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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 failure could occur. Therefore, the near-temm
(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
anilyses. Finally, it was recommended that NRC upgrade nondestructive

inspection techniques used during vessel examinations and become more involved
in the evaluation of annealing requirements.



EXECUTIVE SUMMARY

Pacific Northwest Laboratory (PNL) was asked by the Nuclear Regulatory
Commission (NRC) to develop and recommend a near-term (<1 year) regulatery
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
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 urder review would undergo vessel failure should a PTS event
occur before several more years of operation and, in most cases, before the end
ef reactor life. However, in many scenarios, operator actions were required
to terminate the event pefore 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 loeng-term period.

In addition, the responses differed in terms of event conditions, assump-
Lions, 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 scerarios, 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 technigques;
that a demonstration of inspection procedures be required; and that a standard
method of reporting 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 lTack of agefinitive 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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1.0 INTRODUCTION

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-
jzation 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 fabricated from ferritic steels. The
internal surfaces 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 lie of the plant, which is usually 40 years
at 80% operating efficiency or 32 effective full-power years (EFPY). A pres-
ure 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 failure
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 failure.

Evaluating the failure 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 curing a PTS event before a sig-
nificant nonductile failure probability would be expected:
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e The nuclear plant pressure vessel must exhibit significant loss of
fracture toughness through neutron irradiation.

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

e A flaw must be present of sufficient size and be located at acriti-
cal beltline location where reduced fracture toughness and high ther-
mal stress exist,

e A sim.ltaneous high reactor coolant system pressure must be present.
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.
The near-term recommendations include any corrective actio?i required at the
eight plants identified in the August 21, 1981 NRC letter.(l) 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 5h§ M§SS owners groups have supplied information
in response to NRC requests.( *J The following sources of information
were used 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.
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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. “is 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
[ Y. Pedersen, Manager, Special Projects, Engineering Physics
Department

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

Systems Operation
W. J. ApTey, 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
T. H. Bian, Senior Engineer, Fluid and Thermal Engineering Section

Vessel Material Properties
. 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. 7. Taylor, Senior Engineer, Nondestructive Testing Section

Statistical Analyses
D. L. Stevens, senjor Engineer, Statistics Section
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Consultants

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

Human Fa~*ors
Dr. Ju..en Christensen, General Physics Corporation

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

Thermal Hydraulics
Dr. Donald 5. Rowe, Rowe and Associates

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

Fracture Mechanics
Prof. George 1. Hahn, Vandertilt University, Mechanical and Material
Department

Statistical Analysis
Dr. Car] A. Bennett, Human Affairs Research Center, PNL
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2.0 CONCLUSIONS AND RECOMMENDATIONS

The conclusions reached within the technical sections of this report sup-
port the continued operation of the eight plants unier ,review. 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 technigues 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

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-
uation of event scenarios 1s 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 impliemented to ensure that the plant operating staff (given the existing,
design-basis control systems) have the training, equipment, and procedurc:
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 10’3 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.
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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 1.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
identify critical time constraints and ensure that they are clearly
noted to the operator.

b. Sirmulator 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.

Operator action has been identified as a major element in initiating,
preventing, or mitigating PTS scenarios. Recommendations provided below
address training and development of improved “tools" for the operator's
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:

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

1b. provide PTS transient control classroom instruction (shift walk-
through)

le. conduct PTS simulator training

ld. 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
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Intermediate-Term Implementation (1-2 yr)

Procedure-oriented recommendations:

5.* review high pressure injection (HPl) 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:

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 or the PTS issue.

2.2 THERMAL-HYDRAULICS

The thermai-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
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.
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1.

Conclusions

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 factor 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 ir 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.

Analytical Methods. The analytical methods from the owners groups

responses included three major factors in the thermal-hydraulic analysis:
1) system anilysis 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 sys‘em 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 '=:1s%ical models have provisicns for con-

sidering nonconde - * 4as.
A1l of the >  »r -des used for the system analysis have the
ability to ¢ » .15, .uiple loops. All cold-leg flows are

assumed to fu.ly mix i 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.

The ability of the system computer codes to calcuiate 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.

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 reascnable as long as the loop flow is
maintained (either through pumping or natural circulation).

This phenomen?g g§ basically supported by the CREARE 1/5-scale
test results.!'9s However, for the situation where the loop
flow is not maintained, l1ittle mixing would be expected. This
is not clearly addressed in the Babcock & Wilcox and Com?xs&ion
Engineering submittals. The Westinghouse generic report a
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 nsed in the code. In the MSLB, tota? mixing was
assumed by all three NSSS groups. Again, this is reascnable 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. Multidimensional

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 wali conductance (such as for free convection).

