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ABSTRACT

This report revision incorporates new experimental evidence regarding AP600 behavior during small
break loss-of-coolant accidents.

This report documents the results of Phenomena Identification and Ranking Table (PIRT) efforts for
the Westinghouse AP600 reactor. The purpose of this PIRT is to identify important phenomena so that
they may be addressed in both the experimental programs and the RELAP5/MOD?3 systems analysis
computer code. In Revision 0 of this report, the responses of AP600 during small break loss-of-coolant
accident, main steam line break, and steam generator tube rupture accident scenarios were evaluated by a
committee of thermal-hydraulic experts. Committee membership included Idaho National Engineering and
Environmental Laboratory staff and recognized thermal-hydraulic experts from outside of the laboratory.
Each of the accident scenarios was subdivided into separate, sequential periods or phases. Within each
phase, the plant behavior is controlled by, at most, a few thermal-hydraulic processes. The committee
identified the phenomena influencing those processes, and ranked the influences as being of high, medium,
low, or insignificant importance. The primary product of this effort is a series of tables, one for each phase
of each accident scenario, describing the thermal-hydraulic phenomena judged by the committee to be
important, and the relative ranking of that importance. The rationales for the phenomena selected and their
rankings are provided.

This document issue (Revision 2) incorporates an update of the small break loss-of-coolant accident
portion of the report. This revision is the result of the release of experimental evidence from AP600-
related integral test facilities (ROSA/AP600, OSU, and SPES) and thermal-hydraulic expert review. The
activities associated with this update were performed during the period from June 1995 through November
1996.
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EXECUTIVE SUMMARY

This report revision incorporates new experimental evidence regarding AP600 behavior during small
break loss-of-coolant accidents. The following discussion first describes the baseline report then describes
the current revision.

AP600 is a new pressurized water reactor design of the Westinghouse Electric Company that has
been submitted to the U. S. Nuclear Regulatory Commission (NRC) for design certification. For its safety,
AP600 relies on operation of passive systems. Phenomena Identification and Ranking Table (PIRT)
activity has been completed to determine the phenomena that are significant to the response of the AP600
design during certain specific accidents. This report documents the findings of the PIRT activity; these
findings may be used as guidance for appropriately focussing analytical and experimental research
activities regarding AP600 behavior during accidents.

The accidents addressed in this PIRT were chosen from among Chapter-15 transients that (1) activate
or challenge new (passive) safety systems, and (2) produce interactions among those safety systems. This
PIRT addresses AP600 behavior expected during small break loss-of-coolant, main steam line break, and
steam generator tube rupture accidents. These three categories of accidents are those to be analyzed at the
Idaho National Engineering and Environmental Laboratory (INEEL) using the RELAP5/MOD3 computer
code. AP600 large break loss-of-coolant accidents are being separately analyzed at Los Alamos National
Laboratory (LANL) using the TRAC-PF1 computer code; these accidents are not addressed in this PIRT,
but rather will be the subject of future LANL reports. Other accidents, such as station blackout and
anticipated transient without scram events, may be addressed in later PIRT efforts at such time as the NRC
determines the need.

For this PIRT, the key plant response (also referred to as the Figure of Merit and Primary Safety
Criterion) is the minimum reactor vessel inventory.

This PIRT solely addresses the behavior of the full-scale AP600 plant. Although data from
experiments benefit this PIRT, no attempt has been made to include in the PIRT effects attributable to the
configuration, scaling, or operation of sub-scale experimental facilities designed to provide data for use in
assessing AP600 behavior during accidents. These issues will be addressed in a separate post-test analysis
report for each transient scenario that is investigated experimentally. These reports will compare: (1) the
data obtained in all sub-scale integral experimental facilities, (2) the pertinent scaling issues, and (3) the
code capabilities for simulating the behavior observed in the experiments.

The small break loss-of-coolant accident scenario investigated in Revision 2 of this report represents
a variety of pipes break in the reactor coolant system. The main steam line break scenario assumed the
double-ended rupture of one main steam line inside containment. Two main steam line break scenarios
(one leading to ADS activation, and one not) were evaluated in the PIRT. Published analyses indicate that
ADS activation is likely to be precluded during a main steam line break accident. The steam generator
tube rupture accident scenario assumed the double-ended rupture of one steam generator tube at the
tubesheet, in either of the two steam generators. It has been determined these initiating events would not
lead to ADS activation, both possibilities were again evaluated in the PIRT, for future reference in multiple
failure scenarios.

Originally, the SBLOCA accident scenarios first were subdivided into logical phases (generally
involving different controlling thermal-hydraulic processes and behavior). For each accident phase, a key
plant response, important parameters for representing that response, and the thermal-hydraulic processes
important to the calculation of those parameters were identified. The expected plant behavior during each
accident phase was then evaluated and the phenomena believed to be of significance were selected and
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ranked. These phases have been combined into a short-term phase and a long-term phase in this revision,
as appropriate to evolving evidence that this is a sufficient approach.

The findings of this study, including rationales for the selections and other descriptive and supporting
information, are documented in this report. The findings include 15 phenomena that are ranked high, 34
phenomena that are ranked medium and 50 phenomena that are ranked low for the short-term phase. In
the long-term phase there were 11 high, 17 medium, and 25 low ranked phenomena. Detailed findings for
both phases are presented in Tables 4 through 7 respectively.

This document issue (Revision 2) incorporates an update of the small break loss-of-coolant accident
portion of the report. This update is the result of release of the experimental evidence from AP600-related
integral test facilities (ROSA/AP600, OSU, and SPES). These tests simulated cold-leg small break loss-
of-coolant accidents and the PIRT was updated to reflect the new evidence available from the quick-look
test data. The activities associated with this update were performed during the period from June 1995
through November 1996 (activities supporting this revision are discussed in Appendix A).
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PHENOMENA IDENTIFICATION AND RANKING TABLES
FOR WESTINGHOUSE AP600
SMALL BREAK LOSS-OF-COOLANT ACCIDENT,
MAIN STEAM LINE BREAK, AND
STEAM GENERATOR TUBE RUPTURE SCENARIOS

1. INTRODUCTION

The Advanced Passive 600 MWe (AP600) Reactor is a new reactor design that has been submitted
by the Westinghouse Electric Company to the U. S. Nuclear Regulatory Commission (NRC) for design
certification. AP600 is a pressurized water reactor that utilizes passive safety features (PSFs). The reactor
design includes: (1) a low core volumetric heat generation rate, (2) a low peak-to-average fuel heat flux
ratio, (3) a reliance solely upon natural forces, such as gravity and gas pressurization, for safety system
operation, and (4) a dependence upon natural phenomena, such as natural convection and condensation,
for safety system performance. All PSFs are integrated into the containment, which incorporates heat
exchange devices to accommodate removal of core decay heat from the reactor coolant system (RCS) to
containment and from the containment to the environment. As a result, during accidents the RCS and
containment of this plant interact in a more integral fashion than in current generation light-water reactor
designs. AP600 accident safety analysis therefore requires consideration of the interactions among the
RCS, containment, and PSFs. This report evaluates the response of AP600 and interactions among its
systems during accidents.

The AP600 design is documented in References 8-1 and 8-2; a schematic of the plant is shown in
Figure 1. Reference 8-3 provides a detailed discussion of the thermal-hydraulic aspects of the AP600
design on a component-by-component basis. The AP600 is a two-loop pressurized water reactor arranged
in a two-hot-leg, four-cold-leg configuration. AP600 is equipped with passive emergency core cooling
systems (ECCS). The AP600 design calls for lost coolant to be replenished by RCS-pressure-balanced
core makeup tanks (CMTs), gas-pressurized accumulators, and an elevated, gravity-drain, containment-
pressure-equalized in-containment refueling water storage tank (IRWST). Once the contents of this tank
have been discharged, the resulting containment liquid level exceeds the elevation of the coolant loops,
causing liquid to be injected back into the RCS via sump valves. Vaporized coolant that is condensed on
the interior of the containment shell is collected and returned to the IRWST. An automatic
depressurization system (ADS) is provided to ensure viability of the passive ECCS by limiting the
differential pressure between the RCS and containment. A passive decay heat removal system (PRHR) is
included to remove decay heat to the IRWST; this is a full-pressure/full-decay-heat system. Passive
containment cooling is provided by gravity-driven evaporative cooling external to the containment and is
sustainable during dry air natural draft conditions.

Operation of the AP600 PSFs is based upon thermal-hydraulic processes that use low driving forces,
such as gravity pressure heads and buoyancy. These processes are significantly different than those found
in existing plants, which instead use high driving forces (primarily pump heads) for operation of their
safety systems. Therefore, the NRC undertook a research program to improve the reactor thermal-
hydraulic simulation computer programs for evaluating the new plant designs. These computer programs
generally were developed and verified for evaluating the performance of safety systems in the existing
plants.

A methodology termed Code Scaling, Applicability, and Uncertainty (CSAU)™! was developed by the
NRC and its contractors as an optional "best-estimate plus uncertainty" approach for determining plant
safety margin with respect to the safety criteria required by Federal regulation.” One of the key features
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of the CSAU process is the Phenomena Identification and Ranking Table (PIRT) process in which
phenomena significant to the plant response are determined, and a relative-importance rank is assigned to
each. The PIRT process, by providing researchers with information regarding the significance of the
various phenomena for the specific plant design and accident scenarios, provides a method by which
research efforts can remain properly focussed. The NRC research staff and its contractors have embarked
upon a code development and assessment process which utilizes principles developed for CSAU, including
establishment of a PIRT; the process for this advanced light-water reactor thermal-hydraulic research
program is shown in Figure 2 (the role of PIRT in this program is described in Section 2). The purpose of
PIRT is to assure that the important phenomena are being addressed in both the transient analysis computer
codes (Element 3 in the Figure) and the experimental assessment base (Element 2).

The development and use of the AP600 PIRTs are being conducted in three phases. The first PIRT
phase (Preliminary) began in 1990 and continued through October 1993. The preliminary PIRTs primarily
focussed on phenomena of high and medium importance and on the operation of the new PSFs. The
preliminary PIRTs were directed toward experimental facility definition, scaling and test selection, code
development of early versions of the RELAP5/MOD?3 computer code, and the initial development of a
detailed AP600 plant model. The second phase (interim) began in October 1993, concluded in September
1994, and was directed toward a more detailed listing and ranking of phenomena. Revision 0 of this report
documented this second phase.

Revision 1 of this report represented the first step of the final PIRT phase. This revision incorporated
an update of the SBLOCA portion of the PIRT report based on recently-released experimental evidence
from AP600-related integral test facilities (ROSA/AP600, OSU, and SPES). The major impacts of this
update on the SBLOCA PIRT were to: (1) change the break definition from 8-inch diameter and smaller
breaks at an unspecified location, to 2-inch diameter and smaller breaks in a cold leg, (2) redefine the time
phases, and (3) reconsider both the phenomena selected and their rankings. A discussion of the basis for
these changes is provided in Section 5.3.

Revision 2 of this report represents the final PIRT phase. This stage focused on consideration of the
new evidence provided in the integrated experimental data analysis of the PBLB and DVI line SBLOCA,
the integrated experimental data analysis of the IADS, the SBLOCA short-term AHP analysis, SBLOCA
PIRT confirmation sensitivity studies, and the short- and long-term scaling analyses. See Appendix G,
Table G-4, code E3 for the new experimental evidence used and Appendix A, Table A-4 for a summary of
the review activities associated with this revision. A significant impact of this update is the reduction of
PIRT SBLOCA phases to a short-term phase and a long-term phase. A discussion of this change is
provided in Appendix B.

As a matter of definition, the term "phenomena" as used in this report should be taken to mean
"phenomena, processes, component functions, behavior, conditions, and status". As a convenience, and
for brevity, we have broadly interpreted the term "phenomena” to include all of these attributes of the
thermal-hydraulic systems and their responses. All of the following examples are, therefore, identified as
"phenomena" in this report, even though only the first example is truly one: flashing, break mass flow,
decay heat, steam generator secondary level, steam' generator secondary pressure, nonuniform steam/air
distribution, subcooling margin, and primary-to-secondary heat transfer.

Also as a matter of definition, the term "CMT level", as used in this report, refers to the percentage of
total core makeup tank volume that is occupied by liquid. This definition is consistent with that used by
Westinghouse Electric Company in their AP600-related documents. However, this definition is contrary to
that normally associated with indicated levels (such as in steam generators and pressurizers) that instead
are based upon differential pressure measurements.
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Figure 2. ALWR overall thermal-hydraulic research plan.
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The accidents addressed in this PIRT were chosen from among Chapter-15 transients that:
(1) activate or challenge new (passive) safety systems and (2) produce interactions among those safety
systems. This PIRT addresses AP600 behavior expected during small break loss-of-coolant (SBLOCA),
main steam line break (MSLB), and steam generator tube rupture (SGTR) accidents. These three accident
categories are those to be analyzed at the INEEL using the RELAP5/MOD3 computer code. AP600 large
break loss-of-coolant accidents are being separately analyzed at Los Alamos National Laboratory (LANL)
using the TRAC-PF1 computer code; these accidents are not addressed in this PIRT, but rather will be the
subject of future LANL reports. Other accidents, such as station blackout and anticipated transient without
scram events, may be addressed in later PIRT efforts at such time as the NRC determines the need. This
PIRT solely addresses the behavior of the AP600 plant. Although data from experiments benefit this
PIRT, no attempt has been made to include in the PIRT effects attributable to the configuration, scaling, or
operation of sub-scale experimental facilities designed to provide data for use in assessing AP600 behavior
during accidents. These issues will be addressed in a separate post-test analysis report for each transient
scenario that is investigated experimentally. These reports will compare: (1) the data obtained in all
sub-scale integral experimental facilities, (2) the pertinent scaling issues, and (3) the code capabilities for
simulating the behavior observed in the experiments.

A more detailed discussion of the CSAU and PIRT processes is given in Section 2. Section 3
describes the accident scenarios, their subdivision into accident phases, the parameters considered
important for characterizing the plant response, and the dominant thermal-hydraulic processes affecting
those parameters. Section 4 summarizes the results of the PIRTs. Section 5 discusses analytical and
experimental activities related to this PIRT. A summary of the PIRT findings is provided in Section 6 and
references are provided in Sections 7 and 8. Appendix A discusses the history of this PIRT effort.
Detailed information regarding assumptions, rationales for decisions, and terminology used in the PIRTs is
documented in Appendixes B through G, and is referenced from within the main body of the report.
Reference 8-4 presents summary descriptions of the AP600 plant systems, automatic plant actions, and
interactions among the systems expected during the types of accidents evaluated in this report.
Appendices H and I discuss the top-down scaling analyses and the Analytical Hierarchy Process that
supported this final PIRT revision.
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2. METHODOLOGY

In September 1988, the NRC issued a revised ECCS rule (10 CFR 50.46) for light-water reactors that
allows for, as an option to the traditional, conservative "evaluation model" approach, the use of best-
estimate computer codes in safety analyses. The key feature of this licensing option is that the licensee
must quantify the uncertainty of the calculations and include that uncertainty when comparing calculated
results with the acceptance limits. The CSAU methodology is one means by which the uncertainty
quantification may be performed. The PIRT activities are a portion of the CSAU process. The CSAU
methodology is the culmination of 20 years of ECCS research on current light-water reactors. This
research has involved extensive iteration among experiments and analyses, in which the developmental
process has matured. As indicated in the introduction, for this application, CSAU and PIRT methods are
being employed to properly focus NRC research on the issues relevant to understanding AP600 behavior
(for example, through code assessment plans, code development plans, and evaluations of experiment
suitability). Section 2.1 summarizes the CSAU methods and Section 2.2 summarizes the PIRT methods.

2.1 CSAU Methodology

The CSAU methodology is shown in Figure 3. The methods are subdivided into three elements:

Under the first element, "Requirements and Code Capabilities," scenario modeling requirements are
identified and compared against code capabilities to determine the applicability of the code for the specific
plant and accident scenario. Code limitations are also noted during this element. The steps included in
this element are identification of the specific plant and accident scenario, identification and ranking of
phenomena (the "PIRT", discussed further in Section 2.2), the identification of a "frozen" version of a
computer code, obtaining a full set of documentation on that code, and finally a determination of the code's
applicability for this situation. ‘

Under the second element, "Assessment and Ranging of Parameters," the capabilities of the code are
assessed by comparing calculations against experimental data to determine code accuracy, scale-up
capability, and to determine appropriate ranges over which parameter variations must be considered in
sensitivity studies. The steps included in this element are: establishing an assessment matrix, defining an
appropriate model nodalization, determining the code and experiment accuracies, and determining the
effects of scale.

Under the third element, "Sensitivity and Uncertainty Analysis," the individual contributors to
uncertainty are calculated, collected, and combined into a total uncertainty. The steps included in this
element are: determining the effect of reactor input parameters and state, performing sensitivity
calculations, combining biases and uncertainties, and calculation of the total uncertainty.

2.2 PIRT Methodology

The purpose of PIRT is to identify the phenomena that are important to the thermal-hydraulic
behavior of a particular plant during a particular accident scenario. In addition, each phenomenon that is
deemed of significance is assigned a relative importance ranking, either high, medium, or low in the case
of the work documented here. The PIRT activities are conducted by a committee of experts.

The PIRT is developed by first identifying the plant (in this case AP600) and the accident scenarios
(in this case, SBLOCA, MSLB and SGTR). In practice, identification of the accident scenario can be
problematic. As an example, for the SBLOCA scenario, exactly where is the break? In what pipe, at what
orientation, at what distance from the reactor vessel, of what size, and of what opening time? These are all
questions that must be answered before the evaluation can proceed.

NUREG/CR-6541 6
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Figure 3. Code scaling, applicability and uncertainty evaluation methodology flow diagram.
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The accident scenario is then subdivided into time phases. Typically, this subdivision is based upon a
logical progression of key characteristic features of overall plant behavior during the accident sequence.
For example, during the AP600 main steam line break, the first part of the sequence is dominated by the
blowdown of the secondary coolant system. However, after a time, this behavior ceases (because the
secondary system has reached the containment pressure) and a new behavior arises (in this case, reheating
of the RCS). |

A key step in establishing the context for evaluating candidate phenomena is to determine the
evaluation criteria. Figure 4 illustrates the hierarchy of evaluation criteria used in this process. The higher
levels are the most general and safety-oriented. In this figure, Levels 1 through 4 are contained in NRC
regulations or regulatory guidance. This report deals with Levels 5 through 8 for AP600 SBLOCA,
MSLB, and SGTR accidents. Each level must meet the envelope of requirements of criteria for all levels
above it. For example, vessel inventory (the Level 5 criterion chosen for SBLOCA assessment) must
always be evaluated in a manner that assures acceptable peak fuel rod cladding temperatures. If, for a
particular SBLOCA accident sequence, vessel inventory does not provide that assurance, then either the
higher-order criteria must be used or a new criterion must be chosen.

For each accident phase, a key response is identified (Level 5 in Figure 4), along with important plant
parameters affecting that response (Level 6). The processes that dominate the calculation of the important
parameters are then identified (Level 7). Level 8, then, represents the phenomena to be evaluated. The
portion of the overall PIRT hierarchy applied and documented in this report is shown in Figure 5. Figures
such as this are provided in Section 3 to give the specific evaluation criteria used for each accident time
phase.

The PIRT committee then evaluates the phenomena representing or affecting the identified processes
and assigns a relative ranking for each phenomenon.

The analytical and experimental supporting evidence used as bases for judging the relative
importance of phenomena in this report are identified in Appendix G, Table G-4.

Each phenomenon was assigned a rank using the following simple approach. For each process
identified, the PIRT committee decided upon a list of pertinent candidate phenomena and a top-level rank
(either high, medium, or low) for the process itself. Then, using their collective expertise, the committee
members developed a consensus regarding separation of phenomena on the list into two groups:
controlling and contributing. Further, within the contributing group, the members differentiated the
phenomena into two subgroups (major contributors and minor contributors) depending upon the expected
influence upon the controlling phenomenon. Controlling phenomena were assigned the top-level rank,
major contributing phenomena were ranked one level lower, and minor contributing phenomena were
ranked two levels lower. Phenomena for which this approach resulted in a ranking of less than "low" were
considered insignificant and were discarded. The end product of this effort is a series of tables (one for
each phase of each accident) showing the identified phenomena and their relative rankings.
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l Safety-Related Requirements (Levels 1 through 4, see Figure 4)

L —_ ——

Key Plant Response (Level 5)

Important Parameter(s) (Level 6)

Processes that
dominate the
calculation of
the important
parameter(s)
(Level 7)

Figure 5. Hierarchy of the AP600 PIRT Process
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3. DESCRIPTION OF SEQUENCES, PHASES, IMPORTANT
PARAMETERS, AND DOMINANT PROCESSES

This PIRT covers SBLOCA, MSLB, and SGTR AP600 accident scenarios. These scenarios were
chosen from among Chapter-15 transients that: (1) activate or challenge the new (passive) safety systems
and (2) produce interactions among those safety systems. In all cases, the accident scenarios are assumed
to begin at a time when the reactor is operating at full power. The key plant response (also referred to as
the Figure of Merit and Primary Safety Criterion) for all three accident scenarios is the minimum reactor
vessel inventory.

This section summarizes the accident scenarios investigated, the phases into which the scenarios were
subdivided, and the important parameters and dominant processes for each phase. Figure 6 provides
overviews of the SBLOCA, MSLB, and SGTR accident sequence progressions, the actions and conditions
which define the time phases, and the significant plant behavior and events occurring within each phase.
Section 3.1 describes the SBLOCA. For the MSLB and SGTR accidents, ADS actuation, based on CMT
level, was uncertain, therefore, both possibilities were considered. Published analyses indicate that ADS
activation is likely to be precluded during a MSLB accident. Sections 3.2 and 3.3, respectively, describe
the MSLB accident without and with ADS activation. Similarly, Sections 3.4 and 3.5, respectively,
describe the SGTR accident without and with ADS activation. The discussions in this section are
summaries of the more detailed discussions presented in Appendixes B through F, and the reader is
referred there for further information.

3.1 Small Break Loss-of-Coolant Accident

The SBLOCA scenario represents AP600 response to a small pipe break, assuming availability only
of safety-grade plant systems. The break orientation is unspecified. Note that this scenario description has
been changed significantly in this report revision.

The SBLOCA sequence was originally subdivided into four accident phases. However for this
revision, these phases have been combined into two time phases as supported by additional evidence. The
short-term phase includes the high pressure phase, the ADS blowdown phase and the initial start of the
long-term IRWST phase. The long-term phase includes the rest of the IRWST phase and the long-term
sump phase. Figure 6A shows the correlation of the new phase definitions with the Revision 1 phases that
are summarized in the following paragraphs. Figures 7 and 8 show the key plant responses, important
parameters and processes identified for the two Revision 2 phases.

The short-term phase begins at the time the break opens and proceeds until the IRWST injection flow
becomes stable. The reactor and turbine trips occurs when the pressurizer level falls to its scram setpoint
value (see Reference 8-4, Table H-2, for a list of plant automatic actions and their corresponding signal set
points). Break flow and fluid shrinkage cause the pressurizer level to continue to fall to the S signal set
point pressure. S Signal generation causes CMT actuation, main feedwater isolation and reactor coolant
pump trip. CMT actuation, in turn, causes the PRHR system actuation. Accumulator injection begins
when the RCS pressure falls to the initial accumulator pressure. When the level in either CMT falls to
67.5%, the ADS stage 1 is actuated, followed by stages 2 and 3 at specified time intervals, discharging
coolant directing through spargers into the IRWST. ADS stage 4 actuates at a CMT level of 20% with an
additional time delay, discharging directly into the containment loop compartments. When the RCS
pressure drops sufficiently, the 28 foot driving head of the IRWST begins to inject coolant into the vessel.
Onset of stable IRWST injection marks the end of the short-term phase.
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Vessel Inventory Key Plant Response

RCS pressure

CMT level

ADS flow rate

RCS mass/energy distribution : Important Parameters

Gas bubble expansion

Break/ADS critical flow

PRHR heat transfer

CMT recirculation

RCS loop natural circulation

Steam generator heat transfer

RCS mass/energy balances Dominant Processes

Figure 7. Ranking criteria for the SBLOCA short-term phase.

Vessel Inventory Key Plant Response
RCS/containment differential pressure Important Parameters
ADS flow and pressure drop

Transient IRWST/sump inventory
Containment mass/energy balances
RCS mass/energy balances Dominant Processes

Figure 8. Ranking criteria for the SBLOCA long-term phase.

The parameters of primary importance during the short-term phase are RCS pressure, CMT level,
ADS flow rate and the RCS mass and energy distributions. The processes important for accurate
simulation of these parameters are: gas bubble expansion, break and ADS critical flow, PRHR heat
transfer, CMT recirculation, natural circulation in the RCS loops, steam generator heat transfer, and the
RCS mass and energy balances. Later in the short-term phase the CMT level and ADS flow rate are
important because they determine the timing of ADS staging and the RCS depressurization rate. The
processes important for accurate simulation of these parameters later in the process are the discharge flows
(ADS and break, critical and friction-dominated) and the RCS mass and energy.

