made for statistical variations about mean
levels, as indicated by small samples of specimens, and have a level of
conservatism consistent with the accepted bounding curves.

5. The acceptance criteria should require no crack initiation. A safety
factor on crack initiation should be used unless crack arrest can be
demonstrated using the criteria of item 6 below. Suitable safety factors

are:

a) A f actor of /f applied to pressure and thermal stress intensity
reference curve.factors when used with the ASME KIc

b) An implied safety factor on initiation through the use of the
curve as recommended in item 2 above.revised Kla

| c) Warm prestress may be used in the crack initiation analyses, but
| only with the limitations specified above in item 3. As such, crack

arrest must be demonstrated, but the /f safety factor on stress'

intensity factor may be omitted.

6. In crack arrest evaluations, the following criteria and guidelines should
be followed:

2.12

.-



a) Once flaw growth initiates, the flaw must be assumed to become a
long axial or circumferential flaw.

b) The allowable depth for crack arrest must not exceed one half of the
vessel wall thickness, unless detailed elastic-plastic analyses can
justify that greater depths are acceptable. Vessel failure due to
net section plastic collapse of the remaining ligament is to be pre-
cluded for the arrested crack depth.

c) The initiation condition for the arrest calculation must assume flaw
sizes and K -values (from those possible) that will produce theO
largest jump and not necessarily the earliest initiation.

d) It must be demonstrated that an arrested crack will not reinitiate
for the existing pressure, temperature, and cooling rate limits for
the vessel. The evaluation of initiation is to be in accordance
with ASME Section III, Appendix G, except that the factor of 2.0 on
the pressure-induced stress intensity factor (Kgg) may be reduced
to a value of 1.0.

Except for the restrictions on wann prestress and the recommended safety fac-
tor, the proposed criteria for crack initiation are essentially those des-
cribed in the owners group responses. The criteria on crack arrest are
significantly more restrictive.

It was not possible in this study to evaluate the implications of the
proposed acceptance criteria. It is believed that the crack arrest criteria
will make it difficult to demonstrate arrest for borderline cases of crack
initiation under PTS conditions. The initiation criteria, even with the
recommended safety factors, will probably be much less restrictive on allow-
able EFPY than on the alternate arrest criteria. In effect, the proposed cri-
teria should favor the more straightforward and more soundly based crack
initiation analyses.

Use of the safety factor /2 on Kiq (recommendation 5.a) is considerably
less restrictive than the use of a modified KIa curve (recommendation 5.b).
In terms of the example used in the sensitivity analyses (see Section 6.12),
the /2 factor is roughly equivalent to a 30*F change in RTNDT, or about
3 EFPY. The Kla approach is roughly equivalent to a 120*F change in RTNDT-

It is recommended that calculations be performed in the near future to
establish the impact of the proposed acceptance criteria on predictions of
vessel integrity. The objective of these calculations should be to determine
if specific vessels will not meet PTS requirements over the next two years.
In PNL's judgment, a few vessels may be unacceptable for certain postulated
transients. Vessels that currently have high RTNDT values may not be
acceptable for the Westinghouse small-break LOCA transient without warm pre-
stress. Also, vessels may be unacceptable for the Combustion Engineering
transients if RTNDT is estimated using the proposed HEDL curve rather than
the more optimistic approaches used by Combustion Engineering.
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i 2.5 N0NDESTRUCTIVE EVALUATION
|

Before a PTS event can produce significant nonductile failure, a flaw of'

sufficient size must exist in the beltline region of the vessel. Nondestruc-
tive evaluation (NDE) can help determine the integrity of a reactor vessel
before and after a P1S event. The evaluation techniques characterize the
flaws that exist in the vessel wall and ensure that flaws of concern do not
exist in critical areas of the vessel. The ability to detect and characterize
flaws can improve estimates for vessel-f ailure probability codes. The follow-
ing conclusions and recommendations are from Chapter 7.0.

Conclusions

An evaluation of nondestructive techniques to detect underclad cracks is
based on limited data from an ongoing NRC program. Our preliminary conclu-
sions are:

1. It is possible to detect flaws at the clad / base-metal interface using
special techniques that currently are being employed in Europe and demon-
strated at PNL. Our initial estimate is that a significantly greater
probability for detection exists for clad surfaces that are smooth or

ground.

2. The current calibration requirements of ASME Section XI are neither ade-
quate nor sensitive for detecting flaws at the clad / base-metal interface.

3. Regulatory Guide 1.150 should be revised to require a demonstration of
the ability to detect flaws at the clad / base-metal interf ace.

Recommendations

1. Inspection procedures for the examination of weld volume in reactor pres-
sure vessels should be required to include specialized techniques for
examination of the reactor pressure vessel clad / base-metal interface.

2. Regulatory Guide 1.150 should be revised to require a demonstration of
the abi'ity t'o detect flaws at the clad / base-metal interface.

3. An inspection of a nuclear reactor vessel should be performed following a
PTS event when the potential for the initiation of a crack exists.

2.6 STATISTICAL ANALYSES

The PTS literature does not indicate that a thorough statistical examina-
tion of the available data has ever been made. The lack of such an examination
is evident in the seemingly indiscriminate pooling of data, in questionable
distributional assumptions, and in the absence of consideration of the overall
uncertainty structure. The Monte Carlo code, VISA, can provide valuable

I insight into the PTS issue. The following conclusions and recommendations are
from the statistical analysis evaluation (Chapter 8.0) of PTS.
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Conclusions

1. Variouc collections of data and/or models are available, but methods of
data collection and analysis affect the interpretation and use of the
information. Generally, it does not seem that a unified statistical
examination of the data relevant to the PTS issue has been made.

2. A key requirement for the validity of a Monte Carlo approach is that the
stochastic structure of the system be correctly modeled. This is a far

'

more stringent requirement than merely putting an appropriate probability
distribution on each input variable. The joint and collective properties
of the uncertainties must be considered. This concern does not appear to
have been adequately addressed.

3. The VISA code can be useful in investigating qualitative aspects of PTS.
The use of VISA should be limited to doing sensitivity analyses and to
comparing pressure / thermal transients.

4. The normal (Gaussian) distribution has been overused as a default statis-
tical distribution. Confidence limits in the form of a mean plus two
sigma are appropriate only for a normal distribution--but not all data
follow a normal distribution.

Reconnendations

Due to the varied sources of data, the several mathematical models in
use, the time span over which the data were collected, and the various methods
used to analyze the data, it is recommended that a coordinated statistical
examination of the data relevant to PTS be made. The following are guidelines
for the study:

1. Whenever possible, the data should be examined in their most elemental
form (i.e., before aggregation, smoothing, or averaging).

2. Methods of data reduction (e.g., curve fittings) and aggregation should
be reviewed.

3. Validity of normal theory confidence bounds should be evaluated and, when
appropriate, alternative methods such as distribution-free tolerance
limits should be used.

4. Stochastic relationships of variables affecting PTS should be deter-
mined. If sufficient data are not available, the study should identify
the data needed.
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3.0 EVENT SCENARIOS

Event scenarios can be used to help predict the degree to which PTS
threatens the continued safe operation of commercial nuclear facilities. Sce-
narios must be based on a reliable data base or validation analyses that relate

.

possible steady-state or transient plant operating conditions to the potential'

danger posed by exceeding the known PTS limits. Without this information, an
adequate set of event scenarios cannot be developed, nor can viable recommenda-
tions for an interim position be made to the Commission.

This section provides a generic discussion in support of recommendations
for actions that may be mandated to prevent or mitigate PTS events. A generic
discussion of PTS scenarios is necessary because an infinite number of event
scenarios can be constructed. The scenarios differ in terms of: initiating
events; specific available plant equipment; potential, partial, or complete
failure of instrumentation and control systems; and operator action or errors.

One must be realistic about event scenarios and the possibility of pres-
surized thermal shock in reactor vessels. The first question that must be
answered is: "Are the operating limits that are established for a plant suf-
ficiently conservative to guarantee (with minimum uncertainty) that as long as
those limits are not violated at the plant during steady-state or transient
maneuvers a PTS event will not occur?" The second question logically follows
from the first: "Is the plant designed, maintained, and capable of being
operated in such a manner that the operating limits are not violated during
all reasonable scenarios?"

The remainder of this chapter will address both these questions. The
validity of existing operating limits is also addressed in other chapters of
the report. Here, the discussion of the first question will deal with how a
scenario or nature of an event impairs the ability to determine whether exist-
ing plant limits are being violated. If current plant conditions render PTS
indicators invalid, an operator who is not aware of the situation could inad-
vertently commit a PTS violation.

3.1 CLASSES OF EVENTS

Four generic classes of events can initiate a PTS event: overcooling
transient with subsequent repressurization, overpressurization at low tempera-
tures, localized cooling, and external cooling. Typical scenarios for these
events are described below.

3.1.1. Overcooling Transient With Subsequent Repressurization

This scenario typically assumes the maximum uncontrolled cooldown rate and
repressurization of the reactor coolant system (RCS). Overcooling events may
include failure of the secondary feedwater control system, a rapid change in
feedwater temperature, oversteaming, and/or cold-pocket RCS water injection.

3.1
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Overcooling due to feedwater control problems can occur when too much cold
feedwater is fed into the steam generator at a rate which overcools the plant.
These events can occur because: 1) feedwater control valves can fail or stick
open; 2) automatic steam generator water-level control systems can fail in the
high mode (overfeed); 3) level indicators in the steam generator or other
instruments that indicate to the individual or to the control system the feed
rate, steam header pressure, and/or inventory in the steam generator may fail;
4) operators may under- or over-feed the steam generator when trying to
control the system in manual; or 5) during recovery from a transient that
resulted in a plant shutdown, the feedwater system may not be fine-tuned for
small flow rates and will recover the design steam generator level too rapidly.

A rapid change in feedwater temperature may result when one or more feed-
water heaters is lost, thereby lowering the temperature of the water entering
the steam generator. This causes a reduction of temperature in the primary
system.

Oversteaming can result from a steam line break, the continuous opening
of a secondary relief valve, or failure (in the open mode) of a steam-demand
control valve (e.g., turbine bypass valves, main turbine governor valves). In
addition, if a reactor trip without a turbine trip occurred, a severe cooling
transient could result. Following the severe cooldown transient, automatic
repressurization to the HPI shutoff head or saturation pressure for the bulk
RCS temperature could result in a challenge to vessel integrity. The amount
of cooling within the vessel wall will be affected by the amount and tempera-
ture of the HPI water injected, the injection rate, the actual RCS recircula-
tion rate during the injection, and the RCS fluid temperature change during
repressurization. The reactor system may go solid following a cooldown
accident. Caution must be exercised when dumping steam, when starting reactor
coolant pumps and charging pumps, and when operating the pressurizer heater
control during recovery.

Cold-pocket RCS water injection may result where partial hot leg RCS void-
ing has significantly reduced the natural circulation flow. Reflux boiling,
in conjuncticn with high pressure injection (HPI), may be the only cooling
mechanisms. If one (or more) reactor coolant pumps is started, a slug of cold

| RCS water that was in the RCS piping of the lower steam generator could be
injected into the pressure vessel, where it would impinge on the beltline weld
area.

3.1.2. Overpressurization at low Temperatures
i

! Overpressurization at low temperatures is largely precluded by require-
| ments to install temporary, or modify the setpoints for existing, relief valves

during low-temperature conditions. However, failures of the overpressure miti-
gating system (OMS) have occurred recently on at least two occasions (Turkey
Point Unit 4 - November 1981; North Anna - May 1982). In the case of the Tur-
key Point failure, two separate transients resulted in overpressure conditions
of 1100 and 750 psig at 110*F. These events exceeded the pressure limit of

|
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480 psig at 110*F specified in Technical Specifications which prescribe the
allowable essure and temperature limits to prevent reactor vessel brittle
fracture.(p1 Such events, which are most likely to occur when the reactor
coolant system is in a solid water condition, appear to lead to less. severe
consequences than other PTS scenarios. Since the event is the result of a
low-temperature condition, the assumed thermal stresses in the vessel are not
as significant, the amount of remaining residual heat in the core is smaller,
and the induced thermal gradient across the pressure wall is lower.

,

3.1.3 Localized Cooling

large-break loss-of-coolant accidents (LBLOCA) are not considered serious
PTS initiators because the repressurization event is not as severe. Concern
has been expressed, however, that a PTS might occur during a small-break loss-
of-coolant-accident (SBLOCA). A localized-cooling event assumes that there is
a simultaneous and 9xtpnded loss of feedwater. Babcock & Wilcox(4c) and Com-

4bustion Engineeringl bl have described this phenomenon: with no feedwater
available, the only way to cool the RCS is by injecting water (<100*F) from the
HPI system. This cold HPI water is injected into nozzles located in the piping
just in front of the inlet to the pressure vessel. As long as there is normal,
natural circulation flow, then the cold HPI water can mix with the warmer water
circulating in the loop before it is impinged on the beltline area. However,
if the natural circulation flow is stopped because voids have formed in the
primary hot leg piping, then the potential exists for the cold HPI water to
impinge on the beltline without being preheated (assuming that no internal core
flow pattern develops). The worst case would occur in the situation where the
leak was big enough to cause void formation and a resultant loss of natural
circulation flow, but small enough that the HPI system was able to allow for
repressurization to near shutoff head. The result could be a very low reactor
vessel wall temperature with a large force placed on it by the still-high RCS
pressure.

Westinghousefurtheranalyzedthesephenomenaandindicatedtha$themost
serious potential SBLOCA size would be between 0.5 in. and 1.5 in.(9 1 While
other factors such as break location, safety injection flow rate, decay heat
rate, and secondary pressure (steam dump and feedwater) affect the rate of
cooldown following a LOCA, it is worth noting that the critical break size does
include a stuck open PORV (1.4 in.).

3.1.4. External Cooling

It is possible that cold water could impinge or immerse the outside of the
pressure vessel and cause a PTS event. For example, rupture of a non-RCS pipe
in containment could flood the area adjacent to the pressure vessel. An event
of this type did occur at the Indian Point #2 reactor. The pit surround-
ing the pressure vessel became filled with water. Such an occurrence does not,

become serious unless the induced thermal gradient changes rapidly. The gra-
dient that would occur on the inner wall would be opposite of that normally
encountered when the internal wall of the pressure vessel cools down faster
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than the external wall of the pressure vessel. In addition, the radiation
damage is much lower in the outer region of the vessel wall. Therefore, it is
unlikely that localized cold water impingement on critical regions along the
wall of the pressure vessel would result in an aggravated situation that could
lead to a PTS event.

3.2 INITIATING AND SEQUENCING EVENTS

The previous section described the methods by which the four classes of
events could be initiated and described the sequence of occurrences that could
lead to a potential PTS situation. In developing a set of actions that can be
used to mitigate the PTS problem, it is essential that each of the following
be considered:

1. methods that enable the plant to avoid scenarios which may lead to
possible PTS conditions

2. methods that can assist the operator or control systems (if auto-
matic) in escaping from a scenario that could result in PTS
conditions

3. passive or active automatic protection systems that will preclude a
PTS violation, irrespective of operator or control-system action,
without compromising core cooling considerations

4. methods for controlling the plant and evaluating the seriousness of
the situation if a PTS condition has occurred

5. methods for detennining whether a PTS condition has occurred

6. relative gain in safety (i.e., do proposed modifications enhance
safety in regard to the PTS issue while causing an unwarranted reduc-
tion in core cooling safety?).

3.3 OPERATIONAL CONSTRAINTS OF PLANT SYSTEMS

Individual plant systems differ, even though they may be of the same
generic plant type. It would be inappropriate to mandate corrective actions
for all plants based on operational or design deficiencies noted at a few
facilities. Specific corrective actions that are needed to avoid or mitigate
a PTS event should be established on a plant-specific basis. Therefore, unless
it has been rigorously shown that a generic "fix" will result in a consistent
improvement in assurance of plant safety, suggested corrective actions should
be implemented only after they have been evaluated for the particular operating
constraints of an individual plant. The safety actions should be implemented
through plant-specific audits.

3.4
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3.4 HUMAN FACTORS

Human factors reviews of nuclear power plant operations have tradi-
tionally been concerned with operator training, emergency procedures, con- :

trol-room design, and training material. In the case of PTS, all four of
'these areas are of interest.

,

l

All eight plants have responded to the NRC stating that they have already
trained or are in the process of training operators to be aware of PTS and to

will occur.(gtqqs that operators can take to lessen the chance that a PTS eventbe aware of
''W Each plant has also stated that its emergency procedures

have been revised to include PTS considerations and that it has instituted spe-
cific steps operators will take to prevent or at least lessen the risk of a PTS
event. The plant responses did not address whether the human factors design
of the control room would enhance or detract from the operator's ability to
deal with PTS.

At this time, it is important to address the following positions regarding
the human factors aspect of PTS:

1. Each plant's training program (i.e., lesson plans and other training
material) should be reviewed to ensure that the information is tech-
nically correct and complete. The effectiveness of the training pro-
gram should be evaluated by including PTS items in the licensing
requirements, in written and oral exams, and in similar exercises.
All personnel including licensed operators, shift technical assist-
ants (STAS), and designated support staff should be retrained on PTS
and core cooling. Retraining should include both classroom and simu-
lator exercises. These personnel should be required to pass written
and plant walk-through examinations. Training and examinations
regarding PTS should become an integral part of the utilities requal-
ification program. Periodic drills should be conducted, utilizing
the shift-team approach, on probable transients that could challenge
the PTS limits of the vessel.

2. Simulator training should be reviewed. This training program should
include normal plant operation such as startup and shutdown, high
probability transients, and equipment failures, as well as the design
basis accidents. This training should also include post-transient
analysis from available records to determine heat-up or cooldown
rates. Transients could then be repeated with deliberate delays in
operator responses so the effects could be evaluated. Both core
cooling and PTS types of transients should be included.

3. Procedures should be reviewed to ensure that they are technically
accurate, complete, and useable. The review should use methods simi-
lar to those developed for reviews of near-term operating license
(NT0L) emergency action procedures under Item I.C.1 of the TMI task
action plan (NUREG-0660 and NUREG-0737). Special emphasis should be
given to procedure , operator , and instrumentation-oriented actions.

3.5
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4. Criteria for training material should be established by the owners
group working in conjunction with the Institute of Nuclear Power
Operations (INP0). This approach will provide detailed, technical
information and will help establish uniformity in PTS training.

3.5 PROBABILITIES

As discussed in Section 3.1, potential event scenarios leading to PTS
include loss-of-coolant accidents, steam line breaks, and feedwater. transients.

I These can be exacerbated by hardware or human failures. A first step in evalu-
ating the significance of an overcooling transient sequence is to determine its
estimated frequency of occurrence. This information can then be combined with
the thermal-hydraulic and fracture mechanics analyses to determine the likeli-
hood and consequences of a potential PTS event sequence. This section briefly
summarizes and evaluates past and ongoing work that has been used to develop
frequency estimates for PTS event sequences.

Given the general classes of PTS events (see Section 3.1), two approaches
can be used to identify PTS event sequences: they can be postulated directly
using engineering judgment, or they can be postulated by performing detailed
logic modeling (such as event-tree / fault-tree models). The 150-day licensee
responses and the owners group reports typically use the former, while ongoing
research being conducted by ORNL for the NRC is performing more detailed logic
modeling. These efforts will be discussed briefly in the following paragraphs.

'

The 150-day licensee responses and the owners group reports (3,4) typi-
cally postulated specific design-basis accidents and abnormal operational
occurrences using conservative boundary conditions to enhance the overcooling
events (minimum water temperatures and maximum feedwater flows were often
assumed). The operator plays a key part in the transient sequences postulated.*

No effort was made to develop a comprehensive listing of PTS events represent-
: ing a broad range of frequency and severity. Few, if any, probability esti-

mates were given, anf3g <essel faHures were caMaM M de neaMenThe Oconee submittal as an exception in that a broader range of PTS
scenarios was postulated and frequency of occurrence estimates were made.
Small-break LOCAs (both as initiators and resulting from transients) and severe
overcooling events (excessive feedwater and insufficient steam pressure con-
trol) were analyzed using fault-tree models. Sequence frequencies were quan -
fied using generic industry experience, Oconee experience, and the WASH-1400 0)
datgbase.6 ee ae equency & severe N events was in G e range of

| 10- to 10- per year. The report states that when this value is combined
| with the conditional probability of vessel failure, PTS events are not a sig-
| nificant contributor to risk. Although the Oconee report is more detail

theotherlicenseesubmittals,moreinformationisneededbeforethe10gdthani to
| 10-6 per year value can be accepted. This includes a more detailed considera-
| tion of operator error and a consistent treatment of multiple failures and

potential dependencies.|
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The ongoing ORNL program was initiated in June 1981 to perform an g pen-dent study of PTS. The first phase of the study was an interim report,
which organized information about the PTS problem and major areas of uncer-
tainty, to suggest means for filling knowledge gaps and to propose and evaluate
mitigative measures. The report defined four general classes of transients:
1) large-break loss-of-coolant accident (LBLOCA), 2) small-break loss-of-
coolant accident (SBLOCA), 3) main steam line break (MSLB), and 4) runaway
feedwater transient (RFT). Oconee-1 was used as the reference plant. Detailed
probability calculations were not performed. The following estimates were
given for each initiating event: SBLOCA = 3 x 10-4, LBLOCA - 1 x 10-4,
MSLB = 5 x 10-6, RFT = 1. System / operator responses were not quantified.
Conservative models were used to evaluate the classes of transients. In the
case of MSLB and RFT, vessel f ailure resu]{gQ before the plant's normal end oflife. An NRC staff review of this reportl 'I outlined the conservative
assumptions used and proposed the following list of rough estimates for
pressurized overcooling events for different reactor types. These estimates
are preliminary and may have uncertainties of a factor of 10.

Estimated Frequency per Reactor Year

Initiating Event PTS Sequence

RFT 3x10-1 (B&W) 10-4(g&W)2
6x10 4 (CE & W) <2x106 (CE & W)
1x10-

-

3x10 5
-

Large MSLB
SBLOCA 3x10-4 1x10-
LBLOCA 1x10-4 not stated

33x10-1 B&W) B&W)

6x10-2 (CE & W)10 4 ((CE & W)
Rancho-Seco

( 10-
_

The current ORNL program is improving on the work described in the interim
report. Efforts to identify and quantify the event sequence have been expanded
to include detailed event-tree / fault-tree modeling, and the scope has been
broadened to include Westinghouse and Combustion Engineering plants in addition
to Babcock & Wilcox plants. To date, work has been performed only on Babcock
& Wilcox plants to more rigorously define and quantify overcooling event
sequences. The analytical approach being used is to:

identify those systems which can create conditions suitable for PTSe

e construct event trees which incorporate the identified systems for
suitable event initiators

use system functional dependence, engineering judgment, and thermal-e
hydraulic survey calculations to prune trees by reducing end-states
and combining categories

quantify frequency of remaining end-statese

3.7
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select reduced set of event sequences for detailed thermal-hydraulice
(T-H) and failure modes.