From the review of the submittals, Westinghouse(4a) and Babcock &

Wilcox (Oconee)(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 larae that thev do not contribute significantly to the temperature
gradient. Combustion Engineering(4b) used a constant value cof

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
Toss 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 shouid 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

nat?c?l convection heat transfer, the correlation based on Kato et
al.'”/) 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 staynant loop (and vent) flow. Attention should also

be given to scaling the small-scale mixing data to full scale.

Testing with gjfferent HPI configuration should be pursued further.
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:

e improved condensation « deling of liquid level interfaces
(pressurizer, stratif «d hot leg) during pressurization

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

e improvement and veriiication of multidimensional models for
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 ter~s 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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Initial RTnp

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 RTypt on fluence, flux, and spectra.

. The initial nil-ductility transition reference
temperature IRTNDT) 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 RTypy could be lowered by more
than 10 to 20 F.

Irradiated Properties. The substitution of the test reactor-based

Requlatory 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. Preciction of damage satu-
ration in high-copper/low-nickel welds is not justified based on the
current data base.

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 to 5 years) EFPY
needed to achieve a given RTypy. Similarly, a 10 F uncertainty in
assumed initial RTypr results in a 1 to 2 year EFPY uncertainty.
Fluence uncertainties only slightly affect the uncertainty in RTypT
due to the low fluence exponent of 0.27 in the HEDL equation. A
fluence uncertainty of #40% results in an RTypr uncertainty of only
about 25°F. Establishing better estimates of fluences, weld chemis-
try, and initial toughness can postpone, for a few years, the concern
for reaching a given RTypr, but the long-term, end-of-life embrit-
tlement concern remains.

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 (Kjg) is Jjustified due to the absence of

an adequate data base to form a statistically based Kig-

Control and Reduction of Embrittlement. The predicted as well as

actual embrittiement of welds can be reduced by annealing the reactor

vessel, reducing the irradiation flux to the vessel, or determinin
more precisely the weld chemistry. A one-time vessel anneal is no






10.

11.

12.

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

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

The validity of the HEDL curves for predicting reirradiation embrittle-
ment should be determined. In particular, the dependence oi 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

Xi

Analytical Methods. Available fracture mechanics analysis methods for

the PTS evaluations are at the mature state of development, and any near-
term advances are likely to be insignificant relative to uncertainties in
inputs for material properties and pressure-temperature histories for PTS
events.

Vessel Tests. Fracture mechanics experiments underway at Oak Ridge
National Laboratory (ORNL) 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-
specific fracture concerns.

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.

Crack Arrest. A review of the crack arrest calculations showed a number

of unconservative features. Recent data show that the American Society
of Mechanical Engineers (ASME) Ki, rercrence curve is unconservative,
particularly for weldments. A revised arrest toughness curve is proposed
(see Section 6.3).

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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10.

used, and this practice is generally consistent with a narrow interpreta-
tion of the quidance 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 RTypy. It is imperative that suitable allowance
be made for vessel materia? variability when analyses are based on vessel-
specific material properties from a limited sample of specimens.

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.

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.

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-
stress, the deterministig predictions should correspond to a failure
probability of about 1072 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.

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.

BINDTCriteria. The implications of nil-ductility temperature criteria
as an alternative to detailed fracture mechanics evaluations were addres-
sed in this study. It was concluded that either criteria will .ead to a
RTnpT limit for a specific vessel. This temperatur: will be dependent
on the specific cooling transients possible for the plant of concern. A
fixed and arbitrary limit on RTypt 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 azceptance criteria be adopted for

the evaluatio. of vessel inteqrity 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.

Initiation is to be governed by the ASME K. reference curve with an
upper-shell toughness of 200 ksi vYin. For arrest calculations, the pre-
sent ASME Code Kj, refgrence curve should be adjusted to accommodate
recent test data; a 50 F shift along the temperature scale is considered
a suitable adjustment. An upper shelf of 200 ksi /in. is to be used for

Kia-

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.

Fracture toughness and RTypy 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 shift curves, which are based on surveillance specimens with a two
sigma statistical bound. If plant-specific surveillancc 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.

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 factor of V2 applied to pressure and thermal stress intensity
factors when used with the ASME K. reference curve.

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

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 *he /2 safety factor on stress
intensity factor may be omitted.

In crack arrest evaluations, the following criteria and guidelines should
be followed:
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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 Kg-values (from those possible) that will produce the
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 I1I, Appendix G, except that the factor of 2.0 on
the pressure-induced stress 1ntens:ty factor (KIM) may be reduced
to a value of 1.0.