The long-term phase begins when stable flow is established from the IRWST, through the direct
vessel injection lines into the vessel downcomer. Steam and water from the break and ADS stage 4 are
passed into the containment where they can collect and flow into the containment sump. The onset of
gravity driven sump injection occurs when the sump level has been equalized with the IRWST level. At
this point the sump replaces the IRWST as the source of RCS injection. The plant end-state for the
SBLOCA includes core-inventory maintenance from sump injection, and decay heat removal across the
containment shell to the atmosphere.
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The RCS-to-containment differential pressure is judged to be the primary parameter of importance
during the long-term phase because it determines the magnitude of the IRWST and sump injection flow
rate. The processes important for accurate simulation of this parameter are: ADS flow and pressure drop,
the transient IRWST and sump inventories, and the containment and RCS mass and energy balances.

Additional discussions of the SBLOCA sequence are provided in Appendix B and Reference 8-4.

3.2 Main Steam Line Break Without ADS

The MSLB-without~-ADS accident scenario represents the AP600 response to the double-ended
rupture of one steam line, assuming availability of only safety-grade plant systems. The inner diameter of
the ruptured pipe is about 29 inches, but flow limiters, located at the steam line nozzles on the steam
generators, have an equivalent diameter of about 16 inches. Therefore, break flow is restricted at the flow
limiters rather than at the break location. Other than being inside containment, the break location is
unspecified; it may be situated in either steam line. A MSLB results in an overcooling of the RCS system.
As the RCS fluid is cooled, it contracts, and the resulting fluid shrinkage has the potential to lower the
CMT levels. In this scenario, it is assumed that the CMT level decline (if any) is not sufficient to activate
ADS. Published analyses (Reference 7-3) have indicated that it is likely that this assumption is correct.
Those analyses evaluated AP600 response to a main steam line break event in which bounding
assumptions were applied to maximize the potential for ADS actuation. The analyses show that, even
when those assumptions are employed, ADS activation is not indicated.

The MSLB-without-ADS sequence was subdivided into two accident phases (see Figure 6B) that are
summarized in the following paragraphs. Figures 9 and 10 show the key plant responses, important
parameters and processes identified for the two phases.

The initial depressurization phase begins at the time of the pipe break and proceeds until the time
when the affected (i.e., the one connected to the broken steam line) steam generator secondary has
depressurized to the containment pressure. The reactor trip occurs during this phase. The steam line
piping arrangement is such that both steam generators initially blow down through the double-ended pipe
break. However, relatively early in this phase, a steam line isolation signal is generated that results in a
blocking of the path for steam from the unaffected steam generator to reach the break location. Behavior
during this phase is otherwise dominated by the blowdown of the affected steam generator into the
containment and the resulting overcooling of the RCS, due to heat removal across the tubes of the affected
steam generator. It is noteworthy that this process is asymmetric, with significant differences in heat loads
and fluid temperatures between the affected and unaffected coolant loops. The steam generator primary-
to-secondary heat transfer was judged to be the parameter of primary importance during this phase because
it dominates the RCS cooldown. The processes important for accurate simulation of this parameter are:
break flow, steam generator secondary behavior (level swell and depletion, liquid carry-over, flashing,
entrainment), flow through the RCS loops, and asymmetric loop cocldown.

The passive decay heat removal phase begins when the affected steam generator blowdown into the
containment has been completed and continues thereafter. This phase is marked by establishment of a
final RCS energy balance where heat sources (core decay heat and reverse heat transfer from the
unaffected steam generator) are balanced by the heat sink (PRHR heat removal to the IRWST, and from
there to the environment via the passive containment cooling system). The effects of CMT cooling during
this phase are temporary. Reheating and repressurization of the RCS is expected. The RCS energy
distribution was judged to be the parameter of primary importance during this phase. The processes
important for accurate simulation of this parameter are: core, steam generator, PRHR, and containment-to-
ambient heat transfer, and loop asymmetry effects.
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Vessel Inventory Key Plant Response

SG Primary-to-Secondary Heat Transfer Important Parameters

Break flow

SG secondary behavior (level swell

and depletion, liquid carryover,

flashing, and entrainment)

RCS loop flow

Asymmetric loop cooldown Dominant Processes

Figure 9. Ranking criteria for the MSLB initial depressurization phase.

Vessel Inventory Key Plant Response

RCS Energy Distribution Important Parameters

Loop assymetry effects

Core heat transfer

SG heat transfer

PRHR heat transfer :
Containment shell heat transfer ' Dominant Processes

Figure 10. Ranking criteria for the MSLB passive decay heat removal phase.

Additional discussions of the MSLB-without-ADS sequence are provided in Appendix C and
Reference 8-4.

3.3 Main Steam Line Break With ADS

The MSLB-with-ADS accident scenario represents the AP600 response to the double-ended rupture
of one steam line, with a complicating failure to open the check valve in the discharge line of one of the
CMTs. The availability of only safety-grade plant systems is assumed. The inner diameter of the ruptured
steam pipe is about 29 inches, but flow limiters, located at the steam line nozzles on the steam generators,
have an equivalent diameter of about 16 inches. Therefore, break flow is restricted at the flow limiters
rather than at the break location. Other than being located in the containment, the break location is
unspecified; it may be situated in either steam line.

A main steam line break results in an overcooling of the RCS. As the primary system fluid is cooled,
it contracts, and the resulting fluid shrinkage is assumed to cause the level in the single active CMT to
reach the 67.5% setpoint level that results in ADS actuation. In the MSLB-without-ADS accident scenario
described in Section 3.2, it was assumed that the CMT level decline would not be sufficient to activate
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ADS. This sequence assumes that an additional failure to open the check valve on one of the CMT
discharge lines will lead to ADS actuation. The rationale for this assumption was that, with only one CMT
active, the total fluid shrinkage of the RCS fluid will lead to a greater decline of the level in the single
active CMT, thus increasing the potential for ADS actuation. Published analyses (Reference 7-3) indicate
it is likely that the level decline in the active CMT will not be sufficient to initiate ADS. Those analyses
evaluated AP600 response to a main steam line break event, in which bounding assumptions were applied
to maximize the potential for ADS actuation. One of the bounding assumptions was the CMT discharge
line check valve failure. These analyses show that, even when the bounding assumptions are employed,
ADS activation is not indicated. The “with ADS” scenario has been left in to accommodate analysis of
additional failures that may cause ADS to be activated.

The MSLB-with-ADS sequence was subdivided into five accident phases (see Figure 6B) that are
summarized in the following paragraphs. Figures 11 through 15, sequentially, show the key plant
responses, important parameters and processes identified for the five phases.

Vessel Inventory Key Plant Response
SG Primary-to-Secondary Heat Transfer Important Parameters
Break flow

SG secondary behavior (level swell

and depletion, liquid carryover,

flashing, and entrainment)

RCS loop flow

Asymmetric loop cooldown Dominant Processes

Figure 11. Ranking criteria for the MSLB with ADS initial depressurization phase.

Vessel Inventory Key Plant Response
RCS Energy Distribution Important Parameters
Loop assymetry effects
Core heat transfer
SG heat transfer
PRHR heat transfer Dominant Processes

Figure 12. Ranking criteria for the MSLB with ADS passive decay heat removal phase.
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Vessel [nventory Key Plant Response

CMT Level
RCS Mass/Energy Distribution Important Parameters

Core heat transfer

PRHR heat transfer

Steam generator heat transfer

RCS loop natural circulation Dominant Processes

Figure 13. Ranking criteria for the MSLB with ADS CMT draining to ADS actuation phase.

Vessel Inventory Key Plant Response
CMT Level
ADS Flow Rate Important Parameters
ADS discharge flow
RCS mass/energy balances Dominant Processes

Figure 14. Ranking criteria for the MSLB with ADS blowdown phase.

Vessel Inventory Key Plant Response
RCS/Containment Differential Pressure Important Parameters
ADS flow and pressure drop

Transient IRWST inventory

Transient sump inventory

Containment mass/energy balances

RCS mass/energy balances Dominant Processes

Figure 15. Ranking criteria for the MSLB with ADS IRWST and sump injection phase.

The initial depressurization phase begins at the time of the pipe break and proceeds until the time
when the affected (i.e., the one connected to the broken steam line) steam generator secondary side has
depressurized to the containment pressure. The reactor trip occurs during this phase. The steam line
piping arrangement is such that both steam generators initially blow down through the double-ended pipe
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break. However, relatively early in this phase, a steam line isolation signal is generated that blocks the
path for steam from the unaffected steam generator to reach the break location. Behavior during this phase
is otherwise dominated by the blowdown of the affected steam generator into the containment and the
resulting overcooling of the RCS, due to heat removal across the tubes of the affected steam generator. It
is noteworthy that this process is asymmetric, with significant differences in heat loads and fluid
temperatures between the affected and unaffected coolant loops. The steam generator primary-to-
secondary heat transfer was judged to be the parameter of primary importance during this phase because it
dominates the RCS cooldown. The processes important for accurate simulation of this parameter are:
break flow, steam generator secondary behavior (level swell and depletion, liquid carry-over, flashing,
entrainment), flow through the primary coolant loops, and asymmetric loop cooldown.

The passive decay heat removal phase begins when the affected steam generator blowdown into the
containment has been completed and proceeds until CMT recirculation ceases (due to voiding in the CMT
or its inlet line). This phase is marked by natural circulation-driven coolant loop, CMT, and PRHR flows;
asymmetries in RCS temperature distributions are expected. The RCS heat sources are decay heat and
reverse heat transfer from the unaffected steam generator. CMT recirculation and the PRHR system are
the heat sinks for the RCS. The RCS energy distribution was judged to be the parameter of primary
importance because it determines the decay heat removal. The processes important for accurate simulation
of this parameter are: core, steam generator, and PRHR heat transfer, and loop asymmetry effects.

The CMT draining-to-ADS actuation phase begins when CMT recirculation ceases and proceeds
until the ADS actuation signal is generated (caused by the CMT level falling to 67.5%). The dominant
plant behavior during this phase is the draining of the unaffected CMT. The RCS continues
depressurizing, and accumulator injection is initiated during this phase. The parameters of primary
importance during this phase were judged to be the CMT level, and the RCS mass and energy
distributions. The processes important for accurate simulation of these parameters are: core, steam
generator, and PRHR heat transfer and natural circulation in the RCS loops.

The ADS blowdown phase begins when the unaffected CMT level has fallen to 67.5% and continues
until IRWST injection begins. The dominant plant behavior during this phase is accelerated RCS
depressurization as the ADS valve-opening sequence proceeds. IRWST injection begins (and this phase
ends) when the RCS-to-containment differential pressure is reduced below the available IRWST static
head. The parameters of primary importance during this phase were judged to be the CMT level and ADS
flow rate. The processes important for accurate simulation of these parameters are: ADS discharge flow
(critical and friction-dominated) and RCS mass and energy balances.

- The IRWST and sump injection phase begins when IRWST flow to the RCS is initiated and proceeds
thereafter. The dominant plant behavior during this phase consists of gravity flow of water from the
IRWST and sump into the RCS, flow from the core into the containment via the ADS fourth stage, and
passive cooling of the containment to the environment. The parameter of primary importance during this
phase was judged to be the RCS-to-containment differential pressure. The processes important for
accurate simulation of this parameter are: transient IRWST inventory, transient sump inventory,
containment energy balance, and RCS energy balance.

Additional discussions of the MSLB-with-ADS sequence are provided in Appendix D and
Reference 8-4.
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3.4 Steam Generator Tube Rupture Without ADS

The SGTR-without-ADS accident sequence is initiated by a double-ended rupture of a single steam
generator tube at the tubesheet. The availability of only safety-grade plant systems is assumed. The
accident results in the release of RCS coolant into the secondary coolant system and potentially to the
atmosphere if the secondary system pressure rises sufficiently to open the steam generator safety relief
valves (SRVs). A successful outcome for this accident includes not only assuring that the core is
sufficiently cooled, but also assuring that any release through the SRVs is terminated. Although the break
size is specified for this accident, its precise location is not. The break may be located in either steam
generator, and at either the hot or cold end of the tube. Note that the break configuration results in two
flow paths opening between the primary and secondary coolant systems. With the tube broken at the
tubesheet, one path is from either the inlet or outlet plenum through the tubesheet into the boiler region.
The other path is from the other plenum into the boiler region through the full length of the broken tube.
Break flow through the first of these paths is much greater than that through the second path. The net loss
of primary coolant and fluid shrinkage due to cooling may allow the level in either CMT to reach the
67.5% setpoint level that results in ADS actuation. In this scenario, it is assumed that the CMT level
decline is not sufficient to activate ADS. Published analyses (Reference 7-4) have indicated that it is likely |
this assumption is correct. Those analyses, which studied the effects of 1, 3, 5, and 25 tubes tupturing,
indicated that without additional failures, ADS actuation is not indicated.

The SGTR-without-ADS sequence was subdivided into two accident phases (see Figure 6C) that are
summarized in the following paragraphs. Figures 16 and 17 show the key plant responses, important
parameters and processes identified for the two phases.

Vessel Inventory : Key Plant Response

RCS Pressure Important Parameters

Gas bubble expansion

Broken tube critical flow

Transient pressurizer inventory

Net RCS mass/energy balances Dominant Processes

Figure 16. Ranking criteria for the SGTR initial depressurization phase.
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Vessel Inventory Key Plant Response

RCS Pressure Important Parameters

Core heat transfer

SG heat transfer

PRHR heat transfer

Containment shell heat transfer

RCS loop natural circulation

SG safety relief valve critical flow

Loop asymmetries Dominant Processes

Figure 17. Ranking criteria for the SGTR passive decay heat removal phase.

The initial depressurization phase begins at the time of the tube rupture and proceeds until break flow
and fluid shrinkage effects reduce the pressurizer pressure to the setpoint that generates the S signal. The
reactor trip occurs during this phase. The steam generator secondary pressure rises, and the SRVs may be
lifted, releasing a mixture of primary and secondary fluid to the atmosphere. The RCS pressure was
judged to be the parameter of primary importance because it determines the tube rupture flow rate and
generation of the S signal. The processes important for accurate simulation of this parameter are gas
bubble expansion, the net RCS mass and energy balances, broken steam generator tube critical flow, and
transient pressurizer inventory.

The passive decay heat removal phase begins at the time of the S signal and continues thereafter. The
S signal actuates the CMT system, trips the reactor coolant pumps, and isolates feedwater. CMT system
actuation also results in PRHR system actuation. This phase is marked by establishment of a final
RCS/containment energy balance whereby core decay heat is removed through the PRHR and IRWST
systems to containment, and from there to the environment via the passive containment cooling system. To
terminate the atmospheric release, the PRHR system must be capable of removing the decay heat at a RCS
pressure that is below the opening setpoint pressure of the steam generator SRVs. The RCS pressure was
judged to be the parameter of primary importance during this phase because it determines the duration of
the atmospheric release. The processes important for accurate simulation of this parameter are core, steam
generator, PRHR and containment-to-ambient heat transfer, natural circulation in the RCS loops including
asymmetries, and steam generator SRV critical flow. '

Additional discussions of the SGTR-without-ADS sequence are provided in Appendix E and
Reference 8-4. :

3.5 Steam Generator Tube Rupture With ADS

The SGTR-with-ADS accident sequence is initiated by a double-ended rupture of a single steam
generator tube at the tubesheet, with a complicating additional failure to open the check valve in the
discharge line of one CMT. The availability only of safety-grade plant systems is assumed. The accident
results in the release of RCS coolant into the secondary coolant system and potentially to the atmosphere if
the secondary system pressure rises sufficiently to open the steam generator SRVs. A successful outcome
for this accident includes not only assuring that the core is sufficiently cooled, but also assuring that any
release through the SRVs is terminated. Although the break size is specified for this accident, its precise
location is not. The break may be located in either steam generator, and at either the hot or cold end of the
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tube. Note that the break configuration results in two flow paths opening between the primary and
secondary coolant systems. With the tube broken at the tubesheet, one path is from either the inlet or outlet
plenum through the tubesheet into the boiler region. The other path is from the other plenum into the
boiler region through the full length of the broken tube. Break flow through the first of these paths is

much greater than that through the second path.

In the SGTR-without-ADS accident scenario described in Section 3.4, it was assumed that the CMT
level decline would not be sufficient to activate ADS. The SGTR-with-ADS sequence assumes that an
additional failure to open the check valve on one of the CMT discharge lines is sufficient to lead to ADS
actuation. The rationale for this assumption is that, with only one CMT active, the mass lost from, and
fluid shrinkage of, the RCS fluid would lead to a greater decline of the level in the single active CMT, thus
increasing the potential for ADS actuation. Other complicating failures that also might lead to the
activation of ADS can be postulated. In particular, simply increasing the number of steam generator tubes
that are assumed to rupture can be expected to lead to ADS actuation. The PIRT team dismissed using that
approach because assuming rupture of multiple tubes: (1) significantly reduces the probability of sequence
occurrence and (2) will result in 2 RCS break so large that plant response will be similar in many respects
to that of the SBLOCA scenario described in Section 3.1. The "with ADS" scenario was left in to
accommodate analysis of additional failures.

The SGTR-with-ADS sequence was subdivided into five accident phases (see Figure 6C) that are

summarized in the following paragraphs. Figures 18 through 22, sequentially, show the key plant
responses, important parameters and processes identified for the five phases.

Vessel Inventory Key Plant Response

RCS Pressure . Important Parameters

Gas bubble expansion

Broken tube critical flow

Transient pressurizer inventory

Net RCS mass/energy balances : Dominant Processes

Figure 18. Ranking criteria for the SGTR with ADS initial depressurization phase.
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Vessel Inventory Key Plant Response

RCS Pressure Important Parameters -

Core heat transfer

SG heat transfer

PRHR heat transfer

RCS loop natural circulation

SG safety relief valve critical flow

Loop asymmetries Dominant Processes

Figure 19. Ranking criteria for the SGTR with ADS passive decay heat removal phase.

Vessel Inventdry Key Plant Response

CMT Level
RCS mass/energy distribution Important Parameters

Loop asymmetries

Core heat transfer

PRHR heat transfer

Steam generator heat transfer

RCS loop natural circulation Dominant Processes

Figure 20. Ranking criteria for the SGTR with ADS CMT draining to ADS actuation phase.

Vessel Inventory Key Plant Response
CMT Level
ADS Flow Rate Important Parameters
ADS discharge flow
RCS mass/energy balances Dominant Processes

Figure 21. Ranking criteria for the SGTR with ADS blowdown phase.
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Vessel Inventory Key Plant Response |
RCS/Containment Differential Pressure Important Parameters ‘
ADS flow and pressure drop

Transient IRWST inventory

Transient sump inventory

Containment mass/energy balances

RCS mass/energy balances Dominant Processes

Figure 22. Ranking criteria for the SGTR with ADS IRWST and sump injection phase.

The initial depressurization phase begins at the time of the tube rupture and proceeds until break flow |
and fluid shrinkage effects reduce the pressurizer pressure to the pressure setpoint that generates the S
signal. The reactor trip occurs during this phase. The affected steam generator secondary pressure rises
and the SRVs may be lifted, releasing a mixture of primary and secondary fluid to the atmosphere. The
RCS pressure was judged to be the parameter of primary importance because it determines the tube rupture
flow rate and generation of the S signal. The processes important for accurate simulation of this parameter
are: the net RCS mass and energy balances, broken steam generator tube critical flow, transient pressurizer
inventory, and gas bubble expansion.

The passive decay heat removal phase begins at the time of the S signal and proceeds until CMT
recirculation ceases (due to voiding in the CMT or its inlet line). The S signal actuates the CMT system,
trips the reactor coolant pumps, and isolates feedwater. CMT actuation also results in PRHR system
actuation. This phase is marked by natural circulation-driven coolant loop, unaffected CMT, and PRHR
flows. Due to break and unaffected steam generator effects, asymmetries in RCS mass and energy
distributions are expected. Decay heat is removed through break energy release, PRHR heat removal, and
CMT recirculation. The unaffected steam generator may act as a heat source to the RCS system during this
phase. The RCS pressure was judged to be the parameter of primary importance during this phase because
it determines the duration of the atmospheric release through the affected steam generator SRVs. The
processes important for accurate simulation of this parameter are: core, steam generator, and PRHR heat
transfer, natural circulation in the RCS loops including asymmetries, and steam generator SRV critical
flow.

The CMT draining-to-ADS actuation phase begins when unaffected CMT recirculation ceases and
proceeds until the ADS actuation signal is generated (caused by the CMT level falling to 67.5%). The
dominant plant behavior during this phase is the draining of the unaffected CMT. The parameters of
primary importance during this phase were judged to be the CMT level and the RCS mass and energy
distributions. The processes important for accurate simulation of these parameters are: core, steam
generator, and PRHR heat transfer and natural circulation in the RCS loops including asymmetries.

The ADS blowdown phase begins when the unaffected CMT level has fallen to 67.5% and continues
until IRWST injection begins. The dominant plant behavior during this phase is accelerated RCS
depressurization as the ADS valve-opening sequence proceeds. IRWST injection begins (and this phase
ends) when the RCS-to-containment differential pressure is reduced below the available IRWST static
head. It is noteworthy that, during this and the following phase, the break flow (i.e., that through the two
flow paths of the broken tube) is expected to reverse. This reverse break flow will result in mass and
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energy additions to the RCS. The parameters of primary importance during this phase were judged to be
the CMT level and ADS flow rate. The processes important for accurate simulation of these parameters
are: ADS discharge flow (critical and friction-dominated) and RCS mass and energy balances.

The IRWST and sump injection phase begins when IRWST flow to the RCS is initiated and proceeds
thereafter. The dominant plant behavior during this phase consists of gravity flow of water from the
IRWST and sump into the RCS, flow from the core into the containment via the ADS fourth stage, and
passive cooling of the containment to the environment. The parameter of primary importance during this
phase was judged to be the RCS-to-containment differential pressure. The processes important for
accurate simulation of this parameter are: ADS flow and pressure drop, transient IRWST inventory,
transient sump inventory, containment mass and energy balances, and RCS mass and energy balances.

Additional discussions of the SGTR-with-ADS sequence are provided in Appendix F and
Reference 8-4.

NUREG/CR-6541 26




4. RESULTS

Table 1 provides a condensation of the master PIRT tables for all accident scenarios investigated in
this report. The accident phases (numbered 1 through 5 near the top of the table) correspond to the
chronological order of phases described for the accident scenarios in Appendixes B through F. Note that
the actual phase names and definitions vary among the scenarios.

The detailed PIRT results are found in the following appendixes of this report:

Accident Results presented in
Small break loss-of-coolant accident Appendix B
Main steam line break Appendix C
Main steam line break with failure Appendix D
leading to ADS actuation
Steam generator tube rupture Appendix E
Steam generator tube rupture with Appendix F

failure leading to ADS actuation

For each accident, the key results are displayed in the master tables at the beginning of the
corresponding appendix. A separate table is used for each accident phase. The left sides-of the master
tables show all phenomena that were ranked high, medium, or low. The tables are organized
alphabetically by component name (with the exception that containment components are listed last).
Within each component listing, the high-ranked phenomena (shown as "H" in the tables) are shown first,
the medium-ranked phenomena ("M") second, and the low-ranked phenomena ("L") third.

The right sides of the master tables refer the reader to information supporting the selection and
ranking of the phenomena and to background information. The most important of the supporting
information is the specific phenomena ranking rationale that is referenced by an "R" code. The table
where this information is found is listed at the top of the ranking rationale column; in each appendix, this
ranking rationale table immediately follows the master PIRT tables. The remaining codes refer the reader
to background information: phenomena definitions, component descriptions, component-specific
phenomena considerations, analytical and experimental supporting information, and possible relationships
among phenomena. A common set of PIRT background information is used for all accident scenarios; this
information is provided in Appendix G and the appropriate reference tables for the background
information codes are shown at the tops of the columns in the master PIRT tables.
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Section 5.1 discusses the results of RELAPS AP600 SBLOCA plant analyses and code capabilities
particularly pertinent to this PIRT. Section 5.2 discusses investigations into facility scaling that are related

|
\
5. RELATED ACTIVITIES ‘
to this PIRT. Section 5.3 evaluates the MSLB and SGTR PIRTS based on SBLOCA experience.

5.1 RELAPS AP600 SBLOCA Plant Analysis Activities

Analyses using RELAP5/MOD?3.2.1.2 and models of the AP600 and experimental facilities at SPES,
OSU, and ROSA have been used to assess RELAPS's ability to represent significant AP600 transient
phenomena and to confirm PIRT rankings. These analyses have been grouped into three main areas:
short-term behavior, long-term behavior, and PIRT specific sensitivity studies.

5.1.1 AP600 SBLOCA Short-term Behavior

Code capabilities for predicting the important AP600 SBLOCA PIRT short-term phase phenomena
were assessed using test data from the ROSA, SPES, and OSU integral effects experimental facilities. The
short-term phase extends from the time the break opens until steady In-Containment Refueling Water
Storage Tank (IRWST) injection flow is established. These capabilities were evaluated for three different
AP600 SBLOCA scenarios initiated by: a I-in. diameter cold leg break, a double-ended Direct Vessel
Injection (DVI) line break and a 2-in. diameter Pressure Balance Line (PBL) break. Overall assessment
results were compiled by combining the assessment results from among the various accident scenarios,
phases, and experimental facilities. The integral effects assessments indicate that the code has the
capability to acceptably predict all of the AP600 SBLOCA PIRT high-ranked phenomena as observed in
the experiments. Additional information may be found in Reference 8-5.

In review of the PIRT rankings based on these analyses, only one phenomena was recommended for a
different ranking. Core flow resistance, previously rated high, is only a small part of the total resistance
that flow through the core has to overcome. In fact, it is two orders of magnitude smaller than the
resistances of the recirculation loops. Accordingly, phenomena is now rated as low.