A combination of failure mode and effects analysis, and a fault tree
analysis will be used to quantify the event sequences. Multiple failures and
cascade failures will be included. This work is now in progress for Babcock &
Wilcox plants. The work on Combustion Engineering and Westinghouse plants has
not yet started.

The PTS event sequences that have been identified either have a relatively
low probability of occurrence or a low consequence. However, no rigorous
analysis has been performed to identify and quantify a set of potential PTS
events for each of the eight plants of interest. The plants represent a range
of scenarios from high probability, low consequence to low probability, high
consequence. The ORNL program is heading in this direction, but results of the
analyses will not be available for deciding the near-term regulatory position.
Additional analyses which need to be performed are discussed in the Conclusions
and Reconenendations (Chapter 2.0) of this report.

3.6 RISK ASSESSMENT

Additional work is necessary to more riomously define and quantify PTS
event scenarios. Probabilistic risk assessn.ent (PRA) can play an important
role in helping to provide insight in these areas. Probalistic risk assessment
methods can help identify sequences that challenge a reactor system and can
pinpoint where hardware failures, operational conditions, or human errors con-
tribute to an unfavorable end point for each particular class of sequence. As
a result, PRA methods can guide remedial actions.

If enough information is available, PTS issues can be evaluated through a
rigorous risk assessment approach. Risk assessment involves identifying event
sequences, quantifying their probability of occurrence, performing the thermal-
hydraulic and failure mechanics analyses on a probabilistic basis, and combin-
ing these probabilities to determine the frequency of pressure-vessel failure.
Uncertainty bands could be established, and the calculated pressure vessel
failure could be compared with some established, acceptable value. Portions
of this approach can be implemented with the use of risk assessment tools, but
a detailed risk assessment is not feasible at this stage. Risk assessment
tools may assist in establishing a regulatory limit on RTNDT. Instead of a

NDT requirement, it may be feasible to establish a list of,F) will
strict RT design-
basis transients for which reactors with a certain RTNDT (e.g., 300|

have to demonstrate an acceptable probability of occurrence.

3.7 SENSITIVITY ANALYSES

Little effort to date has been spent on performing sensitivity studies on
the frequency estimates for the PTS events identified. The Oconee submittal
performed a simple uncertainty analysis and estimated 5% and 95% confidence
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levels. One major use of sensitivity analysis would be to examine the effect
that corrective actions (such as those proposed in Section 3.8) would have on
PTS event probability.

Operator action has been identified as a major contributor to PTS event
sequences. The NRC has requested additional information from the licensees and
owners groups to examine the sensitivity of the transient to the time assumed
for operator action. Two typsi of PTS sequences may be postulated: 1) those
sequences that would result in little or no serious challenge to safety unless
there is operator error; and 2) those sequences that may provide a challenge
to safety even though the operators respond correctly. This distinction is
important when considering whether to adopt procedural and/or hardware correc-
tive actions. Developing a comprehensive list of PTS scenarios will ensure
that both of these types of sequences are considered. In addition, it ensures
that corrective actions can be evaluated based on their effect on frequency of
occurrence or potential consequences as determined by formal sensitivity
analyses. These sensiti.vity analyses have not been performed to date but
should play an important part in the long-term PTS program.

3.8 MITIGATING ACTIONS

This section summarizes actions that may be taken to mitigate the four
generic event scenarios. These actions need to be implemented to ensure that
the staff operating the plant (given the existing, design-basis control sys-
tems) have the training, equipment, and procedures necessary to preclude and/or
mitigate potential PTS events. A description of the proposed actions is
prioritized into near-term, intermediate-term, and long-term categories. Some
of the recommended actions are operator-oriented (including training), some
are instrumentation-oriented, and some are procedure-oriented.

The development of mitigating actions is exacerbated by the fact that some
industry members and plant staff believe that:

a. The pressure vessel is over-designed with so many built-in conserva-
tisms and safety factors that for a real PTS event to occur would
require a much more serious plant upset than could possibly take
place.

b. The whole field of PTS involves so many uncertainties that unneces-
sarily restrictive limits have been incorporated to compensate for
the lack of precise technical information describing actual in-plant
conditions that would result in a PTS event.

c. An emphasis on addressing the PTS issue will only result in compro-
mising progress that has been made, post TMI, to ensure that inade-
quate core cooling does not occur.

d. Even if the current PTS predictions are correct, safety (prevention
of violating operating limits) can be achieved through adequate
operator training and procedures, with no plant modifications.
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The mitigating actions suggested here will work effectively only if there
is either a receptive attitude on the part of the entire industry when addres-
sing the PTS issue, or if a comprehensive, detailed external audit program is
implemented.

13.8.1. Procedure-Oriented Mitigating Actions |

1. General criteria for procedures related to PTS should be established by
the owners groups and INP0. Each fa ijity should develop operating pro- !cedures to accomplish the following:ta) |

a. Instructions in the procedures should not lead operators to take
actions that would violate nil-ductility (NDT) limits.

b. Procedures should provide guidance on recovering from transient
or accident conditions without violating NDT or saturation
limits.

Procedures should provide guidance on recognizing and recoveringc.
from PTS or near-PTS conditions. Instructions for how to con- i

trol the plant should be based on where, relative to NDT and
saturation curve limits, the operating point is located.
Specific guidance must be given to the operator so that he or
she may know what plant control actions should be taken subse-
quent to a PTS or suspected PTS event. Guidance should be given
to specify the preferred temperature indicators (e.g., ThtQor core outlet thermocouples for core cooling and saturation
limits, cold leg thermocouples for PTS, and wide-range thermo-
couples during natural circulation),

d. PTS procedural guidance should have a technical basis (i.e.,
analyses of called-for action should be referenced).

High-pressure injection and charging system operating instruc-e.
tions should reflect PTS concerns.

f. Feedwater and/or auxiliary feedwater operating instructions
should reflect PTS concerns.

g. Clearl'y legible, current, and usable NDT and saturation curves
should be available in the control room. Danger areas should
be clearly identified.

h. Procedures should include allowance for delay times in system
response (e.g., loop transport time, thermal inertia, magnitude
and direction of the cold slug, and cautions to help the opera-
tor control the major plant parameters affecting PTS).

(a) This list includes items that were developed by the NRC-H. B. Robinson
Task Force.

3.10
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2. As required by current procedures, cooldown rates are limited to "X"
degrees per hour (and some include not to exceed "Y" degrees in a half
hour). There should be additional guidance as to the cooldown rate to be
observed (over a few minutes). Example: The cooldown rate shall not
exceed 100*F in 1 hr, and not more than 10*F in 5 min. Doing so elimin-
ates several problems:

:
l Controlling at a fixed short-time cooldown rate results in a mucha.

more stable and controlled shutdown.

b. Periodic cooldown rates encourage " hunting." This can mean that,
even within existing procedural guidelines, the plant can be sub-
jected to short-term cooldown rates of 10*F/hr, then 200*F/hr, and
then perhaps a heatup while the operator is reducing RCS temperature
at "X" degrees per hour. The operator can end up establishing a
cooldown rate that is excessive, and, lacking requirements to main-
tain a short-term rate, not realize that the plant has been placed
in a severe transient condition that may lead to a PTS-initiating
event.

3. Procedures that may result in pressure recovery need to be expanded to
contain steps which clearly help the operator after the pressure decrease
has been terminated. This will prevent the uncontrolled repressurization
of the plant.

4. Procedures need to specify how to control cooldown rates, what to do when
limits are exceeded (e.g., a plant transient occurs causing RCS tempera-
ture to drop 50*F in 10 min. What does the operator do? Stay at that
teaperature for a half hour before commencing a cooldown? Does he use
Tcold for cooldown regarding NDT limits while monitoring Thot f0"

saturation? What if he has to use in-core thermocouples, can they be used
with existing NDT curves?). Guidance on temperature control and monitor-
ing instructions are required in all applicable procedures.

5. Current emergency procedures for HPI termination should be analyzed to
determine the specified pressure at which the operator can secure safety

pressurizer level requirements [g adequate subcooling, heat sink, and
injection wh'ile still maintainin

this is especially important for those
plants whose HPI system is capable of discharging against a very high
shutoff head,'up to and including the setpoints of the Power Operated
Relief Valve (PORV) and the safeties). This accomplishes two things:
1) it minimizes unnecessary cold water injection and, thus, overcooling
transients, and 2) it minimizes potential resultant pressure on the inner
vessel wall (i.e., the degree to which repressurization occurs).

6. Procedures should be written and analyses performed to establish post-
accident or post-transient " hold points." This would establish the con-
ditions following an event under which the operator knew that he was in a
stable condition and would not feel obligated to put the plant through a
subsequent transient to achieve another condition which only marginally
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improved the safety margin. (Example: After a near-PTS event, it is not
readily apparent that the best course of action is to initiate a plant
cooldown at the maximum cooldown rate, thereby increasing the thermal
gradient across the pressure vessel wall. It may be preferable, under
certain conditions, to allow thermal equilibrium to be achieved, or even
to heat up.)

|

7. The 50*F subcooling margin should be re-evaluated to detemine if it can
be lowered to provide more control margin for the plant operator. This
would allow him to keep the plant farther from the NDT curve limits.

8. The minimum amount of subcooling required by procedure should be reviewed
to deter:nine if a single, fixed value is adequate or if the values should
be allowed to vary with the RCS fluid temperature. Wnile care should be
taken to ensure that adequate protection against the violation of satura-
tion limits is maintained, it is also clear that 50*F margins at 300*,
400*, 500*, and 600*F provide differing amounts of protection. Various
alternative thermal margin specifications could be acceptable if properly
analyzed, and would result in more control margin for the plant operator,
especially at lower RCS temperatures. For example, specifications could
require that a constant RCS stored energy margin exist between the operat-
ing point and the saturation margin--expressed in the form of a varying
AT margin with RCS temperature).

3.8.2. Operator-Oriented Mitigating Actions

1.
Each plant should require) licensed operators to receive upgraded trainingin the following areas:(a

a. Review of previous overcooling events at their facility and
review of applicable event summaries at other plants. Special
emphasis should be placed on comparisons to similar facilities,
and should include evaluation of:

1. the event

2. how the limit was challenged

3. action taken to mitigate the event.

b. Review all procedures and abnormal procedures that could chal-
lenge core and PTS limits, and outline the typical progress of
key parameters until recovery is achieved. This exercise should
consider an RCS with and without a steam bubble at locations
other than the pressurizer. As a team, each shift crew should
review their outlines and emphasize the operator response neces-
sary to mitigate the transient. The review should include

(a) The list includes items developed by the NRC-H. B. Robinson PTS Task
Force.
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instrumentation and controls during the recovery phase, with a
complete walk-through to the point where conditions have
stabilized. Emphasis should focus on discussing alternatives
for recovering from a PTS or near-PTS condition, and alternd-
tives for minimizing RCS overcooling and subsequent repressur-
ization, while still ensuring that core cooling is not jeopar-

! dized. The shift should provide plant management with feedback
frorr questions or comments arising from this training.

Simulator training involving operation with scenarios resultingc.
in the violation of or approach to PTS limits should be con-
ducted. Particular attention should be given to the time
required for the system to respond in order to determine the
rate of operator response. However, criteria should be
established first by the owners group or INPO, then reviewed by
the plant's operations staff to detennine if the simulator pro-
vides a reasonable model of the reactor. [ Example: can the
simulator demonstrate steam bubble (s) in the reactor coolant
system (i.e., vessel head) during forced flow and natural
circulation?]

d. Simulator training should be used to upgrade the operator's
ability, during transient conditions, to monitor and control:
RCS heatup rate, RCS pressure cont ol, and steam generator water
level. Practice should involve developing skills in establish-
ing adequate increase and decrease rates, recognizing turning
points (both minimum and maximum), and evaluating integrated
parameters. Proposed procedure changes :hould be verified on a

! simulator before they are finalized.

e. Specified instruction should be given about NDT vessel limits
for 1) normal modes of operation, and 2) transients and acci-
dents. Instruction should particularly emphasize those events
known to require operator response to prevent or mitigate PTS.

As described in Sections 3.4 and 3.5, the operator played a major role in
initiating, preventing, or mitigating PTS scenarios. Preliminary work by the
Westinghouse Owners Group has examined the effect of operator action during
different time periods in response to selected PTS scenarios. For selected
cases, reducing the operator response time from 60 to 20 min would result i.1 a
potential PTS scenario that would not cause crack initiation. As discussed in
Section 4.2, the Combustion Engineering analysis indicated that for a SBLOCA,
operator action taken to restart the feedwater flow at 30 min instead of 60 min
can limit the transient to the P-T region-of-no-concern. A more detailed
analysis needs to be performed on sensitivity of PTS scenarios to the time
required for operator action and the potential for error.

Based on the incomplete understanding of potential PTS scenarios and the
importance of operator actions, the near-tenn and intermediate recommendations
for corrective action emphasize improvements in procedures and operator
training.

3.13
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3.8.3. Instrumentation-Oriented Mitigating Actions

1. The NRC - H. B. Robinson Task Force recommended an accelerated schedule
for the inclusion of subcooling meter indication based on temperature
(either in addition to or in place of existing pressure-based indication).

2. At all times, the following RCS cooldown rate indications should be made
readily visible to the operator:

a. instantaneous cooldcwn rate (over a few minutes)

b. integrated cooldown rate (over last 1/2 and 1-hr period)

c. cooldown rate change (i.e., the rate of temperature change,
increase or decrease. This could be provided not as a quantita-
tive value but as a light or color change.)

3. The pressure indicator readability of the reactor coolant system should
be reviewed and, if not acceptable, be improved. Instruments should be
reviewed to determine if they can be equipped with rate-change indicators
that allow the operator to determine whether the pressure is decreasing
or increasing. The instruments should also measure the relative rate of
the increase or decrease. Current indications (e.g., strip charts) are
difficult to interpret if the operator is attempting to determine when the
point of pressure change has occurred. In addition, the chart speed is
slow, and rapid changes are difficult to interpret during a real-time
event.

4. A temperature / pressure instrument analogous to the saturation meter is
needed to continually indicate the current temperature and pressure margin
to the NDT limiting curves. A safety panel display system (SPOS) could
be used for this indication.

5. Instruments indicating the water level in the steam generator should be
improved. Current indicators such as strip charts or gages are difficult
to note transients on, especially in regard to minimum or maximum-level
turning points.

6. Information-only warnings (no new annunciators, just CRT or computer-
printout displays) should be provided to inform the operator that:

a. excessive cooldown rates exist

b. excessive heatup rates exist

excessive repressurization rate exists (alarm to be actuatedc.
only after a permissive is actuated by a low initial pressure
signal)

3.14
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d. excessive rates of increase in steam generator level exist
(alarm to be actuated only after being enabled by a low initial
steam generator level signal). An indication of steamflow-
feedflow mismatch may also serve this purpose. (Note: this
is a recommendation of NUREG-0667, " Final Report of the B&W
Reactor Transient Task Force" (May 1980) and NRC DST Review

| (August 8, 1980).

3.8.4. Sunnary of Mitigating Action Recommendations

we recommend that the following actions be mandated to prevent or
mitigate PTS events: (numbering corresponds to corresponding number
under Section 3.8)

Near-Term Implementation (<1 yr)

Procedure-oriented recommendations:
1. improve general criteria
2. require short-time RCS cooldown rate limits
3. improve RCS pressure control guidance
4. improve RCS cooldown control guidance.

Operator-oriented recommendations: )
la. review overcooling events
1b. provide PTS transient control classroom instruction (shift walk-

through)
Ic. conduct PTS simulator training
Id. conduct special transient-control simulator training
le. conduct NDT and PTS theory classroom training.'

Instrumentation-oriented recommendations:
1. add temperature-based subcooling meter indication.

Intermediate-Term Implementation (1-2 yr)

Procedure-oriented recommendations:
5.* review HPI termination pressure requirement
6.* establish post-transient " hold points"
7.* reduce saturation margin requirements.

Instrumentation-oriented recommendations:
2a. add instantaneous RCS cooldown rate monitor
2b. add integrated RCS cooldown rate monitor
3. improve RCS pressure readout.

Long-Term Implementation (>2 yr)

Procedure-oriented recommendations:
8.* incorporate variable saturation margin.

3.15
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Instrumentation-oriented recommendations:
2c.* add RCS cooldown rate change indicator
4.* add NDT margin meter
5. improve steam generator level instrumentation
6.* add transient warning indicators-

Because nuclear facilities differ in terms of design and nperating
modes, each plant should be required to prepare a PTS mitigating actions
package (MAP) which describes how that facility intends to implement the
above-listed recommendations (or technical justification for exceptions).
The PTS MAP should be reviewed and approved within an established time
frame, and audits should be performed on a periodic basis to reaffirm
continued facility attention to and action on the PTS issue.

While it is clear that the recommended modifications will help pre-
clude or mitigate potential PTS events, further work is required to quan-
tify the " gain" in safety before credit can be given for improved margins

*

(e.g.,RTNDT + x F). Based on the studies that have been performed to
date, severe PTS scenarios have an estimated frequency in the range of
10-3 to 10-6 for generic Babcock & Wilcox, Combustion Engineering, and
Westinghouse plants. Additional work is necessary to support these values
and should include a more systematic identification process for potential
PTS scenarios, a more detailed consideration of operator error, and a
consistent treatment of multiple failures and potential dependencies.

In addition, time required for operator action plays a critical role
in determining whether a potential PTS scenario may cause crack.initia-
tion. Therefore, it is essential that, as a part of the procedure upgrade
implemented under Item I.C.1 of the TMI task action plan, the following
items be addressed:

1. PTS-related procedures should be audited using time-line charts to
identify critical time constraints and ensure that they are clearly

; noted to the operator.

2. Simulator and in-plant testing should be conducted to establish rea-
sonable generic estimates for operator response times for certain
critical PTS evolutions. (Example: X percent of operators can per-
form evolution B within C minutes.),

3. Licensee Event Reports (LERs) need to be reviewed to ascertain actual
time-related information (including data on operator error) which can
be used to supplement and validate information obtained in items 1
and/or 2 above.

! * Require detailed analyses.
NOTE: Within the individual categories and classifications (e.g., instru-
ment-oriented), recommended mitigating actions are listed in order of
descending priority.

!
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4.0 THERMAL HYDRAULICS

This section reviews the thermal-hydraulic phenomena that affect PTS. The
plant transient scenarios that drive thermal-hydraulic response are evaluated,
and the thermal-hydraulic analysis methods used to assess PTS are described.

[ Recomendations are made for reducing thermal-hydraulic impacts resulting from
'

PTS.

4.1 THERMAL-HYDRAULIC PHENOMENA AFFECTING PTS

Pressurized thermal shock is driven by the thermal-hydraulic conditions
existing in the vicinity of critical welds in the pressure vessel of the reac-
tor. Specifically, thermal-hydraulic phenomena establish the conditions of
temperature and pressure that lead to thermal stresses. There are four princi-
pal thermal-hydraulic parameters that affect PTS:

e pressure in the reactor vessel

e cold-leg temperature

thennal mixing in cold leg and downcomere

e surface heat transfer coefficients in downcomer.

These parameters are highly dependent on the plant response to transient
or accident scenarios. The following sections describe the phenomena that
affect these parameters. '

4.1.1 Pressure

Pressure in the downcomer creates stresses in the pressure vessel walls.
The pressure is driven by the plant response to actions of the control system
or operators. Components of particular interest include primary system pumps,
the feedwater system, the pressurizer, and emergency injection systems. The
interrelated operation of the primary and secondary systems and their control
systems define the pressure for specific scenarios.

4.1.2 Cold-Leg Temperature d
'

:

Temperature reduction in the cold leg is the primary driving temperature
for added thermal stresses in the pressure vessel wall. The reduced tempera-
ture cold-leg flow enters the vessel downcomer and cools the vessel walls as
it flows to the lower plenum. Cooling of the wall causes added tensile
stresses that could lead to internal cracking. Cold-leg temperature is highly
dependent on transient scenarios. Transients that cause large reductions of
cold-leg temperature lead to overcooling.

'

-,
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Although the temperature of the cold-leg flow can be reduced further by
injecting colder water through the safety injection systems, the bulk of the
cold-leg flow still provides the basic terrperature that drives thermal
stresses.

4.1.3 Thermal Mixing l

Three mixing situations that can modify the water temperature in the cold
leg and downcomer are: bulk mixing in downcomer, cold-leg injection mixing,
and mixing in downcomer.

4.1.3.1 Bulk Mixing in the Downcomer

If all loops responded identically, all cold-leg temperatures would be
identical, and the downcomer temperature would be uniform around the vessel.
More realistically, however, one of the loops would be out of balance (colder)
during a PTS transient. In that case, the flow from the colder loop could mix
with the warmer flow from the other loops and result in some beneficial
increase in temperature. The degree of benefit would depend on specifics of
the downcomer flow pattern and other loop-flow conditions. If only negligible
mixing occurred, then the lowest temperature cold-leg flow would drive the
thermal stresses.

4.1.3.2 Cold-leg Injection Mixing

Another source of cold water that could aggravate thermal shock is the
injection of cold water from the emergency injection system. This water is
normally near outside temperature and mixes with the much hotter water in the
cold leg. Given natural circulation conditions, the typical flow ratio between
cold-leg coolant and safety injection (SI) coolant is about five. The nature
of this mixing depends on several factors: 1) the relative velocity of
injected flows, 2) the turbulence levels, 3) density differences of the two
flows, 4) the injection location, and 5) the specific geometry of the cold-leg
piping.

Streams of relatively high velocity would have strong momentum interac-
tion, high turbulence levels, and could be well mixed at the entrance to the
downcomer. Low velocity injection in a slow moving (or stagnant) cold-leg flow
would be affected by the density differences (buoyancy) of the two streams.
Such flows would tend to stratify, and the colder fluid would move toward the
bottom of the pipe. Superimposed thermal mixing would tend to reduce the tem-
perature differences.

A variety of cold-leg flow patterns are possible (Figure 4.1). The most
limiting case is low velocity injection in a stagnant cold leg where the injec-;

tion flow moves along the bottom of the cold leg with little thermal mixing.
The result would be the flow of the colder injection water down along the ves-
sel wall. Some degree of flow mixing is realistic; heat transfer from the
walls also heats the cold injection water. Bends in the cold-leg piping down-
stream of the injection point promote mixing by secondary flows.

4.2



11
|

*: O.

:t .:8

u ;

l

::<gy

jT$

STRATIFIED+

s

I'$!!

$) YIN
WELL MIXED

m

+

|

HYDRAULIC JUMP
AND SECONDARY
FLOW MIXING
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4.1.3.3 Mixing in the Downcomeri

If the cold water that is injected via the emergency system does not fully
mix in the cold leg, additional mixing would occur in the downcomer. This mix-
ing phenomenon is more localized than mixing that results from imbalanced loop
flow and temperature. The situation of primary concern is the mixing of a

,
stratified cold-leg flow where cold injected water flows along the bottom of

I the pipe. For low velocity cold-leg flow, the cold injected water would flow
down along the vessel wall. This cold flow would be heated by the vessel wall
and by mixing with the warmer flow in the remainder of the downcomer. Mixing
could occur by turbulence and by buoyancy-driven circulation. Because welds
of concern in the pressure vessel are located some distance below the cold
legs, downcomer mixing could reduce the impact caused by emergency injection.
:ligh velocity cold-leg flows could be well mixed following the impact against

i the inner downcomer wall (core barrel).