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

[t 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 K. (recommendation 5.a) is considerably
less restrictive than the use of a moé?f1ed K1a. Curve (recommendation 5.b).
In terms of the example used in the sensit1v1{y analyses (see Section 6.12),
the /2 factor is roughly equ1valent to a 30°F change in RTypys Or about
3 EFPY. The Ky, approach is roughly equivalent to a 120°F change in RTypr.

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 RTygr 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 RTypr is estimated using the proposed HEDL curve rather than
the more optimistic approaches used by Combustion Engineering.
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2.5 NONDESTRUCTIVE 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 P15 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-failure 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 prcgram. 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 significantliy 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 interface.

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 ab’ ity to 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
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.

Variou collections of data and/or models are available, but methods of
data coilection 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.

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.

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

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.

Recommendations

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, sioothing, or averaging).

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

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

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 gquestions. 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.
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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 continucus 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 31 challenge to vessel integrity. The amount
of cooling within the vessel wall will be affected by the amount and tempera-
ture of the HP] 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 conjuncti~n with high pressure injection (HFI), 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

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 gressure and temperature limits to prevent reactor vessel brittle
fracture.(8) 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 extended loss of feedwater. Babcock % Wilcox(4C) and Com-
bustion Engineering 4b) 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.

Westinghouse further analyzed these phenomena and indicated that the most
serious potential SBLOCA size would be between 0.5 in. and 1.5 in.(9) 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 ¢radient 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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)f the pressure vessel. In addition, the radiation
the outer region of the vessel wall Therefore, it is
ld water impingement on critical regions along the
would result in an aggravated situation that could

SEQUENCING EVENTS
on described the methods by which the four classes of
and described the sequence of occurrences that could
situation. In developing a set of actions that can be
problem, it is essential that each of the following

PTS

that enable the plant to avoid scenarios which may lead to
PTS conditions

that can assist the operator or control systems (if auto-
in escaping from a scenario that could result in PTS

nnes

tive automatic protection systems that will preclude
irrespective of operator or control-system action,
ising core cooling considerations

ontrolling the plant an? evaluating the seriousness of
if a PTS condition has occurred

letermining whether a PTS condition has occurred
in safety (i.e., do proposed modifications enhance

to the PTS issue while causing an unwarranted reduc-
0l1ng safety?).

AATIONAL CONSTRAINTS OF PLANT SYSTEMS

systems differ, even though they may be of the same
[t would be inappropriate to mandate corrective actions
based on operational or design deficiencies noted at a few
cific corrective actions that are needed to avoid or mitigate
be established on a plant-specific basis. Therefore, unless
isly shown that a generic "fix" will result in a consistent
rance of plant safety, suggested corrective actions should
after they have been evaluated for the particular operating
1dividual plant. The safety actions should be implemented
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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.

A1l 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
be aware of étsgs that operators can take to lessen the chance that a PTS event
will occur.( ’ 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-
nicallg 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.
A1l 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 chould 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
(NTOL) 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.
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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 (INPO). 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.
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.

Givern 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, an? 3? vessel failures were calculated for the near-term.

The Oconee submittal'39) yas 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?l-
fied using generic industry experience, Oconee experience, and the WASH-1400 0)
datg base. 6The estimated frequency for severe PTS events was in the range of
107" to 107" 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 detailsd than
the other licensee submittals, more information is needed before the 107* to
107" 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 ngipen-
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‘5, 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 failure resuZisg before the plant's normal end of
life. An NRC staff review of this report 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 (gaw)
6x10~2 (CE & W) <2x107° (CE & W)
Large MSLB  1x10-4 . 3x10-6 -
SBLOCA 3x10-4 1x10-5
LBLOCA 1x10-4 not_stated
Rancho-Seco  3x10-1 (B&W) 10-3 (B&W)
6x10°2 (CE & W)  107% (CE & W)

The current ORNL program is improving on the work described in the interim
report. Efforts to identify and gquantify 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:

e identify those systems which can create conditions suitable for PTS

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

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

e quantify frequency of remaining end-states
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® select reduced set of event sequences for detailed thermal-hydraulic
(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 Recommendations (Chapter 2.0) of this report.

3.6 RISK ASSESSMENT

Additional work is necessary to more rior-ously define and quantify PTS
event scenarios. Probabilistic risk assessment (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 RTypr. Instead of a
strict RTypr requirement, it may be feasible to establish a list of design-

basis transients for which reactors with a certain RTypr (e.g., 300°F) will
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 types of PTS sequences may be postulated: 1) those
sequences that would result in little or no serious chalienge to safely uniess
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 conseguences as determined by formal sensitivity
analyses. These sensitivity 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 possibiy 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
imp lemented.