5.1.2 AP600 SBLOCA Long-Term Behavior

Analyses were performed to investigate the response of AP600 during the long-term phase of
SBLOCA transients. The long-term phase is defined as the remainder of the IRWST injection period and
the sump injection period. The analyses used test data from OSU integral effects experiments for the three
accident scenarios: a l-inch diameter cold leg break, a double ended break in a direct vessel injection line,
and a 2-inch diameter break in a pressure balance line leading to a CMT. Analyses using a simplified
Long Term Cooling Model of both the OSU facility and the AP600. The AP600 containment was
modeled simply, using a combination of control volumes and boundary conditions. Bounding sensitivity
calculations were performed to investigate the effects of containment pressure, condensate temperature,
fraction of condensate from the containment shell to the sump as opposed to the IRWST, and the amount
of liquid flowing into dead-end rooms in the containment on long term behavior.

Overall RELAP5/MOD3 version 3.2.1.2 and the LTCMs represented the long term phase of the data
reasonably well and was shown to be capable of predicting most of the important phenomena during the
long-term phase. There were no recommendations for changes to the PIRT rankings, other than to include
IRWST temperature with Sump temperature as a single phenomena in the long term PIRT. Additional
information may be found in Reference 7-5.
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5.1.3 PIRT Specific Sensitivity Analyses

Six sensitivity analyses were performed as part of a systematic assessment of the PIRT rankings.
Each sensitivity was performed using the simplified AP600 RELAPS model to calculate a 1-inch diameter
cold leg SBLOCA. The six sensitivities performed were ADS actuation, flow resistance, ADS4
entrainment, Cold Leg condensation, CMT condensation, and PRHR heat removal. Results of these
sensitivity studies were compared to a base case calculation with respect to the figure-of-merit (FOM),
minimum vessel inventory. Additional information on these studies can be found in Reference 7-6.

Results of these sensitivity studies showed no core heatup, recovery of core inventory and limited
changes in the minimum reactor vessel inventory for realistic variations in the parameters of interest. Only
the CMT condensation sensitivity showed a moderate effect on minimum vessel inventory, confirming its
ranking in the PIRT.

5.2 AP600 Experimental Facility Scaling

Top-down scaling analyses were performed to evaluate the global system behavior of the
experimental data base used for the integral effects code assessments facility. The top-down scaling
analyses had three objectives. First, the analyses were performed to determine the sufficiency of the
integral test data base for code assessment. The evaluation criterion for sufficiency was whether the
expected AP600 behavior is bounded by that observed in the test data. Second, the analyses were
performed to determine the relevancy of the data. The evaluation criterion for relevancy was typicality; if
the test behavior was typical of AP600, then it was relevant. Third, the analyses were performed to
uncover, through comparisons between test data and the corresponding code calculations of the tests, any
biases included in the code calculations that pertained to code calculations of AP600 accident behavior. A
top-down scaling methodology to attain these objectives was developed and applied. Additional
discussion of scaling can be found in Appendix H and in References 7-7 and 7-8.

The results of the top-down scaling analyses indicate that the integral experiment data base is
sufficient to justify extending the experimental code assessment results to AP600. The analyses
demonstrate that the experimental data base provided by the integral test data encompasses the important
phenomena and ranges expected of AP600 during a SBLOCA as defined by the PIRT. While each of the
experimental facilities has known sources of distortions, none of these was found to cause the data from
any of the facilities to be irrelevant for AP600. The scaling analysis considered these known distortions
and included their effects in the data-collapsing process.

" Review of the PIRT rankings from a scaling standpoint brought out one significant comment. Break
flow, rated high, is less significant to system behavior and minimum vessel inventory than ADS flow and
should be rated medium.

5.3 MSLB/SGTR PIRT Evaluation

This section discusses the applicability of the SBLOCA PIRT to MSLB and SGTR transients. The
SBLOCA, as documented in this report, was approached systematically, using experimental data and
computer code calculations. Additional SBLOCA sensitivities were also performed to confirm the PIRT
rankings. This systematic approach was not undertaken for the MSLB and SGTR transients under the
assumption that these transients do not lead to activation of the depressurization sequence in AP600 and
that key phenomena characteristic for AP600 accident system response was similar for the three transient

types.
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The current SBLOCA PIRT focuses on a reduced number of phases; only short term and long term
phases were considered. The MSLB and SGTR scenarios were divided into more detailed phases for
which their PIRTs were developed. This section discusses both scenarios in terms of the original PIRT
phases discussed in Sections 3.2 through 3.5 and Appendices C through F. This section evaluates the
identified PIRT highly ranked phenomena in light of the more detailed SBLOCA findings. The evaluation
is based solely on judgement and was not supported with analyses of any MSLB or SGTR experiments,
nor with AP600 sensitivity analyses with the newest code version.

As stated previously, when the MSLB/SGTR PIRTs were developed, it was unclear whether either
transient would activate ADS. Studies to date (References 7-3 and 7-4) indicate neither transient will
actuate ADS. However, both MSLB and SGTR with ADS transients are incorporated in this report as they
are pertinent for cases where multiple additional failures are assumed.

5.3.1 Main Steam Line Break without ADS

This transient, discussed in Section 3.2 and Appendix C, differs significantly from the SBLOCA
transients because there is no breach of the primary system. In particular, the initial depressurization phase
is governed by different processes than the initial depressurization phase of a SBLOCA. The coolant mass
inventory does not change in this scenario, although rapid cooling and shrinkage of the primary coolant
will cause the coolant levels in the vessel to decrease.

Initial Depressurization Phase

With respect to the vessel inventory, steam generator primary-to-secondary heat transfer is the most
important parameter during this phase. This heat transfer controls the pressure of the primary system and
shrinkage of the primary coolant as heat is removed through the affected steam generator. This process
differs markedly from a SBLOCA and its phenomenology (particularly break flow and steam generator
secondary behavior cannot be confirmed by SBLOCA experiments and analyses.

Passive Decay Heat Removal Phase

The most important parameter during this phase is the RCS energy distribution. The dominant
processes that controlled this phase were loop asymmetry effects, core heat transfer, steam generator heat
transfer, PRHR heat transfer and containment shell heat transfer. This phase is similar to a SBLOCA later
portion of the high pressure phase when the PRHR removes heat from the primary system and a
recirculation of the CMT occurs. For this phase, only decay heat and PRHR-to-IRWST heat transfer were
ranked high. The SBLOCA PIRT also rates these phenomena high and this experience is directly
applicable to the MSLB transient since these phenomena define the essential energy input and output for
both transients.

The SBLOCA PIRT also rates CMT related phenomena such as thermal stratification and level high.
CMT behavior is very important and determines if and how the automatic depressurization sequence
occurs. Therefore, although SBLOCA experience is applicable for the MSLB, CMT phenomena may need
to be ranked higher.

5.3.2 Main Steam Line Break with ADS

This transient is similar to the transient discussed in Section 5.3.1; however, it is assumed that the
overcooling induced by the steam line rupture is sufficient to shrink the primary coolant to levels allowing
activation of the ADS. To maximize coolant shrinkage, only one CMT is assumed to drain. Previous
analyses have shown that even with this assumption, it is unlikely that a MSLB will lead to ADS
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activation. No new analyses were performed. More information on this transient is included in Section 3.3
and Appendix D.

Initial Depressurization Phase

This phase is defined as in Section 5.3.1 and is dominated by primary-to-secondary heat transfer.
This phase is not typical of a SBLOCA and the results of those studies are not directly applicable.

Passive Decayv Heat Removal Phase

Energy distribution was judged to be the most important parameter during this phase. Only decay
heat and PRHR-to-IRWST heat transfer were ranked high. The MSLB system behavior is similar to the
SBLOCA system behavior in the later portion of the high pressure phase before ADS activation. Both
phenomena were also ranked high in the SBLOCA PIRT. The MSLB transient may also depend on which
steam generator and which CMT is affected, signifying asymmetric effects.

The coolant shrinkage and associated level drop in the reactor vessel and cold legs will be different
from those in the SBLOCA, where mass is removed through the break and flashing occurs in the upper
plenum. The processes leading to CMT draining will therefore be different in these two transients.
Recognition of the higher importance of CMT related phenomena is applicable to the MSLB.

CMT Draining to ADS Actuation Phase

The behavior of the unaffected CMT and the energy distribution (decay heat and PRHR-to-IRWST
heat transfer were judged the most important parameters affecting this phase. In SBLOCA these same
parameters are similarly important. The SBLOCA analyses have shown that the steam generator in the
CMT loop has a determining effect on CMT draining. In a MSLB, this effect may be even more
pronounced depending on which steam generator is affected. Based on the SBLOCA analyses, the
addition of voiding/draining behavior of SG-C to the high ranked phenomena is recommended.

ADS Blowdown Phase

The MSLB PIRT ranks the accumulator noncondensible effects, ADS energy and mass release, two-
phase mixture level in the core, CMT level, decay heat, and phase separation in tees as high. This phase of
the MSLB is very similar to the ADS blowdown phase in SBLOCA. The transient is dominated by the
processes associated with coolant and energy depletion through the ADS valves. The effects of steam
generators, PRHR or breaks is secondary. It is judged that the SBLOCA phenomena during this phase are
representative enough for the MSLB transient and thus the SBLOCA PIRT rankings can be directly
adopted.

IRWST and Sump Injection Phase

For this phase, the effects of the transient initiator (the MSLB) are overridden by the ADS actuation
and blowdown. Thus, the transient has similar characteristics to the SBLOCA transient. The dominant
phenomena and their importance are the same. This phase of the MSLB is fully confirmed by SBLOCA
experience.
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5.3.3 Steam Generator Tube Rupture without ADS

The SGTR transient evaluated in this report (Section 3.4 and Appendix E) assumes a double ended
rupture of a single steam generator tube at the tube sheet. The phenomena are ranked with regard to vessel
inventory. The scenario assumes that RCS coolant loss through the break and coolant shrinkage are not
sufficient to reduce the level in the CMT to initiate the ADS sequence.

Initial Depressurization Phase

The most important parameter in this phase is RCS pressure which controls the break flow. In
SBLOCAS, the breaks are located in different places, so the results of the SBLOCA analyses and
experiments are not directly applicable and cannot be used to confirm the importance of choking or the
effects of the SGTR's complex flow paths. The break mass flow rate controls the events very early in the
transient and should be ranked high. The pressurizer will control the RCS more in 2 SGTR event because
the break is smaller and the discharge occurs against higher pressure; thus the pressurizer phenomena is
more important in this transient. Primary-to-secondary heat transfer also plays a more important role in a
SGTR event because the process is removes more energy that the break. In SBLOCA, the reverse is true.
Therefore, the ranking of this heat transfer mechanism for SGTRs cannot be confirmed by the SBLOCA
analyses.

Passive Decav Heat Removal Phase

In this phase, flow of primary coolant into the affected steam generator continues. The energy from
the RCS is removed by PRHR, CMT, and break flow. The flow distribution and processes within the RCS
are sufficiently different from SBLOCA processes that the SGTR cannot be directly confirmed by the
SBLOCA PIRT analyses. Phenomena associated with the affected steam generator, such as break flow,
Safety Relief Valve mass, and energy release, are exceptionally unique for this transient.

Containment heat transfer, rated high for this phase, should not be too different from the SBLOCA
containment heat transfer; therefore it is recommended that this phenomenon's ranking be downgraded in
the future. Also, the experience of SBLOCA indicated that entrainment and de-entrainment in the upper
plenum is less important than previously judged. This experience is applicable to the SGTR event and
these rankings are recommended for downgrading.

5.3.4 Steam Generator Tube Rupture with ADS
The Steam Generator Tube Rupture event discussed in Section 3.5 and Appendix F assumed that one

of the CMT check valves failed and the CMT did not drain. The unaffected CMTs draining was enhanced
and lead to ADS actuation.

Initial Depressurization Phase

This phase is similar to the first phase of the SGTR without ADS (Section 5.3.3) and all comments
are applicable to this event as well.

Passive Decay Heat Removal Phase

This phase is similar to the second phase of the SGTR without ADS (Section 5.3.3) and all comments
_ are applicable to this event as well.
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CMT Draining to ADS Actuation Phase

Recirculation through the CMT is interrupted at the beginning of this phase and draining begins.
This draining eventually leads to ADS actuation. The draining process in this SGTR event is very similar
to the draining in any transient. The experience of SBLOCA is directly applicable.

ADS Blowdown Phase

This phase in the SGTR transient is very similar to the ADS blowdown phase in SBLOCA. The
transient is dominated by processes associated with coolant and energy depletion through the ADS valves.
Effects of the steam generators, PRHR, or break are secondary. SBLOCA phenomena for this phase are
enough representative and the PIRT rankings can be used.

IRWST and Sump Injection Phase
For this phase, the effects of the transient initiator (SGTR) are overridden by ADS blowdown and the

transient becomes very similar to the long term phase of SBLOCA, with the same dominant processes and
phenomena. This part of the SGTR transient is fully confirmed by the SBLOCA analyses.
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6. SUMMARY

PIRT activities have been completed for AP600 response to SBLOCA, MSLB, and SGTR accident
scenarios. In particular, the PIRT for the SBLOCA accident scenario has been further developed based on
new evidence from AP600-related experimental test facilities, AHP and scaling analyses, and additional
thermal-hydraulic expert review. The findings from these PIRTs may be used to provide general guidance
for the focussing of research efforts. These findings are summarized in Table 1 (that is presented in
Section 4).

Many users of this PIRT may find the summary information in Table 1 more useful if it is rearranged
in different ways. The following tables are included for that purpose:

Table 2 summarizes the PIRT findings with the phenomena sorted alphabetically by phenomena
name. The number of occurrences of high, medium, and low rank shown in this table are the sum of
all such occurrences among the 16 phases comprising the 5 accidents evaluated in this PIRT.

Table 3 summarizes the PIRT findings with the phenomena sorted alphabetically according to
component name. The number of occurrences of high, medium, and low rank shown in this table are
the sum of all such occurrences among the 16 phases comprising the 5 accidents evaluated in this
PIRT.

Finally, the PIRT findings are summarized with the phenomena sorted by the number of occurrences
(again, with a maximum of 16) at each particular rank. Tables 4, 5, and 6 show this information for

high-, medium-, and low-ranked phenomena, respectively.

The components, phenomena, and rankings shown in Tables 1 through 6 are identical; these tables
differ only in the manner in which the information is sorted and presented.
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Table 2. AP600 PIRT summary - frequency of occurrence of ranks sorted by phenomena.

Phenomena Component Frequency at Indicated Rank I

High | Medium | Low |

Air flow Containment (exterior) 0 4 2
Asymmetric behavior Steam generators 0 3 oll
Atmospheric temperature Containment (exterior) 0 4 2
Boiling Core 0 2 0

Boron reactivity feedback Fuel rods 0 1 1

CCFL Hot legs 0 4 1

Pressurizer 0 2 1

lICHF /dryout Fuel rods 0 3 1
{{Chimney effects Containment {(exterior) 0 4 2
[Choking in complex geometries Break 4 3 0
lChoking in complex geometry ADS 0 1 oll
[[CMT-10-IRWST differential head CMT 0 2 0l

ICMT-to-loop differential density CMT 1 3 3

HCoastdown performance Pumps 2 0 3
|Condensate transport Containment (interior) 0 4 6
[Condensation CMT 0 2 2

Cold legs -0 0 4

Containment (interior) 0 6 4

Downcomer/lower plenum 0 4 3

Hot legs 0 0 2

Pressurizer 0 0 1

PRHR 0 6 1

Upper head/upper plenum 0 0 2

{ICondensation in stages 1, 2, and 3 ADS

liand spargers (in IRWST) ADS 0 0 2

lIiCondensation in U-tubes Steam generators 0 0 3
{[Core channeling Core 2 0 2
[Core power/decay heat Fuel rods 16 0 0
Countercurrent flow Hot legs 0 4 2

Differential density PRHR 0 8 3
Discharge line flashing IRWST 0 2 0l
Discharge line flashing Sump 0 2 o
[Energy release ADS 6 0 off
Break 5 6 0

Entrainment Hot legs 0 3 1
[Entrainment Steam generator(secondary) 2 0 Ol
Entrainment/de-entrainment Pressurizer 0 3 olf
Upper head/upper plenum 2 4 off

[Exterior to ambient heat transfer Containment (exterior) 4 2 4
Flashing CMT 0 2 2
Cold legs 0 1 3

Core 1 6 2

Downcomer/lower plenum 0 0 3

Hot legs 0 7 2

Pressurizer 2 5 0

PRHR 0 0 3
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Table 2. (continued).

Phenomena Component Frequency at Indicated Rank
High Medium Low
Flashing Upper head/upper plenum 0 6 2!
Flashing (SG and feedwater line) Steam generator(secondary) 2 0 0
Flow Accumulators - 3 0 ol

Flow and temperature distribution in

PRHR bundle region IRWST 0 6 1
[Flow distribution Downcomer/lower plenum 0 0 4)]
Flow resistance ADS 0 5 0
Break 0 6 5
CMT 1 1 6
Core 0 2 8
IRWST 2 2 0
Pumps 0 0 - 9
Sump 0 3 0
PRHR 0 6 3
Flow split{upper plenum) Upper head/upper plenum 0 4 0
Fluid temperature Sump 1 2 0
Heat transfer between PRHR and IRWST|PRHR 6 5 2
Heater power Pressurizer 2 0 0
Horizontal fluid stratification Hot legs 0 7 1
Humidity Containment (exterior) 0 4 2
Interior to wall heat transfer Containment (interior) 4 4 2
Interphasic condensation IRWST 0 2 8
Level CMT 5 2 0
Downcomer/lower plenum 3 1 3
Sump- 1 3 0
Level (inventory) Pressurizer 3 8 of
Level swell Pressurizer 0 3 ol
Level swell and depletion Steam generator(secondary) 2 0 OH
Liquid carry-over Steam generator (separator/dryer) 2 0 0]
Liquid distribution Containment (interior) 0 6 6
Liquid holdup Containment (interior) 0 4 6
Liquid subcooling Containment (interior) 0 0 2
Loop asymmetry effects Cold legs 0 4 1
Core 0 0 4
Downcomer/lower plenum 0 4 2
Hot legs 0 4 1
Upper head/upper plenum 0 4 1
Mass flow ADS 6 0 ol
Break 8 3 off
Mass flow, including bypass Core 0 2 1
IMixing Pumps 0 0 1
Moderator temperature feedback Fuel rods 0 1 1
Natural convection Containment (interior) 0 4 6
Noncondensible effects Accumulators 0 3 1
ADS 0 3 3
Break 0 0 2
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Table 2. (continued).

Phenomena Component Frequency at Indicated Rank
High | Medium Low

Noncondensible effects CMT 0 1 5
Cold legs 0 0 6

Containment (interior) 0 4 6

Core 0 0 3

Downcomer/lower plenum 0 0 3

Hot legs 0 2 5

Pressurizer 0 2 9

PRHR 0 8 3

Steam generator(primary) 0 0 2

Steam generators 0 3 0

Upper head/upper plenum Q 0 2

Noncondensible segregation Containment (interior) 0 4 6
Nonuniform steam/air distribution Containment (interior) 0 4 6
Passive heat sink Containment (interior) 0 8 2

PBL-to-cold legs tee phase separation Cold legs 3 0 2
'PCCS evaporation Containment (exterior) 0 6 ol

PCCS mixtre convective heat transfer |[Containment (exterior) 0 4 2
[PCCS water flow Containment (exterior) 0 4 2
PCCS wetting Containment {exterior) 0 4 2

Phase separation in tees Hot legs 5 2 2

PRHR 0 0 3

Pool flow IRWST 0 3 6

ool level IRWST 1 6 3

Pool thermal stratification IRWST 1 10 3
Pool to tank structure heat transfer IRWST 0 0 6it
Preferential loop cooldown Steam generator(primary) 2 0 oll
{Pressure Containment (interior) 0 2 of
Primary to secondary heat transfer Steam generator{primary) 2 0 ol

Primary to secondary heat ransfer Steamn generators 5 4 5

Radiation heat transfer Containment (exterior) 0 4 2

Secondary level Steam generators 0 3 6

Secondary pressure Steam generators 0 5 6

Sparger pipe level IRWST 0 1 1
SRV energy release Steam generators 3 2 0l
SRV mass flow Steam generators 3 2 olf
Steam-noncondensible mixing Containment (interior) 0 4 6

Stored energy release Cold legs 0 0 8
Core 0 2 6l

" |Downcomer/lower plenum 0 0 8

Fuel rods 0 1 8

Hot legs 0 4] 8

Pressurizer 0 0 5

- Upper head/upper plenum 0 0 7
Subcooling margin Core 1 3 O
IThermal driving head Steam generator(primary) 0 2 oll
Thermal Stratification Cold legs 0 1 olf
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Table 2. (continued).

Phenomena

Component

Frequency at Indicated Rank

High Medium Low

Thermal stratification and mixing CMT 0 4 6
Tube dryout (affected SG) Steam generator(secondary) 0 2 0
Tube voiding Steam generators 0 6 1
Twao-phase level in upper plenum Upper head/upper plenum 1 0 1
Two-phase mixture level Core 6 0 oll
Upper head/downcomer bypass flow Upper head/upper plenum 0 0 1
Vapor space behavior Pressurizer 2 4 ol
'Vapor space compression Upper head/upper plenum 0 1 oll
Voiding CMT 0 1 1
'Voiding Core 0 4 ol
'Voiding Hot legs 0 6 1
Voiding PRHR 0 8 1
'Voiding Upper head/upper plenum 0 7 1
Voiding {unaffected loop) Steam generator(primary) 0 2 oll
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Table 3. AP600 PIRT summary - frequency of occurrence of ranks sorted by components.

Component Phenomena Frequency at Indicated Rank
L High | Medium | Low
Accumulators Flow 3 4] oll
Noncondensible effects 0 3 1
ADS Energy release 6 0 Ol
Mass flow 6 0 off
Choking in complex geometry 0 1 0f
Flow resistance 0 5 0
Noncondensible effects 0 3 3

Condensation in stages 1, 2, and 3 ADS
and spargers (in IRWST)

Break Choking in complex geometries
Energy release

Flow resistance

Mass flow

Noncondensible effects

Cold legs Condensation

Flashing

Loop asymmetry effects
Noncondensible effects
PBL-to-cold legs tee phase separation
Stored energy release

Thermal Stratification

Core Boiling

Core channeling

Flashing

Flow resistance

Loop asymmetry effects

Mass flow, including bypass
Noncondensible effects

Stored energy release

Subcooling margin

Two-phase mixture level
Voiding

ICMT CMT-to-loop differential density
CMT-t0-IRWST differential head
Condensation

Flashing

Flow resistance

Level

Noncondensible effects

Thermal stratification and mixing
Voiding

Downcomer/lower plenum Condensation

Flashing

Flow distribution

Level

Loop asymmetry effects
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Table 3. (continued).

Component Phenomena Frequency at Indicated Rank
High Medium Low
mcomerflower plenum Noncondensible effects 0 0 3
Stored energy release 0 0 8
Fuel rods Boron reactivity feedback 0 1 1
CHF/dryout 0} 3 1
Core power/decay heat 16 0 0oll
Moderator temperature feedback 0 1 1
Stored energy release 0 1 8
Hot legs CCFL 0 4 1
Condensation 0 0 2
Countercurrent flow 0 4 2
Entrainment - 0 3 1
Flashing 0 7 2
Horizontal fluid stratification 0 7 1
Loop asymmetry effects 0 4 1
Noncondensible effects 0 2 5
Phase separation in tees S 2 2
Stored energy release 0 Q 8
Voiding 0 6 1
IRWST Discharge line flashing 0 2 0
Flow and temperature distribution in
PRHR bundle region 0 6 1
Flow resistance 2 2 0Of
Interphasic condensation 0 2 8
Pool flow 0 3 6|
Pool level 1 6 3
Pool to tank structure heat transfer 0 0 6
Pool thermal stratification 1 10 3
Sparger pipe level 0 1 1
Pressurizer Condensation 0 0 1
CCFL 0 2 1
Entrainment/de-entrainment 0 3 0
Flashing 2 5 0
Heater power 2 0 0
Level (inventory) 3 8 ol
Level swell 0 3 0l
Noncondensible effects 0 2 9
Stored energy release 0 0 5
Vapor space behavior 2 4 0
PRHR Condensation 0 6 1
Differential density 0 8 3
Flow resistence 0 6 3
Flashing 0 0 3
Heat transfer between PRHR and IRWST 6 5 2
Noncondensible effects 0 8 3
Phase separation in tees 0 0 3
PRHR Voiding 0 8 1
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Table 3. (continued).