Overall, thermal mixing superimposes a temperature correction on the most
limiting cold-leg flow temperature. For well-mixed injection flows, the lim-
iting cold-leg temperature would drive the thermal stresses. An additional
correction could exist because of imperfect mixing.

4.1.4 Vessel Wall Heat Transfer Coefficient

The heat transfer coefficient on the surface of the vessel wall is an
important parameter that affects the distribution of temperature in the wall.
Both water temperature and the heat transfer coefficient control the rate of
heat transfer from the wall. Heat transfer is closely related to the flow
velocity in the downcomer. When the velocity is low, the heat transfer could
be modified by buoyancy-driven flow redistribution or recirculation. This
would occur as a result of fluid temperature differences in the water entering
the downcomer or as a result of local heating of water close to the wall.

The magnitude of the wall heat transfer coefficient should also be com-
pared with the conductance of tha cladding on the inside walls of the pressure
vessel. When the heat transfer of the fluid is high, the cladding heat trans-
fer, not variations of fluid heat transfer, are controlling. When the fluid
heat transfer coefficient is low, it is controlling and becomes a more sensi-
tive parameter. The import 6nce of the combined heat transfer coefficient and

i wall conductance can be determined by comparing them with the internal conduct-
! ance of the vessel wall. When the internal conductance is high, the wall tem-

perature gradients and thermal stresses could be moderated.

Although internal wall heat transfer is not the subject of the present
! discussion, it is worth pointing out that any parameter that affects wall heat
I transfer is a potentially important parameter.
1
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4.2 UTILITY LICENCEES' THERMAL-HYDRAULIC ASSESSMENTS OF PTS

Utility licensees and owner
assessment of PTS to the NRC.(2.}.9) groups were requested to submit anJ The following discussion reviews the
thermal-hydraulic event scenarios, conservatisms, sensitivities, and analytical
methods and codes used to assess a PTS event.

4.2.1 Plant Transients

The plant transients that could lead to potential PTS concerns can be
; caused by: 1) a leak / break in the primary system, 2) a leak / break in the sec-

ondary system, or 3) failure of the feedwater (FW) control system.
I

Actual scenarios include failure of pilot operated relieve valve (PORV),
safety relieve valve (SRV), and turbine pypass valve (TBV); main steam line
break; increase in feedwater flow (including failure of feedwater runback); and
decrease in feedwater temperature.

These scenarios can be grouped into the following three types of tran-
sients:

1. small-break LOCA
2. steam line break (main SLB and small SLB)
3. excessive feedwater cooling.

Transients involving large-break LOCA are not included in the current PTS
review.

The pressure and temperature behaviors for each of the three types of
transients are very much plant-dependent; also they vary depending on what
actions are taken by the operator and when the actions are taken. For a
clearer understanding of the conditions used by the utilities and owners groups
in their scenario analyses, comparison has been made among the three typgs of
NSSS designs. The Babcock & Wilcox NSSS is based on Oconee-I design lddl the
Westinghouse and Combustion Engineering NSSSs are generic types (4a,46) with
emphasis on H. B. Robinson 2 and Fort Calhoun, respectively.

The scenarios selected are small-break LOCA (SBLOCA), main steam line
break (MSLB), and small steam line break (SSLB). Even though the feedwater
transients have a higher probability of occurrence (see Chapter 3.0), they are
not included in the comparison because the scenarios on feedwater transients
discussed in the Oconee-I (B&W) 150-day report indicated they were less severe
than the SLB cases in the secondary overcooling transients. Because the West-
inghouse and Combustion Eogineering plants have a larger thermal inertia in-the
secondary side of their steam generator, overcooling due to excessive feedwater
flow would be a lesser concern than in a Babcock & Wilcox plant.

!
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| Comparison of the thermal-hydraulic analyses for SBLOCA by different

utilities and owners groups is provided in Table 4.1. Figure 4.2 gives the'

pressure and temperature comparison. An approximate region (shaded region in
the figure) is shown to indicate the relative margins of the transients to the
pressure-temperature (P-T) combinations of a possible PTS concern. This region

prescribed cooldown curves (see Figure 6.1).is based on a simplified and generalized fracture mechanics analysis using )
,i The cooling rate parameter (s !

that corresponds to this region is 0.045. The RTNDT is conservatively chosen
to be 300*F (see Table 5.2). The final temperature (T ) in Figure 6.1 isF
used as the downcomer temperature. Warm prestress is not reflected in this4

region.

For comparison, the Rancho-Seco overcooling data (4a) also are shown in
Figure 4.2. The figure shows that the scenario based on Westinghouse analysis
is of significant concern for resulting in a P-T combination that could lead
to a PTS situation. This scenario assumed no local thermal mixing when the
natural circulation was lost. Based on the information available to date on
thermal mixing (see Section 4.3.2 for more discussion), this assumption is
valid. It should be noted that the PTS region of concern in Figure 4.2 is just

ian indication of a possible PTS event. Because of the simplified procedure of
establishing this region, it does not necessarily indicate an occurrence of
pressure vessel wall crack initiation. It is used here as a reference for
discussion on sensitivities and conservatisms.

The scenario based on Combustion Engineering analyses showed minimum mar-
gin to the PTS region of concern. The critical factors in all cases are the
operator action and the time of action. For instance, in the Westinghouse
scenario, if the operator throttles the HPI flow or restarts the RC pumps and/ ;i

or controlls the feedwater systems, the natural circulation may be sustained ,

1longer, and the local thermal mixing may be enhanced. This could lead to the
P-T curve not reaching the PTS region.

Factors influencing the thermal-hydraulic analysis of main steam line
break transients are compared in Table 4.2. Figure 4.3 shows the calculated
results based on the utility submittals. It can be seen that the P-T curves
for all three different NSSS designs have small or no margins from the region
of concern, and the crucial f actor in keeping the margins positive is the
actions taken by the operator. In Babcock & Wilcox and Westinghouse plants, a
time length of 10 min is allowed for operator action, while for a Combustion
Engineering plant it is 30 min. (See Chapter 3.0 for a review of the operator
response times.)

All three analyses assumed total mixing at the downcomer. The uncertainty
associated with local fluid mixing can easily cause the negative margins to
increase (i.e., become more negative).

The assumptions and conditions used for the small SLB analyses are com-
pared in Table 4.3 for three different NSSS groups. Figure 4.4 gives the P-T
results. Generally speaking, the same comments as given in the SBLOCA and main
SLB cases apply here; mainly, operator actions strongly influence the pressure /

!

| temperature behavior.
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TABLE 4.1. Comparison of PTS Thermal-Hydraulic Analysis for Small-Break LOCA

Influencing Factors B&W(a) CE(b) g(b) Remarks

b Break location Pressurizer PZR Hot leg Pressurizer and
. (safety valve) (PORV) and PORV hot-leg. breaks
| composite are conserva-

tive compared
to cold-leg
breaks

Sensitivity on Not clear Yes Yes
break location |

2Break size (ft ) 0.023 0 + 0.01 2 in. hot leg
PORV composite

Sensitivity Not clear Yes No
analysis on size

SI flow Throttled Max Max Oconee plant
at 93 min throttle has

minimum effect
on P-T curves

SI temperatures (F) 50 40 40

Sensitivity of SI Unknown Unknown Unknown -W claims
temperatures on Increase of,

EFPY 40*-80*F
. increases EFPY
I. "a few years"

RCP trip at RX trip Yes Yes Yes

Mixing model Turbulent jet Ellison Totalgingmixing and w/N.C.
Turner's No mixing [

entrainment w/out N.C.

Effect of vent Strong NA(c) NA
Valve Flow on
Mixing
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TABLE 4.1. (Contd)

ID) W(b) RemarksInfluencing Factors B&W(a) CE

Decay heat 100% ANS 100% 100%

Metal heating Yes No Unknown

Reverse S.G. Yes Yes Unknown
heat transfer

System code RETRAN02 CE FLASH NOTRUMP
M001 -4AS

Mixing code (e) Mixup VARR-II

Operator action Throttle HPI 1. PORV Throttle Aux. 1. Operator action
at 93 min opened at feedwater to on feedwater

10 min keep SG in CE plant is
required to

2. FW restart prevent core
at 30 min uncovery.

2. W operator
actTon has
little affect
on P-T (increase
primary tempera-
ture slightly).

Auxillary Off Off Throttled
feedwater on/off

(a) Oconee-1.
(b) Generic plant.
(c) Not applicable.
(d) Natural circulation.
(e) Hand calculation based on turbulent jet mixing model.

!
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TABLE 4.2. Comparison of PTS Thermal-Hydraulic Analysis for
Main Steam Line Break Accident

Influencing Factors B&W(a) CE(b) g(b) Remarks

Power HFP HZP NA(c)

Decay heat 50% ANS 0% 0% for temp.
100% for press.

RCP Trip on low Trip on low 1. RCP on
RCS pressure PZR pressure 2. RCP trip

at t = 0

Operator action Isolate feed- Trip RCP at Terminate For B&W plant, if
water to 30 sec, Aux FW to operator delays
affected SG throttle affected restarts of RCP, a
in 5 min, HPI to con- SG and HPI prolonged loss of
start one RCP trol pres- flow in natural circula-
in each loop sure at 10 min tion could occur.
at 10 min 30 min

MFW isolation Yes (at 5 min) Yes(d) Yes

Aux FW isolation NA Yes(d) Yes (at 10 min)

HPI throttle No Yes No(terminated
at 10 min)

i

Metal heating Yes NA No for temp.
Yes for press.

Mixing 100 % 100% 100%

SG reverse Yes Yes No for temp.
transfer Yes for press.

System Codes Used RETRAN-02 CEFLASH-4AS LOFTRAN
MOD 1

HPI temperature 50*F(implied) NA 32*F

Aux FW temperature NA NA 32*F

(a) Oconee-1.
(b) Generic plant.
(c) Not applicable.
(d) Fort Calhoun Plant.

I 4.10
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TABLE 4.3. Comparison of PTS Thermal-Hydraulic Analysis for
Small Steam Line Break

Influencing Factors B&W(a) CE(b) g(b) Remarks

Location Turbine bypess Atmospheric Steam safety It is believed
valves (2) dump valve,I valve that the use of i

T8V failure in the
B&W case is due to
the frequency of
its fail-open in
the observed
abnormal events at-

Oconee

Power HFP HZP HZP

Decay heat 0% 0% 0%

RCP Trip No trip Trip on NA(c) For Oconee-1,
low PZR RCP on/off is
pressure not sensitive

,

,

Operator action Isolate EFWS Trip RCP at No action For Oconee-1, if
at 20 min 10 min on operator does not

low PZR isolate EFWS,
pressure system may cool |

down to conditions
of T <250*F and
P >1500*F

HPI throttle No Yes NA

MFW No runback NA HA
before trip
at 39 sec

Metal heating Yes NA NA

i System code used RETRAN-02 CEFLASH-4AS LOFTRAN
MOD 1

i

Mixing 100% 100% 100%(implied)!

(a) Oconee-1.
| (b) Generic plant.
| (c) Not applicable.

4.12
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4.2.2 Conservatism and Sensitivity

This section describes the conservatism and sensitivity of the analyses
Ipresented in the 150-day responses of the utilities and in the NSSS generic

reports. More knowledge on the sensitivity of key parameters and the conserva-
tism on other assumptions could be gained in the future through the scenario
studies and systems analysis underway at several national laboratories.

4.2.2.1 Small-Break LOCA (see Table 4.1)

It is reasonable to assume a small-break LOCA would occur in a hot leg or
pressurizer location. In this case the maximum amount of cold leg and HPI
water would reach the critical downcomer areas. In addition, the probability

of a pressurizer leak is much higher than for other types of SBLOCA. Regarding
the break size, the most conservative case is judged to be the one with the
maximum break size which will start to lose natural circulation within the
transient period of interest. In this case, because there is no natural circu-
lation, the degree of local fluid mixing in the downcomer will be lower.

The sensitivity of break sizes has been addressed to a certain extent by
Combustior. Engineering. If combined with the probability of occurrence at the
locationt analyzed by the owners groups, the selection of break sizes seems to
be reasonable. More studies on break-size sensitivity are needed.

The $1 temperatures had been assumed at 50*F for Oconee-1 and 40*F for
Westingho ne and Combustion Engineering. The safe operation of a vessel during
a PTS event is sensitive to the downcomer fluid temperature next to the vessel
wall. Therefore, the SI fluid temperature would be important under the loop
condition where a low degree of mixing is expected (i.e., under a low loop flow
rate). This aspect is not well addressed in the utilities' analyses.

,

The 150-day submittals did not address in detail the sensiti'vity of opera-
tor acticns and the time frame for the actions. However, the Oconee submittal
provided an analysis of the data from the abnormal events which occurred at the
site and used the data as the basis for selecting these parameters. As men-
tioned in the previous subsection, operator actions have a rather large impact
on the outcome of the thermal-hydraulic analysis. A more detailed analysis of
the different scenarios of operator actions and the associated probabilities
of occurrence should be performed.

4.2.2.2 Main Stream Line Break (see Table 4.2)

| For Oconee-1, the transient starts at hot full power (HFP) condition,
whereas for Combustion Engineering plants, it starts at hot zero power. These
conditions are believed to be reasonable due to the different design of Babcock
& Wilcox steam generator (once-through) from the U-tube design In the latter
case, the hot zaro power condition would give the largest inventory of feed-
water in the steam generators (SG), which leads to a maximum cooldown in an
MSLB event. (It was not clear from the submittals what condition Westinghouse
used).

4.14
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The tripping of the reactor coolant pump (RCP) early in the transient is
conservative because of the higher system pressure and lower downcomer tempera- ;

tures (less mixing) caused by the tripping. Regarding the mixing of the SI ''

; fluid and cold-leg coolant, the assumption of total mixing used by all three
NSSS groups is reasonable as long as the loop circulation is maintained.
Maintenance of loop circulation for MSLB in certain conditions needs operator .
action; however, these actions were not clearly addressed in the submittals.

! As mentioned previously, the time allowed for operatcr action for all
three cases could be insufficient. More analyses are needed to give the sensi--

tivity of the pressure-temperature behavior to the action time.

4.2.2.3 Small-Steam Line Break (see Table 4.3)
'

The break locations of the small SLB transients are similar for all three
plant designs. Assumptions that breaks occur in these locations are reasonable
based on their probability of occurrence.

Sensitivity analysis on the brgsizes of the small SLB was not wellIn the Oconee analysis, past experience on abnormal eventsi addressed.
was used as.the basis for selecting turbine bypass valves as the break initia-
tors. A more detailed analysis based on a systematic approach (for example,
probabilistic risk analysis), should be conducted to identify the worst cases.

The assumption of total mixing in the case of small SLB is more acceptable
because of the unlikely situation of losing natural circulation before suffi-
cient time has passed (approximately one hour) for operator to take corrective
action.

t

Again, sensitivity analysis of operator actions is not sufficient for all
submittals. The analysis is needed to make certain that the type of operator
actions that could lead to severe pressure-temperature combinations are not
likely to occur.

'

4.3 ANALYTICAL METHODS

The utilities and the three owners groups used analytical methods to cal-
culate pressure, temperature, and heat transfer at the inside wall of the pres-
sure vessel. The analyses performed by the three groups followed the same
basic approach and used a two-step procedure. The first step was a calculation
of overall plant response (i.e., system analysis) to selected accident sce-
narios. The primary result was the pressure and bulk temperature in the cold
leg and reactor downcomer. The second step of the thermal-hydraulic analysis
considered the thermal mixing aspects of high pressure injection in the reactor

, cold leg. The following discussion presents a review of the analytical
| methods.

4.15
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4.3.1 System Analysis

The system analysis was performed using one-dimensional computer codes to
calculate the overall temperature and pressure for selected PTS accident sce-

)narios. The specific codes that were used depended upon the specific accident
scenario and the plant design. A summary of the codes used for the system
analysis is provided in Table 4.4. A distinction can be made between the j
small-break LOCA and the overcooling accidents. Separate computer codes were

Jused by each group for these two types of accidents.

Features of the codes used for the small-break LOCA are compared in
Table 4.5. They are all one-dimensional codes based on a mixture representa-
tion of two-phase flow. They also assume thermal equilibrium. This means that
liquid and vapor are at saturation temperature wherever two-phase flow exists.
It also means that streams are fully mixed once they are combined, and that
there is no inherent provision for temperature disparity from incomplete
mixing.

All of the codes are used to consider forced and natural circulation of
single- and two-phase flows. They are all based upon an equilibrium two-phase
flow model with various levels of assumption regarding the relative velocity
of liquid and vapor. The Combustion Engineering and Westinghouse models have
provision for relative phase velocity to account for the separation of steam
and water in slowly moving two-phase flows. The Babcock & Wilcox model assumes
equal phase velocity and would apply to single-phase flows or to conditions
where homogeneous two-phase flow would exist. It would not apply to cases of
vertical, low velocity, counter-current, steam-water flow where phase separa-
tion could occur. The modeling of phase separation is important for accurately ;

predicting natural circulation flow in the reactor loops or flow through the
vent valves in Babcock & Wilcox plants. Vapor accumulation i

TABLE 4.4. Computer Codes Used for System Analysis

Accident Type Babcock & Wilcox Combustion Engineering Westinghouse

Small break LOCA CRAFT CEFLASH-4AS(a) NOTRUMP

Main steam line RETRAN(b) CEFLASH-4AS LOFTRAN

break

Small steam line RETRAN CEFLASH-4AS LOFTRAN

break

Steam generator RETRAN (c) (c)
overfeed

!

(a) Applied to small break LOCA plus loss of feedwater.
(b) 02M000001.
(c) Not analyzed.
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TABLE 4.5. Comparison of Computer Code Features for
Small Break LOCA Analysis

Westinghouse

Code Features . B&W CRAFT CE CEFLASH-4AS N0 TRUMP

Primary system 6 nodes not given not given
representation

Secondary system 1 node not given not given
representation

Two-phase flow model
mixture equations yes yes(a) yes(a)
Relative velocity no yes yes
Phase separation no yes yes

Horizontal leg no yes yes

Counter-current flow
Thermal equilibrium yes yes yes
Thermal nonequilibrium no no no

Wall heat transfer yes yes yes

Natural circulation yes yes yes
Downcomer mixing fully fully fully

mixed mixed mixed

(a) Specified relative velocity (drif t flux correlations).

at high points in the system could stop or prevent natural circulation flow.
The re-establishment of natural circulation flow would require vapor condensa-
tion upon system repressurization.

None of the computer codes considers effects of noncondensable gases. For
those transient scenarios where the pressure drops low enough and long enough,
(nitrogen) noncondensable gas could enter the primary system via the emergency
core cooling system (ECCS) accumulator. Should the system lose (or have lost)
natural circulation, the noncondensable gas could prevent the re-establishment
of natural circulation upon repressurization. The noncondensable gas also
changes the pressuretemperature relationship from that of the steam table and
could introduce an element of confusion to plant operators. Although the
probability of introducing a noncondensable gas from the accumulator may be
small, it is prudent to address the situation.

All of the computer codes used for the system analysis have the ability
to consider multiple loops. Although not explicitly stated, it is understood
that the PTS analysis used the minimum cold-lag temperature. For loop imbal-
ances where one cold leg is at a lower temperature than the others, it would
be overly optimistic to assume a fully mixed downcomer. The flows from each
of the cold legs would have little opportunity to mix in the downcomer,

4.17
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and it would be more realistic to use the minimum cold-leg temperature to
analyze the thermal stresses in the vessel wall. Any further temperature
reduction from HPI would be superimposed on the cold leg having the minimum 1

temperature. An accurate calculation of the bulk cold-leg temperature is fun-
damental to the analysis of PTS.

1

The ability of computer codes to calculate the proper system pressure i
depends upon the ability of the code to calculate condensation and flashing 1

phenomena. Condensation is of particular importance because it can be import-
ant to the system repressurization during HPI. Most computer codes can con-
sider flashing; however, there are still difficulties with analytically
modeling condensation of steam against subcooled water. An example is the
pressurizer where condensation of steam occurs at the water surface during
inflow of subcooled water. Heat transfer from the pressurizer wall that
affects this process. The ability to consider condensation more accurately is
not code-specific, but is a weakness of current analytical models.

4.3.2 Mixing Analysis

The analyses submitted with the 150-day responses included the effect of
mixing cold HPI with the warmer water in the reactor cold leg and the subse-
quent mixing along the vessel wall in the downcomer. The results of the mixing
analysis were used together with the system results to estimate the temperature
at the vessel wall.,

,

4.3.2.1 Cold-Leg Mixing

A variety of methods were used by the utility groups to estimate the' bene-
fit of mixing. The features of the analytical models used for mixing in the !cold leg are summarized in Table 4.6. The modeling ranged from no credit to a
rather sophisticated two-dimensional representation that indicated substantial
mixing. The model for the Combustion Engineering reactor accounted for a small
degree of mixing.

4.3.2.2 Downcomer Mixing

The downcomer mixing models used in the analysis for the 150-day responses
are compared in Table 4.7. All analytical models claimed credit for mixing in
the downcomer. The models ranged from a two-dimensional analysis of the com-
bined cold leg and downcomer to assuming a fully mixed downcomer flow based

.upon a high level of mixing calculated for the cold leg.

While two-dimensional analysis can provide more realistic assessments than
one-dimensional analysis, caution must be used in assessing results. Multi-
dimensional turbulence mixing models suffer from enhanced mixing caused by
numerical diffusion, and they can miss some of the observed phenomena such as
hydraulic jumps and secondary flows.

| \

|
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TABLE 4.6. Comparison of Cold-Leg Mixing Models at HPI Injection

Reactor Type Model Description

B&W(1) No credit for mixing in cold leg.
B&W(2) See Table 4.7.

CE a. One-dimensional falling plume with entrainment at
injection point

b. Horizontal gravity stratified flow without mixing
downstream of injection

c. No credit for pipe wall heating

W a. Two-dimensional model of cold leg with injection

b. VARR-II code with two-parameter turbulence model

c. Momentum interchange of injection flow with cold-
leg flow

d. Buoyancy effects included

The analytical models used by owners groups assume a substantial amount
of mixing of the HPI in the cold leg and downcomer. Their analyses indicate
that the cold injection water does not contact the vessel wall. Instead, the
vessel wall is closer to the temperature of the bulk downcomer flow. While the
analytical methods are tentative and not fully verified for the current appli-
cation, they appear to provide a reasonable estimate of the mixing benefit
based upon the results from the CREARE 1/5-scale experiments described below.

4.3.2.3 CREARE Experimental Results

A series of 1/5-scale experiments were performed at CREARE(5,6) with the
specific purpose of investigating mixing downstream of the HPI in the cold leg
and downcomer. Density differences between the cold injected water and the
warmer, cold-leg water was created by both temperature and salinity differ-
ences. Dye was used with the injected water to help visualize the flow pat-
terns and mixing phenomena.