3.8.1.

Procedure-Oriented Mitigating Actions

1. General criteria for procedures related to PTS should be established by
the owners groups and INPO. Each fafi;ity should develop operating pro-
cedures to accomplish the following:!@

a.

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

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

Procedures should provide guidance on recognizing and recovering
from PTS or near-PTS conditions. Instructions for how to con-
trol the plant should be based on where, relative to NDT and
saturation curve limits, the operating point is located.
Specific quidance must be given to the operator so that he or
she may know what plant control actions shou'd be taken subse-
quent to a PTS or suspected PTS event. Guidance should be given
to specify the preferred temperature indicators (e.g., Thot

or core outlet thermocouples for core cooling and saturat?on
limits, cold leg thermocouples for PTS, and wide-range thermo-
couples during natural circulation).

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-
tions should reflect PTS concerns.

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

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

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.
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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 (gver 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:

a. Controlling at a fixed short-time cooldown rate results in a much
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.

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.

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
tenrerature for a half hour before commencing a cooldown? Does he use
Teolq for cooldown regarding NDT Timits while monitoring T, 4 for
Saguration? 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.

Current emergency procedures for HPI termination should be analyzed to
determine the specified pressure at which the operator can secure safety
injection while still maintaining adequate subcooling, heat sink, and
pressurizer level requirements [this is especially important for those
plants whose HPI system is rapable 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).

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 determine 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 determine 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 training
in the following areas:\2

8. Review uf 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 peint where conditions have
stabilized. Emphasis should focus on discussing alternatives
for recovering from a PTS or near-PTS condition, and alterna-
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
from questions or comments arising from this training.

c. Simulator training involving operation with scenarios resulting
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 determine if the simulator pro-
vides a reasorable 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 con*-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 should 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 i1 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-term and intermediate recommendations

for corrective action emphasize improvements in procedures and operator
training.
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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 indicetion 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 cooldown 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 (SPDS) 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

Es excessive repressurization rate exists (alarm to be actuated
only after a permissive is actuated by a low initial pressure

signal)
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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-
feedf low 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. Summary 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)
lc. conduct PTS simulator training
1d. 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.
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Instrumentation-oriented recommendations:
2c.* add RCS cooldown rate change indicator
4.* add NOT 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., RTnpT * 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 1.C.1 of the TMI task action plan, the following
items be addressed:

1. PTS-related procedures should be audited using time-1ine 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
he 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 phencmena 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.

Recommendations 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:

@ pressure in the reactor vessel

® cold-leg temperature

e thermal mixing in cold leg and downcomer

® surface heat transfer coefficients in downcomer.

These parameters are highly dependent on the plant response to transient

or accident scernarios. 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 pumns,
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

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 tensiie
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 t2 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 temperature that drives thermal
stresses.

4.1.3 Thermal Mixing

Three mixing situations that can mod‘fy 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
jdentical, 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 leq. 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 turbulerce 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 momenium 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 ieg 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.
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4.1.3.3 Mixing in the Downcomer

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
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.
igh velocity cold-leg flows could be well mixed following the impact against
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 alse be com-
pared with the conductance of the 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 importance of the combined heat transfer coefficient and
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
transfer is a potentially important parameter.
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4,2 UTILITY LICENCEES' THERMAL-HYDRAULIC ASSESSMENTS OF PTS

Utility licensees und ounor3 gyoups were requested to submit an
assessment of PTS to the NRC.(2,3,8) 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.

Actual scenarios include failure of pilot operated relieve valve (PORV),
safety reiieve 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. smalli-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 i!p s of
NSSS designs. The Babcock & Wilcox NSSS is based on Oconee-I d?sign' d) the
Westinghouse and Combustion Engineering NSSSs are generic types 4a,4b) 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 2.0), they are
not included in the comparison because the scenarios on feedwater transients
discussed in the Oconee-1 (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 Engineering 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
is based on a simplified and generalized fracture mechanics analysis usin
prescribed cooldown curves (see Figure 6.1). The cooling rate parameter ?c)
that corresponds to this region is 0.045. The RTypr is conservatively chosen
to be 300°F (see Table 5.2). The final temperature (Tg) in Figure 6.1 is
used as the downcomer temperature. Warm prestress is not reflected in this
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
an 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
discussior on sensitivities and conservatisms.

The scenario based on Combustion Engineering analyses showed minimum mar-
qgin 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/
or controlls the feedwater systems, the natural circulation may be sustained
longer, and the local thermal mixing may be enhanced. This could Tead tec 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 factor 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.)