Component Phenomena Frequency at Indicated Rank
High Medium Low

Pumps Coastdown performance
Flow resistance
Mixing
Steam generators Asymmertric behavior
' Condensation in U-tubes
Noncondensible effects
Primary 10 secondary heat transfer
Secondary level
Secondary pressure
SRYV energy release
SRV mass flow
, Tube voiding
Steam generator(primary) Noncondensible effects
Preferential loop cooldown
Primary to secondary heat transfer
Thermal driving head
Voiding (unaffected loop)
Steam generator(secondary) Entrainment
Flashing (SG and feedwater line)
Level swell and depletion
Tube dryout (affected SG)
Steam generator (separator/dryer)} |Liquid carry-over
Sump Discharge line flashing
Flow resistance
Fluid temperature
Level
'Upper head/upper plenum Condensation

: Entrainment/de-entrainmient
Flashing
Flow split(upper plenum)
Loop asymmetry effects
Noncondensible effects
Stored energy release
Two-phase level in upper plenum
Upper head/downcomer bypass flow
Vapor space compression
Voiding
Containment (interior) Condensate transport
Condensation
Interior to wall heat transfer
Liquid distribution
Liquid holdup
Liquid subcooling
Natural convection
Noncondensible effects
Nonuniform steam/air distribution

oin|~jololalalulolw|olmv|w

ajolvlajalvls]lof~lol=]-lalw|~]olv|olv]lo

=l =l =) =2 =1L (=) == =] =} i (=2 (=l {=d [=2 (=1 1t ] (=] [ B (=2 { = I ) L= I M T A TN =2 (=2 L S TS ) [ =1 Y Y (=) = [T [=) (= I [=2 =1 [ )
ol Rl Rl K= Bl LY B3 Lo B ) Ll £ =) [ (= E R B e N (=1 N [N [ TN =1 [N (=1 (=1 {=] [N [N (=Y [=Y L) L N TN T [V XY E N (RN P Y [RY ) D) L)

]

NUREG/CR-6541




Table 3. (continued).

Component

Phenomena

Frequency at Indicated Rank

High

Medium Low

Containment (interior)

Noncondensible segregation

Passive heat sink

Pressure

Steam-noncondensible mixing

Containment (exterior)

Air flow

Atmospheric temperature

Chimney effects

Exterior to ambient heat ransfer

Humidity

PCCS evaporation

PCCS water flow

PCCS wetting

PCCS mixture convective heat transfer

Radiation heat transfer

(=} =1 [=1(=1 =1 (=1 [=1 (=] (=] (=} [=] (=] (=]

RN S L R N I R I S E S NI s
DN INIQINIRIMININ|IVOoIN O
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Table 4. AP600 PIRT summary - high ranked phenomena sorted by frequency of occurrence.

Phenomena Component Frequency of
High Rank

Core power/decay heat Fuel rods 16
Mass flow Break 8
Energy release ADS 6
Mass flow ADS 6
Two-phase mixture level Core 6
Heat transfer between PRHR and
IRWST PRHR 6
[Energy release Break 5
[Level CMT 5
[Phase separation in tees Hot legs 5
[Primary to secondary heat transfer |Steam generators 5
IChoking in complex geometries |Break 4
Exterior to ambient heat transfer {Containment (exterior) 4
Interior to wall heat transfer Containment (interior) 4
Flow Accumulators 3
PBL-to-cold legs tee phase
separation Cold legs
Level Downcomer/lower plenum
Level (inventory) Pressurizer

SRV energy release

Steam generators

SRV mass flow Steam generators

iCore channeling Core

Flow resistance IRWST

Flashing Pressurizer

Heater power Pressurizer

Vapor space behavior Pressurizer

Coastdown performance Pumps

Liquid carry-over Steam generator (separator/dryer)
Preferential loop cooldown Steam generator(primary)
Primary to secondary heat transfer |Steam generator(primary)
Entrainment Steam generator(secondary)

Flashing (SG and feedwater line)

Steam generator(secondary)

iLevel swell and depletion

Steam generator(secondary)

[vedl Laodl Londl Ton Sl Koot Lomll Ll Laoll 1508 Lo NS R IS DN ISR N N NI R SR LS R[S I [T [ ] [FF] [0

[Entrainment/de-entrainment Upper head/upper plenum
[lcCMT-to-loop differential density |CMT

[Flow resistance CMT

Flashing Core

Subcooling margin Core

[Pool level IRWST

[Pool thermal stratification IRWST

Fluid temperature Sump

Level Sump

'Two-phase level in upper plenum | Upper head/upper plenum
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Table 5. AP60C PIRT summary - medium ranked phenomena sorted by frequency of

Nonuniform steam/air distribution

Containment (interior)

Steam-noncondensible mixing

Containment (interior)

Voiding

Core

occurrence.
Phenomena Component Frequency of
Medium Rank
Pool thermal stratification IRWST 10|
Passive heat sink Containment (interior) 8
Level (inventory) Pressurizer 8
Differential density PRHR 8
Noncondensible effects PRHR 8
Voiding PRHR 8
IFlashing Hot legs 7
Horizontal fluid stratification Hot legs 7
Voiding Upper head/upper plenum 7
Energy release Break 6
IFlow resistance Break 6
PCCS evaporation Containment (exterior) 6
Condensation Containment (interior) 6
Liquid distribution Containment (interior) 6
[Flashing Core 6
Voiding Hot legs 6
PRHR bundle region IRWST 64
Pool level IRWST 6|
Condensation PRHR 6
Flow resistence PRHR 6
Tube voiding Steam generators 6
Flashing Upper head/upper plenum 6
Flow resistance ADS 5
Flashing . Pressurizer 5
Heat transfer between PRHR and IRWST|PRHR 5
Secondary pressure Steam generators 5
Thermal stratification and mixing CMT 4
Loop asymmetry effects Cold legs 4
Air flow Containment (exterior) 4
Atmospheric temperature Containment (exterior) 4
IiChimney effects Containment (exterior) 4
Humidity Containment (exterior) 4
PCCS mixture convective heat transfer  |Containment (exterior) 4
PCCS water flow Containment (exterior) 4
[PCCS wetting Containment (exterior) 4
Radiation heat transfer Containment (exterior) 4
Condensate transport Containment (interior) 4
Interior to wall heat transfer Containment (interior) 4
1_iquid holdup Containment (interior) 4
Natural convection Containment (interior) 4
Noncondensible effects Containment (interior) 4
Noncondensible segregation Containment (interior) 4
4
4
4
4

|Condensation

Downcomer/lower plenum
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Table 5. (continued).

“ Phenomena Component Frequency of
Medium Rank
{ILoop asymmetry effects Downcomer/lower plenum 4
[lcCFL Hot legs 4
ICountercurrent flow ‘ Hot legs 4
Loop asymmetry effects Hot legs 4
'Vapor space behavior Pressurizer 4
Primary to secondary heat transfer Steam generators 4
Entrainment/de-entrainment Upper head/upper plenum 4
Flow split(upper plenum) Upper head/upper plenum 4
L oop asymmetry effects Upper head/upper plenum 4
Noncondensible effects Accumulators 3
INoncondensible effects ADS 3
Choking in complex geometries Break 3
Mass flow Break 3
CMT-to-loop differential density CMT 3
Subcooling margin Core 3
CHF/dryout Fuel rods 3
Entrainment Hot legs 3
Pool flow IRWST 3
[Entrainment/de-entrainment Pressurizer 3
Level swell Pressurizer 3
Asymmetric behavior Steam generators 3
Noncondensible effects Steam generators 3
Secondary level . |Steam generators 3
Flow resistance Sump 3
evel Sump 3
{CMT-10-IRWST differential head CMT 2
|Condensation CMT 2
Flashing CMT 2
Level CMT 2
IExterior to ambient heat transfer Containment (exterior) 2
Pressure Containment (interior) 2
Boiling Core 2
Flow resistance Core 2
Mass flow, including bypass Core 2
Stored energy release Core 2
Noncondensible effects Hot legs 2
Phase separation in tees Hot legs 2
Discharge line flashing IRWST 2
JIFlow resistance IRWST 2
nterphasic condensation IRWST 2
ICCFL Pressurizer 2
Noncondensible effects Pressurizer 2
Thermal driving head Steam generator(primary) 2
Voiding (unaffected loop) Steam generator(primary) 2
Tube dryout (affected SG) Steam generator(secondary) 2
SRV energy release Steam generators 2
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Table 5. (continued).

Phenomena Component Frequency of

Medium Rank
SRV mass flow Steam generators 2
Discharge line flashing Sump 2
[Fluid temperature Sump 2
IChoking in complex geometry ADS 1
Flow resistance CMT 1
Noncondensible effects CMT 1
Voiding CMT 1
Flashing Cold legs 1
Thermal Stratification Cold legs 1
Level Downcomer/lower plenum 1
Boron reactivity feedback Fuel rods 1
Moderator temperature feedback Fuel rods 1
Stored energy release Fuel rods 1
Sparger pipe level IRWST 1
L__Vapor space compression Upper head/upper plenum 1
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- Table 6. AP600 PIRT summary - low ranked phenomena sorted by frequency of occurrence.

Phenomena Component Frequency of
Low Rank
Flow resistance Pumps
Noncondensibie effects Pressurizer
Flow resistance Core
Interphasic condensation IRWST
Stored energy release Cold legs
Stored energy release Downcomer/lower plenum
Stored energy release Fuel rods
Stored energy release Hot legs
Stored energy release Upper head/upper plenum

Condensate transport

Containment (interior)

Flow resistance CMT

Liquid distribution Containment (interior)
Liquid holdup Containment (interior)
Natural convection Containment (interior)
Noncondensible effects Cold legs
Noncondensible effects Containment (interior)
Noncondensible segregation Containment (interior)

Nonuniform steam/air distribution

Containment (interior)

9

9

8

8

8

8

8

8

7

6

6

6

6

6

6l

6|

6

6

[Pool flow IRWST 6
Pool to tank structure heat transfer IRWST 6
Secondary level Steam generators 6
Secondary pressure Steam generators 6
Steam-noncondensible mixing Containment (interior) 6
Stored energy release ’ Core 6
Thermal stratification and mixing CMT 6
ow resistance Break 5
Noncondensible effects CMT 5
Noncondensible effects Hot legs 5
{iPrimary to secondary heat transfer Steam generators 5
Stored energy release Pressurizer 5
Condensation Cold legs 4
|Condensation Containment (interior) 4
[Exterior to ambient heat transfer Containment (exterior) 4
[Flow distribution Downcomer/lower plenum 4
oop asymmeltry effects Core 4
HCMT-to-loop differential density CMT 3
llCoastdown performance Pumps 3
ﬂCondensaﬁon Downcomer/lower plenum 3
{[Condensation in U-tubes Steam generators 3
Differential density PRHR 3
Flashing Cold legs 3
Flashing Downcomer/lower plenum 3
Flashing PRHR 3
IFlow resistence PRHR 3
Level Downcomer/lower plenum 3
Noncondensible effects ADS 3
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Table 6. (continued).

Phenomena

Component

Frequency of
|__LowRank |

Noncondensible effects Core 3
Noncondensible effects Downcomer/lower plenum 3
Noncondensible effects PRHR 3
Phase separaticn in tees PRHR 3
Pool level IRWST 3
Pool thermal stratification IRWST 3
Air flow Containment (exterior) 2
Atmospheric temperature Containment (exterior) 2
IChimney effects Containment (exterior) 2
{Condensation CMT 2
liCondensation Hot legs 2
{Condensation Upper head/upper plenum 2
and spargers (in IRWST) ADS 2
|Core channeling Core 2
ICountercurrent flow Hot legs 2
Flashing CMT 2)
Flashing Core 2
Flashing Hot legs 2
Flashing Upper head/upper plenum 2
Heat transfer between PRHR and IRWST|PRHR 2
Humidity Containment {exterior) 2
Interior to wall heat transfer Containment (interior) 2
Liguid subcooling Containment (interior) 2
Loop asymmetry effects Downcomer/lower plenum 2
Noncondensible effects Break 2
Noncondensible effects Steam generator(primary) 2
Noncondensible effects Upper head/upper plenum 2
Passive heat sink Containment (interior) 2
PBL-to-cold legs tee phase separaton  |Cold legs 2
PCCS mixture convective heat transfer |{Containment (exterior) 2
[PCCS water flow Containment (exterior) 2
PCCS wetting Containment {exterior) 2
Phase separation in tees Hot legs 2
Radiation heat transfer Containment {(exterior) 2
Boron reactivity feedback Fuel rods 1
ICCFL Hot legs 1
{ICCFL Pressurizer 1
ICHF /dryout Fuel rods 1
{ICondensation Pressurizer 1
Condensation PRHR 1
Entrainment Hot legs 1
PRHR bundle region IRWST 1
Horizontal fluid stratification Hot legs 1
Loop asymmeltry effects Cold legs 1
Loop asymmetry effects Hot legs 1
Loop asymmetry effects Upper head/upper plenum 1
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Table 6. (continued).

Phenomena Component Frequency of
Low Rank
Mass flow, including bypass Core 1
Mixing Pumps 1
Moderator temperature feedback Fuel rods 1
Noncondensible effects Accumulators 1
Sparger pipe level IRWST 1
Tube voiding Steam generators 1
'Two-phase level in upper plenum Upper head/upper plenum 1
Upper head/downcomer bypass flow Upper head/upper plenum 1
Voiding CMT 1
Voiding Hot legs 1
Voiding PRHR 1
Voiding Upper head/upper plenum 1
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Appendix A - AP600 PIRT Development Process

The AP600 LWR is a new advanced passive design that has been submitted to the USNRC for design
certification. Within the certification process the USNRC is performing selected system thermal hydraulic
response audit studies to help confirm parts of the vendor's safety analysis submittal. Because of certain
innovative design features of the safety systems it was also necessary for the USNRC to develop new
experimental data and related advances in the system thermal hydraulic analysis computer code. The
compressed design certification schedule required parallel, rather than series, execution of the design
certification related research. Therefore, the PIRT process was used to integrate and focus the
experimental and analytical work to obtain a sufficient and cost effective research effort.

The PIRTs were based on information originating in AP600 specific experiments, the integrated
analyses of the data from these experiments, scaling analyses related to the experimental facilities and the
plant design, and sensitivity calculations related to computer code simulation of the plant. The
experimental program included separate effect tests (SET) in the PRHR, CMT and ADS facilities. Integral
effect test (IET) data were centered in the SPES, ROSA, and OSU facilities. The integrated experimental
data analyses included test series related to cold leg breaks, direct vessel injection (DVI) line breaks,
pressure balance line breaks, MSLB and SGTR transients. The scaling analyses were directed toward
understanding the degree of prototypicality of the experimental facilities as related to the AP600 plant
design, so that the data could be compared as a whole. Sensitivity studies were directed toward
determining the effects of one-by-one variations in highly ranked phenomena on the plant response for
reasonable ranges of uncertainty in these parameters.

The primary role of the AP600 PIRTs was to provide a technically-based structure for the efficient
and phenomenologically correct development of the thermal-hydraulic systems analysis codes that are
being used by the NRC in the process of reactor design certification. In the context used here, "code
development" includes the development of new experimental data needed to validate a code for its
intended use and, thereby, for the code assessment activities. Thus, the PIRTs were used to guide
development of:

Experimental facility specifications,
Experimental test specifications,
Code development, and

Code assessment

" Ideally, PIRTs are developed to a reasonably mature state, then are followed by the above activities in
the sequence shown. This does not preclude the necessary continual feedback between all of these
elements as they develop. However, the compressed schedule for the AP600 design certification process
required some deviation from this ideal. Although the basic sequence shown above remained, it was
necessary to telescope each of the activities, with overlap common among the related research effort. That
is, the PIRTs were developed at the same time that other elements of the overall process were being
conducted. Accordingly the PIRTs were developed in four stages:

e Preliminary PIRTs

* Original Interim PIRTs (Original issue of this report, commonly referred to as the Rev. 0 PIRTSs)
» Updated Interim PIRTs (Revision 1 issue of this report, Rev 1 PIRTs)

» Final PIRTs (Revision 2 issue of this report, Rev 2 PIRTs).

The PIRT development is pictorially highlighted in Figure A-1 and described in the following
sections. The use of the PIRTSs to help guide other related AP600 research projects is also illustrated in
Figure A-1.
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The initial PIRT development and use between July 1990 and October 1993 was designated the
"preliminary” phase. The PIRTs developed during this phase primarily focussed on the initial designs of
the new AP600 passive safety systems and relied on existing information available for the current
generation of light-water reactors. The summary information related to this stage of developmental is
provided in Table A-1.

The "Rev. 0 interim" phase of PIRT development, reported in original version of this report, was
structured specifically to address SBLOCA, MSLB, and SGTR events. Rev. 0 included the work
accomplished between October 1993 and September 1994. The focus of this development stage was to
expand the preliminary PIRTs to include all subsystems active during the transients of interest. Summary
information is provided in Table A-2.

The continuation of interim PIRT development activities, resulted in the "Rev. 1 interim" PIRTs.
This stage of development focused on the SBLOCA transient in the context of making the PIRT more
realistic as warranted by the evolving new evidence from the experimental research results and its analysis.
The 2 inch SBLOCA integrated experimental data analysis was a key data source in this stage of the
development. Summary information is shown in Table A-3. These activities were performed between
October 1994 and July 1995.

The completion of the PIRT development resulted in the Rev 2 PIRTs that are reported elsewhere in
this issue of this report. This stage of development focused on consideration of the new evidence provided
in the integrated experimental data analysis of the PBLB and DVI line SBLOCA, the integrated
experimental data analysis of the IADS, the SBLOCA short-term AHP analysis, SBLOCA PIRT
confirmation sensitivity studies, and the short- and long-term scaling analysis. Summary information is
provided in Table A-4. These activities were performed between July 1995 and May 1996.
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Appendix B - Detailed Results, Small Break Loss-of-Coolant Accident PIRT

This appendix presents the detailed results of the small break loss-of-coolant accident (SBLOCA)
PIRT. The detailed PIRT results are shown in Tables B-1 and B-2, and the transient description, overall
phenomena ranking criteria, and specific ranking rationales are shown in Table B-3. The information in
Tables B-1 and B-2 is arranged to correspond with the two phases of the accident scenario. These tables
are organized in alphabetical order according to the component name. Within the listings for each
component, the pertinent identified phenomena are arranged by order of ranking. The right sides of these
tables contain identifier codes that refer the reader elsewhere in this report for further information:

The code labeled “Ranking Rationale” (for example, “R17) leads the reader to a description of the
logic leading to the ranking of each specific phenomenon; this information is found in Table B-3 in
this appendix.

The code labeled “Phenomena Description” (for exémple “D1”) leads the reader to a general
“description of each phenomenon; this information is found in Appendix G, Table G-1.

Two codes labeled “Type Geometry” (for example “C1/G1”). The “C” code leads the reader to the
physical geometries and general functions of the component under discussion; this information is
found in Appendix G, Table G-2. The “G” code leads the reader to more detailed discussion of the
specific phenomena associated with each of the components; this information is found in |
Appendix G, Table G-3.

The “Supporting Evidence” code (for example, “E1”) leads the reader to references (geometrical,
experimental, and analytical) that provides background and corroborating information. This
information is found in Appendix G, Table G-4. It is noted that the supporting evidence is currently
being developed in experimental and analytical tasks both inside and outside the PIRT task. Thus,
the information in this table can be expected to increase as the supporting tasks are completed.

The “Sublevel Phenomena” code (for example, “S1”) leads the reader to a list of contributing
phenomena affecting the primary phenomenon. The sublevel phenomena information is found in
Appendix G, Table G-5.
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Table B-3. Transient description and ranking rationale for the SBLOCA PIRT.
Overall Transient Description and Top-level Ranking Rationale

This sequence is initiated by the opening of a small break (2-inch diameter or smaller circular hole) in
the reactor coolant system (RCS) cold leg piping without an accompanying single failure in a safety
system. Only safety-grade plant systems are assumed to be available. It is assumed that the plant response
to this event satisfies the basic plant design objective of core-uncovery avoidance. Therefore, at the top
level, phenomena were selected and ranked in this PIRT according to the expected influence upon the
reactor vessel inventory response.

The small break loss-of-coolant accident (SBLOCA) was initially subdivided into four time phases.
However, beginning with Revision 2, the four phases have been combined into two time phases. The two
phases are now referred to as the short-term phase and the long-term phase. The short-term phase is a
combination of what was previously referred to as the high pressure phase and the ADS blowdown phase
and the initial part of the long-term IRWST phase. The long-term phase is a combination of the long-term
IRWST phase and the long-term sump phase. The following sections provide the phase descriptions, the
phase-specific PIRT phenomena ranking rationales, and the detailed rationales for the ranked phenomena.

Phase Descriptions and Medium-level Ranking Rationales
Short-Term Phase:

Description - This phase begins when the break opens with the reactor operating at full power (the initial
plant thermal-hydraulic conditions are provided in Reference 6, Table H-1). The RCS experiences a
blowdown into the containment through the pipe rupture. This process initially is controlled by critical
flow at the break and flashing within the pressurizer (where the only initially-saturated fluid in the RCS is
located). The mass loss through the break causes the pressurizer level to fall along with the RCS pressure.
Reactor and turbine trips are initiated when the pressurizer pressure falls to its scram set point value
(Reference 6, Table H-2, provides a list of plant automatic actions and their corresponding signal set
points). This occurrence results in the shutdown of the core nuclear reaction and in turbine stop valve
closure. Reactor power is quickly reduced to the decay heat rate, and this power reduction causes the

~ average RCS temperature to fall, the RCS fluid to shrink and, therefore, the RCS pressure to fall more
rapidly. The steam generator secondary pressures rise rapidly, potentially reaching the safety relief valve
opening set point pressure. Break flow and fluid-shrinkage effects cause the pressurizer pressure to
continue falling to the S signal set point pressure. S signal generation causes core makeup tank (CMT)
actuation, main feedwater isolation, and reactor coolant pump trip. CMT actuation, in turn, causes passive
residual heat removal (PRHE) system actuation. The RCS loop flows decline rapidly from a forced-
circulation to a natural-circulation condition. Core decay heat is removed from the RCS through a
combination of break energy release, CMT recirculation, and PRHR and steam generator heat transfer.
The RCS inventory declines further, causing the pressurizer to empty. Continued PRHR cooling causes
the RCS to depressurize below the secondary system, and this causes the steam generator heat transfer to
reverse. CMT recirculation warms the water in the pressure balance lines (PBLs) and CMTs. The
declining RCS pressure and inventory eventually lead to saturation and voiding in the PBLs or CMTs and
interruption of CMT recirculation. Accumulator injection begins as the RCS pressure falls to the initial
accumulator pressure. When the level in either CMT has declined to 67.5% the Automatic
Depressurization System (ADS) stage 1 is actuated (see Reference 6, Table H-2, for details of ADS
sequencing). ADS actuation results in a blowdown of the RCS; ADS first. second, and third stages
discharge through spargers submerged under water in the IRWST. As the RCS pressure declines, regions
with the warmest fluid and those at the lowest pressure preferentially flash first, followed by cooler and
higher-pressure regions. Actuations of the ADS second and third stages occur at specified time intervals
following ADS first stage actuation. The pressurizer refills as flow exits ADS stages 1, 2, and 3.
Actuation of ADS fourth stage occurs upon attaining a level in either CMT of 20%, with an additional
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Table B-3. .(continued).

time-delay requirement. Unlike the other stages, ADS fourth stage discharges directly into the containment
loop compartments. As described for the following phase, the distribution of condensate produced on the
containment shell, structures, and equipment can be significant. Plant behavior during this phase is
dominated by the RCS blowdown, and this is determined by the RCS mass and energy distributions,
especially as they affect the break and ADS flow rates and the CMT level. Flows from the accumulators
increase during this phase. Accumulator levels fall, and, eventually, nitrogen is injected from the
accumulators into the RCS. Cold water entering the reactor vessel upper plenum/upper head regions may
cause condensation-induced rapid refill events in these regions. As the RCS pressure approaches that in
the containment, flows through the break and ADS change from choked to friction-dominated. The RCS
inventory declines after accumulator injection ends, and it is critical that the core remain covered until
IRWST injection begins. This phase ends when the differential pressure between the RCS and
containment has been reduced to 12.1 psi. This pressure difference is equivalent to the initial 28-ft static
head available for driving fluid from the IRWST into the reactor vessel. The initial IRWST injection rate
may be unsteady. Increased injection rates may lead to decreased core steam production, decreased quality
and volumetric flow at the fourth stage ADS and, therefore, RCS repressurization which results in a
decreased injection rate. Intermittent pressurizer draining may influence this unsteady IRWST injection
behavior. Onset and establishment of stable IRWST injection marks the end of the short-term phase.

Important parameters and dominant processes - The parameters of primary importance during this phase
are RCS pressure, CMT level, ADS flow rate and the RCS mass and energy distributions. The S signal is
generated based on the RCS pressure response. ADS actuation is based on the CMT level response. Both
of these parameters are controlled by the RCS mass and energy distributions. The processes important for
accurate simulation of these parameters are: gas bubble expansion, break critical flow, PRHR heat transfer,
CMT recirculation, natural circulation in the RCS loops, steam generator heat transfer, and the RCS mass
and energy balances. Later in the short-term phase the CMT level and ADS flow rate are importance
because they determine the timing of ADS staging and the RCS depressurization rate. The processes
important for accurate simulation of these parameters later in the process are the discharge flows (ADS and
break, critical and friction-dominated) and the RCS mass and energy.