Two different geometric arrangements were used in the experiment. The
first we.s for a geometry that approximated a Babcock & Wilcox plant. It had a
sloped cold icg ud had provision for vent Jalve flow. The cold-leg flow was
zero (stagnant) for all tc5th This is judg?d to be a conservative assumption.
The second geometric arrangement approxbated a Combustion Engineering or West-
inghouse design and considered nonzero cold-leg flows. The cold leg, vessel
wall, and downcomer had thermocouples to measure temperatures.
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TABLE 4.7. Comparison of Downcomer Mixing Models

Model Description

Model A of B&W a. hrbulent jet mixes with hot vent flow in
(2) downcomer

b. Mixing velocity and temperature based on
Reichardt's fully developed jet

Model B of B&W a. Two-dimensional representation of cold leg,
(2) injection, and downcomer

b. Used FLOW-2D code based on original SOLA-V0F.

c. Donor / acceptor logic used to reduce numerical
diffusion

d. Turbulent kinematic viscosity used for diffusion
of mass and momentum

e. Substantial mixing is calculated for cold leg and
downcomer; cold HPI injection does not reach
vessel wall near welds.

CE a. Temperature stratified flow at entrance to
.

downcomer. j

b. Falling plume with entrainment in downcomer
(extension of injection point model)

W
- a. Fully mixed downcomer flow based on high level of

mixing calculated for cold leg with natural circu-
lation flow.

The Westinghouse and Combustion Engineering model experiments indicated
that substantial mixing is possible in the cold leg, but this depends upon the
relative magnitude of cold-leg flow, injection flow, injection velocity, and
difference in density of the two streams. When the cold-leg velocity is high,
there is very little tendency for buoyancy stratification and the flow is well
mixed when it reaches the downcomer. When the cold-leg flow is slowly moving,,

! there is substantial stratification, but there is still some mixing. When the
,

1

injection velocity is high (small diameter nozzle), there is a high degree of
mixing, even for slowly moving cold-leg flows. The tests also show that pipe
bends can promote mixing by creating hydraulic jumps and secondary flows. The
overall conclusion from the tests is that there is substantial benefit of

'

l
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mixing in the cold. leg, especially when the cold-leg flow exceeds the. injection
flow by about a factor of 5. The mixing benefit decreases for lower flow
ratios.

Figure 4.5 shows a plot of temperature at thermocouple location T7 versus
HPI flow (expressed as Froud9 Qumber) for the modelled Babcock & Wilcox test
setup with bottom injection. tai Temperature at T7 is the minimum temperature
measured on the downcomer wall. The thermocouple is located 6.8 in, below the
cold-leg center line. The temperature is well above the 70*F injection tem-
perature for the conditions tested. At the highest injection flow tested, tem-
perature at T7 is about midway between the 70*F injection temperature and the
150*F vent-flow temperature. Flow visualization photos using dye show sub-
stantial stratification in the cold leg, but with enhanced mixing (hydraulic
jump and secondary flows) at the bend prior to entrance to the downcomer. The
tests show that there is considerable mixing benefit available, even under con-
ditions of zero loop flow. No data are available for reduced or zero vent
flow.

A plot of T7 versus the ratio of loop flow to HPI flow is shown in Fig-
ure 4.6 for a cold-leg configuration similar to Combustion Engineering and
Westinghouse plants. Thermocouple location T7 is on the downcomer wall 6.8 in,
below the cold-leg center line and is also the location of minimum wall tem-
perature. Figure 4.6 shows that T7 is only a few degrees lower than the simu-
lated nominal loop temperature of 150*F for flow ratios greater than 10 and
injection temperatures of 65*F. At a flow ratio of 2 (minimum tested), the
wall at location T7 is about 120*F. Wall temperatures are higher below T7
because of additional mixing.

Based upon the CREARE experiments, claiming a substantial credit for mix-
ing of cold HPI water in the cold leg and downcomer is justified. While uncer-
tainties exist in the credit taken for mixing, they are judged to be less than
the uncertainties in calculating the bulk cold temperature for many transient
scenarios. This shifts the emphasis of PTS analysis to the determination of
bulk cold-leg temperature and to the definition of those accident scenarios
that lead to both severe overccoling and high pressure.

The justification for substantial mixing is based on experimental results
with loop flow (Combustion Engineering and Westinghouse) and with vent flow
(Babcock & Wilcox). For transient scenarios insolving zero loop flow and/or
vent flow, the mixing credit could be marginal. Additional experimental data
for stagnant conditions would be useful.

Finally, it should be realized that the calculation of the bulk cold-leg
temperature is still of fundamental importance to the PTS analysis. The effect,

' of mixing the HPI injection with the cold-leg flow can impose an additional
water temperature correction in the vicinity of critical vessel welds.

(a) Injection is on the side of the pipe in actual B&W plants.
l
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4.3.4 Heat Transfer at the Vessel Wall

4.3.4.1 Vessel Cladding and Fluid Heat Transfer

Thermal stresses in the reactor vessel wall are driven by the temperature
distribution in the vessel wall. The two parameters that have the greatest
effect on temperature distribution are the fluid temperature in the downcomer
and the surface heat transfer coefficient.

|
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:

L The heat transfer modeling approach used in the 150-day responses is sum-
marized in Table 4.8. The radial temperature distribution in the base metal;

'

is of primary importance. Some additional two and three-dimensional analysis
is also indicated. The cladding was modeled as part of the surface heat trans-

. fer coefficient in the Babcock & Wilcox analysis model. Various heat transfer
' modes were considered, including an assumed constant value in the Combustion

Engineering analysis on the basis that the vessel cladding is controlling.

The sensitivity of the temperature distributions to surface heat transfer
can be assessed by comparing its magnitude to the cladding and base metal con-
ductances. When the surface heat transfer coefficient is high, internal and
cladding conductance are in control. Gradients are the largest in these cases.
When the heat transfer coefficient is low relative to internal conductance,
wall temperature gradients are typically flat, and the temperature changes
uniformly with time.

TABLE 4.8. Comparison of Heat Transfer Models
,

Babcock & Combustion
Wilcox Engineering Westinghouse

Analytical model Two-dimensiona](r,e),One-dimensional (r), one-dimensional (r),
of wall finite elementtal finite element (dl finite difference<

Analytical model Part of surface heat One-dimensional (r) One-dimensional (r),
of cladding transfer coefficient finite element finite difference

i

Modes of heat Maximum of forced Constant value Film boiling
transfer at or free convection nucleate boiling
surface forced convection

free convection

Range of heat 50-150Q(b) 300 not given
transfer 3000tci

coefficieng*F)(Btu /hr ft

Vessell cladding - - -

contact
conductance (e)

(a) ANSYS code; some three-dimensional analyses also.
(b) Small-break LOCA; max (hforced, hfree)*
(c) Overcooling transients; nforced is constant.
(d) MARC code; some two-dimensional analyses.
(e) Large conductance for weld deposited cladding.
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The role of the cladding can be considered to a first approximation as
part of the surface heat transfer coefficient. The overall heat transfer coef-
ficient in series can be written as

hoverall " 1

h cladding
su @ e

Forcladdingc,.theorderof0.2{n.thickandk-0.8 Btu /hrin.*F,theclad-For a wall thickness of .6 in and k
ding conductance is 575 Btu /hr ft *F.-2.2 Btu /hrin.*F,thevesselwallconductanceis37 Btu /hrftg*F.When
the surface heat transfer coefficient is large, as for nucleate boiling or
forced convection, the cladding controls the heat transfer from the base metal.
In that case uncertainties in the fluid heat transfer coefficient have a small
effect. When the surface heat transfer coefficient is of the same order or
smaller than the cladding conductance--as in free convection--it has a much
more sensitive effect on the wall temperature. Furthermore, if surface heat
transfer is reduced to be of the same order or smaller than the wall conduct-
ance, the surface heat transfer is very controlling. In this case, however,

the major temperature gradient is at the fluid surf ace and the wall temperature
gradients are minimal.

Thus, uncertainties of surface heat transfer coefficients in the midrange,
as could exist for free convection, would have the greatest effect on wall tem-
peratures. The combination of surface heat transfer coefficient and cladding
conductances also raise the minimum temperatures of the base metal above the
water temperature in the downcomer, and this benefit gets larger as the surface
heat transfer coefficient gets smaller.

For the coefficients,
Westinghousegcedconvectionheattransferfand Babcock & Wilcox (0conee) used the Dittus-Boelter
correlation. This is a rather standard practice. As discussed previously,
the coefficients for this mode of heat transfer usually are large, and they do
not contriby Combustion
Engineeringtg)significantlytothetemperaturegradient.2used a constant value of 300 Btu /hr ft *F insteacorrelation for the transients analyzed in their generic report.g aThis
may not be conservative for the initial phase of the SBLOCA and for
overcooling transients where large heat transfer is expected.

For the natural convection case, the value of surface heat transfer is
more sensitive, as discussed previously. Comparisons were made between the
correlations used by the three owners groups. Based on a condition of satu-

-T ull:) of 30*F, theand a AT (Tsurfarated water at 300*F (T kcoefficient a 140in, bow),thecold-legnozzie
330 Btu /hr f t *F using the Westinghouse correlation, gr,ine is estimated to be

e cen
as

165 Btu /hr f t *F using the Babcock & Wilcox correlatign.( 1 Combustion

evaluationusingKatoetal.model,7,{3j00 Btu /hrft*F.Engineering assumed a constant valu o An independent
w ich is bared on a detailed

derivation, yields a value of 264 Btu /hr ft *F. This correlation is
expressed in the following form:
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(Pr .175 - 0.55) K/L for Pr = 1
0H = 0.138 Gr *

x

The notations in the correlation are standard.(13) It can be seen that under
the typical natural circulation condition cited here, a heat transfer
coefficient of around 300 seems to be reasonable. Using a different s
for 14, 200 Btu /hr f tg,F for Oconee, and 325 8tu/hr f tjds 420 8tu/hr ft'gt offluid conditions wit Tbulk - 500*F and AT - 15*F yie *F

*F from the Kato
modeT. From the above analysis, it is rec 9 ended that for free convection
heat transfer, the Kato et al. correlationi should be used as a criterion.
Other models for free convection should yield values equal to or larger than
that of the Kato correlation.

4.3.5 Conclusions Regarding Analytical Methods and Experiments

1. The ability to calculate cold-leg pressure and temperature are fundamental
to assessing PTS.

2. The use of existing NRC-approved methods for system analysis appear sat-
isfactory; however, there are several items that warrant attention:

a) effect of including loop temperature imbalances

b) further verification of condensation modeling in components, especially
the pressurizer

c) breakdown and/or re-establishment of natural circulation for low
velocity two-phase flows.

;

3. Experimental evidence at 1/5-scale indicates that there can be significant
mixing benefits downstream of HPI in the cold leg except for very low
flows.

4. Vessel wall heat transfer, and the resulting temperature gradient, are
controlled by the cladding conductance and surface heat transfer. The
surface heat transfer is most sensitive when it is in the free convection
(natural circulation) mode.

4.4 DISCUSSION OF REMEDIAL ACTIONS IN THERMAL HYDRAULICS

There are several possible design and operator changes that could affect
plant thermal-hydraulic response to PTS concerns. The following provide a list
of items deserving consideration and a discussion about their advantages and
drawbacks.

4.4.1 Heating the ECC Water

The motivation for heating the safety injection water is to reduce the
thermal shock caused by the injection of cold water. Based upon the results
of the CREARE 1/5-scale experiments, the cold water becomes well mixed by the
time it reaches the critical weld regions of the downcomer when there is loop
flow (or vent flow for Babcock & Wilcox plants). Preheating the injected
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water would offer only limited improvement when those conditions exist, and
preheating would not be of significant benefit. Greater benefits would be
possible if actions could be taken to limit the bulk cold-leg temperature for
overcooling transients.

Under conditions of stagnant cold-leg flow (and vent flow), the mixing
I benefits could be substantially less. Should these conditions be judged cred-

ible, heating of the injection water could be of greater benefit.

No specific safety injection temperature requirement should be made unless
benen ts for the PTS issue can be proven. Through detailed analyses and sur-
veys, the cost and design feasibility of maintaining the large tanks at higher
temperatures can be determined. Such analyses could also be used to determine
suitability of installed equipment (ratings, capacities, pump cooling, NPSH for
pumps,Borondegradation,etc.)forhighertemperatureoperation. Requiring a
significant increase in safety injection water temperature would have a major
impact on almost any effects, most of which would be negative. A more detailed
analysis is needed to clearly establish the relative benefits of such an
approach.

Heating the ECC water is not recomended as a near-term corrective action
because it lacks clear benefits and may have possible negative effects. This
should be left as a long-term study item.

4.4.2 Limiting Feed Water Flow

Some overcooling scenarios can be traced to feedwater flow in excess of
those for normal plant operations. Flow restrictions placed in the feedwater

; system could limit the flow to reduce the overcooling. There are tradeoffs,

which must be analyzed further to de.?. ermine the feasibility and benefits of
I this option. Modifications to plant design, which would automatically termin-

ate or reduce either safety injection or auxiliary feedwater flow, should be
considered with caution. Either approach would affect the operator's ability
to safely control the plant, because it would take away cooling capability.
Any recommendation to restrict flow in the feedwater system would be premature
at this time.

4.4.3 ECC Injection Mixing Experiments

Experimental work on mixing, such as that at CREARE under EPRI sponsor-
ship, should be continued to develop a more complete understanding of mixing
within the cold leg and downcomer. Specific attention is needed for conditions
of stagnant loop (and vent) flow. Attention should also be given to the scal-
ing of the small-scale mixing data to full scale.

Testing wit e en H cn gura ns s u n nue e pursuei
The CREARE testsf6 show that by keeping injection velocity high (through a
smaller diameter HPI pipe), considerable turbulent mixing can be created.

4.27



More extensive testing in different HPI pipe sizes and angles (including
laterally inclin'ed and multiple injections to promoc.e swirling flow patterns)
should be investigated.

4.3.4 Development of Analytical Models

Since the assessment and conclusions for PTS will depend heavily on the
results of computer codes, continued development of analytical models is recom-
mended. Specific areas for attention include:

improved condensation modeling for liquid level interfaces (pres-e

surizer, stratified hot leg) during pressurization

breakdown and re-establishment of natural circulation (hot leg, vento
flow) under low-velocity, two-phase conditions

improvement and verification of multidimensional models for analysise

of mixing in cold leg and downcomer

improverent in modeling the thermal imbalance in transient situationse

where loop temperatures are unsymmetrical, and modeling of loop flow
mixing inside the lower plenum, core, and upper plenum of the vessel.

,
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5.0 MATERIALS PROPERTIES OF IRRADIATED VESSELS |
'

,

Pressure vessel steels exposed to neutron irradiation experience a degra-
dation in fracture resistance. Ferritic steels have an intrinsically ,900r
fracture resistance at low temperatures. The loss of ductility with decreasing
temperature occurs as the nil-ductility transition temperature is approached.
Below the transition temperature materials fail by unstable, brittle fracture,

whereas above that temperature materials fail by stable, ductile fracture.
Neutron irradiation causes the nil-ductility transition reference temperature
(RTNDT) to shift to higher temperatures. The shif t can be large enough to
endanger the integrity of the pressure vessel if the irradiation-shifted nil-
ductility temperature is elevated above the service temperature of the vessel
wall. Of particular concern is the fracture resistance of irradiation-sensi-
tive welds.

1

Two factors aggravate the fracture resistance of irradiated vessel welds
subjected to a PTS' event. In some cases, aggravation occurs when the irradia-
tion history of the reactor has resulted in significant elevation of the nil-
ductility temperature. In other cases, aggravation occurs when PTS lowers the
wall temperature, which thus lowers the fracture resistance of the vessel
welds. Accurately predicting the fracture of a vessel weld requires estimating
the vessel neutron exposure histories, welding procedures, and the irradiation
sensitivities of welds as a function of chemistry. Furthermore, the radial
dependence of neutron spectrum and flux in the wall must be evaluated to quan-
titatively determine the increasing fracture toughness through the wall.

This chapter describes the effects that irradiation and material charac-
teristics have on the degraded fracture resistance of pressure vessel steels.
Methods used by licensees and owners groups to predict fracture resistance, and
the uncertainties inherent in these methods, are evaluated. Lastly, the state
of knowledge is evaluated to indicate what information may become available in
Oe future which would aid in evaluating the integrity of irradiated pressure
vessels during a PTS event.

'

5.1 NEUTRON 005'IMETRY

Atomic displacements caused by neutron irradiation are the principal cause
of degraded fracture toughness of nuclear pressure vessel steels. The degrada-
tion is directly related to the number of high-energy neutrons that penetrate
the steel. Traditionally, the number of neutrons having an energy greater than
1 MeV has been used to characterize the irradiation exposure. Predicting the
material properties of plant-specific reactor vessels requires an accurate
knowledge of nectron exposures of metallurgical test specimens and an accurate
knowledge of the neutron exposure of plant-specific pressure vessel components.

Methods used to irradiate and test metallurgical specimens and to estimate
neutron expos,ure of vessel components result in uncertainties that affect the

5.1
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predicted reliability of vessels during a PTS event. Accurately defining the
v neutron irradiation environment requires knowledge of the neutron spectra,
,4- flux, and fluence, as well as the irradiation temperature. Irradiation of,

| surveillance specimens provides the mort reliable data base for predicting the
irradiation properties of vessel components. Such data have the most credi-"

bility, because they most accurately represent the neutron environment inside |

a vessel wall. The plant-specific neutron spectra and fluxes are similar for j

surveillance irradiations and inner-wall vessel irradiations.

Methods used for vessel dosimetry are dependent on dosimetry analyses of
surveillance capsules and on calculated neutron fluxes. Discrete Ordinate
Transport (DOT) codes are used by the licensees and owners groups to map out
the spatial dependence of neutron flux. The calculated fluxes are then com-
pared with measured fluxes using flux monitors inserted in surveillance cap-
sules. The D0T codes are considered to be accurate, but if wrong input values
are assumed, the predicted fluxes can be inaccurate. When predicted flux 95 are
compared with measured fluxes, the values can agree to within 10% to 15%.1 14)
The uncertainty in peak fluence values provided by the licensees and owners
grorps is reasonable; the values for Combustion Engineering were within 30%,
the b lues for Westinghouse were within 20%, and the values for Babcock & Wil-
cot were approximately 15%. The discrepancies in peak fluence values
represent uncertainty in the predicted peak fluence (E > 1 MeV) at the inner
surface of the steel vessel.

Additional uncertainty can exist in the predicted vessel properties
because irradiation tests and vessel walls have different neutron spectra and

fluxes. These differences are minimized when the properties of surveillance i

specimen are correlated to vessel properties. The correlation is possible |
because-the neutron spectrum and flux of the surveillance location are similar j
to those found inside the vessel wall. When projecting properties through the
thickness of the vessel wall, the spectrum and flux are degraded. The spec-
trum is shifted toward a lower average energy with many neutrons below 1 MeV
contribu, ting to irradiation damage.

To ac' count for these lower energy neutrons, it has been recommended that
displacements per atom (DPA) be used as a measure of irradiation exposure. The
damage based on DPA is greater through the wall than would be predicted based
on the E > 1 MeV assumption. Differences between the two exposure c ria as
a function of distance through a vessel wall are given in Table 5.1.

As radial distance increases, damage rates decrease. The lower damage
rates may provide a greater opportunity for self annealing during irradiation.
Hence, damage accumulates more slowly per DPA for positions deep in a vessel
wall. This suggests a lesser damage in deep regions than would be expected if
rate effects on damage efficiency were neglected when predicting radiation
damage throuch a vessel wall. The effect of the damage rate efficiency can be
estimated by comparing damage rates with thermal annealing rates. Combinations

;
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TABLE 5.1. Change in DPA Damage as a Function of Position
[ Fluence (E > 1.0 MeV) is Constant]

DPA from Neutrons (E < 1 PeV)

Position DPA from Neutrons (E > 1 MeV) I

|

Surveillance 1.29

Inside surface of
-pressure vessel 1.48

1/4 thickness 1.73

1/2 thickness 2.18

3/4 thickness 2.71

Outside surface of PV
pressure vessel 2.88

of irradiation temperature and irradiation flux that should produce an
equivalent irradiation effect on embrittlement are plotted in Figure 5.1. The
assumed dependence of' flux.on position is typical of a Westinghouse two-loop
plant. The temperature / flux dependencies are shown for two annealing
activation energies: 1.3 eV for vacancy diffusion, and 3.0 eV for iron self
diffusion. Figure 5.1 indicates that damage produced to a given fluence at
surveillance fluxes at 575*F equivalent to damage produced at 1/2 thickness
fluxes at 525*F for a 1.3 eV annealing process. Because a difference of 50*F
in irradiation temperature is known to affect the shift in RTNQT, the flux
differences shown in Figure 5.1 should affect the predicted shift in RTNDT
for a given fluence. Reasons for the existence or nonexistence of flux effects
are not well understood.

Measurements of damage that are based on fluence greater than 1 MeV rather
than on DPA can result in an unrealistic evaluation of fracture toughness
through the vessel wall. The assumption of constant damage efficiency per DPA
through the thickness of the wall is conservative. The low fluxes deep in the
wall should result in less embrittlement damage per DPA than for the inner sur-
face of the wall. Therefore, the damage deep in the wall is expected to be lo'w
because the fluence is low and because the damage efficiency per unit of flu-
ence is also low. The dependence of damage efficiency on flux has not been
quantitatively assessed.

5.3
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With current knowledge, the inner wall fluence can be predicted with con
fidence. The uncertainty in predicted fluence has been reduced from over 3
in the early 1960s to the current uncertainties of 15% to 30% (Figure 5.2).g I

f0FUncertainty is shown as the effective uncertainty in the predicted ARTNDT
a weld having the characteristics of the Fort Calhoun longitudinal weld. As
illustrated in Figure 5.2, dramatic benefits have resulted from recent advances
in the accuracy of, dosimetry. However, future improvements in dosimetry accur-
acy can have only a minor impact on the PTS evaluation of the crack initiation
resistance of near-surface flaws. Estimates of damage through the thickness
of the vessel wall are expected to improve in the future as a result of the NRC
heavy section steel technology (HSST) dosimetry program at the Hanford Engi-
neering Development Laboratory (HEDL). These ft,ture assessments will not
affect estimates of crack initiation during PTS, but they could affect the
prediction of crack arrest during PTS and the prediction of crack propagation
during subsequent PTS events.

|
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! 5.2 INITIAL PROPERTIES

The irradiation-induced shift in the nil-ductility temperature (NDT) is
not dependent on the initial RTNDT of the material. This means that generic
predictions, such as those described in Regulatory Guide 1.99, Rev. 1 and the
HEDL curves, can be used to predict irradiation shifts of specific steels
having different initial RTNDT values.