A1l 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-8reak LOCA

Influencing Factors Baw'2) ce(P) w(b) Remarks
Break location Pressurizer PZR Hot leg Pressurizer and
(safety valve) (PORV) and PORY hot-leg. breaks
composite are conserva-
tive compared
to cold-leg
breaks
Sensitivity on Not clear Yes Yes
break location
Break size (ft?) 0.023 0 » 0.0l 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 Tncrease of
EFPY 40°-80°F
increases EFPY
"a few years"
RCP trip at RX trip VYes Yes Yes
Mixing model Turbulent jet Ellison Total Ti;ing
mixing and w/N.c.\d
Turner's No mixing
entrainment w/out N.C.
Effect of vent Strong Nalc) NA

Valve Flow on
Mixing
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TABLE 4.1. (Contd)

Influencing Factors pau'?) ce(b) wi®) Remarks
Decay heat 100% ANS 100% 100%
Metal heating Yes No Unknown
Reverse S.G. Yes Yes Unknown
heat transfer
System code RETRANO2 CE FLASH NOTRUMP
MOD1 -4AS
Mixing code (e) Mixup VARR-11
Operator action Throttle HPI 1. PORVY 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
action has
little affect
on P-T (increase
primary tempera-
ture slightly).
Auxillary off off Throttled

feedwater on/off

(a) Oconee-1.
b) Generic plant.

Natural circulation,
Hand calculation based on turbulent jet mixing model.

(b)
(cg Not applicable.
(d
(e)
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TABLE 4.2. Comparison of PTS Thermal-Hydraulic Analysis for
Main Steam Line Break Accident
Influencing Factors B&N(a) CE(b) H(b) Remarks
Power HFP HZP NA(C)
Decay heat 50% ANS 0% 0% for temp.
100% for press.
RCP Trip on low Trip on Tow 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)
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
MOD1
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.
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TABLE 4.3.

Comparison of PTS Thermal-Hydraulic Analysis for
Small Steam Line Break

Influencing Factors Baw'2) ce(®) w(b) Remarks
Location Turhine bypcss Atmospheric Steam safety It is believed
valves (2) dump valve valve that the use of
TBY failure in the
B&W case is due to
the frequency of
its fail-open in
the observed
abnormal events at
Oconee
Power HFP HZpP HZP
Decay heat 0% 0% 0%
RCP Trip No trip Trip on Nalc) 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 cgnditions
of T <2§0 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
System code used RE TRAN-02 CEFLASH-4AS LOFTRAN
MOD1
Mixing 100% 100% 100%(implied)

(a) Oconee-1.
(b) Generic plant.
(c) Not applicable.
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4.2.2 Conservatism and Sensitivity

This section describes the conservatism and sensitivity of the analyses
presented 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
location: analyzed by the owners groups, the selection of break sizes seems to
be reason:ble. 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.we and Combustion Engineering. The safe operation of a vessel during
a PTS even: 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 sensitivity 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 z2ro 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).
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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.
Maint2nance 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
pased on their probability of occurrence.

Sensitivity analysis on the brfgﬁ sizes of the small SLB was not well
addressed. In the Oconee analysis, ) past experience on abnormal events

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.

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.
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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
small-break LOCA and the overcooling accidents. Separate computer codes were
used hy 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
ligquid and vapor are at saturation temperature wherever two-phase flow exists.
It also means that streams are fully mixed once they are combi ed, and that
there is no inherent provision for temperature disparity from incomplete
mixing.

A1l 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 homog-neous 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 rcactor loops or flow through the
vent valves in Babcock & Wilcox plants. Vapor accumulation

TABLE 4.4, Computer Codes Used for System Analysis

Accident Type Babcock & Wilcox Combustion Engineering Westinghouse
Small break LOCA  CRAFT CEFLASH-4AS (@) NOTRUHP
Main steam line  RETRAN(D) CEFLASH-4AS LOFTRAN
break
Small steam line RE TRAN CEFLASH-4AS LOFTRAN
break
Steam generator RE TRAN (c) (c)
overfeed

(a) Applied to small break LOCA plus loss of feedwater.
(b) 02M0D0001.
(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 NO 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 yes
Relative velocity no yes(a) yes(a)
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 (drift 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.

A1l 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-leg 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,
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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
temperature. An accurate calculation of the bulk cold-?eg temperature is fun-
damental to the analysis of PTS.

The ability of computer codes to calculate the proper system pressure
depends upon the ability of the code to calculate condensation and flashing
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 subcoolea water. An example is the
pressurizer where condensation of steam occurs at the water surface during
inflow of subcoolad 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. A1l 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 fiow based

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

While two-dimensional analysis can provide more realistic assessment