Long-Term Phase:

Description - This phase begins when stable flow is established from the IRWST, through the direct vessel
injection lines, into the downcomer of the reactor vessel. This flow replenishes RCS inventory and
reverses the downward core level trend. Steam and water flowing from the core are passed out the break
and ADS stage 4 into the containment. In the containment, the water from the break and ADS flows into
the containment sump. Steam from the break and ADS stage 4 may be condensed on containment
structures and internal equipment; this condensate will flow to the containment sump. Steam from the
break and ADS stage 4 also may be condensed on the inside of the containment shell, and this condensate
is returned via gutters to the IRWST. Core decay heat is removed through the containment shell to its
ultimate heat sink (the environment) via evaporative, convective, and radiative heat transfer on the outside
of the containment shell. Rapid condensation-induced CMT refills may occur. Most liquid that escapes
returning to the IRWST (for example, that flowing from a break or from the ADS fourth stage) is collected
in the containment sump, a portion of which is elevated above the core. Gravity-driven injection from the
sump, similar to that from the IRWST, returns liquid to the reactor vessel downcomer. The onset of sump
injection begins when the sump level has been equalized with the IRWST level. This equalization may
occur as a result of flow from the break into the sump, or by opening of valves in the sump discharge lines
that allow the IRWST and sump levels to equilibrate. These valves are opened automatically when the
IRWST level reaches a minimum set point value. The sump replaces the IRWST as the source of RCS
injection. Combined or alternating IRWST/sump injection modes also are possible. Steam and water
flowing from the core are passed out the break and ADS stage 4 into the containment. In the containment,
the water flowing from the break and ADS stage 4 flows into the containment sump. Steam flowing from
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Table B-3. (continued).

the break and ADS stage 4 may be condensed on containment structures and internal equipment; this
condensate will flow to the containment sump. Steam flowing from the break and ADS stage 4 also may
be condensed on the inside of the containment shell, and this condensate is returned via gutters to the
IRWST (from where it, too, may flow into the sump). Core decay heat is removed through the
containment shell to its ultimate heat sink (the environment) via evaporative, convective, and radiative heat
transfer on the outside of the containment shell. The sump injection rate may be unsteady. Increased
injection rates may lead to decreased core steam production, decreased quality and volumetric flow at the
fourth stage ADS and, therefore, RCS repressurization which results in a decreased injection rate.
Gravity-driven injection from the sump, similar to that from the IRWST, returns liquid to the reactor vessel
downcomer. Rapid condensation-induced refills of the hot or cold leg regions may occur. The plant end-
state for this accident includes core-inventory maintenance from sump injection, and decay heat removal,
across the containment shell, to the atmosphere.

Important parameters and dominant processes - The RCS-to-containment differential pressure is judged to
be the primary parameter of importance because it determines the magnitude of the IRWST and sump
injection flow rate. The processes important for accurate simulation of this parameter are: ADS flow and
pressure drop, the transient IRWST inventory, and the sump inventories and the containment and RCS
mass and energy balances.

Detailed Phenomena Ranking Rationales

Ranking rationale for the phenomena in Tables B-1 through B-2
Code Ranking Rationale

R1 Accumulator flow is ranked high during the short-term phase. Accumulator injection flow
is large and a major contributor to the RCS mass and energy balances. When the
accumulator is depleted of liquid, noncondensible gas (nitrogen) is expelled into the RCS
through the DVI lines. Tests indicate that accumulator flow is essential to inventory
replacement through this phase for the DEDVI transient and during the ADS blowdown
sub-phase for the remaining SBLOCAs. Tests indicate that accumulator flow provides
significant core subcooling and therefore helps set the initial conditions for reactor vessel
liquid boiloff to the minimum level prior to IRWST injection. ’

R2 Accumulator noncondensible effects are ranked medium during the short-term phase.
Accumulator flow is a significant contributor to the reactor coolant system energy balance
(see R1) and this flow is determined by the differential pressure between the accumulator
gas bubble and RCS. Expansion of the nitrogen gas bubble within the accumulator controls
the differential pressure between the accumulator and RCS and, therefore, the rate at which
liquid flows from the accumulator into the RCS and the time at which the accumulator is
depleted of liquid. The effects of nitrogen entering the RCS are discussed separately for
each component.

R3 ~ Break energy release is ranked medium during the short-term phase. RCS mass loss at the
break was judged more important than the RCS energy loss at the break (which is ranked
high, see R4) because RCS depressurization is controlled by the loss of mass and resulting
expansion of vapor spaces (for example, in the pressurizer and reactor vessel upper head).
However, the break energy release is a major term in the RCS energy balance and directly
affects distribution of fluid energy within the RCS.
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Table B-3. (continued).

Code

Ranking rationale for the phenomena in Tables B-1 through B-2
Ranking Rationale

R4

RS

R6

R7

R8

RO

Break mass flow is ranked high during the short-term phase. During the early stages of this
phase, the dominant processes include critical flow at the break and net RCS mass balance.
During this period the break flow dominates the RCS mass balance.

However, during ADS blowdown the break mass flow is judged to be less significant than
the ADS mass flow. The break is the main source of inventory depletion, which eventually
leads to CMT draining, which in turns leads to ADS actuation, and an increased rate of
inventory depletion. More important, however, is the fact that the ADS actuation causes the
RCS to depressurize to the level at which the AP600 can transition to long-term-cooling.
Thus, the break has a dominant impact on all four of the key system-level processes, i.e.,
depressurization, inventory depletion, inventory replacement, and core cooling,.

Cold leg condensation is ranked low during the short-term phase. Cold leg condensation
effects may alter the break flow, alter reactor vessel downcomer and core levels, or result in
water hammer events. The steam for this condensation may be passed from the reactor
vessel upper plenum and head regions, through the vessel internal bypass paths, into the
upper downcomer and cold leg regions. However a SBLOCA sensitivity study addressing
condensation in the cold leg shows that condensation in the cold legs has little effect on the
overall transient results. Thus, the ranking has been reduced to “Low™.

Cold leg flashing is ranked medium during the short-term phase. RCS flashing during this
phase is preferential (i.e., it is based on localized pressures and temperatures). Flashing
affects the RCS mass distribution, one of the important parameters for this phase. In
addition, steam produced by flashing in the cold legs (or elsewhere, and convected into the
cold legs) may enter the pressure balance line to replace liquid drained from the CMT. The
CMT draining process determines the staging of ADS. RCS flashing affects the RCS mass
and energy distributions during the ADS blowdown phase.

Cold leg loop asymmetry effects are ranked low during the short-term phase. Asymmetric
conditions (pressures, temperatures, flow rates) within and/or between RCS components
may be present. The sources of these asymmetries are the break location (i.e., it is situated
at a single location in the RCS), and the plant configuration (the pressurizer and PRHR
system are connected on one coolant loop while the CMTs are connected on the other).
Asymmetric effects in the cold leg were ranked low only because they may influence fluid
conditions present at the break and, thereby, alter the distribution of RCS mass and energy.

PBL-to-cold leg tee phase separation is ranked high during the short-term phase. As the
CMT drains, void may be convected into the pressure balance line through this tee and this
process has a direct effect upon the CMT level that is one of the important parameters for
this phase.

Cold leg stored energy release is ranked low during the short-term phase. The rate of stored
energy release from piping walls was judged smaller than the other contributors to the RCS
energy balance (fuel rod decay heat, and PRHR and steam generator heat transfer).
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Table B-3. (continued).

Code

Ranking rationale for the phenomena in Tables B-1 through B-2
Ranking Rationale

R10

R11

RI12

R13

R14

RI15

R16

Cold leg thermal stratification is ranked medium during the short-term phase. Experimental
data from ROSA/AP600 test AP-CL-03 (1-inch cold leg break) indicate extreme thermal
stratification of water within the cold legs (with warm water residing over cold). This
stratification alters the break flow because, even though the cold leg may be liquid-filled,
the temperature of water exiting the break becomes a function of the break location on the
circumference of the pipe.

However; this stratification is believed to be caused by the configuration of the ROSA
facility and is not typical of AP600.

Core flashing is ranked high during the short-term phase. RCS flashing affects the RCS
mass and energy distributions during the ADS blowdown phase. Flashing is preferential,
with the RCS regions with the warmest water and lowest pressure flashing first. Therefore,
the core region will be one of the first to flash. Core flashing also has implications for core
cooling (see R68, R69, and R72).

Core flow resistance is ranked low during the short-term phase. The core flow is large and
positive, during the ADS blowdown sub-phase as RCS fluid rushes toward the ADS system
inlets (all are located on the hot legs). However, core flow resistance produces a pressure
drop that is a two orders of magnitude lower than the pressure drop for flow from the RCS,
through the ADS, into the containment.

Core mass flow (including bypass) is ranked medium during the short-term phase.
Although this phenomenon affects the coolant loop differential pressures, it has a minimal
influence on the primary system mass and energy distributions, as compared with the other
ranked phenomena in the break, core, PRHR, and steam generator components.

Core stored energy release is ranked medium during the short-term phase. The rate of
stored energy release from non-fuel structures in the core region was judged comparable to
the other contributors to the RCS energy balance (fuel rod decay heat, and PRHR and steam
generator heat transfer). Fuel rod stored energy release is listed separately (see R27) from
the core region non-fuel structures.

CMT-to-loop differential density and head is ranked medium during the short-term phase.
This phenomenon refers to the difference in fluid densities between the vertical sections of
the CMT inlet and outlet regions. The inlet region primarily consists of the pressure
balance line (PBL). The outlet region primarily consists of the CMT itself, and its
discharge line. The PBL volume is small and so it is readily flushed with warm water
entering from the cold legs. The CMT volume is large, its water is initially very cold (at the
containment temperature) and, therefore, it is only slowly warmed by flow entering from the
PBL. It is this CMT-to-loop differential density from which the driving head for CMT
recirculation, a dominant process during this phase, arises. The equilibrium CMT
recirculation flow rate is that which balances this driving head with the loop frictional
pressure drop.

CMT condensation is ranked medium during the short-term phase. The CMT level
response is primarily determined by phenomena external to the CMT (primarily those
affecting the RCS mass and energy balances and distributions) or from flashing within the
CMT. Condensation-induced CMT refill events can alter the manner in which the CMTs
drains.
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Table B-3. (continued).

Code

Ranking rationale for the phenomena in Tables B-1 through B-2
Ranking Rationale

R17

R18

R19

R20

‘R21

R22

CMT flashing is ranked medium during the short-term phase. If water in the CMT flashes,
then steam will rise to the top of the tank and enter the high point of the pressure balance
line. Sufficient void collected at that location breaks the siphon path through the pressure
balance line and results in termination of CMT recirculation. The importance phenomenon
is break-size dependent. Onset of CMT draining due to flashing occurs for smaller break
sizes, where the period of CMT recirculation is longer. The manner in which the CMT
flashes influences the CMT level behavior. Actuation of the ADS fourth stage (a major
event during the ADS blowdown phase) is based upon the CMT level attaining a minimum
set point level.

CMT flow resistance is ranked high during the short-term phase. The CMT flow resistance
(in particular that associated with its discharge line, check valve, and orifice) significantly
affects the CMT recirculation and draining rates. Actuation of the ADS fourth stage (a
major event during the ADS blowdown phase) is based upon sufficient CMT draining so
that the CMT level attains a minimum set point. Tests indicate that after ADS 4 actuation,
and just prior to IRWST injection, the remaining source of coolant for the core is from the
CMTs, CMT flow, dictated by CMT level and line resistance is essential to inventory
replacement

CMT level is ranked high during the short-term phase. ADS actuation is based upon CMT
level attaining a minimum set point level. See R18 for additional justification.

CMT thermal stratification and mixing is ranked medium during the short-term phase.
Thermal stratification and mixing influences affects the CMT flashing and draining
behavior, and, therefore, the CMT level response. Actuation of the ADS fourth stage (a
major event during the ADS blowdown phase) is based upon the CMT level attaining a
minimum set point. In addition, tank thermal stratification also has a minor effect on the
CMT recirculation rate because it alters the CMT recirculation driving head (see R15).

Downcomer condensation is ranked medium during the short-term phase. RELAP5 AP600
plant SBLOCA simulations (see Reference 8) have shown that interphasic condensation of
steam flowing from the upper head through the bypass into the upper portion of the reactor
vessel downcomer can significantly alter the break flow and progression of a SBLOCA
sequence. Steam condensed in the downcomer or cold legs is unavailable to flow out the
break. Data from ROSA/AP600 test AP-CL-03 (1-inch diameter cold leg break) indicate
that significant redistribution of RCS inventory can result from this phenomenon.
Subcooled water is supplied to the downcomer from the CMTs and accumulators via the
DVI lines. Steam is supplied to the downcomer from RCS flashing and from upper head-
to-downcomer bypass flow.

Downcomer/lower plenum flow distribution is ranked low during the short-term phase. The
flow rates and temperatures of fluids in the cold legs are asymmetric. These asymmetries
are related to the break location, the CMTs being connected to the cold legs of only one of
the two coolant loops, and the PRHR system being connected to the other loop.

Downcomer flow distribution represents the fluid mixing processes that determine the RCS
energy distribution, one of the important parameters listed for this phase.
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Table B-3. (continued).

Code

Ranking rationale for the phenomena in Tables B-1 through B-2
Ranking Rationale

R23

R24

R25

R26

R27

R28

R29

Downcomer level is ranked medium during the short-term phase. A downcomer level
forms during this phase because of steam flow (from the upper head into the upper
downcomer through the bypass nozzles), flashing, and asymmetries in the cold leg fluid
conditions between the CMT and pressurizer loops (see R7). However, during this phase,
the downcomer level has only a minimal effect on the CMT level and RCS mass and energy
distributions, the important parameters for this phase.

Core and downcomer/lower plenum loop asymmetry effects are ranked low during the
short-term phase. Asymmetric conditions (pressures, temperatures, flow rates) within
and/or between RCS components may be present. The sources of these asymmetries are the
break:location (i.e., it is situated at a single location in the RCS), and the plant configuration
(the pressurizer and PRHR system are connected on one coolant loop while the CMTs are
connected on the other). Downcomer fluid temperature asymmetries may affect fluid
conditions present at the break, and, thereby, significantly alter the distribution of RCS
mass and energy (also see R22, and R23).

Downcomer/lower plenum stored energy release is ranked low during the short-term phase.
The rate of stored energy release from vessel walls and system internals was judged smaller
than the other contributors to the RCS energy balance (fuel rod decay heat, and PRHR and
steam generator heat transfer).

Fuel rod core power/decay heat is ranked high during the short-term phase. This
phenomenon is the primary energy source in the RCS energy balance. Removal of this heat
is the basic safety issue for a SBLOCA. Subsequent to ADS 4 operation, liquid boiloff due
to core decay heat is the primary mechanism for reactor vessel inventory depletion.

Fuel rod stored energy release is ranked medium during the short-term phase. With the
reactor in operation, the fuel stored energy is considerable. However, release of this energy
into the reactor coolant occurs only over a short period following reactor trip. This
phenomenon therefore affects the RCS energy balance, but is temporary, so its influence is
small as compared with that of the core power/decay heat (that is ranked high, see R26).

Hot leg flashing is ranked medium during the short-term phase. RCS flashing affects the
RCS mass and energy distributions during the high pressure and ADS blowdown phases.
Flashing is preferential, with the RCS regions with the warmest water and lowest pressure
flashing first. In the hot leg, the flashing rate affects the hot leg flow regime. High flashing
rates result in homogeneous conditions while low flashing rates result in stratified
conditions (steam over water) in the hot legs. This distinction significantly affects the state
of fluid exiting all ADS stages.

Hot leg horizontal fluid stratification is ranked low during the short-term phase. The PRHR
system inlet and the ADS stage 4 lines connect to the tops of the hot leg pipes. If steam
resides in the upper portion of the hot leg, then it may freely enter the PRHR and ADS-4
systems; this steam flow may entrain liquid. The hot leg likely will be stratified during this
phase. This phenomena affects the state of the fluid entering the PRHR and ADS-4 systems
and, thereby, PRHR system heat removal and ADS-4 energy and mass flow.
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Table B-3. (continued).

Code

Ranking rationale for the phenomena in Tables B-1 through B-2

Ranking Rationale

R30

R32

R34

R36

R37

Hot leg loop asymmetry effects are ranked low during the short-term phase. Asymmetric
conditions (pressures, temperatures, flow rates) within and/or between RCS components
may be present. The sources of these asymmetries are the break location (i.e., it is situated
at a single location in the RCS), and the plant configuration (the pressurizer and PRHR
system are connected on one coolant loop while the CMTs are connected on the other).
During this phase, asymmetry between the two hot legs may result because the PRHR inlet
is connected to only one hot leg and this effect may alter the overall plant response (for
example, through its affect on flashing behavior).

Hot leg phase separation in tees is ranked high during the short-term phase. This
phenomenon influences ADS energy release and mass flow because it controls the quality
of the fluid entering ADS stages 1, 2, and 3 (via the pressurizer surge line tee) and ADS
stage 4 (through the ADS-4 tees). A recent ADS-4 phase separation sensitivity study shows
that phase separation in the ADS-4 tees has little effect on the overall transient results.

Hot leg stored energy release is ranked low during the short-term phase. The rate of stored |
energy release from piping walls was judged smaller than the other contributors to the RCS
energy balance (fuel rod decay heat, and PRHR and steam generator heat transfer). During
the ADS blowdown phase the flow of heat is expected to be a minor contributor to the
overall RCS energy balance; energy loss through the ADS is expected to dominate that
balance.

Hot leg voiding is ranked low during the short-term phase. Hot leg voiding affects both the
state of the fluid entering the PRHR system and the natural circulation flow rate through the
RCS coolant loops. :

IRWST flow and temperature distribution in the PRHR bundle region is ranked low during
the short-term phase. Heat transfer between the PRHR and IRWST is listed as a dominant
process for this phase (see R45). The flow rate and temperature of the IRWST fluid
flowing through the PRHR bundle significantly influence PRHR heat transfer because they
affect the tube outer-wall heat transfer coefficient and heat sink temperature.

IRWST interphasic condensation is ranked low during the short-term phase. ADS stages 1,
2, and 3 discharge RCS fluid into the IRWST through two spargers. The fluid flowing
through the spargers has a high steam content, perhaps superheated, at the near-atmospheric
pressure inside the tank. However, the IRWST fluid is initially subcooled, so high
interphase condensation rates are anticipated. This phenomenon affects: (1) the manner in
which the IRWST performs the quenching process, (2) the state of the IRWST fluid (that
later is injected into the RCS), and (3) the containment pressure.

IRWST pool flow is ranked medium during the short-term phase. This phenomenon
affects: (1) the manner in which the IRWST performs the quenching process, (2) the state
of the IRWST fluid (that later is injected into the RCS), and (3) the containment pressure.

IRWST pool level is ranked low during the short-term phase. The initial IRWST pool level
is only slightly above the elevation span of the upper horizontal PRHR tube bundle region.
Boil-off from the IRWST pool lowers the usable PRHR bundle heat transfer area. During
this phase, pool inventory can only be replenished by condensate returning from the interior
of the containment shell (steam may be supplied to the shell from break effluent or IRWST
boil-off). After ADS stages 1, 2, and 3 unchoke, the pool level has a minor effect upon the
pressure at the ADS sparger and, therefore, upon the ADS flow rate.

B-17 NUREG/CR-6541




Table B-3. (continued).

Code

Ranking rationale for the phenomena in Tables B-1 through B-2
Ranking Rationale

R38

R39
R40

R41

R42

R43

R44

IRWST pool thermal stratification is ranked medium during the short-term phase. Pool
thermal stratification affects the heat sink temperature on the outside of the PRHR tubes.
The heat sink temperature is that of the fluid flowing through the PRHR tube bundle and
not that of the fluid residing in the pool away from the bundle. However, pool thermal
stratification affects the temperature of the fluid that is convected from the open pool into
the PRHR tube bundle region. During the ADS blowdown phase this phenomenon affects:
(1) the manner in which the IRWST performs the quenching process, (2) the state of the
IRWST fluid (that later is injected into the RCS), and (3) the containment pressure.

Not used.

Pressurizer flashing is ranked medium during the short-term phase. RCS depressurization
is first controlled by flashing within the pressurizer because during normal reactor operation
it contains the only initially-saturated water in the RCS. After the pressurizer empties, RCS
depressurization is controlled by flashing elsewhere (core, hot leg, reactor vessel upper
head).

Pressurizer level (inventory) is ranked high during the short-term phase. The first part of
the ADS blowdown occurs through stages 1 through 3, the inlets for which are connected to
the top of the pressurizer. The pressurizer fluid mass is large during this phase. The fluid
residing at the top of the pressurizer flows through the ADS system, affecting its energy
release and mass flow (these phenomena are also ranked high, see R60 and R61). After
ADS 4 actuation, and just prior to IRWST injection, one of the remaining sources of
coolant for the core is from the pressurizer. Draining of the pressurizer acts as an inventory
replacement mechanism.

PRHR condensation is ranked low during the short-term phase. This phenomenon is a
contributor to PRHR-to-IRWST heat transfer (that is ranked medium, see R45). The
convective thermal resistance inside the PRHR tubes is sensitive to (among other things)
the presence or absence of the condensation process.

PRHR differential density is ranked low during the short-term phase. This phenomenon is
a contributor to the PRHR-to-IRWST heat transfer (that is ranked medium, see R45). The
differential density (i.e., the difference in density between the fluids in the inflow and
outflow sides of the PRHR system piping) is the driving force for flow through the primary
side of the PRHR system. The flow through the PRHR tubes affects the convective
thermal resistance on the inside surfaces of the PRHR tubes (also see R42).

PRHR flow resistance is ranked low during the short-term phase. The total resistance of the
PRHR system (including the entire flow loop through the core) balances the driving force
created by the differential density (see R43). The PRHR system flow rate is determined by
this balance, and the total loop resistance is dominated by the PRHR system components
(the heat exchanger and the inlet and outlet piping) and not by the non-PRHR components
(such as the core and RCS loop piping). The flow through the PRHR tubes affects the
convective thermal resistance on the inside surfaces of the PRHR tubes.
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Table B-3. (continued).

Code

Ranking rationale for the phenomena in Tables B-1 through B-2
Ranking Rationale

R45

R46

R47

R48

R49

Heat transfer between the PRHR and IRWST is ranked medium during the short-term
phase. During the early portion of this phase, the PRHR system represents the main
mechanism by which the core decay power is removed from the RCS to the containment.
During the latter part of short-term phase the RCS energy balance is dominated by the ADS
energy release and not by PRHR-to-IRWST heat transfer. The data from ROSA/AP600 test
AP-CL-03 (1-inch diameter cold leg break) indicate that PRHR effects are diminished
following ADS actuation. '

PRHR noncondensible effects are ranked low during the short-term phase. Noncondensible
gas (hydrogen) evolves from solution during the RCS depressurization. Noncondensible
effects can alter the heat transfer processes on the inside of the PRHR tubes. In addition, a
large volume of noncondensible gas accumulated at the high point of the PRHR inlet line (it
is an inverted trap configuration) may block the path for flow through the PRHR heat
exchanger. '

PRHR voiding is ranked low during the short-term phase. This phenomenon has many
influences on the PRHR-to-IRWST heat transfer (that is ranked medium, see R45). As
steam void increases, the PRHR system differential density, flow rate, and heat transfer rate
increase. However, voiding due to noncondensible gas entering the PRHR system may
have the opposite result if a gas bubble blocks the line (see R46).

Pump coastdown performance is ranked low during the short-term phase. The reactor
coolant pump coastdown behavior influences steam generator and PRHR system heat
transfer because it determines the flow rates inside the steam generator and PRHR system
tubes. However, this influence is limited by the short duration of the coastdown (it lasts
only about 2 minutes) and because the pump head declines exponentially following pump
trip.

Pump flow resistance is ranked low for the short-term phase. Here, the pump flow
resistance is the locked-rotor resistance that is present following the pump coastdown
period. This resistance affects natural circulation flows through the RCS loops (i.e.,
through the core, hot legs, steam generators, pumps, and cold legs). However, this loop
natural circulation pattern is short-lived, ending when the RCS temperatures fail below
those of the steam generator secondary systems. This resistance also affects the flow rate
through the PRHR system natural circulation loop (i.e., through the core, hot leg, PRHR
inlet, PRHR heat exchanger, PRHR outlet, pump, and cold leg). Flows through this loop
are expected to continue throughout this phase. However, for this natural circulation loop,
the total flow resistance is dominated by the PRHR system components (the heat exchanger
and the inlet and outlet lines) and not by the pump locked-rotor resistance.
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Table B-3. (continued).

Ranking rationale for the phenomena in Tables B-1 through B-2
Ranking Rationale

Pump mixing is ranked low during the short-term phase. This mixing refers to turbulence
induced by water flow through the reactor coolant pump impellers following pump
coastdown. This phenomenon influences thermal stratification of water within the cold legs
(that was observed in ROSA/AP600 test AP-CL-03 and is ranked medium, see R10). The
PRHR system outlet is connected to the outlet plenum of the steam generator on one RCS
coolant loop. Water flowing out of the PRHR system is cold (approaching the temperature
of the water in the IRWST). Cold water entering the plenum preferentially flows
downward, through the reactor coolant pump impellers, into the two cold legs on that RCS
coolant loop. The test data indicate the cold ‘water stratifies on the bottom of the cold leg
piping, thus potentially affecting break flow. The influence of this phenomena has on the
cold leg thermal stratification may be determined by the status of the impeller (i.e., whether
it is locked, or free-wheeling in this situation).

Steam generator secondary level is ranked low during the short-term phase. A low level can
reduce the available tube heat-transfer area. A reduction of the secondary level swell (due
to the declining steam generator heat load) will tend to reduce the mixture level on the
outside of the steam generator tubes. However, the secondary level likely will remain
sufficiently high to cover the U-tubes.

Steam generator secondary pressure is ranked low during the short-term phase. The
secondary system generally is saturated (subcooling existing at full power operation is
removed shortly following reactor trip). The secondary pressure is, therefore, an indication
of the secondary-side temperature available to exchange heat with the RCS through the
steam generator tubes.