During fabrication of the vessels considered in this PTS evaluation, the
initial weld toughness was not a critical issue. Hence, the initial RTNDTs

of the welds were not.F below the lowest service temperature. completely characterized other than to assure that the
RTNDT was at least 60 The use of
these original estimates can result in conservatively high estimates of the
initial RINDT-

The initial RTNDT of welds in pressure vessels is a critical issue in
this PTS evaluation because: 1) the final adjusted RTNDT is directly pro-
portional to the estimated initial RTNDT, and 2) the weld properties are
often impossible to document directly. When plant-specific, archival weld
specimens are not available from which to fabricate metallurgical test speci-
mens, it is necessary to test specimens from weld metal similar to the original
plant vessel welds.
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Combustion Engineering has developed a data base to statistically demon-
strate the initial RTNDT that is expected for submerged arc weldments using
Linde 0091, 1092, and 124 flux. Testing of 82 weldments resulted in an average
RTNOT of -56*F with a standard deviation of 17*F. A mean plus two sigma
estimate for the initial RTNDT is -22 F for these welds. As noted in Chap-
ter 8.0, the test data for these welds are not normally distributed. A more i
rigorous statistical analysis suggests that -10*F represents the confidence for j
the two sigma criterion. '

Specifically, Linde b of the weld can be sensitive to the weld flux used.(16)The initial RT N
flux produces an initial RTNDI approximately 40*F higher

than other fluxes. Therefore, the initial RTNDT of Linde 80 welds is expected
to be about 40 F high'- than that indicated in the Combustion Engineering generic
study.

Estimates of the initial RTNDT for each of the critical plant welds that
were evaluated are shown in Table 5.2. These estimates were obtained from the
NRC evaluation of the licensees responses. The weld descriptions and predicted
RTNDT are also shown in Table 5.2. The range of estimates in the initial
RTNDT can be large. The choice of value depends on the level of conservatism
that is considered necessary for sound engineering judgment. Mean values can-
not be considered realistic because there is significant variation in the mea-
surement of the nil-ductility temperature.

Fracture-resistance test results are intrinsically random because crack
propagation is sensitive to local inhomogeneities. Crack initiation and
growth paths are not random, but rather follow specific paths dictated by
local material characteristics (i.e., inclusions, grain boundaries, lattice
defects, etc.). Therefore, mean values of initial RTNDT and shifted RTNDT |

'are not reliable indicators of fracture resistance, and two sigma factors
should be included to be confident that the assumed fracture resistance is in
fact realistic for any crack in the vessel steel. The procedure of assuming a
mean plus two sigma is a best estimate that a worst-crack / metallurgical pro-
perty combination will not initiate. The expected confidence for the mean plus
two sigma value may not exist if the data are not normally distributed. Con-
fidence levels, as affected by distribution shape, are discussed in Chap-
ter 8.0.

,

,

There is a definite need to know more accurately the initial RTNDT Of
the welds in each particular plant. The confidence that can be placed in these
estimates depends not only on metallurgical tests but also on the accurate
documentation of welding technique, weld wire used, and weld flux used. The
credibility of estimates can only be enhanced by performing more tests on
archival material, by discovering previously unreported test results on weld
specimens from each particular plant, or by evaluating properties of welds
considered typical of the plant-specific weld. It is possible that in the

future additional information could become available that could, justify chang-
ing the current estimates. Expected changes will not exceed 10 to 20 F unless
the conservative (mean plus two sigma) criterion is modified.

5.6
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TABLE 5.2. Summary of Weld Properties and RTNDT Predictions

R(DT, Fluence, RT(a)
Weld 2 NDT

Plant Location *F n/cm Date Cu, % Ni, % Mean + 2a

19Turkey Pt. 4 Circum. +20 1.10 x 10 9/30/81 0.30 0.57 265

18
Fort Calhoun Long -20 6.48 x 10 12/31/81 0.35 0.99 268

2-410

19
San Onofre 1 Long -20 2.75 x 10 10/31/81 0.35 0.20 278

7-860A

18Calvert Cliffs 1 Long -20 7.05 x 10 12/31/81 0.30 0.99 267
2-203

18
Maine Yankee Long -20 4.73 x 10 12/31/81 0.36 0.99 251

2-203

19
Robinson 2 Long -20 1.30 x 10 9/30/81? 0.34 0.20 218

2-273
19Circ -20 1.24 x 10 (assumed) 0.34 0.50 253

11-273
18

Oconee 1 Long +20 2.27x10 10/01/81 0.31 0.55 183
SA-1430

0.27
+ (38 + 470*Cu + 350*Cu*Ni)* ( g)(a) RTNDT (HEDL) - RT DT

.

1 x 10

5.3 IRRADIATION PROPERTIES

The shift in the nil-ductility temperature due to neutron irradiation of
pressure vessel steels is well known. The issue for the PTS evaluation is to
quantify the irradiation shift as accurately as possible for specific vessel
welds. Because specimens cannot be extracted from the irradiated vessels, it
is necessary to project irradiation properties from irradiations of metallurg-
ical test specimens. The irradiation environment and materials used for these
metallurgical specimen irradiations must approximate, as much as possible, the
materials and environment of the pressure vessel. Furthermore, irradiation
tests must project the properties at some future date--in particular, to end
of life or 32 EFPY.

The irradiation tests that were used to establist. Regulatory Guide 1.99,
Rev. I were performed primarily in test reactors at eraanced fluxes and in
neutron spectra having average energies larger than those typical for pressure
vessels. The rapid fluxes meant that fluences in end-of-life reactor vessels
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could be achieved in a few years or less. Surveillance ipecimen irradiations
are performed to provide information on spectral and flux effects. These
irradiations are performed near the vessel wall in each licensed reactor at a
position that allows the specimen neutron spectra and flux to closely approxi-
mate the irradiation environment of the vessel wall.

The principal difference between earlier test specimen irradiations and
the more recent surveillance specimen irradiations is evident when Regulatory
Guide 1.99. Rev. 1 is compared with the HEDL curves. Both the guide and HEDL
curves predict shift as a function of fluence. Regulatory Guide 1.99, Rev. 1
predicts a fluence exponent of one half for low fluences, whereas the HEDL
curves predict a fluence exponent of about one third or less. Surveillance
specimen irradiations, which are more realistic than test specimen irradia-
tions, indicate a larger shif t at low fluences, but the rate of increase in the
shift becomes slower as the fluence increases. The lesser fluence exponent is
expected for lower damage-rate irradiations. The lower rate provides more
opportunity for annealing of damage to occur during the period of the
irradiation.

The low fluence exponent determined from the HEDL analyses gives the
effect of damage saturation with increasing fluence. The apparent saturation
is particularly evident when data from surveillance specimens are compared with
predictions from Regulatory Guide 1.99, Rev. 1. Data from Point Beach surveil-
lance tests have suggested a saturation at higher fluences for high copper and
low nickel steel. The uncertainty in the test data is, however, great enough
to make the suggested saturation ambiguous.

Evidence from irradiation and annealing experiments indicates that two
irradiation mechanisms lead to the embrittlement of steel. The first mechanism
develops rapidly and anneals out rapidly. The second mechanism requires long-
term irradiation and is resistant to annealing. The first mechanism may
saturate over a range of fluence, and it may be what is seen in the Point Beach
surveillance results. The saturation is probably temporary, but it may exist
over a wide enough fluence range to result in significantly less damage accu-
mulation in some pressure vessel steels.

Hanford Engineering and Development Laboratory has examined the surveil-
lance test dat se to determine if the fluence exponent depends on nickel
concentration. The statistical fit of the data that assumed an exponent
dependent on nickel did not reduce the residual error in the fit as much as a
fit that assumed an exponent independent of nickel concentration.

Evidence suggests that some departure from the typical fluence dependence
may occur for specific steels (e.g., those low in nickel and high in copper).

| However, at this time the data are limited and do not justify assuming anything
different than the trends established in the HEDL analysis.

Both Combustion Engineering and Westinghouse provided predictive curves
in their responses for welds having a low nickel content (i.e., nickel less
than 0.3 wt%). The Westinghouse prediction from WCAP-10019 is compared with
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the HEDL curve in Figure 5.3. The prediction presented by Westinghouse has a
lesser fluence dependence and hence predicts a lesser shift at high fluences.

The HEDL analysis of the irradiation shifted RTNQT demonstrates a one
standard deviation of 24 F. The deviation is realistic even if the specific
variability from material to material is reduced. Identical materials are
expected to demonstrate variability sirpggr to that observed in the HEDLindicate an uncertainty of 15*Canalysis. Analyses shown by Hawthornet 1

(27'F) when correlating AT in a fracture toughness test as compared to aT as
determined from Charpy V-notch tests of irradiated welds. This uncertainy is
expected in the measurement of complex fracture properties.

Some variability in aTNDT can be attributed to chemistry variations.
Variation in copper content anu nickel content can be significant. Such vari-
ation is expected for copper-coated electrodes because copper was not added for
its alloying benefit, but rather it was added as a coating to aid in the weld-
ing process. A variable copper content in high-copper weld results from a
variable coating thickness of the weld electrodes. The Combustion Engineering
welds considered in this review were fabricated using an additional pure nickel
weld wire. This procedure produced welds of uncertain nickel content. The
uncertainty in predicted RTNDT is the sum of uncertainties from metallurgical
tests, material chemistry, and fluence.

The predictions of Regulatory Guide 1.99, Rev. 1 differ from those of HEDL
because each used a different fluence exponent and only the HEDL predictions
considered nickel concentration. At current fluences, the 1.99, Rev. 1 esti-
mates exceed the HEDL estimates for the Westinghouse plants by as much as 57*F
for the low nickel, high-fluence H. B. Robinson 2 longitudinal weld. At end-
of-life (E0L), the difference is 37*F. The high-nickel, low-fluence Combustion
Engineering welds have a lower Regulatory Guide 1.99, Rev. 1-predicted RTNDT

The difference for Maine Yankeet: hen compared to the HEDL-predicted RTNDT.
is 38'F and 89 F at current and E01 fluences, respectively. The Babcock & Wil-
cox Oconee plant has a lower (by 03*F) 1.99, Rev. 1-predicted RTNDT compared
to the HEDL-predicted RTNDT at current fluences, but a higher (by 33*F)
1.99, Rev. 1-predicted RTNDT compared to the HEDL-predicted RTNDT at E0L
fluences.

As additional surveillance specimen tests are performed and evaluated, a
more confident prediction of pressure vessel embrittlement should emerge. The
surveillance-specimen data base to date is substantial, and it is expected that
the current HEDL evaluation is realistic. Some reduction in the uncertainty
may result from the addition of surveillance data for specific welds (e.g.,
those with a high copper, low nickel content).

5.9
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5.4 SENSITIVITY ANALYSES |

Uncertainty in the predicted shift in RTNDT results from uncertainties
in initial chemistry and initial RTNDT. The dependence of the irradiation-
shifted RTNDT on copper content, nickel content, initial RTNDT, and fluence
is expressed in the HEDL equation shown in Table 5.2. The copper and nickel
concentrations are expressed in weight %, and the fluence is expressed in units
of n/cm2 (E > 1 MeV).

The effect of the predicted shift on material parameters was analyzed
using the method illustrated schematically in Figure 5.4. The adjusted RTNDT
was calculated for two conditions:

1. the conservative (mean plus two sigma) estimate based on compositions,
initial RTNDT, and fluences given in the 60- and 150-day responses

2. the revised estimate based on the same information as in the first condi-
tion except that one parameter in the equation was allowed to assume a
revised value.

The first condition is represented by the solid line and the second con-
dition is represented by the dashed line. The difference between the two
predictions at the current conservative RTNDT was calculated in terms of
AEFPY as shown in Figure 5.4. Figures 5.5 through 5.7 indicate the plant-
specific RTNDT predictions as a function of fluence and represent the con-
servative estimates.

The dependence of the calculated EFPY uncertainty on copper and nickel
concentrations is shown in Figures 5.8 and 5.9 for each of the plants. Sensi-
tivities are shown for both the longitudinal and circumferential H. B. Robinson
2 welds. The detrimental effect of high copper content is obvious; a variation
of only a few hundreths of a percent of copper results in an uncertainty of a
few EFPY. A two-hundredths of a percent change in copper results in a 10* to
15*F change in the predicted RTNDT. Results of nickel sensitivity analyses
are shown in Figure 5.6. The analyses indicate that a variation of a few
tenths of a percent of nickel results in an uncertainty of a few EFPY. A
two-tenths of a percent change in nickel results in a 20* to 30*F change in the
predicted RTNDT-

The effect of assuming a lesser or greater initial RTNDT on the calcu-
lated uncertainty in terms of EFPY is shown'in Figure 5.10. A 20*F variation
in initial RTNDT results in a change of 2 to 3 EFPY. The sensitivities for

the Combustion Engineering plants are less than those for the Westinghouse,
Babcock & Wilcox Oconee plants.
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SENSITIVITY ANALYSIS METHOD
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A mean plus two sigma conservatism is assumed in the equation in
Figure 5.4. If the entire conservatism is removed from the equation by assum-
ing a mean value, then the predicted condition of the vessel integrity shifts
by about 5 years. Therefore, the vessel integrity remains in question even if
there is no conservatism in the RTNDT prediction. The time to achieve the
current RTNDT is, however, delayed about 5 years.

The uncertainty in EFPY is inversely proportional to the uncertainty in
fluence. Because the fluence exponent expressed in the equation in Figure 5.4
is low, the predicted RTNDT is insensitive to fluence at high fluences. A
40% uncertainty in fluence implies only a 25*F uncertainty in the predicted
RTNDT for the plants evaluated in the 150-day responses.

5.5 FRACTURE TOUGHNESS

Both the nil-ductility transition temperature and the steel fracture
toughness reference curves are used to evaluate the integrity of pressure ves-
sels. Using the NDT concept to predict brittle fracture has the advantage of
simplicity and historical credibility. The fracture toughness concept has the
advantage of relating crack geometry, stress, and a material property to frac-
ture. If a fracture toughness property is known, then calculations of fracture
mechanics can be made to estimate vessel integrity for plant-specific accident
scenarios.

Fracture toughness parameters indicate resistance to either crack initia-
tion (K c), crack arrest (Kla), or dynamic crack initi,ation (kid). TheI
ASME code (Section III) recommends the use of crack resistance (KIR),which
is the lower bound curve drawn below K c, Kla, and kid. A detailed dis-I
cussion of these parameters is provided in Chapter 6.0. Measurement of these
parameters requires the use of large specimens, which is impractical for
irradiation testing. Therefore, small, Charpy V-notch specimens are used in
surveillance capsules for testing the fracture resistance of steels in irradi-
ated pressure vessel.

The predicted vessel-fracture resistance is dependent on a correlation
between the more common Charpy V-notch irradiation tests and the more useful
fracture toughness irradiation tests. Hawthorne has compared temperature
shifts for irradiated welds from both types of tests n
goodagreementwithanuncertaintyof*15*C(*27'F).(p8jfoundexceptionallyThe uncertainty is
similar in magnitude to uncertainties that can be expected for fracture test-
ing of irradiated metals. An EPRI program has evaluated Charpy V-notch and
fracture toughness data from identical materials having identical irradiation
histories. The results of the EPRI program strengthen the confidence in the
Charpy V-notch / fracture toughness correlation. 1

The lower-bound KIR curve currently used could be replaced with a con-
servative, statistically based KIR curve. The lower-bound method does
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not allow for an evaluation of conservatism in terms of probability. A mean
KIR (statisticallly based) is compared with the lower-bound KIR (ASME code)
in Figure 5.11. The conservatism in terms of temperature difference is about
50*F for temperatures near or above the nil-ductility temperature. For a given i

fracture toughness, the temperature that is predicted from mean value assump-
tions can be almost 100*F lower than the temperature predicted from conserva- |

tive value assumptions. This difference can be explained by two temperature
uncertainties. The first uncertainty is evident in Figure 5.11, which demon- !

strates a 50*F difference between the mean KIR and the ASME lower-bound
KIR. The second uncertainty is the two sigma factor of 48 F that is included
in the HEDL prediction of RTNOT. A 50 F uncertainty in RTNOT is typically
equivalent to a 5 to 10 EFPY uncertainty. Therefore, a more rigorous statis-
tical treatment of KIR could result in extending the time to achieve a given
critical RTNDT by only a few years for the plants in this PTS evaluation.
The validity of various KIR values is assessed in Chapter 6.0.

i
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5.6 CONTROL AND REDUCTION OF EMBRITTLEMENT

The uncertainty in vessel integrity can be reduced by reversing or con-
trolling the irradiation shift in RTNDT, or by more fully characterizing the
vessel materials. The irradiation shift in RTNDT can be controlled by
annealing the vessel or by reducing the irradiation flux to the vessel. Fur-
thermore, the predicted shift for a given fluence is dependent on the assumed
material composition and on the assumed initial RTNDT. Therefore, the pre-
dicted RTNDT can be realistically reduced if a reduction in the assumed cop-
per content, nickel content, or initial RTNDT can be justified.

Annealing of the reactor vessel is the only method currently used that can
restore some of the original, unirradiated vessel toughness. Fuel management
schemes can reduce the rate of future embrittlement but cannot reduce embrit-
tlement caused by previous irradiation. Studies of pressure vessel annealing
indicate that irradiation damage can be erased and that the fracture resistance
can be restored.

In particular, Hawthorne (18) has annealed irradiated vessel welds and
then reirradiated them (Figure 5.12). The damage that accumulated rapidly at
low fluences was easily annealed, whereas the damage that accumulated slowly
at higher fluences was resistant to annealing. For multiple annealing cycles,
the percentage of recovery observed for each anneal decreased for each addi-
tional anneal. From these data, the minimum RTNDT after each anneal was
observed to follow a fluence dependence that paralleled the fluence dependence
expected for continuous (without anneals) irradiation at high fluences. Upon
reirradiation, the rate of embrittlement appeared to follow the embrittlement
rate of the post-anneal RTNDT (i.e., it follows the low fluence rates, not
the high fluence rates). These effects need to be evaluated further.

The response expected during irradiation, anneal, and reirradiation cycles
can be calculated from the equation in Figure 5.4. The dependence of EOL
RTNDT on annealing and reirradiation parameters is shown in Figures 5.13 and
5.14. The independent variable is the percentage of recovery that is obtained
from the anneal. A family of curves is shown for each plant to illustrate the
benefit of fuel management schemes that reduce the irradiation flux to the
vessel. The figures show reductions in flux by 0%, 40%, hnd 80%. The point
at which there is zero recovery and zero flux reduction corresponds to the
expected E0L RTNDT if no corrective actions are taken to reduce embrittle-
ment. Figure 5.13 indicates the benefit from one anneal performed on June 1,
1982. Figure 5.14 indicates the benefit from two anneal cycles, the first on
June 1, 1982, and the second midway between June 1, 1982, and the plant end-
of-life EFPY.

A single anneal (Figure 5.13) is less beneficial than a double anneal
(Figure 5.14) because the plants are currently at a relatively low fluence.
The reirradiation that would occur after June 1, 1982, is about three-fourths
of the plant lifetime fluence. As seen in Figures 5.5 through 5.7, the RTNDT
at three-fourths of the E0L fluence is only slightly less than the RTNDT E0L
fluence. To demonstrate the maximum benefit on E0L RTNQT, the anneal should
be delayed to a time of about one-half the E0L fluence instead of the one-
fourth E0L fluence that exists on June 1, 1982.
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Multiple annealing cycles demonstrate a much more significant reduction in
EOL RTNDT than is predicted for a single anneal. The significant benefit-
that is evident in Figure 5.14 occurs for the double anneal because a shorter
reirradiation period follows each anneal. The reirradiation fluence that fol-
lows the second anneal is about one-third the EOL fluence, whereas the reirra-
diation fluence that followc the single anneal (Figure 5.13) is about three-
fourths of the E0L fluence.

The effect of reducing the flux by fuel management schemes is clearly
beneficial. As a rule, a 10 to 15 degree reduction in E0L RTNDT is expected
for each 20% reduction in flux. Multiple annealing cyclgs and flux reductions
are.needed to obtain and maintain a low RTNDT (e.g., 200 F).

The calculated rates of reembrittlement used in Figures 5.13 and 5.14 are
conservative because they assume a rapid rate consistent with low fluence
embrittlement rates. Actual rates of reembrittlement could be much less. The
data on annealing and reembrittlement, however, are not extensive enough to
justify lesser rates of reembrittlement than assumed in these calculations.

Accurate characterization of critical weld chemistry can reduce the neces-
sary conservatism in the material analysis. Nondestructive, in-situ chemical
analysis is a promising technique for evaluating copper and nickel concentra-
tions of welds. Two techniques for in-situ chemical analysis that might be
used to evaluate welds include x-ray fluorescence and laser excitation measure-
ments on the vessel exterior. Pacific Northwest Laboratory considered ana-
lyzing neutron activation of copper and nickel in irradiated vessels, but con-
cluded that the activation technique is unacceptable.

109
| The x-ray fluorescence technique would use a Cd source and a Sili

detector to measure impurities to a 10% accuracy in a SR gamma environment. A
|
' PNL mock-up bench test and experimental analyses indicate that the experiment

can be designed to yield an adequate signal-to-noise ratio and resolution
needed to measure copper and nickel contents of welds at the outside surface
of the vessel. The bench test compared the spectra with and without an exter-
nal irradiation source to simulate the influence of the vessel gamma irradia-
tion flux. The spectra was from a steel disc with a thin sheet of zinc in
front of it to simulate the presence of either copper or nickel in steel. The
concentrations measured were representative of the expected percentages of
elements, but the signal-to-noise ratio in this test was less than required for
practical application of the technique in the field. Realistic increases in
the signal-to-noise ratio can be obtained by optimizing the source strength,
count rate, collimation, detector area, and resolution.

| The laser excitation technique would use a light guide to channel a laser
beam to a small area of the vessel exterior to vaporize a minute volume of weld
material. The spectrum emitted by the vapor would be channeled in a light

| guide to a detector for optical analysis. The technique has the required
| merits of remote, in-situ, nondestructive chemical analysis. A bench test has
L not been performed to demonstrate the technical feasibility of the laser

technique.
|

5.25



. - _

!
4

The benefit that could be realized from better estimates of weld chemistry4

is evident (see Figure 5.9). At Fort Calhoun, for example, a copper concen-
itration of 0.31% implies an RTNDT 38*F less than that predicted for the 1

assumed 0.35% copper concentration. The corresponding EFPY increase is about
4 years. A nickel concentration of 0.6% implies an RT 45*F less than that
predicted for the assumed 0.99% nickel concentration. NnTThe corresponding EFPY
increase is about 5 years. Similar benefits are calculated for other plants ithat have welds containing a high copper-nickel concentration.

i

!

5.26

- - .
_

..___



6.0 FRACTURE MECHANICS

In this chapter, the fracture mechanics and stress analyses provided by
the the NSSS Users Groups, the NRC staff, and the NRC contractors are reviewed.
Except for plant-specific inputs, calculations could be performed mostly on a
generic basis. Since the methods applied to the 150-day responses differed
only in detail, the PNL review primarily evaluated the acceptance criteria for
embrittled vessels and assessed the conservatisms in the analyses and fracture
mechanics input data.