Steam generator tube heat transfer is ranked medium during the short-term phase. The
steam generator secondary system is a heat sink for the RCS during the early part of this
phase, but it becomes a heat source to the RCS later during the phase because the RCS
temperatures fall below those of the secondary (due to CMT and PRHR cooling effects).
This phenomenon is ranked medium because it is a major term in the RCS energy balance
equation during the time when heat flow is from the primary to secondary systems. Reverse
heat flow (i.e. secondary-to-primary) is a temporary phenomenon because heat addition to
the RCS fluid inside the tubes causes boiling and voiding within the tubes. This voiding
blocks the path for further RCS loop natural circulation flow through the steam generators,
and interruption of this flow loop thermally decouples the primary and secondary systems.
During the ADS blowdown phase the RCS energy balance is dominated by decay heat
addition and ADS energy removal and not by steam generator heat transfer during this
phase. The steam generators are essentially thermally-decoupled from the RCS from a lack
of liquid inside the steam generator tubes.

Steam generator tube voiding is ranked low during the short-term phase. This phenomenon
is the mechanism for interruption of RCS loop natural circulation flow (see RS53).

Upper plenum/upper head flashing is ranked low during the short-term phase. RCS
flashing affects the RCS mass and energy distributions during the ADS blowdown phase.
Flashing is preferential, with the RCS regions with the warmest water and lowest pressure
flashing first. Data from ROSA/AP600 test AP-CL-03 (1-inch diameter cold leg break)
indicated that hot fluid was convected upward from the core into these regions during the
previous phase. The fluid temperatures were altered by this flow, thereby affecting the
pressures at which these regions flash.
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Table B-3. (continued).

Ranking rationale for the phenomena in Tables B-1 through B-2
Code Ranking Rationale

R56 Upper plenum loop asymmetry effects are ranked low during the short-term phase.
Asymmetric conditions (pressures, temperatures, flow rates) within and/or between RCS
components may be present. The sources of these asymmetries are the break location (i.e.,
it is situated at a single location in the RCS), and the plant configuration (the pressurizer
and PRHR system are connected on one coolant loop while the CMTs are connected on the
other). Asymmetric effects in the upper plenum are potentially of importance because the
flow split at this location affects the conditions of the fluid entering the PRHR system inlet
that is located on only one hot leg.

R57 Upper plenum/upper head stored energy release is ranked low during the short-term phase.
The RCS pressure and saturation temperature fall rapidly during this phase. As a result,
remaining stored heat in metal structures of this component is available to flow into the
RCS coolant. However, this flow of heat is expected to be a minor contributor to the
overall RCS energy balance; energy loss through the ADS is expected to dominate that
balance.

R58 Upper head-to-downcomer bypass flow is ranked low during the short-term phase. Steam
flowing through this path may be condensed in the downcomer or cold legs or may reach
the break. The cold legs are thermally stratified during this phase. This behavior is of
importance as it affects the temperature of fluid presented at the break and, therefore the
break flow rate. Although small, this flow path is the most direct communication path
between the hot and cold leg regions and may be active during the chaotic RCS fluid
conditions expected during this phase. See RS, R10 and R21 for more discussion.

R59 Upper head/upper plenum voiding is ranked medium during the short-term phase. Data
from ROSA/AP600 test AP-CL-03 (1-inch diameter cold leg break) indicated that hot fluid
was convected upward from the core into the upper plenum/upper head regions during the
previous phase. The fluid temperatures were altered by this flow, affecting the pressures at
which the these regions flashed. In that test, these regions first voided, then were refilled
due to condensation. This behavior resuited in a significant redistribution of RCS

inventory.

R60 ADS energy release is ranked high during the short-term phase. This release is the
dominant outflow term in the RCS energy balance.

R61 ADS mass flow is ranked high during the short-term phase. This flow is the dominant

outflow term in the RCS mass balance.

R62 ADS choking in complex geometry is ranked medium during the short-term phase. }
Choking in the ADS lines, valves, and fittings controls the ADS flow (ranked high, see
R61) through all stages until the differential pressure between the RCS and containment has
been sufficiently reduced. The piping configurations of the ADS stages are different and all
are complex, resulting in uncertainty regarding the choking locations, fluid states, and
discharge coefficients. This uncertainty affects the choked flow rate. A portion of this
uncertainty regards phase separation at tees located within the ADS piping networks.

R63 ADS flow resistance is ranked medium during the short-term phase. The ADS flow
resistance controls the ADS flow (ranked high, see R61) through all stages after unchoking
occurs (when the differential pressure between the RCS and containment has been
sufficiently reduced). ‘
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Table B-3. (continued).

Code

Ranking rationale for the phenomena in Tables B-1 through B-2

Ranking Rationale

R64

R65

R66

R67

R68

R69

R70

R71

R72

R73

R74

ADS noncondensible effects are ranked medium during the short-term phase.
Noncondensible gases (nitrogen, expelled into the RCS from the accumulators and
hydrogen emerging from solution due to RCS depressurization) will find their way to all
ADS stages. Noncondensible gas in the RCS fluid affects the ADS flow (ranked high, see
R61) and energy release (ranked high, see R60) in both the choked and unchoked
situations.

Break flow resistance is ranked medium during the short-term phase. The break flow
resistance controls the break flow (ranked high, see R4) after unchoking occurs, mainly
during the ADS blowdown sub-phase (when the differential pressure between the RCS and
containment has been sufficiently reduced).

Break noncondensible effects are ranked low during the short-term phase. Noncondensible
gases (nitrogen, expelled into the RCS from the accumulators and hydrogen emerging from
solution due to RCS depressurization) will find their way to the break. Noncondensible gas
in the RCS fluid affects the break flow (ranked high, see R4) and energy release (ranked
medium, see R3) in both the choked and unchoked situations.

Cold leg noncondensible effects are ranked low during the short-term phase. Nitrogen
expelled from the accumulators accumulates in this region of the RCS and disposition of
nitrogen affects the ADS and break mass flow and energy release rates (see R60, R61, R3
and R4).

Core subcooling margin is ranked high during the short-term phase. In this PIRT, the core
is assumed to remain covered (the core two-phase mixture level is ranked high, see R69)
and, in that case, the fuel rods will not heat up. The subcooling margin affects core flashing
and boiling behavior.

Core two-phase mixture level is ranked high during the short-term phase. This
phenomenon affects core cooling; the core two-phase mixture level must be above the top
of the core to prevent fuel rod heat-up.

Downcomer/lower plenum flashing is ranked low during the short-term phase. RCS
flashing affects the RCS mass and energy distributions during the ADS blowdown phase.

Downcomer/lower plenum noncondensible effects are ranked low during the short-term
phase. Nitrogen expelled from the accumulators accumulates in this region of the RCS and
disposition of nitrogen affects the ADS and break mass flow and energy release rates (see
R60, R61, R3 and R4) and may affect the CMT level response.

Fuel rod critical heat flux/dryout is ranked medium during the short-term phase. This
phenomenon affects core cooling. During this phase, RCS pressure falls, RCS mass is lost,
RCS voids increase, and this provides a possibility for core uncovery and fuel rod heat-up.

Hot leg CCFL is ranked low during the short-term phase. This phenomenon contributes to
the hot leg phase separation process (see R31) because it affects the fluid state and ﬂow
regime in the hot leg.

Hot leg condensation is ranked low during the short-term and long-term phases. Data from
ROSA/AP600 test AP-CL-03 (1-inch diameter cold leg break) indicate that, in general,
significant redistribution of RCS inventory can result from condensation phenomenon.
Steam may be supplied to the hot legs through the steam generators while subcooled liquid
may be supplied to the hot legs through the core.
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Table B-3. (continued).

Code

Ranking rationale for the phenomena in Tables B-1 through B-2
Ranking Rationale

R75

R76

R77

R78

R79

R30

R81

RS2

Hot leg countercurrent flow is ranked low during the short-term phase. This phenomenon
contributes to the hot leg phase separation process (see R31) because it affects the fluid
state and flow regime in the hot leg.

Hot leg entrainment is ranked low during the short-term phase. This phenomenon
contributes to the hot leg phase separation process (see R31) because it affects the fluid
state and flow regime in the hot leg.

Hot leg noncondensible effects are ranked low during the short-term phase.
Noncondensible gases (nitrogen expelled from the accumulators and hydrogen emerging
from solution during RCS depressurization) compete with steam for flow through all stages
of the ADS. These gases affect the ADS energy release (ranked high, see R60). However,
the effects of noncondensible gases are both temporary and diminishing. The total
noncondensible mass is limited to that available from the accumulators plus that available
in solution; this mass is small when compared with the RCS water mass. Once expelled to
the containment through the ADS or break, noncondensible gases can no longer affect RCS
behavior.

IRWST pool-to-tank heat transfer is ranked low during the ADS short-term phase. Over the
long term, the energy removed from the pool to its surroundings may be important, but
during this phase this term in the IRWST energy balance was judged to be significantly
smaller the ADS energy addition term.

IRWST sparger pipe level is ranked medium during the short-term phase. Wall
condensation inside the ADS stage 1, 2, and 3 discharge lines (in the regions of these pipes
submerged under water in the IRWST) may affect the ADS flow rates through these pipes.
This phenomenon also may be associated with water hammer events in these pipes.

Pressurizer CCFL is ranked low during the short-term phase. ADS activation causes
significant refill of the pressurizer (that had drained during the short-term phase). As ADS
stage 1, 2, and 3 flow declines, the pressurizer liquid inventory drains back into the RCS,
and this draining is affected by CCFL at the pressurizer tank/surge line connection.

Pressurizer entrainment/de-entrainment is ranked medium during the short-term phase.
This phenomenon affects both the level swell within the pressurizer tank and the carryover
of liquid droplets into ADS stages 1, 2, and 3. The ADS energy release and mass flow are
ranked high, see R60 and R61.

Pressurizer level swell is ranked medium during the short-term phase. If the pressurizer
level resides below the top of the tank then steam exits ADS stages 1 through 3, the inlets
for which are connected to the top of the pressurizer. However, if the level swells to the top
of the tank, then two-phase mixture (or single-phase liquid) enters ADS stages 1 through 3.
This phenomenon therefore affects the ADS mass flow and energy release rates that are
ranked high (see R60 and 61).
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Table B-3. (continued).

Ranking rationale for the phenomena in Tables B-1 through B-2
Code Ranking Rationale

R83 Pressurizer noncondensible effects are ranked low during the short-term phase.
Noncondensible gases (nitrogen from the accumulators and hydrogen emerging from
solution during RCS depressurization) will flow out the ADS stages 1, 2 and 3, the inlets
for which are connected to the top of the pressurizer. These noncondensible gases will
affect the ADS energy release (rated high, see R60). However, the effects of
noncondensible gases are both temporary and diminishing. The total noncondensible mass
is limited to that available from the accumulators plus that available in solution; this mass is
small when compared with the RCS water mass. Once expelled to the containment through
the ADS or break, noncondensible gases can no longer affect RCS behavior.

R84 Pressurizer stored energy release is ranked low during the short-term phase. The RCS
pressure and saturation temperature fall rapidly during this phase. As a result, remaining
stored heat in metal structures of this component is available to flow into the RCS coolant.
However, this flow of heat is expected to be a minor contributor to the overall RCS energy
balance; energy loss through the ADS is expected to dominate that balance.

R85 PRHR flashing is ranked low during the short-term phase. RCS flashing affects the RCS
mass and energy distributions during the ADS blowdown phase.

R86 PRHR phase separation in tees is ranked low during the short-term phase. This is the only
instance where phase separation in tees has been ranked for the PRHR component. For
normal PRHR flow situations, tee phase separation is primarily of interest at the PRHR inlet
line connection on the hot leg and, for these normal situations, this phenomenon was
included in the listings for the hot leg component. However, for the ADS blowdown
situation, RCS conditions are chaotic, and the question is the manner in which the PRHR
system outlet tee (on the steam generator outlet plenum) might perform under potential
reverse-flow conditions. Because the PRHR inlet line is connected directly to one of the
ADS fourth-stage inlet lines, reverse flow through the PRHR system is likely to develop as
RCS fluid rushes out the ADS fourth stage.

R87 Upper plenum/upper head condensation is ranked low during the short-term phase. Data
from ROSA/AP600 test AP-CL-03 (1-inch diameter cold leg break) indicate that hot fluid
was convected upward from the core into these regions during the low pressure phase. The
fluid temperatures were altered by this flow, affecting the pressure at which these regions
flashed during ADS blowdown. Additionally, in that test, these regions first voided, then
refilled due to condensation events. This behavior resulted in a significant redistribution of
RCS inventory.

R88 Upper plenum entrainment/de-entrainment is ranked medium during the short-term phase.
The entrainment, de-entrainment, and storage of liquid in the upper plenum region affects
the pressure drop and convection of fluid through the hot legs to all ADS stages.

R89 Containment interior pressure is ranked medium during the short-term phase. The
containment interior receives flow directly from ADS stage 4. In addition, the IRWST (that
receives the flow from ADS stages 1, 2, and 3) resides in the containment interior. The
containment interior pressure determines the RCS pressures and the times at which the
various ADS stage flows unchoke. Thereafter, the ADS mass flow and energy release
(ranked high, see R60 and 61) are determined by the differential pressure between the RCS
and the containment interior.
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Table B-3. (continued).

Code

Ranking rationale for the phenomena in Tables B-1 through B-2

Ranking Rationale ‘

R90

R93

R%4

R95

R96

ADS energy release is ranked high during the long-term phase. The release through ADS ‘
stage 4 is the dominant outflow term in the RCS energy balance. ADS stages 1, 2, and 3

are inactive during this phase unless the IRWST level is below the spargers or, if the

spargers are covered, the head created by their submergence is less than the differential

pressure between the RCS and containment. The energy release and mass flow rate through

ADS 4 dictate the back pressure to IRWST injection. Tests indicate that multiple failures

of ADS 4 valves would hamper IRWST injection causing the reactor vessel level to drop

significantly. ADS 4 flow affects both inventory depletion and replacement.

|
ADS mass flow is ranked high during the long-term phase. The flow through ADS stage 4 |
is the dominant outflow term in the RCS mass balance. ADS stages 1, 2, and 3 are inactive |
during this phase unless the head of the submergence of the ADS spargers under water in

the IRWST becomes less than the differential pressure between the RCS and containment.

See R90 for additional justification.

Not used. |

ADS noncondensible effects are ranked low during the long-term phase. Noncondensible
gases (nitrogen expelled into the RCS from the accumulators and hydrogen emerging from
solution due to RCS depressurization) will find their way to all ADS stages.
Noncondensible gas in the RCS fluid affects the ADS mass flow and energy release (that
are ranked high, see R90 and R91). However, these effects will be to a lesser extent than
during the short-term phase (where they were ranked medium, see R64). Peak flow of
nitrogen from the accumulators into the RCS and peak dissolution of hydrogen occur during
ADS blowdown.

ADS condensation (in stages 1, 2, and 3 piping and spargers in IRWST) is ranked low
during the long-term phase. ADS stages 1, 2, and 3 are active during this phase when the
head of the submergence of the ADS spargers under water in the IRWST becomes less than
the differential pressure between the RCS and containment. Wall condensation inside the
ADS stage 1, 2, and 3 discharge lines (especially in the regions of these pipes submerged
under water in the IRWST) may affect ADS flow through these pipes. This phenomenon
also may be associated with water hammer events in these pipes.

Break energy release is ranked medium during the long-term phase. This release is a
contributing outflow term in the RCS energy balance. However, because the break size is
assumed to be small, the break energy release was judged to be less significant than the
ADS energy release (that is ranked high, see R90).

Break mass flow is ranked medium during the long-term phase. The break flow contributes
to the RCS mass balance. However, because the break size is assumed to be small, the
break mass flow was judged to be less significant than the ADS mass flow (that is ranked
high, see R91).

Break noncondensible effects are ranked low during the long-term phase. Noncondensible
gases (nitrogen expelled into the RCS from the accumulators and hydrogen emerging from
solution due to RCS depressurization) will find their way to the break. The presence of
noncondensible gas in the RCS fluid affects the break energy release and mass flow (that
are ranked medium, see R95 and 96).
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Table B-3. (continued).

Ranking rationale for the phenomena in Tables B-1 through B-2
Ranking Rationale

Cold leg condensation is ranked low during the long-term phase. Experimental data from
Oregon State University cold leg SBLOCA tests indicate CMT refill behavior due to
condensation during this phase. Refill is caused by cold water entering the CMTs through
the pressure balance lines. Condensation in the cold leg may be a precursor or contribute to
this behavior. The potential for a similar cold-leg refill behavior is present in the long-term
sump phase. Subcooled water is supplied from the reactor vessel downcomer and steam is
available from the upper head-to-downcomer bypass path. As with the CMT refill behavior,
cold leg refill events would alter the distribution of the RCS inventory.

Cold leg noncondensible effects are ranked low during the long-term phase.
Noncondensible gases (nitrogen expelled into the RCS from the accumulators and hydrogen
emerging from solution due to RCS depressurization) will find their way to the break that is
assumed to be located in the cold leg. The presence of noncondensible gas in the RCS fluid
affects the break energy release and mass flow (that are ranked medium, see R95 and 96).
In addition, noncondensible gases in the cold legs may influence the CMT refill behavior
during this phase (see R98 and R100).

Cold leg-to-PBL phase separation is ranked low during the long-term phase. Experimental
data from Oregon State University cold-leg SBLOCA tests indicate CMT refill behavior
due to condensation during this phase. The refill was caused by cold water entering the
CMTs through the pressure balance lines. Phase separation at the cold leg-to-PBL tee may
affect fluid conditions in the pressure balance line, influencing this behavior.

Core boiling is ranked medium during the short-term and long-term phase. Fuel rod decay
heat (ranked high, see R26 and R114) is removed to the RCS coolant by convection or
boiling heat transfer. Increased core steam production due to boiling results in increasing
fluid velocities and pressure drops in the flow through the ADS.

Core flashing is ranked low during the long-term phase. Core flashing will occur during
periods when the RCS is depressurizing. The steam produced by flashing adds to that
produced by boiling (see R101), thus increasing the velocity and pressure drop of fluid
exiting the RCS via the ADS.

Core flow resistance is ranked low during the long-term phase. The core flow resistance is
a portton of the total loop flow resistance (this loop is from the IRWST, through the reactor
vessel downcomer, core, hot legs, and out ADS stage 4 to the containment). Therefore the
core flow resistance can affect the ADS mass flow and energy release that are ranked high
(see R90 and R91).

Core mass flow (including bypass) is ranked medium during the long-term phase. This
flow supplies coolant to the core so that fuel rod decay heat (ranked high, see R114) may be
removed.

Core subcooling margin is ranked medium during the long-term phase. This phenomenon
affects core cooling. In this PIRT, the core is assumed to remain covered (the core two-
phase mixture level is ranked high, see R106) and, in that case, the fuel rods will not heat
up. The subcooling margin affects core flashing and boiling behavior that influences the
ADS mass flow and energy release.

Core two-phase level is ranked high during the long-term phase. This phenomenon affects
core cooling. The core two-phase mixture level must be above the top of the core to
prevent fuel rod heat-up. Steam produced by boiling and flashing in the core swells the
core level upward, influencing the upper plenum mixture level (see R128).
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Table B-3. (continued).

Code

Ranking rationale for the phenomena in Tables B-1 through B;2
Ranking Rationale

R107

R108

R109

R110

RI111

R112

R113

R114

R115

R116

CMT-to-IRWST differential head is ranked medium during the long-term phase. The
CMTs may refill during this phase (see R108). The subsequent processes by which the
IRWST and CMTs drain will be affected by the relative levels and temperatures of water in
the CMT and IRWST.

CMT condensation is ranked medium during the long-term phase. Some tests at the APEX
facility at Oregon State University experienced CMT refills due to condensation. However,
additional analysis determined that these refills were a scaling artifact of the facility and
condensation is not expected to cause the same reaction in AP600.

CMT flow resistance is ranked low during the long-term phase. The CMTs may refill
during this phase (see R108). The CMT flow resistance (in particular that associated with
its discharge line, check valve, and orifice) determines the subsequent CMT draining rate.

CMT noncondensible effects are ranked medium during the long-term phase.
Noncondensible gases (nitrogen expelled into the RCS from the accumulators and hydrogen
emerging from solution due to RCS depressurization) may find their way to the pressure
balance lines and CMTs. The presence of noncondensible gas in the RCS fluid may
influence the CMT refill behavior (see R108).

Downcomer condensation is ranked medium for the long-term phase. Subcooled water is
supplied to the downcomer through the DVI lines. Steam may flow through the upper
head/downcomer bypass path. If condensation occurs in the downcomer, it can alter the
high-ranked downcomer level (see R112).

Downcomer level is ranked high during the long-term phase. This level creates a major
portion of the driving force for flow through the core. The static head created by this level
is a significant term affecting the RCS/containment pressure balance. The inventory in the
Downcomer represents the coolant immediately available to the core during long term
cooling. It is an important part of the reactor vessel inventory replacement.

Fuel rod critical heat flux/dryout is ranked low during the long-term phase. This
phenomenon affects core cooling, but core decay heat is lower during this phase than it was
in the previous phase, where this phenomenon is ranked medium (see R72).

Fuel rod core power/decay heat is ranked high during the long-term phase. This
phenomenon is the primary energy source in the RCS energy balance. Removal of this heat
is the basic safety issue for a SBLOCA. Subsequent to ADS 4 operation, liquid boiloff due
to core decay heat is the primary mechanism for reactor vessel inventory depletion.

Hot leg countercurrent flow is ranked low during the long-term phase. This phenomenon
contributes to the highly-ranked hot leg phase separation process (see R117) because it
affects the fluid state and flow regime in the hot leg and affects the condition of the fluid
exiting ADS. '

Hot leg horizontal fluid stratification is ranked medium during the long-term phase. The
hot leg flow regime affects the condition of the fluid exiting ADS (see R117).
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Table B-3. (continued).

Code

Ranking rationale for the phenomena in Tables B-1 through B-2
Ranking Rationale

R117

R118

R119

R120

R121

R122

Phase separation in hot leg tees is ranked medium-during the long-term phase. This

- phenomenon (at the ADS stage 4 hot leg tee) controls the quality of the fluid entering ADS

stage 4 and, thereby, controls the ADS energy release and flow rates. ADS stages 1, 2, and
3 are inactive during this phase unless the head of the submergence of the ADS spargers
under water in the IRWST becomes less than the differential pressure between the RCS and
containment. If ADS stages 1, 2, and 3 are active, phase separation at the hot leg-to-
pressurizer surge line tee controls the quality of fluid passed to the pressurizer (and from
there out ADS stages 1, 2, and 3).

IRWST flow resistance is ranked high during the long-term phase. The IRWST flow
resistance (in particular, that associated with its discharge line, orifice, valves, and fittings)
is one portion of the total resistance of the flow loop (from the IRWST, through the reactor

- vessel downcomer, core, hot legs, and out ADS to the containment). Therefore this

phenomenon affects the core coolant flow rate. IRWST flow rate is governed by IRWST
line resistance, IRWST liquid level and primary system pressure. Excessive flow resistance
in the IRWST injection lines affects the IRWST injection flow rate. If the vessel liquid
boiloff rate exceeds the IRWST injection rate, the reactor vessel liquid level will drop.

IRWST pool level is ranked high during the long-term phase. The IRWST level provides
the driving force to push flow through the total resistance of the flow loop (from the
IRWST, through the reactor vessel downcomer, core, hot legs, and the ADS to
containment). Therefore, the IRWST pool level controls the core cooling flow rate. See
R118 for additional justification.

IRWST pool-to-tank heat transfer is ranked low during the long-term phase. Because this
phase extends over a long period, the energy removed from the pool to its surrounding walls
may have some effect on the IRWST water temperature.

IRWST pool thermal stratification is ranked high during the long-term phase. This
phenomenon affects the temperature of the water that is injected into the RCS. During prior
phases the IRWST has been warmed from PRHR heat transfer and from ADS stage 1, 2,
and 3 discharge. The warming of IRWST water from these processes will be nonuniform to
some extent. During this phase, however, these processes have ceased and the IRWST
water will tend to thermally stratify, due to buoyancy effects, into a condition where the
warmer water resides over colder water. This effect is significant because water injected
into the RCS is drawn from the bottom of the IRWST. Because the tank is thermally-
stratified, the temperature of the injection water is expected to increase with time. IRWST
liquid temperature governs the inlet subcooling to the core and therefore affects the vapor
generation rate in the core.

IRWST sparger pipe level is ranked low during the long-term phase. ADS stages 1, 2, and
3 are active during this phase when the head of the submergence of the ADS spargers under
water in the IRWST is less than the differential pressure between the RCS and containment.
Wall condensation inside the ADS stage 1, 2, and 3 discharge lines (especially in the
regions of these pipes submerged under water in the IRWST) may affect the ADS flow
rates through these pipes. This phenomenon also may be associated with water hammer
events in these pipes.
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Table B-3. (continued).

Code

Ranking rationale for the phenomena in Tables B-1 through B-2

Ranking Rationale

R123

R124

R125

R126

R127

R128

R129

Pressurizer level (inventory) is ranked medium during the long-term phase. During the
short-term phase, the pressurizer empties (see R40), partially refills and then partially drains
(see R80). Cold-leg SBLOCA experiments in the Oregon State University facility indicate
that draining of the remaining pressurizer inventory affects the behavior of IRWST
injection and ADS flow during this phase. Oscillatory behavior is observed, and
pressurizer draining influences these oscillations.

Steam generator tube heat transfer is ranked low during the long-term phase. The RCS
energy balance is dominated by decay heat addition and ADS energy removal and not by
steam generator heat transfer during this phase. The steam generators are thermally-
decoupled from the RCS because the fluid in the secondary system is significantly hotter
than the RCS fluid and the tubes have voided. This phenomenon can be important if water
can be reintroduced into the steam generator tubes, for example, due to oscillatory behavior
in the RCS primary system.

Sump level is ranked high during the long-term phase. Sump injection begins when the
sump level has been equalized with the IRWST level. This equalization may occur as a
result of flow from the break into the sump, or by opening of valves in the sump discharge
lines that allow the IRWST and sump levels to equilibrate. These valves are opened
automatically when the IRWST level reaches a minimum setpoint value. As with the
IRWST level, the sump level provides a driving force to push flow through the total
resistance of the flow loop (from the sump, through the reactor vessel downcomer, core, hot
legs, and the ADS to containment). Therefore, this phenomenon affects the core cooling
flow rate. During long term cooling, the sump liquid level will dictate the recirculation
rates through the core and the “flood-up” level for the entire system. Sump level directly
affects core cooling and inventory replacement.

Upper plenum/upper head condensation is ranked low during the long-term phase.
Refilling of the upper head/upper plenum regions due to rapid condensation events may
alter the state of fluid passed to the hot legs, affecting the ADS energy release and mass
flow.

Upper plenum/upper head noncondensible effects are ranked low during the long-term
phase. Noncondensible gases (nitrogen expelled into the RCS from the accumulators and
hydrogen emerging from solution due to RCS depressurization) may affect the state of the
fluid passed into the hot legs and out the ADS (see R93 and R128). In addition
noncondensible gases may affect the potential for upper head condensation-induced refill
events (see R126).

Upper plenum two-phase level is ranked high during the long-term phase. This level
directly affects the ADS energy release and mass flow (ranked high, see R90 and R91)
because it determines the condition of the fluid passed into the hot legs and affects
differential pressures in this region. See R115 through R117 for related discussions of the
hot-leg phenomena.

Containment interior liquid distribution is ranked medium during the long-term phase. This
phenomenon affects the IRWST and sump levels during this phase.
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Table B-3. (continued).

Ranking rationale for the phenomena in Tables B-1 through B-2
Ranking Rationale

Containment interior pressure is ranked medium during the long-term phase. The
containment interior receives flow directly from ADS stage 4. In addition, the IRWST (that
may receive flow from ADS stages 1, 2, and 3 during this phase) resides in the containment
interior. The ADS mass flow and energy release (ranked high, see R90 and R91) are
determined by the differential pressure between the RCS and the containment interior.

Containment interior liquid subcooling is ranked low during the long-term phase. This
phenomenon affects the temperature of the IRWST and sump fluids that are the source of
RCS injection during this phase.

CMT noncondensible effects are ranked low during the short-term phase. Noncondensible
gases (nitrogen expelled into the RCS from the accumulators and hydrogen emerging from
solution due to RCS depressurization) may find their way to the pressure balance lines and
CMTs. The presence of noncondensible gas in the RCS fluid may influence the CMT refill
behavior later, in the long-term phase (see R108).

Sump flow resistance is ranked medium during the long-term phase. The sump flow
resistance (in particular, that associated with its discharge line, valves, and fittings) is a
portion of the total resistance of the flow loop (from the sump, through the reactor vessel
downcomer, core, hot legs, and out ADS to the containment). Therefore, this phenomenon
affects the core coolant flow rate.

Sump fluid temperature is ranked high during the long-term phase. This phenomenon
represents the temperature of a portion of the water that is injected into the RCS and,
therefore, it affects the RCS energy balance. During the short-term phase, the sump has
been filled with water expelled from the break and ADS; to some extent, this water has
been cooled via heat transfer to containment structures. Fluid in the sump may thermally
stratify, in a manner similar to the behavior described for the IRWST (see R121). The
temperature of the water injected from the sump into the RCS is that of the fluid residing at
the sump-to-DVI line intake. Unlike the corresponding IRWST configuration, this intake is
located at an elevation far above the bottom of the sump. Therefore, the temperature of the
water injected from the sump may be at the high end of the sump water-temperature range.
During long term cooling, the fluid temperature in the sump governs the inlet subcooling to
the core and therefore affects the vapor generation rate in the core which is the primary
mechanism for reducing reactor vessel liquid inventory.

IRWST flow resistance is ranked high during the short-term phase. The IRWST flow
resistance (in particular, that associated with its discharge line, orifice, valves, and fittings)
is a large portion of the total resistance of the flow loop (from the IRWST, through the
reactor vessel downcomer, core, hot legs, and out ADS to the containment). Therefore this
phenomenon affects the core coolant flow rate. The flow resistance in the IRWST injection
lines affects behavior of the start of IRWST injection and subsequent reactor vessel refill
rates. The IRWST injection rate significantly affects the vessel liquid inventory.

ADS condensation (in stages 1, 2, and 3 piping and spargers in IRWST) is ranked low
during the short-term phase. ADS stages 1, 2, and 3 are active during this phase when the
head of the submergence of the ADS spargers under water in the IRWST becomes less than
the differential pressure between the RCS and containment. Wall condensation inside the
ADS stage 1, 2, and 3 discharge lines (especially in the regions of these pipes submerged
under water in the IRWST) may affect ADS flow through these pipes. This phenomenon
also may be associated with water hammer events in these pipes.
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Table B-3. (continued).

Code

‘Ranking rationale for the phenomena in Tables B-1 through B-2
Ranking Rationale

R137

R138

R139

R140

R141

R142

R143

R144

R145

R146

R147

Upper plenum/upper head noncondensible effects are ranked low during the short-term
phase. Noncondensible gases (nitrogen expelled into the RCS from the accumulators and
hydrogen emerging from solution due to RCS depressurization) may affect the state of the
fluid passed into the hot legs and out the ADS (see R64 and R138).

Upper plenum two-phase level is ranked low during the short-term phase. This level affects
the ADS energy release and mass flow because it determines the condition of the fluid
passed into the hot legs and affects differential pressures in this region.

Containment interior liquid distribution is ranked medium during the short-term phase.

- This distribution of water determines the IRWST and sump levels during this phase.

Containment interior liquid subcooling is ranked low during the short-term phase. This
phenomenon affects the temperature of the IRWST fluid that is used as the source of RCS
injection during this phase. In addition, this phenomenon affects the temperature of the
sump fluid that is used as the source of RCS injection during the next phase.

Sump level is ranked medium during the short-term phase in ant101pat10n of its greater
influence during the long-term phase.

Accumulator noncondensible effects are ranked low during the long-term phase. Expansion
of the nitrogen gas bubble within the accumulator controls the differential pressure between
the accumulator and RCS. and, therefore, the rate at which the remaining nitrogen flows
from the accumulator into the RCS. The effects of nitrogen entering the RCS are discussed
separately for each component.

Break flow resistance is ranked low during the long-term phase. The break flow resistance
controls the break flow but this flow is small as compared with ads-4 flow.

Cold leg stored énergy release is ranked low during the long-term phase. The rate of stored
energy release from piping walls was judged smaller than the other contributors to the RCS
energy balance.

Core stored energy release is ranked medium during the long-term phase. The rate of stored
energy release from non-fuel structures in the core region was judged smaller than the other
contributors to the RCS energy balance.

Core and downcomer/lower plenum loop asymmetry effects are ranked low during the long-
term phase. Asymmetric conditions (pressures, temperatures, flow rates) within and/or
between RCS components may be present. The sources of these asymmetries are the break
location (i.e., it is situated at a single location in the RCS), and the plant configuration (the
pressurizer and PRHR system are connected on one coolant loop while the CMTs are
connected on the other). Downcomer fluid temperature asymmetries may affect fluid
conditions present at the break, and, thereby, significantly alter the distribution of RCS
mass and energy.

Downcomer/lower plenum stored energy release is ranked low during the long-term phase.
The rate of stored energy release from vessel walls and system internals was judged smaller
than the other contributors to the RCS energy balance.
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Table B-3. (continued).

Ranking rationale for the phenomena in Tables B-1 through B-2
Ranking Rationale

IRWST interphasic condensation is ranked low during the long-term phase. ADS stages 1,
2, and 3 discharge RCS fluid into the IRWST through two spargers. The fluid flowing
through the spargers has a high steam content, perhaps superheated, at the near-atmospheric
pressure inside the tank. However, the IRWST fluid is initially subcooled, so high
interphase condensation rates are anticipated. This phenomenon affects: (1) the manner in
which the IRWST performs the quenching process, (2) the state of the IRWST fluid (that
later is injected into the RCS), and (3) the containment pressure.

Upper plenum entrainment/de-entrainment is ranked medium during the long-term phase.
The entrainment, de-entrainment, and storage of liquid in the upper plenum region affects
the pressure drop and convection of fluid through the hot legs to all ADS stages.
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Appendix C - Detailed Results, Main Steam Line Break Without ADS PIRT

This appendix presents the detailed results of the main steam line break (MSLB) sequence without
Automatic Depressurization System (ADS) activation PIRT. The detailed PIRT results are shown in
Tables C-1 and C-2, and the transient description, overall phenomena ranking criteria, and specific ranking
rationales are shown in Table C-3. The information in Tables C-1 and C-2 is arranged to correspond with
the two phases of the accident scenario. These tables are organized in alphabetical order according to the
component name. Within the listings for each component, the pertinent identified phenomena are arranged
by order of ranking. The right sides of these tables contain identifier codes that refer the reader elsewhere
in this report for further information:

The code labeled “Ranking Rationale” (for example, “R17) leads the reader to a description of the
logic leading to the ranking of each specific phenomenon; this information is found in Table C-3 in
this appendix.

The code labeled “Phenomena Description” (for example, “D1”) leads the reader to a general
description of each phenomenon; this information is found in Appendix G, Table G-1.

Two codes are labeled “Type Geometry” (for example “C1/G1”). The “C” code leads the reader to
the physical geometries and general functions of the component under discussion; this information is
found in Appendix G, Table G-2. The “G” code leads the reader to more detailed discussion of the
specific phenomena associated with each of the components; this information is found in

Appendix G, Table G-3.

The “Supporting Evidence” code (for example, “E1”) leads the reader to references (geometrical,
experimental, and analytical) that provide background and corroborating information. This
information is found in Appendix G, Table G-4. It is noted that the supporting evidence is currently
being developed in experimental and analytical tasks both inside and outside the PIRT task. Thus,
the information in this table can be expected to increase as the supporting tasks are completed.

The “Sublevel Phenomena” code (for example, “S1”) leads the reader to a list of contributing
phenomena affecting the primary phenomenon. The sublevel phenomena information is found in
Appendix G, Table G-5.
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Table C-3. Transient description and ranking rationale for the MSLB without ADS PIRT
Overall Transient Description and Top-level Ranking Rationale

This sequence is initiated by the double-ended rupture of a main steam line inside containment. The
availability only of safety-grade plant systems is assumed. The subsequent plant response is assumed to be
within the design goal of recovery to a long term quasi-steady condition that does not require ADS
actuation.

Phase Descriptions and Medium-level Ranking Rationales
Initial Depressurization Phase:

Description - This phase begins at the time of the pipe break. Both steam generators begin blowing down
into the containment. The flow rates through the two sides of the break are restricted by the steam line
flow limiters and are significantly less than those allowed by critical flow through the full open pipe areas.
A steam line isolation signal is generated (due either to low steam line pressure, high containment pressure,
or low cold leg temperature). This signal results in closure of the main steam isolation valves. Main steam
isolation valve closure isolates the unaffected steam generator; its blowdown is arrested, and afterward it
acts as a heat source to the reactor coolant system (RCS). Flow from the affected steam generator into
containment can not be isolated. During blowdown, steam generator secondary fluid flashes and boils, and
the steam produced swells the boiler mixture level, entrains liquid, and sweeps it through and around the
separators and dryers and out the break. Performances of the separators and dryers degrade as they are
flooded with liquid. Primary-to-affected secondary heat transfer is at a high rate and the RCS fluid is
cooled, causing it to shrink. RCS cooling is preferential to the loop containing the affected steam
generator; cold leg temperatures differ markedly between the affected and unaffected loops. Because the
reactor vessel lower plenum is not necessarily well-mixed, this thermal asymmetry may persist into the
core, upper plenum, and hot leg regions. The RCS pressure and pressurizer level fall; the reactor vessel
upper head flashes. If not already generated, a reactor trip signal is generated due to low pressurizer
pressure. Reactor trip causes the core power to be quickly reduced to the decay heat rate, and this power
reduction causes the average RCS temperature to fall faster, the RCS fluid shrinkage rate to increase, and,
therefore, the RCS pressure to fall even more rapidly. Declining core pressures and potentially (due to the
positive reactor kinetic feedback effects of declining RCS fluid temperatures) increasing core power may
cause a departure from nucleate boiling in the core. An S signal is generated due to low pressurizer
pressure, low cold leg temperature, low steam generator pressure, or high containment pressure. The S
signal causes core makeup tank (CMT) system actuation, reactor coolant pump trip, and feedwater
isolation. CMT actuation also results in passive residual heat removal (PRHR) system activation. Note
that PRHR may be actuated also by low steam generator level signals, and this may occur prior to CMT
actuation (see Reference 6, Table H-2, for details of the PRHR system actuation logic). The RCS loop
flows decline rapidly from a forced-circulation to natural-circulation condition and this reduces the RCS
heat removal rate. Flow through the unaffected loop ceases, since its steam generator now acts as an RCS
heat source. The containment behavior is important because the affected steam generator blowdown
proceeds against the containment pressure. In the containment, the break effluent is mixed with nitrogen,
and steam is condensed from the mixture on the inside of the containment shell. The heat released to the
shell is removed to the atmosphere by evaporation, convection, and radiation to air on the outside of the
shell. These processes continue, with the affected secondary inventory and pressure continuously
decreasing, until the blowdown of the affected steam generator has been completed. When the affected
steam generator secondary has completely dried out, its pressure equilibrates with the containment
pressure, an event marking the end of this phase.

Important parameters and dominant processes - The steam generator primary-to-secondary heat transfer
rate is judged to be the parameter of primary importance because it dominates the RCS cooldown during
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Table C-3. (continued).

this phase. Processes important for accurate simulation of this parameter are: break flow, steam generator
secondary behavior (level swell and depletion, liquid carry-over, flashing, entrainment), flow through the
RCS loops, and asymmetric loop cooldown.

Passive Decay Heat Removal Phase:

Description - This phase begins when the affected steam generator blowdown is complete. RCS heat
sources are decay heat and reverse heat transfer from the unaffected steam generator. CMT recirculation
acts as a temporary RCS heat removal mechanism, and the PRHR system acts as the long-term heat
removal mechanism. Because the PRHR system is connected to only one of the loops, behavior during this
phase is dependent upon which loop is assumed to contain the affected steam generator. Natural
circulation-driven RCS loop, CMT, and PRHR flows and asymmetries in RCS temperature distributions
are expected. PRHR heat removal may lead to thermal stratification in the in-containment refueling water
storage tank (IRWST) that would degrade PRHR performance. Repressurization and heating of the RCS
coolant may occur during this phase. RCS temperatures must rise until they are high enough to allow the
core decay heat to be removed through the PRHR heat exchanger to the IRWST tank. Because the RCS is
a closed system, RCS fluid heating is accompanied by repressurization.

Important parameters and dominant processes - The RCS energy distribution is judged to be the parameter
of primary importance because it determines the removal of core decay heat to its ultimate heat sink. The
processes important for accurate simulation of this parameter are: core, steam generator, PRHR, and
containment shell heat transfer, and loop asymmetry effects.

Code

Detailed Phenomena Ranking Rationales

Ranking rationale for the phenomena in Tables C-1 through C-2

Ranking Rationale

R1

a

Break mass flow and break energy release are ranked high, and break flow resistance is
ranked low during the initial depressurization phase. For the main steam line break
(MSLB) accident, the break processes are controlled at the flow limiter that effectively
limits the size of the break (the flow area of the flow limiter is significantly less than that
of the ruptured steam pipe). The mass flow and energy release control the blowdown of
the affected steam generator secondary system that determines the primary-to-secondary
heat transfer, the parameter of primary importance during this phase. The flow resistance
is ranked low because the break is controlled by critical flow, not frictional flow, processes
during most of this phase. The break will unchoke (and, therefore, its flow resistance will
be of significance) only near the end of this phase when the affected secondary pressure
nears that in the containment.

Core channeling is ranked high during the initial depressurization phase. Fluid
mixing/channeling processes within the core directly affect the hot leg fluid temperatures.
A large temperature asymmetry exists between the cold legs on the two RCS loops, and it
may survive to the core exit. This asymmetry causes the hot leg fluid temperatures to be
different. These temperatures are the sources for steam generator primary-to-secondary
heat transfer, the parameter of primary importance during this phase.

Flashing and voiding in the core are ranked medium during the initial depressurization
phase. These phenomena affect the RCS pressure response (which has some influence on
the steam generator primary-to-secondary heat transfer). They also affect the distribution
of fluid in the RCS (also see R9).
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Table C-3. (continued).

Code

Ranking rationale for the phenomena in Tables C-1 through C-2
Ranking Rationale

R4

RS

Ré6

R7

R8

R9

R10

Noncondensible effects (due to hydrogen evolving from solution during RCS
depressurization) in the core, CMT, and hot legs are ranked low during the initial
depressurization phase. Voiding from, and transport of, this hydrogen may influence
steam generator primary-to-secondary heat transfer, PRHR system heat transfer, and CMT
recirculation. In all three cases, noncondensible gasses collected at the tops of piping
networks may interrupt flow through the networks (also see R21).

CMT-to-loop differential density and CMT thermal stratification are ranked low during the
initial depressurization phase. CMT cooling of the RCS is small compared with the
affected steam generator primary-to-secondary heat transfer. These phenomena are
introduced here because they influence the fluid conditions within the CMTs and the CMT
recirculation rate. CMT thermal stratification established during this phase is important
during the next phase when flashing in the PBL or CMT can interrupt CMT recirculation.

Boron and moderator-temperature reactivity feedback are ranked low in the fuel rod
component during the initial depressurization phase. A return to a critical reactor
condition is a general concern during the severe RCS fluid overcooling encountered in
MSLB accidents. Negative reactivity is introduced by scram rod insertion (at the time of
reactor trip) and boron addition to the RCS from the CMTs (after they are activated at the
time of the S signal). -Positive reactivity is introduced by moderator temperature feedback
due to the declining RCS fluid temperatures. Assuming all scram rods are inserted, a
return to a critical core condition is not expected; these phenomena were included only to
highlight their importance should this assumption later be changed.

Fuel rod critical heat flux is ranked medium during the initial depressurization phase. The
potential for a return to a critical core condition is described in R6. This potential, coupled
with declining RCS pressure (caused by RCS fluid shrinkage effects), provides the
possibility for a fuel rod heat-up due to departure from nucleate boiling. The medium
ranking was assigned due to the safety-significance of any such fuel rod heat-up.

Fuel rod core power/decay heat is ranked high during the initial depressurization and
passive decay heat removal phases. This phenomenon is ranked high because: (1)itisa
major heat source in the RCS energy balance and (2) there is a potential for a return to a
critical core condition (see R6 and R7).

Flashing and voiding in the hot legs are ranked medium during the initial depressurization
phase. These phenomena affect the natural circulation driving heads of the RCS and
PRHR system loops, and, thereby, the steam generator and PRHR heat transfer rates. The
natural circulation loop driving heads are enhanced when void is passed from the from hot
legs into the steam generators and PRHR system (also see R3).

IRWST pool thermal stratification is ranked low during the initial depressurization phase.
This phenomenon affects PRHR-to-IRWST heat transfer (that is ranked medium, see
R12).
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Table C-3. (continued).

Code

Ranking rationale for the phenomena in Tables C-1 through C-2
Ranking Rationale

R11

R12

R13

R14

RI15

R16

R17

Condensation, differential density, noncondensible effects, and voiding in the PRHR are
ranked medium during the initial depressurization phase. The convective thermal
resistance on the inside surface of the PRHR tubes is sensitive to (among other things) the
presence or absence of the condensation process. This sensitivity affects the PRHR heat
transfer. The other three phenomena affect the flow through the primary side of the
PRHR heat exchanger flow as follows: the differential density (i.e., the difference in
density between the fluid in the inflow and outflow sides of the PRHR system piping) is
the driving force for flow through the primary side of the PRHR system. Noncondensible
effects (hydrogen, see R4) can alter the heat transfer processes on the inside of the tubes.
In addition, if large volumes of noncondensible gas accumulate at the high point of the
PRHR inlet line (its configuration includes an inverted trap), the path for flow through the
PRHR heat exchanger may be blocked by localized voiding in the inlet line.

Heat transfer between the PRHR and IRWST is ranked medium during the initial
depressurization phase. This phenomenon affects the RCS cooldown in a manner similar
to primary-to-affected steam generator heat transfer (that is ranked high, see R20), but
during this phase, the magnitude of the heat removal to the PRHR was judged to be
smaller than that to the affected steam generator. '

Flashing in the pressurizer is ranked medium during the initial depressurization phase.
During RCS depressurization, this flashing adds steam volume to the RCS that slows its
depressurization. The RCS pressure response affects the fuel rod critical heat flux during
this phase (see R6 and R7). In addition, this phenomenon affects the distribution of the
RCS mass (the distribution is altered as fluids in various locations flash at different times).

Pressurizer level and vapor space (expansion) behavior are ranked medium during the
initial depressurization phase. For a given RCS cooldown rate, these two phenomena,
along with flashing, determine the RCS pressure response (see R13 for the significance of
this effect). Similar behavior exists in the reactor vessel upper head (see R25).

Noncondensible effects in the pressurizer are ranked low during the initial
depressurization phase. Hydrogen gas will evolve from solution during the
depressurization of the RCS. Accumulations of hydrogen in the pressurizer affect the
species of the gas in the pressurizer bubble. However, this effect was judged to have less
impact on the RCS pressure response than do the effects described in R13 and R14.

Reactor coolant pump coastdown performance is ranked high during the initial
depressurization phase. This phenomenon affects both steam generator primary-to-
secondary and PRHR heat transfer through its influence on tube inner-surface convective
heat transfer coefficients.

Voiding in the primary side of the steam generator u-tubes is ranked medium during the
initial depressurization phase. This ranking refers to the tubes of the unaffected steam
generator. During this phase, heat removal to the affected steam generator cools the RCS
fluid below the temperature of the unaffected steam generator secondary system.
Following reactor coolant pump coastdown, the flow through both RCS loops is due to
natural circulation. Heat flowing from the unaffected steam generator secondary into the
RCS fluid inside the u-tubes can boil this fluid and void the insides of the tubes. This
voiding is significant because it blocks the path for further natural circulation flow through
the unaffected steam generator u-tubes. Sufficient tube voiding, therefore, thermally
decouples the unaffected steam generator from the RCS.
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Table C-3. (continued).

Code

Ranking rationale for the phenomena in Tables C-1 through C-2
Ranking Rationale

R18

R19

R20

R22

R23

R24

R25

Preferential RCS loop cooldown (listed in the steam generator primary component) is
ranked high during the initial depressurization phase. The asymmetries in cold leg
temperatures caused by cooling to the affected steam generator and heating from the
unaffected steam generator influence the entire RCS cooldown process. If the
asymmetries survive to the core inlet (i.e., fluid mixing in the reactor vessel downcomer is
not complete), they may impact core criticality (see R6 and R7). If the asymmetries
further survive to the core outlet, they cause the hot leg temperatures will be different, and
this affects the heat transfer behavior of both steam generators.

Steam generator primary-side thermal driving head is ranked medium during the initial
depressurization phase. This phenomenon refers to the potential to drive natural
circulation flow through the RCS loops that is created by the density difference between
the fluids in the vertical sections of the steam generator u-tubes, steam generator plena, hot
legs, reactor vessel downcomer, core, and upper plenum regions. Natural circulation loop
flow is responsible for core and steam generator heat transfer following coastdown of the
primary coolant pumps.

Steam generator primary-to-secondary heat transfer is ranked high during the initial
depressurization phase. This phenomenon is the parameter of primary importance during
this phase.

Noncondensible effects in the steam generator primary system are ranked low during the
initial depressurization phase (see R4). It is believed that the affected RCS loop natural
circulation flow will be sufficiently high to preclude significant hydrogen accumulation in
the U-tubes during this phase.-

Entrainment, flashing, and level swell and depletion in the steam generator secondary are
all ranked high during the initial depressurization phase. These phenomena determine the
convective thermal resistance and sink temperature on the outer surfaces of the affected

steam generator u-tubes and, therefore, directly affect primary-to-secondary heat transfer.

Tube dryout (on the outer u-tube surfaces) in the affected steam generator secondary is
ranked medium during the initial depressurization phase. This phenomenon influences
primary-to-secondary heat transfer because it can reduce the affected steam generator tube
area that can effectively remove heat (to be effective, the outer surface must be wetted).

Liquid carry-over in the steam generator separators and dryers is ranked high during the
initial depressurization phase. Secondary-side liquid mass that is entrained through or
around the separators and dryers by steam flow is lost out the break into the containment.
Liquid lost in this manner is not available to remove heat from the RCS. Therefore, this
phenomenon has significant influence on the affected steam generator primary-to-
secondary heat transfer.

Flashing and voiding in the upper head/upper plenum are ranked medium during the initial
depressurization phase. The rationale for the upper plenum region ranking is similar to
that given for the core and hot legs in R3 and R9. The rationale for the upper head region
ranking is similar to that given for the pressurizer in R13 and R14.
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Table C-3. (continued).