6.1 ANALYSES METHODS AND CODES

The computer codes and the methods used by the NSSS vendors for the
owners group calculations (2,3) are summarized in Table 6)1. The table also
includes the OCA-I code developed by ORNL for the NRCl19 and the VISA code
developed in-house at NRC for deterministic and probabilistic evalua-
tions.t 0,21) The individual assumptions and inputs used for fracture mech-2

anics analyses and the PNL concerns are discussed in the following sections.
Only the methods of the generic analyses used by the NSSS vendors will be
reviewed, because-not enough information was available to review fracture
mechanics analyses on a plant-specific basis.

The information that was reviewed was contained in the references cited
in the previous paragraph. In addition, supplemental information on the ORNL
and NRC analyses was obtained during meetings. On many points, the vendors'

analyses were not described in adequate detail; therefore, Table 6.1 was cone
pleted, in part, on the basis of information implied by statements in the
reports.

The foremost trend evident in Table 6.1 is the uniformity among the anal-
yses performed by the independent organizations. This same uniform tendency
is evident even in the format used to present the results. The lack of major
differences can be attributed to the level of maturity of the theory and to the
fact that the fracture mechanics approaches were based, in large measure, on
portions of the ASME Boiler: and Pressure Vessel Code that address fracture
mechanics evaluations.

As indicated in Table 6.1, the different organizations have elected to use
different computer codes to perform the actual calculations. The simple cylin-
drical geometry of the vessel beltline region facilitates the use of linear
elastic fracture mechanics to predict crack initiation. One dimensional heat
conduction / stress analysis models and linear elastic fracture mechanics models
are adequate to treat the thermal shock situation. There is no reason to
believe that the computer codes used in the NSSS owners group analyses are not
suitably documented and verified. Nevertheless, additional documentation and
detailed reports on benchmark-type calculations would be appropriate to further
enhance NRC's confidence in the validity of the calculations.
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TABLE 6.1. Sumary of PTS Fracture Mechanics Analyses

A55 unctions and Combustion
inputs Westinghouse E ngineering Babcock & Wilcou ORNL-0C A-1 Code hRC Code

Fracture Mechanics Linear elastic Linear elastic Linear elastic Linear elastic Linear elasticTheory

Stress Intensity Published cylinder MARC FE code BIGIF code K solutions Weight f unction method influence coefflCient methodFactor Solution solutions 3-D surface numerical solution; and/or? Section XI- validated against finite of Heliot, Labbens & Tanon
flaws; no clad effects clad effects included Appendix A and WRC175 solutions

solution

Flaw Shape Two flaw model; Long axial flaw through 6:1 elliptical surface Long axial flow through Long surf ace flaw (astal
6:1 elleptical shallow Clad flaw. No increase in Clad. Only axial flaws or circumferential)surface flaw increas- aspect ratio as flew
ing to "long" flaw for grows in depth
deep flaws

Stress Analysis Equations f rom clas- MARC code finite B&W code PCRIT based on Equations from classical Closed f orm elasticity
sical elasticity element model AMSE 5ection Il elasticity solutiontheory

Clad Effects Included in heat Clad included in heat Clad included in heat Clad included in heat Clad included in heattransfer but ignored transfer, stress analy- transfer. Contribution transfer but ignored in transfer, and in stress
in stress and fracture sis and fracture sol- of clad to thermal - stress and fracture sol- and fracture solutionsolution uttons stress included. Clad utions. (OCA-!! includes

.crn omitted in analysis of clad effects.)
pressure stressDO

Warm Prestress Yes. Included if Yes. Included if Ves, if both pressure Warm prestress included Warm prestress not in-
needed to show safe needed to show safe and temperature stress as option cluded for generic work,condition for worst conditition for worst are decreasing and Considered if P-T transientcases cases arrest criteria met is well defined

Acceptance Crt- No initiation of None stated No initiation unless Output provided without Arrest on or below upperteria flaws less than 1.0 arrest occurs within acceptance criteria. shelf. Preferably nodeep which do not 1/4 mall. With were User interprets results initiationarrest within 3/4 of prestress arrest must and imposes his Criteria
wall occur within 1/2 wall

_ _ _ - _ _ ___ ___ _ _ _ _ - - _ _ _ __-
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' TABLE 6.1. (Continued)

Assisnptions and Combustion
Inputs We*tirpouse Engineering Babcock & Wilcom ORmL 0CA-1 Code hkC Code

Shift in Rf407 Reg. Guide 1.99 encept Reg. Guide 1.99 with P.eg. Guide 1 99 (for Reg. Guide 1.99 e4DL mean curve based on
where 1 ss conservatism adjustment for low Oconea) surveillatice specimens

is justified by nickel. Plate mate- for pr(wabilistic analyses;

surveillance data rial based solely on mean plus 2.for datermin-
istic analy m1.99

No discussion in W Plant specified data Based on Oconee-1 Provided as user input. User specifted
Initial RTNDT

Generic report when available. CE capsule specimens. ,,

does not accept con- Otherwise based c1 BAw-
servatism of MTEB 5-2 10046A Rev 1. All

position of RT40T Oconee welds taken at
>10*F +20*F

Toughness Curves ASME ref erence curves A5ME reference curves ASME reference curves ASME reference curves as Mean tou9hness curves based
with 200 ksi /In. upper with 200 ksi /i7i. upper with 200 kst / tnt upper default. Optton to on OR*L data f or prooabilistic

shelf shelf shelf specify upper shelf. arialyses. ASMC for determin-
User may specify tstic analyses

alternate to ALME
curves analyses

Heat Transfer Model MARC finite element 3-0 ( ANSYS code) heat hu:nerical solution in- Closed form cuidaction solu.
Ch solution with clad transf er of vessel wall. cluding clad e fect. tion far polynominal or en-v

modeled and flim co- Clad metal treated as Film coef ficitnt is ponectial temperature nistory.*

ef ficient prescribed contribution to film user input Clad included with film co-
coefficient efficient

F la Dep t h 1.0 in. or less ha' discussed Depth not discussed. Not specified. desults Specified as st atistical dist-

Probably 1/4 wall or given as function of rtbution cf flew depths. F l ew

less flaw depth ocP h of 15% or less assumed
in deteristnistic analyses.

Radiation Fluence Worst case peak values Detailed r and e war- Specific for each weld Fluence variation throu9h Fluence variation througn wall

Variation with r except plant specific tation with weld spec- attn radial variation wall modeled modeled

and e surface values at ID ific values utilized

where dsta was avail-
able

initial Weld Worst case if data Surveillance specimen Cu, and P not specific Cu and P specified by See RfhDT snitt curve
Chemistry lacking. Otherwise historical trends, for Oconee vessel, but user

data f rom vendors and worst Case where representative of B4d
reports and from no data is available vessels
similar vessels

,
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6.2 EVENT SCENARIO EVALUATIONS
'

'

,_, In PNL's short-term effort described in this report, trends of published
analyses were used to guide assessments of the fracture implications of alter-,''

nate event scenarios. No independent fracture mechanics calculations were
performed. |

Alternate event scenarios were screened using information obtained from I

NRC staff members (see Figure 6.1). The trends predicted in Figure 6.1 were
reviewed and found tc be consistent with specific analyses that were performed
using detailed fracture mechanics simulations.

,;The most significant conclusion to be drawn from Figure 6.1 is that RT
NDTat the inside surface of the vessel must not be greater than the relevant cool-

down temperature if a flawed vessel is to safely sustain the full operating
pressure during a rapid cooldown. However, if the rapid cooldown occurs with
only minimal pressure, then RTNDT of the radiation-embrittled vessel can
exceed the final coolant temperature by as much as 100*F. It should be empha-
sized that the trends predicted in Figure 6.1 are for accident conditions in

,

which the acceptable failure probability is higher than would be acceptable for l

routine vessel cooldown.

6.3 FRACTURE INITIATION, PROPAGATION, AND ARREST

In a relatively conservative scenario, a small, pre-existing underclad
crack will be subjected to great tensile thermal stress as well as to more mod-
est levels of pressure-induced stress during the rapid cooling. As the vessel l

wall cools through the ductile-brittle transition temperature range, the initi- !
ation fracture toughness of the material is exceeded and the flaw grows into
the wall of the vessel, which has a gradient of decreasing stress and increas-
ing toughness. Next, the crack breaks through the clad, at which time the
crack would (in the presence of an embrittled stainless steel clad) tend also
to extend in length. The crack would continue to extend in length and depth
unless the stress intensity factor at the deepest point of crack penetration
into the vessel wall satisfied conditions for crack arrest. For the deep
cracks in a vessel that is under substantial internal pressure, it is possible,
if not probable, that arrest will not occur and that the vessel will rupture.,

Analyses of crack initiation, propagation, and arrest were reviewed to
establish if they address the above scenario in a conservative manner. All the
analyses conservatively assumed that the flaw initially extended through the

| clad. Also, all the analyses conservatively assumed that the initial flaw was'

long; some analyses assumed that the length was infinite. The initial flaw
| postulated by Westinghouse and Babcock & Wilcox had a length-to-de>ff >stio of
I 6:1, which is consistent with guidelines in ASME Section III, Appendo All3

analyses predicted crack growth when the applied stress intensity excuded the
ASME code lower-bound KIc values. All the initiation models are considered
to be acceptable and conservative, provided that the warm prestress effect is
not taken to suppress initiation. Concerns with warm prestress are discussed
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later in this chapter. Also discussed are recommendations for engineering4

safety factors for the crack-initiation predictions.
1 *
' except for the Babcock & Wilcox model, all analyses assumed that the flaw

was initially of infinite length or that it increased in length during propaga-
tion. The Westinghouse analysis used a particularly elegant "two-flaw con- 1

cept" to predict the crack propagation in both depth and length in a conserva- !
i
'

tive, but realistic, manner. The Babcock & Wilcox analysis is not entirely
i acceptable because it assumes that the flaw maintains the 6:1 aspect ratio as
j it grows in depth, and thus the flew is not permitted to grow to an infinite
j length. This deficiency in the Babcock & Wilcox model is not particularly 7,er-
; tous because their analyses of propagation and arrest are otherwise relatively

conservative in requiring that the initiated flaw be arrested within 1/4 of the
vessel wall.,

I

in contrast to the uniformly conservative analyses of crack initiation,
many aspects of all the crack-arrest analyses are questionable, particularly2

1 for flaws that penetrate deep into the vessel wall. An acceptance criterion,
) which used arrest at 3/4 of the wall thickness (t) for pressurized thermal ;

shock, was used by Westinghouse and Combustion Engineering. Concerns about the
'

unconservatism of this criterion are addressed in Section 6.11. Also, the ASME
code curve for arrest toughness may be unconservative, as documented below.

The pressurized thermal shock analyses usea linear elastic fracture mech-
anics to deal with crack arrest on the upper shelf. For deep cracks in vessels
under pressure, the crack-tip plastic zone size can extend sufficiently so that

4 the far boundary can have an effect on crack growth behavior. Furthermore, at
depths of 3/4 t, with pressures at a significant fraction of the design pres--

sure, the net ligament could fail by plastic instability. One cannot assume
that elastic fracture mechanics is valid under these conditions.

i

~} The NSSS owners group analyses of crack arrest may be adequate for pure
thermal shock conditions where the crack-tip stress intensity factors decrease
rapidly for very deep cracks. However, for conditions of pressurized thermal
shock, it is recommended that the linear elastic methods be restricted to flawsi

no more than, say, 1/2 of the vessel wall. Furthermore, the snalyses should
ensure that stresses on the unbroken ligament of deeply flawed vessels do not
exceed the limit load criteria.

It should be stated that sufficient detail was not available to determine '

if the plant-specific vessel integrity analyses did, in fact, predict any cases
of arrest of deep cracks in vessels under significant pressure. The concerns

i raised here are directed to a potential unconservatism that could lead to
i erroneous conclusions about vessel integrity.

In regard to arrest of relatively shallow flaws, it is believed that the
fracture mechanics analyses that were submitted to NRC are conservative. The
once exception is the definition of the ASME code K la curve in the criticaltransition temperature range. This report presents recent data for welds that
fall below the ASME code lower-bound K Ia curve. The lower bound on upper-
shelf toughness used in the submittals was 200 ksi /iii , which is, no doubt,

6.6
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conservative. Tests for arrest on the upper shelf should show that measured
arrest toughness on the upper shelf is actually greater than initiation tough-
ness. This reversal of the relative values of arrest and initiation toughness

,

' rom that for the transition temperature range can be explained. The reversal '

arises from the change from a stress-controlled brittle fracture to a strain-
controlled ductile fracture; from the rate dependence of plastic flow resis-
tance; and from the rising nature of the R-curve.

A concern not addressed in the NSSS owners group reports is a disturbing
trend noted by ORNL in HSST thermal shock tests. Crack initiation in these
vessel tests was governed by an apparent initiation fracture toughness that

- corresponded to the low range rather than to the expected mean of small-
specimen fracture toughness data. Their explanation is that the small speci-
mens did not stress as large a sample of material or that the specimens were
not sufficiently thick to develop fully the plane-strain plastic constraint at
the crack tip to give the worst-case conditions for brittle fracture. The long
crack fronts of the HSST vessel tests would enhance both the sample size and
plastic constraint effects. The ORNL observations probably have minimal signi-
ficance for predicting the initiation of the growth of relatively shallow and
short underclad cracks. Such cracks have relatively short crack fronts. For
crack arrest, the implications are more significant because the concern is with
flaws that have grown significantly in length. The ORNL tests indicate that
the lower-bound toughness curves in the ASME code are not as conservative as
the test specimen data would imply. That is, the behavior of vessels may lie
closer to the ASME code lower-bound toughness curve than to the mean toughness
curve. In this regard, the behavior observed in the ORNL vessel tests was, in
fact, somewhat above the ASME code lower-bound curve, but was well below the
mean of specimen data used by ORNL to predict the vessel behavior before the
thermal shock tests.

Revising the RTNDT shift curves, which are based on the HEDL analysis
of surveillance capsule data, may influence evaluations of crack arrest. Com-
pared to current Regulatory Guide 1.99 curves, the revised curves have lower
slopes and predict enhanced radiation damage for lower fluences. These shift
curves will thus predict a more uniform distribution of RT nT through a ves-N
sel wall. Also the enhanced toughness within the outer wall will not be as
great as some previous predictions. Therefore, predictions of crack arrest
based on the older shift curves may be overly optimistic. It is recommended
that the sensitivity of the arrest curves (as provided, for example, by the
ORNL OCA-I Code) to the change in shift curves be eval,uated. It is expected
that the critical flaw depths for initiation and arrest will tend to be driven
further apart.

Recent data from K la tests suggest that the present ASME code Kla refer-
ence curve may not be conservative. In this regard, crack arrest calculations
are most sensitive to the position of the Kr reference curve near the upper
end of the transition curve at temperatures'iO0*F < T-RTNDT < 200*F. Virtu-
ally no recent K measurements have been performed above T-RT = 140*F,

and,F.veryfewrel$blemeasurementsareavailableintherange-TNDT >
100

6.7
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The sharp upturn of the Kla-reference toughness curve at T-RTNDT >
100,F is based on a limited number of kid (rapidly loaded stationary crack

measurements (see Figure 6.2). 4toughness) measurements,notonKgkiallyless(factorofperhaps10)than
The load-

ing rates in kid tests are substan
the loading rates associated with the arrest of a running crack in KIa tests.
There probably is a close connection between kid and Kla, but kid values
cannot be viewed as reliable measures of KIa*

More recent Kla measurements are summarized in Figure 6.3 and provide
little support for a sharp upturn. This means that there is a possibility that

the Kla-reference toughness curve significantly overstates K a values forI
unirradiated A533B and A508 steel (plate and forgings) for temperatures
T-RTNDT > 100*F.

The Kla values for an unirradiated submerged arc weldment (see Fig-
ure 6.3) are well below the levels for A533 and A508. This figure illustrates
that the existing Kla-reference toughness curve overstates the Kla values
for the weldment at 100*F. The nonconservatism at the Kla- reference curve
at the upper end of the transition, as suggested in Figure 6.3, could be equiv-
alent to a roughly 50*F underestimation of the RTNDT. This underestimation
would have a substantial impact on EFPY.

Other data on K p have been reported in a Japanese document (unidenti-
fied) which was transTated for ORNL. The data were from the ESS0-type of test

AlldataforKyferencecurve.resupto160*Fon two heats of A533B plate. at temperatu
la re Details of theabove RTNDT were greater than the ASME K

tests were not reported in the Japanese publication. However, the results are j
believed to be questionable, due to the test technique used to measure Kla-

Ia values in the range 150*F < lMore efforts should be made to measure K
RTNDT < 250 F. In the meantime, a more conservative Ky3-reference tough-
ness curve should be included in the crack-arrest calcuTations. As an ad-hoc

measure for PTS calculations, it is recommended that the present Kg$ rends at
refer-'

ence curve be shifted 50*F. This will be consistent with the data
higher temperatures shown in Figure 6.3. Any overconservatism at lower temper-
atures will be of no consequence, since only the upper temperature range has
any bearing on crack arrest under PTS conditions. A long-range revision of the
ASME K reference curve should be based on a review of available data by ala
qualified task group.

6.4 NIL-DUCTILITY TEMPERATURE CRITERIA

The nil-ductility temperature approach of Pellini(22) is a simplified
engineering guide to the prevention of brittle fracture, and can be used in
place of detailed fracture mechanics analyses. This approach defines a minimumi

!

servicetemperature(TjEe)dasfollows:for low strength ferritic steels (oy > 50 ksi) i

andismostcommonlysTa |
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Tmin 1 RTNDT, if a < 5 to 8 ksi

1 NDT + 30*F, if a < 25 ksiRT

1 NDT + 60*F, if a < 50 ksiRT

1 NDT + 120*F, To ensure upper shelf ductile failure( RT
at ultimate strength

These criteria are largely empirically based and are supported by documented
cases of in-service brittle failure. The approach does not require detailed
stress or fracture mechanics analyses, and it is a useful guide when load and
stresses are not well defined, or when detailed analyses are not practical.

The nil-ductility approach has also been developed to include the effects
of thick section sizes such as those present in reactor vessels. Results pub-
lished by Pellini(24) are shown in Figure 6.4, and their implications are
indicated in Table G.2. For the arrest of a large through-thickness crack
(TTC), the criteria are essentially as stated above. However, for the initia-
tion of a small crack, which is essentially the situation of concern in PTS
events, the thick-section criteria is considerably less restrictive. In the
case of high levels of applied stress in the yield stress range, one may
operate at a temperature only slightly above NDT. This conclusion is not
inconsistent with detailed fracture mechanics results generalized in Fig-
ure 6.2 (see Section 6.2).

! Provisions of the ASME Pressure Vessel Code and NRC criteria have often
been based on simple limits related to RTNDT. For example, ASME Section III
requires that preservice proof tests be performed at a minimum temperature of

,

l

RTNDT + 60*F as a safeguard against catastrophic fracture. Similarly, Regu-
latory Guide 1.99 requires that vessels be designed for thermal anneal if
RTNOT is expected to exceed 200*F before end-of-life. It is stated or
implied that a conservative shifted value of RTNDT at the 1/4 wall location
after radiation exposure is RTNDT = 200*F. Furthermore, the background to
Regulatory Guide 1.99 states that the intent is to allow a 200*F decrease in
coolant temperature from the operating temperature to account for system tran-
sients. This would ensure upper-shelf toughness during transients that result
in cooling to 350*F.

,

There are a number of difficulties in applying RTNOT criteria to the PTS
problem. These include identifiying the cooling transients that would give the
appropriate minimum service temperature, and establishing the required margin
above the RTNDT. Simplistic application of the Pellini(221 criteria would
suggest that imin > RTNDT + 120 F for the severe stresses associated with
thermal shock. For the Rancho-Seco transient, which involved cooling to about
280*F, the required maximum allowable RTNDT would be a very conservative
value of 160 F. However, an irradiated vessel will have a significant through-
wall gradient in toughness (RTNDT varies through the wall), and during the
cooling there will be a gradient in temperature through the wall. Both factors
have a bearing on the appropriate maximum value of the inside surf ace RTNDT
required to avoid brittle fracture during a thermal shock transient.

6.11
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TABLE 6.2. Implications of Failure Analysis Diagram (24)
for Thick Sections

Relative Temperature for
Preventing the Onset of

Relative Tempp Crack ExtensionApp' lied Strpsy toArrestaTTC\ggture;

ys ksigasl O' / Small Crack Large Crack

1 60 NDT + 130*F NDT + 20*F NDT + 60* to 110*F

0.75 45 NDT + 120*F NDT + 0*F NDT + 50* to 90*F

0.50 30 NDT + 100*F NDT + 0*F NDT + 0* to 60*F

0.75 15 NDT + 60*F NDT + 0*F NDT + 0*F

-0.1 5-8 NDT + 0*F NDT + 0*F NDT + 0*F

(a)foroys=60ksi.
(b) TTC = through-thickness crack.

The ir. tent of dete.iled fracture mechanics analyses should be to establish

appropriate limits of(RTWDT in a more realistic manner than is possible withthe Pellini criteria, 221 which are based on experience outside the area of
reactor vessel integrity. Nevertheless, the limiting RTNDT's that are based

I on detailed fracture mechanics analyses should be consistent with or be viewed
as refinements of the proven empirical criteria. The danger in applying
detailed fracture mechanics is that unconservative inputs to the analyses can
lead to unconservative RTNDT limits. For example, by assuming nonconserva-
tive transients or very small flaw sizes, one could erroneously predict the
safe operation of vessels with very low toughness corresponding to excessively
high values of RTNDT.

6.5 CONSERVATISMS IN ANALYSES

It is desirable that fracture evaluations be conservative enough to ensure
a suitably low probability of failure without being excessively conservative.
Excessive conservati3ms can result in unnecessary operating restrictions.
Sources of conservatisms and engineering safety factors, and the appropriate
levels for these factors, will be described in this section.

,

,

In this analysis of fracture mechanics, the pressure and temperature hist-
ories used as input are assumed to be realistic. It is left to the overall
risk analysis to assign suitable probabilities to the occurrence of the load-
ings. In the fracture mechanics analyses, no additional safety f actors have
been applied in the 150-day responses to the pressure temperature transients,
nor does the ASME code or NRC require such factors on loads.

6.13



There is no requirement to overestimate stress in the stress analyses nor
are the calculations of crack-tip stress intensity factors in the fracture
mechanics analyses required to be anything other than as accurate as possible.
The vessel beltline geometry, applied loadings, and postulated flaws are suf-
ficiently simple to allow sufficiently accurate solutions for elastic stress
intensity factors. It is believed that these solutions for the PTS scenarios
have accuracies on the order of 10 1

The conservatisms present in the PTS fracture analyses are from two
sources, namely, the fracture toughness estimates and the size and shape esti-
mates of the postulated flaws. Fracture toughnesses in the various PTS analy-
ses were based on the reference toughness curves in ASME Section XI. The code
toughness curves were derived as lower bounds on data, but the curves contain
no arbitrary safety factor. In fact, the curves do not extend below actual
fracture toughness data points. This implies that there is a finite probabil-
ity that a given vessel has a toughness at some location equal to or even less
than the ASME bounding curve. Furthermore, as discussed above, recent data.,

! indicate that the current ASME K Ia curve may not always be a lower bound,
particularly for weld material.

Closely related to the reference toughness curves are the estimates of
initial RTNDT and the radiation-induced shift in RTNDT. There are unrelia-
bilities associated with the use of RTNDT as the sole parameter for charac-
terizing the toughness of ferritic steels in the transition temperature range.
The current ASME characterization method assumes that the shape of the fracture
toughness curve is constant for all applicable materials. For nontypical
heats, one cannot rely on the curve to always give a lower bound. Neverthe-
less, RTjDT provides a useful approximation for characterizing toughness fort
large shifts in transition temperature produced by irradiation.

Characteristics of radiation-induced shift are discussed in detail in
Chapter 5.0. It should be noted here, however, that certain licensee analyses
may have used vessel-specific properties based on the initial RTNDT specimens
and shift as measured from surveillance specimens. These fracture mechanics,

analyses could, in fact, be based on shift values more representative of mean
rather than upper-bound values. As such, there is no conservatism in the esti-
mated shift implied in these vessel-specific analyses. However, for the older

| vessels of concern in the 50- and 150-day responses, intial RTNDT and the
I shift in RTNDT have been estimated, in most cases, on the basis of NRC cri-
l teria. These criteria were developed as bounding curves. Again, these bounds

are not unreasonably conservative because in isolated cases, actual surveill-
ance data can be shown to fall in line with bounding curves (e.g., those given
in Regulatory Guide 1.99).

Considerations of flaw size are discussed in Section 6.9. The postulated
flaw sizes in the PTS analyses are intentionally conservative. The flaw sizes
are the only input to the analyses that are not supported by data, and this
does not allow the realism or bounding nature of the input to be evaluated.
In the PTS situation, postulated flaw depth is not a good, direct measure of
conservatism. Under thermal shock, there is an increase in fracture toughness

6.14
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and a decrease in thermal stress with depth into the vessel wall. This makes
1predictions of crack initiation relatively insensitive to flaw depth. Accord-

ingly, PTS evaluations by the licensees have considered the consequences of
flaws smaller than the maximum postulated size. With regard to crack arrest,
small flaws can be even more dangerous than large flaws. Small flaws will ini-
tiate at higher stress levels and will propagate to a greater depth before
arrest.

In summary, the fracture mechanics analyses and each of the inputs except
: flaw size have no arbitrary safety factors. Nevertheless, the bounding nature
i of the inputs, when combined, tend to provide a safety margin. In other words,

the probability is low for the postulated flaw to be present at a location of

lower-bound toughness that also experiences an upper-bound shift in RTNDT-
The estimates of these probabilities have been performed by J. Strosnider of
the NRC staff using the VISA code based on Monte Carlo simulations. An evalua-
tion of these analyses is addressed in Chapter 8.0.

6.6 SAFETY FACTOR CONSIDERATIONSi

Any conservatisms of the PTS fracture mechanics predictions in the licen-i

see responses are not based on arbitrary safety factors. An exception is
safety factors that may be implied by the size of postulated flaws. The safety
factors prescribed by the ASME code are evaluated in this section. Also eval-
uated is whether or not the lack of explicit safety factors in the licensee,

responses is consistent with code requirements.

j Guidelines for fracture mechanics evaluations are given both in ASME Scc-
tion III, Appendix G and in ASME Section XI, Appendix A. In many respects,
both sections prescribe similar methodologies. The evaluations for the PTS
situation would fall most likely under rules in Section III, which describe
pressure-temperature and toughness requirements. Section XI addresses the con-
sequences of known flaws detected during in-service inspection.

For normal (Level A) and upset (Level B) loads, Appendix G requires a fac-
tor of 2.0 on the stress intensity factor for pressure-induced stress, but it
does not require a safety factor on thermal stress. The evaluation is based
on the KIR fracture toughness (i.e., the arrest toughness at the point of
deepest crack penetration). Using arrest toughness rather than the higher ini-
tiation toughness can be viewed as an implied safety factor or conservatism.
The postulated flaw in Appendix G is a 3/2 wall long by 1/4-wall deep (6:1
aspect ratio).

Pressurized thermal shock would be classified in Appendix G with Level C
and D loads (emergency and faulted, respectively). The code gives little guid-
ance for fracture mechanics evaluations, but it does recommend that the prin-
ciples prescribed for Level A and B loads be used in the evaluations. Also,
the defect sizes, material toughness, and loadings should be justified on an
individual case basis. No specific safety factors are suggested, and in this
sense, the licensee fracture evaluations for PTS do not fall outside code
requirements.

6.15
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Section XI.provides somewhat more specific guidelines for flaw evalua-
tions. For normal and upset loads a factor of 10 on flaw size is specified,
or as an alternative, a factor of 6, 6 = 3 can be applied to fracture toughness.
A further conservatism for normal and upset loads is that the arrest fracture
toughness be used in the evaluation. Thus, a net safety factor greater than 1

three for fracture initiation is required when comparing applied K to the !
lower-bound toughness curves for initiation. )

Criteria in Section XI are less conservative for low-probability emer-
gency and faulted conditions such as PTS than they are for normal and upset
loads. Predictions of crack initiation are based on the K Ic initiation curverather than the Kla rrest curve. A safety factor of 2.0 on criti' cal flaw
size is specified, but as an alternative, a safety factor of 4 can be imposed
on the ASME code reference KIc curve. Under emergency and faulted condi-
tions, KIc can be used if analyses show that crack arrest will occur within
3/4 of the vessel wall; otherwise, the initiation prediction is to be based on
the more conservative arrest toughness curve.

In summary, the safety factors in the ASME code for fracture evaluations
are quite small for emergency and faulted loads. The PTS fracture evaluations
reviewed by PNL do not include safety factors, and this is consistent with the
ASME code only if one assumes that the postulated flaw sizes used in the PTS
calculations have a factor of two applied to flaw depth, and that the accep-
tance criteria include some demonstration of crack arrest capability.

It is recomnended that specific safety factors be applied in PTS fracture
mechanics evaluations to provide recognition for possible unreliability in ana- i

lytical treatments and input parameters. The safety factor should be modest !and consistent with traditional ASME code factors for emergency and faulted !
conditions. Considering that fracture behavior is somewhat insensitive to flaw

!size under thermal shock conditions, it is recommended that the safety factor
be applied to the stress intensity factor rather than to flaw size. Accord-
ingly, the following options for safety factor are suggested:

a. No safety factor on crack initiation is required on the basis of the
ASME KIc reference curve, provided that crack arrest can be demon-
strated. However, the arrest analysis must be based on the conserva-
tive criteria outlined in Section 6.11 (i.e., revised K la referencecurve, arrest within 1/2 wall, etc.).

b. An implied safety factor on crack initiation can be imposed by using
the Kla toughness curve as the criterion for initiation. The
revision of the ASME K a curve should be used. No demonstrationI
of crack arrest is then required.

c. A safety factor of M on the crack initiation can be imposed on the
basis of the ASME KIc reference curve. No demonstration of crack
arrest is then required.

|
|

t
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6.7 PROBAEILISTIC ASSESSMENTS

Recent calculations by Strosnider at NRC have addressed vessel integrity

computer code described by Gamble and Strosnider.(20)ethods(21) that use a
under pressurized thermal shock using probabilistjc m

The methods described
in these reports were reviewed on April 15, 1982, by Strosnider and members of
the PNL Pressurized Thermal Shock Team. Details of the methodology will not
be discussed here. Rather, the probabilistic analyses will be used to inter-
pret the deterministic predictions of the NSSS users group analyses. The
intent will be to assess the conservatism of the deterministic analyses as a
certain level of (low) failure probability.

The Strosnider probabilistic analyses were found to closely parallel
deterministic methods such as those used in the ORNL OCA-1 code. (In fact, an
extension of the OCA-I code is being developed to include a probabilistic fail-
ure prediction.) Treatment of the pressure and tempertture transient is
treated in a purely deterministic manner, as are the predictions of the corres-
ponding vessel stresses and crack-tip stress intensity factors. Only the flaw
size and fracture toughness are treated in a probabilistic manner.

Uncertainties in estimating fracture toughness of an irradiated vessel and
uncertainties related to estimating RTNQT are addressed through statistical
distributions. The mean curves for estimating toughness and shift in RTNDT
were essentially the mean curve counterparts of the upper-bound ASME code frac-
ture toughness curves and the HEDL surveillance-based shift curves. Uncertain-
ties in copper content and fluence levels are also simulated by statistical
distributions. In effect, the analyses account for the possibilities of the

I inputs having upper-bound-type values, but does not assume, as in deterministic
analyses, that all inputs always have upper-bound values for a given overcool-
ing accident.

Although the probabilistic predictions have been considered to be mainly
qualitatively correct and useful for sensitivity calculations, it is believed
that the analyses also show semiquantitative trends. In this context, predic-

code 2{omthedeterministicOCA-Icode(25)andtheprobabilisticVISAtion
were compared. The comparison involved a postulated vessel with a

high level of radiation embrittlement subjected to the conditions of the
Rancho-Seco transient. The specific parameters were:

Rancho-Seco transient

0.35% Cu

RTNDT - 20*Fo

No warm prestress
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The OCA-I code predicts the following conditions for crack initiation:

Fluence (at surface) = 10.0 x 1018 n/cm2

RTNDT (at surface) - 300*F (from Regulatory Guide 1.99)

Initial depth of flaw - 1.0 in.

Time - 70 min into transient (coolant temperature of 280*F and
pressure of 2000 psi)

In contrast, the VISA code predicts a failure probability of about 10-5
at a fluence of 10.0 x 1018 n/cm2 The estimated probability of having a
flaw of the required 1.0-in. depth is approximately 10-2 Given the exist-
ence of this flaw in the critical weld, the probability of f ailure is approxi-

flaws in vessel welds, and not specifically for underclad cracks (ypes of
The 10-2 flaw probability is based on data for all tmately 10-3

which are of
greatest concern to PTS). A probability of 10-2 is, no doubt, conservative
for vessels found to be free of detectable flaws after an effective in-service
inspection as described in Chapter 7.0 of this report.

Comparison of deterministic (0CA-1) and probabilistic (VISA) predictions
indicates that the conservative inputs to the deterministic analyses imply a
low probability of failure. It should be stated that the predicted probability
of failure increases rapidly with an increase in RTNDT. An increase in
RTNDT from 300* to 360*F implies an increase in predicted f ailure probability
from about 10-5 to about 10-3

It is believed that probabilistic analyses are a useful method for eval-
uating the level of conservatism in deterministic analyses. It is recommended
that the existing base of preliminary probabilistic predictions be refined and
expanded to increase their credibility and usefulness. The main need is to
improve the estimates of mean and variance for the input variables. The great-
est limitation at present is the lack of a good basis for the probability of
occurrence and size distributions for near-surf ace flaws in vessels. The most
effective near-term improvements in the probabilistic analyses would be
achieved through a formal or informal peer review, which would establish a con-
sensus on the judgmental-type inputs to the model.

6.8 WARM PRESTRESS

All three NSSS vendors used the concept of warm prestress. However, for
plant-specific analysis, it was possible to show that for most postulated acci-
dents, vessel f ailure did not occur even when no credit was taken for warm pre-
stress. Only as a last resort was warm prestress included in the analyses.

A large and consistent body of empirical evidence indicates that crack
growth does not initiate under conditions of decreasing crack-tip stress
intensity factors (K). The evidence for the warm prestress effect under

6.18
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increasing K at levels below a previous K-maximum is believed to be less con-
vincing. In this regard, the responses claimed credit for warm prestress only

i for situations of decreasing K.

Reservations regarding effects of warm prestress focus on the requirementt

of a decreasing crack-tip K value. This condition can be readily violated by'

i any small but rapid increase in system pressure, which would produce a sharp
increase in K at the crack-tip. Plant records have shown that pressure fluctu-
ations occur during cooling transients, and these functions could have negated
assumptions regarding conditions of decreasing K from a decaying thermal stress
field. Pacific Northwest Laboratory's review has also encountered scenarios
where the K level continues to decrease late in the transient; the decrease
occurs only because predicted thermal stresses decay more rapidly than does the
predicted increase in stress due to repressurization. In certain cases, the K
level decreases only slowly and never falls much below its peak value. In such
situations small changes in the pressure / temperature history would negate the
supposed benefit of warm prestress.

| We recommend that warm prestress be included in vessel integrity evalua-
tions only if it can be clearly and convincingly shown that an increasing K
field cannot exist during the critical portion of the transient. We do not
question laboratory demonstrations of warm prestress. The HSST vessel thermal
shock tests conducted by ORNL have exhibited warm prestress effects. The con-
cept has proven valuable in explaining the outcome of controlled laboratory
experiments, but it should be used with great caution in conservative engineer-
ing safety evaluations where the detailed conditions of loading are subject to

I considerable uncertainty. Furthermore, claiming benefit from warm prestress
I could be viewed as inconsistent with other engineering approximations in the
| fracture mechanics evaluations. For example, fracture mechanics evaluations
I typically neglect possible harmful effects of residual stresses in vessel

welds.

6.9 FLAW-SIZE CONSIDERATIONS

A critical input to the fracture mechanics evaluations is the postulated
flaw size. In this regard, analyses in the licensee responses are vague and
provide little or no justification for the upper-bound flaw sizes used in their
fracture mechanics analyses.

In establishing pressure temperature limits for normal and upset loads,
Appendix G of ASME Section III specifies a 1/4 wall flaw of 6:1 length-to-
depth ratio. Appendix G would cover PTS as emergency and faulted loads but
gives little guidance as to the postulated flaw size. The Appendix does, how-
ever, state that postulated flaw size is to be justified.

The Westinghouse owners group report (4a) specifically states that they
used a 1-in.-deep flaw of 6:1 ratio. They justified this with statements
regarding flaw detection capabilities for in-service inspection. The other
owners group reports make no statement about postulated flaw depths. One can
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infer that Babcock & Wilcox considers flaws of 1/4 wall or less, because their
acceptance criteria call for arrest at 1/4 wall. The Combustion Engineering
owners group report states that "no initiation is permitted." This probability
means that they postulated the existence of any flaw that might initiate. In
the context of the " football curve," this means that the initiation zone is
required to be of zero size, or that the initiation zone lies to the right of
the warm prestress line.

None of the reports makes any mention of actual known cracks in vessels
or even discusses possible mechanisms of cracking o'r characteristics of poss-
ible cracks. Reports on ORNL and EPRI studies on the PTS problem have alluded
to underclad cracking mechanisms and factors that can contribute or preclude
such cracks in specific vessels. Information of this type, along with definite
information on crack detection capabilities, could provide a basis for
postulating worst-case flaw sizes in the critical welds of concern.

A 1-in.-deep flaw, as postulated by Westinghouse, could be justified on
the basis of an effective inspection procedure (see Section 6.1). Assuming
that a flaw of about two clad thicknesses (about 0.5 in.) can be detected, the
1-in. depth would provide a margin of two relative to flaw depth as specified
in the ASME Section XI rules for evaluation of known flaws under emergency and
faulted loads. A 1-in. flaw would be about 1/8 wall and would be consistent
in being somewhat less conservative than 1/4 wall Section III, Appendix G, flaw
for normal and upset loads.

i
6.10 CLAD EFFECTS

The treatment of clad effects was f airly uniform in the various analyses.
The benefit of clad is included as an impedence to heat transfer to the base
metal of the vessel wall. Structurally, the cladding has been ignored or, if
included (as in the Combustion Engineering fracture model), has been modeled
in a manner such to enhance crack growth.

ThepresenceofcladwillenhpnQetheprobabilityoftheexistenceofacrack in critical welds. Marston( 61 discusses factors leading to underclad
cracking (e.g., metallurgical and welding variables) for weld-deposited clad.
Notably, none of the licensees' responses addressed the potential for under-
clad cracks in their specific vessels. Clad will also enhance the existence
of flaws because cladding interferes with an effective ultrasonic inspection.
Difficulties of detecting underclad cracks are addressed in Chapter 7.0.

The effects of clad on crack propagation under thermal shock conditions
has been considered in the HSST program at ORNL. Their HSST work on this topic
was reviewed by PNL during a visit to ORNL on April 20, 1982. To date, only
scoping-type calculations have been performed, but an accelerated experimental
program is underway. Results are scheduled to be available in June 1982.

It is quite possible that underclad cracks in the base metal of the vessel
will not extend into the clad during a PTS event. Under thermal shock, the
clad will tend to restrain the opening of cracks and, hence, more severe
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transients and greater embrittlement would be required for vessel failure.
Additionally, the ORNL tests now in progress are expected to demonstrate that
a tough clad material will " pin" the ends of a surf ace crack and prevent it
from growing circumferentially or longitudinally in a vessel. Such an effect
would greatly enhance the possibility of arresting initiated cracks after a,

! limited amount of growth in the depthwise direction. However, the toughness
j of clad material, particularly after irradiation, is not currently known.

Until ORNL data on irradiated clad are available, credit for favorable clad
effects on crack initiation and arrest is not justified for conservative vessel
integrity evaluations. None of the licensee's evaluations have taken such
credit for clad.

6.11 ACCEPTANCE CRITERIA

The discussion of the NSSS owners group responses showed clear differences
in acceptance criteria and, therefore, in levels of conservatism regarding
acceptable vessel performance in a PTS event. The differences include postu-
lated initial flaw sizes, crack initiation criteria, and allowable flaw depthst

for crack arrest. The ASME code fails to define specific criteria in Sec-
tion III, Appendix G, for emergency and faulted loads. Therefore, it is
necessary to define minimum acceptance criteria as well as ground rules for
fracture mechanics calculations if NRC is to evaluate plant-specific responses
on a uniform basis.

A number of alternative criteria for evaluating vessel integrity have been
proposed by PNL. For a detailed list of the criteria, the reader is referred

! to the Conclusions and Recommendations (Chapter 2.0) of this report.
|

| Unconservatisms in the crack arrest analyses in the 150-day responses were
outlined in Section 6.3. Further justification for the proposed crack-arrest

criteria are stated in the following paragraphs.

The response in the Babcock & Wilcox owners group report (3d) proposed
arrest at 1/4 wall, which is more conservative than that proposed here, but the
additional conservatism is justified because Babcock & Wilcox did not consider
the crack arrest for a long flaw but rather for a 6:1 (length: depth) flaw.
Westinghouse and Combustion Engineering proposed a criterion of arrest of a
long flaw at 3/4 wall. This criterion was considered unacceptable for three
reasons:

1. Arrest at a depth of 3/4 wall would be such that vessel failure in a
ductile manner would be of concerrn if the operating pressure should
be imposed late in the transient or 5fter termination of the trans-
ient during post-accident recovery. These conditions of pressuriza-
tion have not been addressed by the vendors. The 3/4-wall flaw depth
for arrest is that given in ASME Section XI, Appendix A, for evalua-
tion of flaws detected during in-service inspection. This flaw size
is believed to have been included in the code in the context of ves-
sel thermal shock in the event of a large-break LOCA.
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2. In the large-break LOCA system, repressurization is physically impos-
sible. On the other hand, pressurization in a PTS event is not only
possible, but is desirable to maintain pressure at specific levels. j

Also, in a large-break LOCA, plant operation at pressure cannot and
will not occur for an extended time period; thus, only safe shutdown ,

Iof the plant is of concern. Furthermore, the safety implications of
a through-wall flaw is different for an unpressurized vessel. j
Because there would not be a large release of energy as could occur
in a PTS scenario, a leak rather than a break would be the possible
result.

3. Plant personnel may have no indication that a large flaw has been
created in the vessel wall during a PTS event. Only a detailed and
effective in-service inspection could detect flaws that were initi-
ated and arrested in a PTS event. Accordingly, item "d" of cri-
teria 6 (see Section 2.4) requires a minimum level of acceptability
of the arrested flaw under normal (as opposed to accident) condi-
tions. This criterion is proposed because normal heatup and cool-
down transients will subject the vessel to temperatures well below |

RTNDT*

Item 6c (Section 2.4) addresses the selection of an initiation
assumption to ensure that the crack jump is not underestimated in the
arrest calculations. This criteria is in need of further detailed devel-
opment. The Westinghouse owners group report has an approach that is
consistent with PNL's recomendation. Specifically, the Westinghouse
approach identified the maximum flaw that could initiate [a (max)] for jc
cases where warm prestress was applied.

6.12 SENSITIVITY ANALYSES

Fracture mechanics analyses were performed to establish the sensi-
tivity of the fracture predictions to the inputs and assumptions. These
calculations were performed for a high copper and nickel weld in a postu-
lated vessel with relatively high fluence and high initial RTNDT-
ResugreportedatORNLfortheRancho-SecotransientusingtheOCA-Icode formed the basis of the present estimates. Results for the
sensitivity analyses are given in Table 6.3. A definition of the base-
line conditions is also provided.

In the calculations listed in Table 6.3, each of the factors was

changed independently to perturb the conditions of the ORNL baseline ana-

in.-deepflawatafluenceofabout1.0x10gtiongffracturefora1.0-lyses. The ORNL analysis predicted the init|
n/cm when the benefit'

of warm prestress was neglected. For the high-fluence vessel considered
here, this fracture condition would occur at 6.6 EFPY of operation. The
effect of changing each factor is expressed in Table 6.3 as an increase
or decrease in EFPY before encountering a critical condition for fracture

I if the vessel were to encounter conditions similar to those of the i
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TABLE 6.3. Sensitivity of Fracture Mechanics Analysis to Input
Parameters and Assumptions (for a postulated vessel 1

with severe radiation embrittlement subjected to
conditions of the Rancho-Seco transient)

Impact on Critical Flaw Growth
!

Increase /Dec{F
easeCondition EFPY Increase / Decrease in RTFactor Changed from Baseline Case Yr in EFPY, yr NDT,

Baselineconditions(a) 6.6 0 0

Cu, 0.25% vs. 0.35% 11.3 +4.7 -47

Warm prestress 16.5 +9.9 -99

Arrest at 1/2 wall 6.6 0 0

Arrest at 3/4 wall 10.0 +3.4 -34

Underclad flaw vs. surface flaw 10.1 +3.5 -35

Residual Stress +20 4.1 -2.5 +25
(ksi) +10 5.6 -1.0 +10

-10 8.8 +2.2 -22
-20 13.6 +7.0 -70

Increase in coolant +10 7.6 +1.0 -10
| temperature at +20 8.6 +2.0 -20
I vessel wall (*F) +50 11.6 +5.0 -50

+100 16.6 +10.0 -100

0.5-in. flaw 9.9 +3.3 -33
vs. 1.0-in. flaw

(a) Baseline conditions:
e Rancho-Seco transient
e 0.35% Cu, High Nickel

eFluence-1.5x10gocragkarreste No warm prestress:
1 n/cm per EFPY'

- 20*Fe Initial RTNDT
e Increase in RTNDT = 10,F EFPY
eConditionsforcrackingtiation

Fluence = 1.0 x 10' n/cm
Flaw depth - 1.0 in.
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Rancho-Seco transient. The equivalent change in peak inside surface RTNDT
at the time of the transient is also tabulated.

Effects on fracture were estimated using three alternative approaches.
First, the collection of curves given in the ORNL report allowed the effects

1

of copper, wann prestress, crack arrest, and flaw depth to be read directly i

from the curves. Effects of changes in coolant temperature were converted
directly into an increase in RTNDT on the basis of the assumed rate of '

increase of 10*F per EFPY at 6.6 EFPY. Finally, the effects of increasina the
crack-tip stress intensity factor for a given flaw depth (due to residual
stress or modeling the flaw as an underclad or surface crack) was estimated
from the ASME lower-bound KIc toughness curve. Data in the ORNL report
indicated that fracture was predicted for the baseline when a Kg of 90 ksi
/in. was achieved. Changes in K were first expressed as an equivalent change

in RTNDT, as given by the ASME reference toughness curve, and then related
to EFPY.

Reductions in copper-content--from 0.35% to 0.25%--nearly doubled the
predicted life of the vessel, giving about a 5-year increase in allowable EFPY. )

Of the assumptions made in the analyses, the inclusion of warm pre-
stress had the greatest impact on vessel life, giving nearly a 10-year increase
in EFPY and more than doubled the predicted vessel life. Allowing flaw initia-
tion, with the restriction that arrest occur at a crack depth of 1/2 of the
vessel wall, gave no increase in vessel life. Only by allowing the arrested
flaw depth to increase to 3/4 of the vessel wall was an enhancement in pre-
dicted . life of about 3 EFPY attained. j

An estimate of the decrease in the crack-tip stress intensity factor was ,

Imade for an underclad flaw. The estimate was then compared to an estimate for
a flaw of the same depth but which extended to the surface of the vessel. This :

is a less conservative, but perhaps more realistic, analysis of a flaw that
might actually exist in a vessel. The estimate of the behavior of the true
underclad flaw increased the predicted vessel life from 3.6 EFPY to about
10 EFPY. A similar increase in vessel life was estimated when flaw depth
(1.0 in.) was decreased by a factor of two (to 0.5 in.).

Uncertainties in the actual level of stress in the vessel were evaluated
by postulating the existence of residual stresses of *10 ksi and *20 ksi. In
this regard, no information was available on residual stress in vessel welds.
A 10 ksi stress is believed to be a realistic bound on the stress remaining
after stress relief of a welded vessel.

The postulated tensile residual stresses gave 'a modest decrease of 1 to |
2 EFPY in vessel life. Compressive residual stresses gave a more dramatic
increase in predicted vessel life. In this regard one would expect that favor-
able levels of very high, compressive residual stress could totally cancel the

Ipeak tensile thermal stresses developed during the cooling transient. If K
| values during the transient were less than the KIc toughness on the lower
| shelf, the analyses could not predict fracture even for very high fluence l

'levels that correspond to an unlimited period of EFPY of operation.
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7.0 NONDESTRUCTIVE EVALUATION

The ability of nondestructive evaluation (NDE) to detect and characterize
flaws in pressure vessel material provides an opportunity to decrease the prob-
ability of f ailure from a PTS event. Nondestructive evaluation techniques that
were developed in Europe can be used to detect and characterize flaws near the
clad surface of the vessel. In addition, the techniques can be used to assess
the integrity of the inner surface of the vessel.

This chapter provides a preliminary evaluation of NDE techniques that can
be used to detect underclad cracks. The evaluation will consider 1) current
techniques for detecting small flaws near the clad of the vessel surf ace, and
2) current code requirements and the state-of-practice for near-surface flaw
detection.

7.1 CURRENT NONDESTRUCTIVE EVALUATION TECHNIQUES

Currently, a specialized inspection technique developed in Germany and
France is generally accepted as providing optimum detection results.(26,27,28,29)
The detection technique requires that 70 refracted compressional waves be
focused just beneath the clad surface of the vessel (Figure 7.1).

NRC.(A preliminary evaluation of this inspection technique was made by PNL fora) The evaluation was a " blind" test involving PNL staff members.
Flaw amplitude response and crack detection measurements were made to

| determine an approximate signal-to-noise re.tio.
' The internal, " blind" test was conducted using a pressurizer dropout that

contained nine actual underclad cracks generated by a thermal fatigue process.
The cracks were oriented both parallel and perpendicular to the direction of
the cladding. The cracks ranged in depth from 0.25 to 0.75 in through the
wall. Although none of the three operators had prior knowledge of crack loca-
tion, each operator detected every crack.

Measurements of flaw amplitude response from each of the cracks (labeled
A through I) in the pressurizer dropout were compared with the amplitude
response from a 3-m, flat-bottom reference reflector (Table 7.1). The flaw
amplitude response was measured from two directions (180* apart) as would be
done during actual field tests. Figure 7.2 shows the response of the cracks
in the pressurizer dropout as a function of baseline noise measured on inspec-
tion instruments. The noise level is highest at the clad / base-metal

(a) Evaluation of the techniques was undertaken as part of an existing NRC
program, Integration of Fracture Mechanics and Nondestructive Testing. The
NRC technical contact is Joe Muscara.
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| TABLE 7.1. Sensitivity Standard: 3-mm Flat-Bottom Reference Reflector

j Flaw Depth Reference Reflector Response

! Flaw Through Wall, in. Direction A Direction B

A 0.5 in. +3 dB +6 dB

B 0.5 in. +5 dB +5 dB

C 0.25 in. +6 dB Direction Direction +10 dB
A B

|
D 0.5 in. +3 dB +5 dB

+5 dBE 0.25 in. +14 dB /
F 0.15 in. +4 dB [ +8 dB

G 0.5 in. +1 dB +2 dB

I

| H 0.75 in. +6 dB Flaw +12 dB

!

I 0.75 in. +9 dB +1 dB
f

l TABLE 7.2. Ranking of Flaw Detectability Based on Type of Clad,
Type of Finish, and Direction of Flaw

Flaw Direction with
Detectability Respect to Clad Finish Clad

Very High Perpendicular Smooth Strip or Multiwire

}
Very High Parallel Smooth Strip or Multiwire

Moderate Perpendicular Snooth Manual

| Moderate Perpendicular Unground Strip or MW
Moderate Parallel Unground Strip

Moderate Parallel Unground MW

Low Parallel Smooth Manual

Low Perpendicular Unground Manual

| Low Parallel Unground Manual

|
[

7.3

l

._______-_________________________ . ---- . _ .



20
NOTCHES THROUGH CLAD

/
_

_ ASME NOTCH

ER M AL FATIGUEz
o 0 - 3mm FBH UNDER CLAD CRACKS
y 7 ;;;~

. OCCASIONAL
~

.# CLAD INDICATION

-10 - ',

PERSISTENT
NOISE

-20
64-2 2 4 6 8 i
CLAD BASE METAL

SURFACE O 10 20
DEPTH (mm)

FIGURE 7.2. Flaw Response from Pressurizer Dropout

interf ace and decreases with depth through the wall. However, even at the
clad / base-metal interface, the signal-to-noise ratio was very good.

Although the blind test and flaw amplitude data are limited, they can be
used to estimate the relative detectability of underclad cracks (see
Table 7.2). The probability of detecting underclad cracks is ranked in
Table 7.2 with respect to: 1) the orientation of the flaw in relation to the
direction of clad application, 2) the type of cladding finish used, and 3) the
type of cladding process used.

7.2 CODE REQUIREMENTS AND NONDESTRUCTLVE STATE-0F-PRACTICE TECHNIQUES

The Federal Code of Regulation (10 CFR 50.55a) references ASME Section XI,
which defines examination requirements for reactor vessel welds. The volume
of weld that must be examined includes the inner-clad / base-metal surface. The
inspection-system calibration requirements of Section XI, however, are not

| sensitive to near-surface cracks.

'

l

i
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Until recently, the standard practice for preservice and in-service
inspection teams was to intentionally gate out the clad and 1 in. of the base
metal interface because inspection techniques generated sound interference at
the clad surface during reactor vessel inspection. Regulatory Guide 1.150 is
the first attempt to emphasize the importance of inspecting the clad / base metal
interface. The guide, however, does not specify the size of defect that must
be detected at the inner surface. As a result of the current state-of-practice

techniqups}andbecauseRegulatoryGuide1.150hasonlyrecentlybeenapplied,t a there is little basis to say that underclad cracks do or do not
exist in vessels.

7.3 PRELIMINARY EVALUATION OF NONDESTRUCTIVE UNDERCLAD CRACK DETECTION
;

Because a limited data base was used in our study, we emphasize that this
is a preliminery evaluation of NDE underclad crack detection. Through our
evaluation we have concluded that:

1. It is possible to. detect flaws at the clad / base-metal interf ace using
special techniques that currently are being employed in Europe and

I demonstrated at PNL. Our initial estimate is that the probability
of detection will be very high for clad surfaces that are smooth or
ground.

I 2. The current calibration requirements of Section XI are neither ade-
quate nor sensitive for detecting flaws at the clad / base-metal
interface.

3. Regulatory Guide 1.150 should be revised to require a demonstration
of ability to detect flaws at the clad / base-metal interface.

|

(a) The implementation date of Regulatory Guide 1.150 for operating reactors
was July 15, 1981. For plants under construction the date was
January 15, 1981.

|

7.5

_ _ _ _ _

. ,



-

8.0 STATISTICAL ANALYSIS

The major effort of the statistical review of PTS was an evaluation of a
j computer code used to calculate probability of reactor failure due to PTS.
; However, because any code is limited by the quality of its input, some effort
| was made to evaluate the quantity and quality of data available for input

determination.

8.1 VISA CODE EVALUATION

VISA (for Vessel Int ty Simulation A_nalysis) is an extension of the
code used in NUREG-0778. The study described in NUREG-0778 used Monte
Carlo techniques to assess failures rate for PWR pressure vessels during
1) normal operation, 2) pressure / temperature transients during startup and
shutdown, and 3) pressure transients during full-power operation.

The VISA code developed by Jack.Strosnider of NRC(21), uses Monte Carlo
~

simulation to estimate the failure probability of a reactor pressure vessel
subject to specified PTS transients.

The VISA code extends the code used in NUREG-0778 in three major
directions:

1. The temperature / pressure transient is an input, so that the code can
,

| accommodate arbitrary time histories of temperature and pressure.

| 2. The fracture mechanics portion of the code has been expanded to consider
'. crack propagation and potential arrest as well as crack initiation.

3. The additional parameters (i.e., flaw size, copper content, initial
RTNOT, KIc, Kla, fluence and ARTNDT) are treated as random
variables.

8.2 LOGIC DESCRIPTION OF VISA CODE

The VISA code can be divided into two portions: the first carries out a
deterministic fracture analysis for a specified pressure / temperature trans-
ient. The stress field and the temperature as a function of time and depth
into the vessel wall are calculated. The fluence as a function of depth is
calculated using an exponential attentuation model. The shift in reference

is calculated following Regulatory Guide 1.99, Rev.1.temperature, ART
NDT, d K

respectively)areselecteb,ac(crackinitiationandarresttoughnesses,The values for KIc an i
cording to Section XI of the ASME code. This

deterministic portion of the VISA code compares well with the OCA-1 code (see
Section 6.7).

i The Monte Carlo portion of VISA estimates failure probability of a reactor
pressure vessel subjected to a specified pressure / temperature transient. As

8.1
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in any Monte Carlo. study, the code is iterative. In a single pass through the
code, values .of the random variables are selected from specified probability
distributions. Once these valu'es are se.lected, the calculations are determin-
istic. Each. iteration of the code results in one of three outcomes: 1) no

~

_

crack initiation, 2) crack initiation followed by arrest, 3) pressure vessel |

; failse. With a large number of iterations (~500,000) the ratio of the number
,

, of iterations resulting in f ailure;to the total number of iterations is an |

'
estimate of the failure probability.

~

For each iteration of the simulation, values of fluence, flaw size, and'
copper content are selected from their respective distributions. The RTNDT
at the inner wall is calculated as a function of fluence and copper content.
With these values fixed for the iteration, the code steps through the time,

history of the transient. For each time step, the stress intensity at thd _
crack depth is taken from the deterministic portion of the code. A value of
KIc is simulated to determine fracture initiation. If initiation does not *
occur, the simulation moves to the next time step. If initiation does occur,

,

the crack is extended 1/4 in., and the crack arrest toughness (Kla).is simu- I

lated. If arrest occurs, the simulation moves to the next time step; if not,

the crack is extended another 1/4 in. and a new value of Kya is simulated.
This process is continued until either the vessel fails or the duration of the
transient is reached.

8.3 DISCUSSION
',

The validity of the results of any Monte Carlo simulation depends on sev-
eral general areas of concern. Theifirst is the technical quality of the

deterministic aspect of the code. If the mathematical model (conditional on 4.

all the random variables being fixed) does not accurately represent the physi- ;
cal situation, then random perturbation is not going to provide useful insight. '

In the present case, the most important mathematical models are the heat trans-
fer and thermal stress.a Morithms and fracture mechanics models. Although a
detailed review of the methods used in the code was not conducted, the -agree-
ment of VISA and OCA-1 can be regarded as a strong indication that the basic
cathematical models are satisf actory.

A second area of concern is that the input probability distributions are
reasonable representations of tne uncertainty, or random scatter, of the vari-
ables being treat'ed as random. Probability distributions can be difficult to

I
.

determine because 1) few data are available, or 2) the available data may not'

be directly applicable. In general, a conscientious effort has been made to
i use the best available information to derive uncertainty distributions. Part-
i icular distributions are discussed in Sections 8.4 and 8.5. ,

A third requirement for validity is that the stochastic structure of the i

model as a system reflect physical reality. It is not sufficient for each |
random variable, considered by itself, to have the correct distribution. Any
stochastic dependencies that exist among the random variables need'to be

,

accounted for in the simulation model.

!
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A fourth topic that should be addressed is the suitability of-the random
number generator used in the simulation. Most random number generators in use
are based on a multiplicative congruential algorithm. Although mulitiplica-
tive congruential random number generators can be quite good, some constants, ,

when used as multipliers, can introduce inadvertent stochastic structure into |
the simulation. The suitability of the random number generator should be
evaluated in light of its intended application.

.
i

8.4 MATERIAL PROPERTIES VARIABLES

The major material properties variables that are relevant to the PTS issue
are those that describe heat transfer and thermal stress and the nil-ductility
reference temperature (RTNDT). Since neutron embrittlement is expressed as
a shift in RTNDT, this variable becomes paramount in the evaluation of fail-
ure probability in terms of EFPY.

Combustion Engineering (4b) claims that the typical initial RT for
submerged arc weldments using Linde 0091, 1092, and 123 flux is b7F. Data
on 82 submerged arc weldments are presented to support this claim. The data
have a mean value of -56*F with a standard deviation of 17*F, and the claim is
made that 97.5% of the population would f all below the mean plus two sigma
upper limit. This analysis has a number of deficiencies. First, the data
base consists of 1) weldments made using L.inde 0091 and 124 fluxes, and
2) some surveillance welds and extra-low copper welds, both made with unspeci-
fied flux. The composite distribution was tested for normality using the ANSI

I standard D' test. The test was significant at the 0.02 level. Thus, the con-
fidence limit statement made by Combustion Engineering is not valid. Moreover,
the data appear to be skewed toward the right (i.e., toward higher values). A
skewness test confirmed that the data were significantly skewed. This implies

f that the distribution tails off towards the high end, so that there are more
high values than one would expect from a normal distribution. Finally, there
is an indication of differences related to flux. A Mann-Whitney test was used
to compare the welds made with the Linde 0091 flux to those made with the
Linde 124 flux. The test was significant at the 0.05 level.

Combustion Engineering used the weld data in an illustrative and confirma-
tory manner; therefore, their incorrect statistical analysis does not affect
the conservatism of their calculations. However, this particular data set
provides a concise example of the dangers of a naive statistical analysis. A
proper analysis must consider both the source of the data and the intended
application of the results.

Regulatory Guide 1.99 provides curves relating shift in reference tempera-
ture (ARTNDT) as a function of neutron fluence. Hanford Engineering Devel-
opment Laboratory (HEDL) has also provided some less conservative curves that
account for the effect of nickel and copper. The HEDL curves (see Chapter 5.0)
were developed using surveillance specimen data. This work is a potential
source for deriving an uncertainty distribution for use in VISA.

8.3
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The nil-ductility reference temperature is given by an expression of the
form

RTNDT = RTNDT(0) + aRTNDT

where aRTNDT is a function of fluence, copper content, and nickel content.
The total uncertainty in RTNDT depends on uncertainty in the assumed mathe-
matical model and on uncertainty in the variables RTNDT(0), fluence, copper
content, and nickel content. The mathematical model above has two major
aspects which affect its error structure. The first assumption is that

aRTNDT is additive and independent of initial RTND". The second assump-
tion is that the structural relationship between fluence, copper, and nickel
has a particular fonn.

The uncertainty of each variable is discussed in Chapter 5.0. The model
uncertainty is implicitly included as one of the components of the standard {deviation of 22*F around the HEDL mean curve. However it is not known whatg

other components of uncertainty are included in the 22 F. Thus, although the
individual uncertainties are reasonably well characterized, their interrela-
tionship is not.

To further illustrate, the fluence uncertainty (see Chapter 5.0) is con-
sidered to be in the range of 10% to 30%. The llEDL mean curve was derived by
fitting ARTNDT observations to fluence, copper content, and nickel content.
Assessment of the overall uncertainty on aRTNDT depends on whether the values
of fluence, copper, and nickel were precisely known or were subject to uncer-
tainty as discussed in Chapter 5.0. In the latter case, some purtion of the f
individual uncertainties is subsumed into the standard deviation around the W

mean; in the case of precisely known values, the individual uncertainties and'
the variation around the mean are separate and distinct.

8.5 FRACTURE MECHANICS VARIABLES

Crack propagation for a given stress field depends on three variables:
the initial crack size, the crack initiation toughness (Kic), and the crack
arrest toughness (K a). Conservative estimates of Kic and Kla as func-l
tions of RTNDT are available from Section XI of the ASME code. For the VISA
code, mean curves were developed in-house by NRC.

A major barrier to the use of VISA for estimating the probability of reac-
torfailureisthelackofdataonthenumberanddepthofngsurface,under-clad cracks. The flaw distribution is taken from NUREG-0258 , and is

referred to as the OCTAVIA flaw distribution. The OCTAVIA flaw distribution
was based on operational infonnation and discussions with metallurgical person-
nel, and thus appears to be quite arbitrary and without a firm tie to data.
Although this distribution may be useful in parametric or sensitivity studies,
it is of little help in assessing a realistic probability of failure.

8.4
i

1

l
i

h

- -



- _ . ._ . .

|

Until a satisfactory estimate of a flaw distribution is available, it is
| recommeded that VISA be used to develop estimates of the conditional failure

probability given that a flaw of a specified size exists. The most likely
source of data on relevant flaw sizes is NDE in-service inspection of reactor
pressure vessels. There are inspection techniques that should be able to
locate relevant flaws with high probability, although there is insufficient
data from carefully designed and conducted trials to provide a statistically
valid estimate of the probability (see Chapter 7.0).

1

8.6 PROBABILITIES OF REACTOR FAILURE

The VISA code has the potential for being useful in the resolution of the
PTS issue. However, the results of VISA need to be interpreted circumspectly
and applied with an understanding of their limitations. In addition, the est-

I

imated probability of failure is realistic only insofar as both the determinis-
tic and only insofar as stochastic models are a faithful representation of

,

reality, and the statistical distributions on the input variables are real-
|

istic. Finally, VISA treats the pressure / thermal transient as given. A
| complete evaluation of failure probability would require an estimate of the
! probability of the transient.

As noted in Section 8.3, the use of probabilistic calculations always
requires judgment as to whether or not the stochastic elements are being cor-

| rectly modeled. Judgment is also required when determining what degree of
model validity is required to provide reliable, quantitative insight with
respect to the failure phenomena involved. In the present case one must bal-
ance the possible over-conservatism of the bounding processes used in the
deterministic calculations against the fact that a reliable stochastic model

f of crack initiation, growth, and arrest and the factors which govern these'

processes is difficult to formulate at the present state of understanding of
the technical issues. While it is important to recognize this difficulty,
relying on essentially deterministic calculations does not make the problem go
away, it only fails to display its existence and denys even the qualitative

j insight gained through the modeling process. While recognizing the limita-
tions on the quantitative validity of current calculations, efforts to con-!

struct improved models for probabilistic calculations should be continued.

| In many cases, data exist which could be used to provide an estimated
probability distribution for use by VISA. The present practice has been to
use the data to estimate a mean and variance and then to assume a normal dist-
ribution. This practice has the potential for not sampling the tails of a non-
normal distribution frequently enough. A non-normal distribution can result
from aggregation of data from several sources, among other reasons. Ani

| example is discussed in Section 8.4. This problem could be overcome by using
i a distribution-free method (e.g., nonparametric tolerance intervals or extreme

value theory) to define probability distributions.
.

The quality of the statistical distributions depends not only on data on
|

individual variables, but also on the joint properties of the random
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variables. At this point most of the potential stochastic dependencies among
the random variables in the VISA code cannot be evaluated, primarily because
insufficient data are available. However, scientific judgement can be used to

,

define variables where the likelihood of dependence is high. Some important '

variables that are likely to be interdependent are KIc, the crack initiation
toughness, and K::a, the crack arrest toughness. The material and environ-
mental characterustics that cause the deviation of K from nominal are
likely also to cause the deviation of K a fromnominbinananalogousman-l
ner. Thus, it is likely that a section of material with a lower-than-nominal

KIc also has a lower-than-nominal Kla. If the dependency is not allowed
for in the simulation, the simulation will result in too frequent crack arrest.

Another set of variables, with a potential dependence, describe the chemi-
cal composition of the welds. The dependence could arise from several mecha-
nisms. For example, chemical content is related to the type of welding rod
used. A second mechanism that may produce stochastic dependency is the span
of time over which the pressure vessels were fabricated. During this time,
welding techniques evolved new types of welding rods came into use, and older i

ones were abandoned. Also, differences in chemical composition may be related
to manufacturers.

The potential exists for answering some of these concerns through a thor-
ough statistical review of currently available data and the methods used to
collect and analyze the data. For instance, there are chemical data from ;

representative and surveillance welds, and an analysis of this data along with
a review of the history of welding techniques could resolve any potential
stochastic dependence of chemical composition. In Section 8.4 it was pointed
out that data reduction techniques can affect uncertairity structure. This
could be resolved by a review of the source of the data used to develop a

'curve.

In light of these limitations, the most appropriate use of the VISA code
would be as a tool for doing sensitivity analyses and for comparing pressure /
thermal transients resulting from various event scenarios. Used in this mode,
and coupled with reliable flaw-size information, VISA would provide a powerful
tool for gaining insight into reactor pressure vessel failure due to PTS.

|

|

|

;

|

1
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