Code

Ranking rationale for the phenomena in Tables C-1 through C-2

Ranking Rationale

R26

R28

R29
R30

R32

Two phenomena are ranked medium and nine phenomena are ranked low in the
containment interior during the initial depressurization phase. For this MSLB accident,
ADS is not activated and the containment interior is important to the plant response only
because the break discharges into the containment and this affects PRHR heat removal to
the IRWST. The low-ranked phenomena were judged to have minimal influence on RCS
behavior, especially prior to flow limiter (break) unchoking that occurs very late during
this phase. Interior-to-wall heat transfer and passive heat sink are ranked medium to
indicate the significance of storing energy in the containment shell and internal structures
during this phase (when the temperature differences between the containment atmosphere
and these structures are the greatest).

The containment exterior-to-ambient heat transfer is ranked low during the initial
depressurization phase. This phenomenon has only a small influence on RCS behavior
(through its effect on PRHR system heat removal, see R26) prior to flow limiter (break)
unchoking and only a moderate influence afterward.

Voiding in the CMT is ranked low during the passive residual heat removal phase.
Sufficient voiding in the CMT or its inlet line (the PBL) leads to disruption of CMT
recirculation. For sequences leading to ADS actuation, this disruption is an important
event. However, one of the assumptions of this MSLB accident scenario is that the
subsequent CMT draining is inadequate to initiate ADS. Therefore, disruption of CMT
recirculation is only significant in this scenario for its minor effect on the RCS energy
balance.

Not used.

Flashing and voiding in the core are ranked medium during the passive residual heat
removal phase. These phenomena affect the condition of the fluid passed to the hot legs
and PRHR system. Therefore, they affect PRHR system natural circulation and heat
transfer and the RCS energy balance.

Core flow channeling is ranked low during the passive heat removal phase. This
phenomenon is of reduced significance in this phase as compared with the previous phase.
Here, the blowdown of the affected steam generator (that was a major cause of asymmetric
loop conditions) has been completed. A return to a critical core is of less concern during
this phase than during the first phase due to RCS boration from CMT recirculation and
increasing RCS temperatures. However, the PRHR system that removes core decay heat
to the IRWST is connected to only one loop. Because the temperature of fluid leaving the
PRHR system will be very cold, extreme asymmetries in the cold leg temperatures may
exist. If there is limited mixing in the downcomer and lower plenum (see R35), and if the
core flow is channeled rather than well-mixed, then these asymmetries can survive into the
hot legs. Temperature asymmetry in the hot leg affects the fluid entering the PRHR
system, and, thereby, its heat removal.

CMT-to-loop differential density is ranked low during the passive decay heat removal
phase. During the portion of this phase when the CMTs are recirculating, this
phenomenon determines the recirculation rate. If recirculation is lost (see R28), then this
phenomenon affects the balance between levels in the CMT and PBL, and this is of
significance because ADS actuation (that is assumed not to occur here) is based upon
attaining a CMT low-level setpoint.
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Table C-3. (continued).

Ranking rationale for the phenomena in Tables C-1 through C-2
Ranking Rationale

The CMT level is ranked medium during the passive decay heat removal phase. This
MSLB accident scenario assumes the CMT level will not fall to the low-level setpoint that
initiates ADS. This phenomenon is included here only to assure that the appropriateness
of that assumption is considered.

Not used.

Flow distribution in the downcomer/lower plenum is ranked low during the passive decay
heat removal phase. The rationale for this ranking is the same as described for core
channeling during this phase (see R31).

Voiding, phase separation in tees, and noncondensible effects in the hot legs are ranked
medium during the passive decay heat removal phase. These phenomena all affect the
PRHR-to-IRWST heat transfer because they influence the condition of fluid entering the
PRHR system. The PRHR system inlet is connected to the ADS stage 4 line that leaves
the top of one hot leg. If that hot leg voids, then steam may be passed into to the PRHR
system. If noncondensible gas (hydrogen, see R4) is present in the hot leg and is passed
into the PRHR system, then the PRHR system performance may be degraded or terminated
(see R11).

Not used.

In the IRWST, flow and temperature distributions in the PRHR bundle region, pool
thermal stratification, and pool level are ranked medium during the passive decay heat
removal phase. These phenomena affect the PRHR-to-IRWST heat transfer that is ranked
high (see R39). Flow and temperature distribution in the PRHR bundle region and pool
thermal stratification affect the heat sink temperature and convective thermal resistance on
the outer surfaces of the PRHR tubes. The IRWST pool level determines the PRHR tube
effective heat transfer area; only tube regions below the pool level will efficiently transfer
heat. The pool level response during this accident has not yet been established: The
IRWST pool inventory is depleted by boil-off to the containment and is replenished by
condensate from the containment shell. A significant fraction of the total PRHR heat
transfer area resides in the upper horizontal region of the tube bundle, and this region is
only slightly submerged below the pool level present at the time the MSLB occurs.
However, the MSLB discharged virtually all of the contents of one steam generator
secondary into the containment during the previous phase. A substantial return of
condensate from the containment shell to the IRWST is therefore expected, and, therefore,
during this phase, the IRWST may be filled to the point of overflowing.

Heat transfer between the PRHR and the IRWST is ranked high during the passive heat
removal phase. PRHR heat transfer represents the only continuous means by which the
core decay power is removed from the RCS during this phase.
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Table C-3. (continued).

Code

Ranking rationale for the phenomena in Tables C-1 through C-2
Ranking Rationale

R40

R41

R42

R44

In the PRHR component, condensation, differential density, voiding, and noncondensible
effects are ranked medium during the passive decay heat removal phase. The convective
thermal resistance on the inside surface of the PRHR tubes is sensitive to (among other
things) the presence or absence of the condensation process. This sensitivity affects the
PRHR heat transfer. The other three phenomena affect the flow through the primary side
of the PRHR heat exchanger as follows: the differential density (i.e., the difference in
density between the fluid in the inflow and outflow sides of the PRHR system piping) is
the driving force for flow through the primary side of the PRHR system. Noncondensible
effects (hydrogen, see R4) can alter the heat transfer processes on the inside of the tubes.
In addition, if large volumes of noncondensible gas accumulate at the high point of the
PRHR inlet line (its configuration includes an inverted trap), the path for flow through the
PRHR heat exchanger may be blocked by localized voiding in the inlet line.

Pressurizer level and vapor space (compression) behavior are ranked medium during the
passive decay heat removal phase. During this phase, the RCS cooldown is reversed and
the RCS is heated to the extent necessary so that the PRHR system may remove the core
decay power. The pressurizer level increases, and the vapor bubble within the pressurizer
is compressed. During this phase, the RCS pressure is determined by the behavior of the
pressurizer bubble, along with any bubble present in the reactor vessel upper head (see
R60).

Noncondensible effects in the pressurizer are ranked medium during the passive decay
heat removal phase. The composition of the gas in the pressurizer bubble that controls
RCS pressure during this phase (see R41) is steam and hydrogen (see R4). The gas bubble
expansion and contraction characteristics are affected by the gas composition.

Condensation in the pressurizer is ranked low during the passive decay heat removal
phase. This condensation influences the RCS pressure through its effect on the mass and
composition of the pressurizer gas bubble (see R42). Both wall and interphase
condensation remove steam from the bubble.

Steam generator primary-to-secondary heat transfer is ranked medium during the passive
decay heat removal phase. The affected steam generator secondary system blew down and
dried out during the prior phase. However, heat exchange between the RCS and
unaffected steam generator remains a contributor to the RCS energy balance. The
unaffected steam generator may act as an RCS heat source or sink, depending upon the
relationship between the RCS and unaffected steam generator temperatures. During the
prior phase, the unaffected steam generator experienced a partial blowdown; however, the
full blowdown of the affected steam generator cooled the RCS below the temperature of
the unaffected steam generator secondary. During this phase, the RCS is heated to the
temperature needed to remove the core decay power through the PRHR system to the
IRWST. If this temperature is below that of the fluid in the unaffected steam generator,
then that generator acts as a heat source to the RCS. In this case, the PRHR system must
therefore remove both the core decay heat and any heat added to the RCS from the
unaffected steam generator. Whenever this equilibrium temperature is above the
temperature of the water in the unaffected steam generator secondary, that generator acts
as an RCS heat sink.
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Table C-3. (continued).

Ranking rationale for the phenomena in Tables C-1 through C-2
Ranking Rationale

Steam generator asymmetric behavior is ranked medium during the passive decay heat
removal phase. This asymmetry arises because the affected generator blowdown has been
completed, its secondary system has dried out, and there is only limited potential for heat
transfer between the RCS and this generator. On the other hand, the unaffected steam
generator may continue to exchange heat with the RCS (see R44) during this phase. This
thermal asymmetry, coupled with the asymmetry of the PRHR system configuration (it is
connected to only one of the two coolant loops), provides the potential for fluids of
different temperature to enter the PRHR system. This behavior depends upon (among
other things) which steam generator is assumed to have been connected to the broken
steam line. The PRHR-to-IRWST heat transfer is directly affected by the temperature of
the fluid entering the PRHR system.

Voiding and noncondensible effects inside the unaffected steam generator u-tubes are
ranked medium during the passive decay heat removal phase. These phenomena provide a
potential to interrupt unaffected RCS loop natural circulation flow and heat exchange with
the unaffected steam generator. Here, noncondensible effects refer to hydrogen (see R4),
while voiding refers to the possible accumulation of hydrogen at the tops of the u-tube
bends in a volume sufficient to block the flow path through the tubes. Voiding also can be
caused by boiling of water inside the u-tubes due to heat addition through the tubes
(similar to the rationale provided for the previous phase in R17).

Flow split in the upper plenum is ranked medium during the initial depressurization and
passive decay heat removal phases. In the first phase, this flow split affects heat removal
to the affected steam generator because it determines the flow through the primary side of
that steam generator. In the second phase, this flow split affects heat removal/addition
to/from the unaffected steam generator (see R44 and R45) for the same reason.

Condensate transport, condensation, liquid distribution, and liquid holdup in the
containment interior are ranked medium during the passive decay heat removal phase.
These phenomena affect PRHR-to-IRWST heat transfer (ranked high, see R39) through
their influence on the IRWST pool level (see R38).

Natural convection, noncondensible segregation, noncondensible effects, nonuniform
steam/air distribution, steam-noncondensible mixing, and passive heat sink in the
containment interior are ranked medium during the passive decay heat removal phase.
These phenomena affect heat transfer processes on the inside surface of the containment
shell (interior-to-wall heat transfer is ranked high, see R50).

The containment interior-to-wall and exterior-to ambient heat transfer are ranked high
during the passive decay heat removal phase. When combined, these phenomena
represent the removal of the reactor decay power across the containment shell to its
ultimate heat sink. Nine other containment-exterior phenomena are ranked medium during
the passive decay heat removal phase. These phenomena control the heat transfer
processes on the containment shell exterior.
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Table C-3. (continued).

Code

Ranking rationale for the phenomena in Tables C-1 through C-2

Ranking Rationale

R51

R52

R353

RS54
- RS5

RS6

R57

R58

R59

Stored energy release in the cold legs, core (non-fuel structures), downcomer/lower
plenum, fuel rods, hot legs, and upper head/upper plenum is ranked low during the initial
depressurization phase. This phenomenon represents the removal, to the RCS fluid, of
heat stored in the piping walls and other structures during normal reactor operation. The
low ranking indicates this phenomenon has a smaller influence on the RCS energy balance
than do the other contributors to that balance: core decay power (as distinguished from
release of the initial fuel stored energy), steam generator heat transfer, and the PRHR-to-
IRWST heat transfer.

Loop asymmetry effects in the cold legs, downcomer/lower plenum, hot legs, and upper
plenum are ranked medium during the passive decay heat removal phase. The rationales
for these rankings are the same as described in R45 and R47.

Flow resistance in the reactor coolant pumps is ranked low during both the initial
depressurization and passive decay heat removal phases. Following the pump coastdown,
the locked-rotor resistance of the pump is a significant portion of the total flow resistance
through the RCS loops. Therefore, this resistance affects the RCS coolant loop natural
circulation flow rates and, thereby, heat exchange between the RCS and the affected and
unaffected steam generators. This flow resistance is also present in the PRHR system flow
loop; however, total resistance through this flow loop is instead dominated in the PRHR
piping and heat exchanger.

Not used.

In the CMT component, flow resistance is ranked low during the passive decay heat
removal phase. This flow resistance is dominated in the CMT discharge lines, that include
both orifices and check valves. This phenomenon influences the RCS energy balance
through its effect on the CMT recirculation rate. If CMT recirculation is interrupted (see
R28), this phenomenon also limits the rate at which the CMT may drain.

In the CMT component, noncondensible effects are ranked low during the passive decay
heat removal phase. Accumulation of noncondensible gas (hydrogen, see R4) at the top of
a PBL (the CMT inlet line) is one mechanism by which voiding may interrupt CMT
recirculation (see R28).

Interphase condensation and pool flow in the IRWST are ranked low during the passive
decay heat removal phase. These phenomena affect PRHR-to-IRWST heat transfer
through their influences on the flow and temperature distributions in the PRHR bundle
region (this phenomenon is ranked medium, see R38).

The PRHR flow resistance is ranked medium during the passive decay heat removal phase.
The flow resistance through the entire PRHR primary system cooling loop is dominated by
components within the PRHR system itself (piping, fittings, and heat exchanger), and not
in the associated RCS components (see R53). The PRHR flow resistance determines the
PRHR system natural circulation flow rate and, thereby, affects PRHR-to-IRWST heat
transfer (by influencing the tube inner surface convective thermal resistance).

The core flow resistance is ranked low during the passive residual heat removal phase.
This phenomenon affects PRHR-to-IRWST heat transfer through its influence on the
PRHR system natural circulation flow rate. However this influence is less than that of the
PRHR system flow resistance (see R53 and R58).
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Table C-3. (continued).

Ranking rationale for the phenomena in Tables C-1 through C-2
Ranking Rationale

Voiding and vapor space compression in the upper head/upper plenum component are
ranked medium during the passive decay heat removal phase. Both of these phenomena
affect the RCS pressure response. The upper head region flashed and voided during the
previous phase. During this phase, the vapor bubble is compressed, as the RCS is heated
and pressurized in a manner similar to the bubble in the pressurizer (see R41). In addition,
if the upper plenum region is voided, then void will enter the hot legs from where it can
affect both steam generator and PRHR system heat transfer (see R36, R44, R46, and R47).

Steam generator secondary level and pressure are ranked low during the passive decay heat
removal phase. During the prior phase, a portion of the unaffected steam generator
inventory was lost out the break. This loss was terminated when the main steam isolation
valves closed. A low level in the unaffected steam generator can influence the heat
transfer between it and the RCS (see R44) because it may reduce the effective tube heat
transfer area. The unaffected steam generator secondary pressure also affects this heat
transfer through its influence on the secondary system saturation temperature.
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Appendix D - Detailed Results, Main Steam Line Break With ADS PIRT

This appendix presents the detailed results of the main steam line break (MSLB) with Automatic
Depressurization System (ADS) activation PIRT. The detailed PIRT results are shown in Tables D-1
through D-5, and the transient description, overall phenomena ranking criteria, and specific ranking
rationales are shown in Table D-6. The information in Tables D-1 through D-5 is arranged to correspond
with the five phases of the accident scenario. These tables are organized in alphabetical order according to
the component name. Within the listings for each component, the pertinent identified phenomena are
arranged by order of ranking. The right sides of these tables contain identifier codes that refer the reader
elsewhere in this report for further information:

The code labeled “Ranking Rationale” (for example, “R1”) leads the reader to a description of the
logic leading to the ranking of each specific phenomenon; this information is found in Table D-6
in this appendix.

The code labeled “Phenomena Description” (for example, “D17) leads the reader to a general
description of each phenomenon; this information is found in Appendix G, Table G-1.

Two codes are labeled “Type Geometry” (for example “C1/G1”). The “C” code leads the readeér
to the physical geometries and general functions of the component under discussion; this
information is found in Appendix G, Table G-2. The “G” code leads the reader to more detailed
discussion of the specific phenomena associated with each of the components; this information is
found in Appendix G, Table G-3.

The “Supporting Evidence” code (for example, “E1”) leads the reader to references (geometrical,
experimental, and analytical) that provide background and corroborating information. This
information is found in Appendix G, Table G-4. It is noted that the supporting evidence is
currently being developed in experimental and analytical tasks both inside and outside the PIRT
task. Thus, the information in this table can be expected to increase as the supporting tasks are
completed. ‘

The “Sublevel Phenomena” code (for example, “S1”) leads the reader to a list of contributing
phenomena affecting the primary phenomenon. The sublevel phenomena information is found in
Appendix G, Table G-5.

D-1 NUREG/CR-6541




(&) 14 ¢TH6D 89d £0nd g aseoo1 AJIauo palol§
IS 14 60 osd ¢ 1 $199}J9 9]qISUSPUOIUON
bSS 19 $79/6D 8.d 64 W Buiprop
6S 14 £29/60D sya 7R W s1097J0 Ansuiukse dooy
$s 149 60 1za 6d W Buiysey sdo] 10H
(A 14 125/8D 89d eond 1 35e3]21 ABIOUG PAI0IS
8SS 14 8D Lyd 1) N yoeqpes) aamerodurs) J038I0pOIN
LSS 1d 8D s1d Ld W jorqpas) AIAIORAI UoIOg
9¢S 14 8D £d A W JHD
¥S 14 02D/8D zid NA H jeay Aeoop/romod 210D spod fon,|
(4 14 S1D/LD 89d t0nd 1 9sea]ol AGI9US PaI0)S wmuojd Jomo]
6S IH 91D/LD svd U R W §109JJ9 AnswiwAse doog /lawiooumo(]
61S 14 ?1D/9D €Ld % 1 uoryesIjels [eulay ],
(AR 14 v15/9D 0sd 123 1 S109JJ2 9[qISUSPUOIUON
01S 14 €19/9D L1d 9| g Ansuap [enuaidyyip doo[-03-L D LD
S 14 115/6D 890 €01d T a5e3]31 AZIoUo Paio)g
¢Is 14 O 0sd 12: T §)09JJ9 9[qISUSPUOIUON
SS i TID/SD 8Ld € W Suiplop
$S i ZI9/s0 1za £l W Buryseq
$sS 14 0] [a 4 H Surpeuueyo 210D 210D
[&) 14 LOIYD 89d £ond 1 aseajal AdIsus palo)s
6S 19 69/70 svd boTY N 53000 AneuruiAse doory s3o] pjoD
IS 14 $H/£O0 Lea & | g Q0UR)SISOI MO},
IS 14 $D/£D 9zd I H aseajal ABJouy
IS 14 $O/ED swa & H M0}J SSEN yealg
BUSWIOUIYJ | OOUSPIAY Anawoan | uondudosag | ojeuoney | juey BUSWIOUDYJ jusuoduwio)
[9A9]1gNg Buioddng adA1, BUSWOUAY ] Bunjuey
SO D €-D/T-D I-D 9-d

'S9[qR ], 99§ ‘SUWIN[OD 9SO} Ul UMOYS SIPOD 10

'SV 01 Surpes| sinjiej o[duis yum gISIA & Jo aseyd uonezrmsssidop fenrul oyp 30j LYId ‘1-d 219l

D-2

NUREG/CR-6541




T (19A1p

Jiojeredas)

£9S 14 m¢@\©~0 r4 74| od H JI9A0-A1IBD E:Ed uoum._ccow wealy§
29S 1 /910 vLd £l W (DS pajoajje) Jnokip aqnj,
LS 14 wo/91d 17a A4 H uonojdop 29 [Joms [9A9]
(our]

$S 19 To/910 1zd o H 10JEMPad) 79 101eI0UB WEd)S) BUSEL | (£ 1ppuooas)’

£TS 14 /910 0Td (4A: H WSWUIRNUY [101BI10U9T Weds
IS 19 6£D/91D 0sa 12y 1 $1091J9 9]qISUIPUOIUON
SS 14 6£D/910 8L L W (doo payoayyeun) Fuipiop
6SS 14 1¥D/910 zLa 61 W peay JulALIp [euSy],

€58 19 6£D/910 1ed 02y H Iojsuel) 16y AIepuooss o} Arewitid (Arewnid)

19S 14 0¥rD/91D 19 ST H umopjo0o Qoo_ Jenualajald ._oum.—ozow urealsg
SIS 19 8€D/STO Lea soTd 1 90UB]SISAI MO[ ]

IS 14 LED/STOD Ld 91y H souewLiofiad UMopIseo) sduing
1S Kl v10 0sa T 1 §109]Jo 9[qISUSPUOIUON
09S 14 €EO/H1D LLQA 14 W JotAeyaq soeds Jode
€1s 19 £ED/H10 6£d vy N (A1ojusAur) [9Aa]

$S | £EOMHV1D 1za £y W Suiysel] 1oz1inssa1d
1SS 19 1€D/21D 8L AR W BUIPIOA
zIs 14 1£D/210 0sd 1y W $109JJ9 9]qISUOPUOIUON
82S 14 0£D/TID zed (AR:| W | LSMYI pue YHUd U9oMmIdq Jojsuel) Jeaf]
01S 14 0€D/T1D Lia 1R N Aysuop [enuaIapiq

81S 14 1€9/21D 6d 1y N uoIesUapuo)) YHAd

61S 1d 97D/01D 65 ond 1 TN TIEANS [0y} [00d LSAI

evuswouayd | odudpiag Anowioany | uonduosaq | speuoney [ yuey BUIWIOUIYJ jusuodo))

[9A91QNg Bunaoddng adAy, euswoudyd | Surjuey
$-D 7D €-D/T-D I-D 9-a
:S9[qe ] 99§ .m_:::_oo 953Y) Ui UAMOYS S3p02 10

‘(ponunuod) [~ dqLL

NUREG/CR-6541

D-3




0LsS

14

05D/02O

JoJsuea} Jeay jusique 0} JOLIIXY

(10119)%9)
juowuIBIuO)

StS

14

6vD/610

Furxiw 2[qIsuspuodUOU-R)S

SES

1d

6vD/610

UOHNQLIISIP JIB/WEI)S ULIOJIUNUON

ILS

14

6¥D/610

uoledoeidas 9|qISUSPUOSUON

¢Is:

14

6VD/61D

9%d

§109]J0 9]qISUSPUOIUON

9¢S

Iq

8¥O/610

9%d

UOT}O9AUOD [EINJEN]

8ts

19

81D/61D

9%y

dupjoy pinbi-y

8¢S

14

8¥D/610

9%

uoynqLusip pinbry

81S

d

8¥D/610

9%d

uoyBsSUSPUO))

LES

14

8¥D/610

9

J1odsuer) gjesuapuo)

L9S

14

8¥D/61D

9

JUIS J9Y 9AISSRJ

LS

14

8¥D/610

9Tl

I9JSuey) J83Y [[EM O] JOLIdIU]

(forsayun)
plicliitifialive)

[

14

LYO/81D

0Nt

W] =3 - JFLQ QUG UL § Y § UL | UL | VR | pRR Y R || IR

o5ea[0] AJIoUB Palols

¥SS

17
1a

c OT ™y
U?@\ Wt

STd

-—
P

Burprop

6S

14

9vO/810

vO1Td

§109]J9 AnswuwiAse door]

$9S

1d

9¥D/810

Lvd

==

(wnuopd soddn) jijds mopg

$S

14

S¥O/81D

12d

s

=

Surysey

wnusjd soddn
/ peay 1addn)

BUIWOUT J

[C CLU

ERETTG |
Bunioddng

LNTEINGETS)
adA],

uondLIRsy(J
- puswIouay

ojeuoney
Sunyuey

COENTEDTR|

jusuoduio))

$-D

O

£D/TD

-D

9-d

:S9]qE ], 995 ‘SUWIN|OD 9SAY} Ul UMOYS SOPOD IO,

‘(panunuod) ‘[-q dqelL

NUREG/CR-6541




09S Td EEDHTD LLd v N J101A®Y2q 9oeds Jode\
ZIS 14 v10 0sd i N §199J2 9[qISUSPUOIUON
€IS 1d €EO/VID 6£d 82t W (Aroyuaaur) [oAa] Jozinssoid
¥TS [kl 9TD/01D LSa 60Td 1 MO[J [00g
818 14 6TO/01D LEQ 601Y 1 uonesuapUOod dlseydiojuy
61S 14 97D/01D 6sd 86y N UONEOIJIENS [RULISY) [00
$TS 14 97D/01D 6£d 86 N [oA0] [00d
uordal
TS 14 97D/01D €2 8cd N | o[punq ur uonnqusip sxnjeroduio) 2 Mo[] LSMI
3S T Y2160 95a ot W ~ 509} U] UOTjeIedas oSEl]
s 14 6D 0sd 964 N §100JJ2 9]QISUGPUOIUON
¥$S 14 STH/6D 8Ld 96y N Suiprop s3] 10H
S [ 02D/8D Zid Y H Je0y Ae00(] SpoT [ong
WINUI[d T9MO]
98 14 91D/LD vza sed 1 uonnquIsIp MO | /1OWooUMO(
IS 11 ¥1D/90 0sd Al 1 §100JJ 9[qISUSPUOIUON
118 14 £15/90 Lzd 801Y 1 00UB)SISAT MO
vSS 14 £19/90 8L.d 82y W 3uiprop
618 14 v19/90 €L €ed N uonedIeNs [eULdy L,
018 14 €15/90 L1d ged N Ayisuop [enusIopyIp doof-0)-LIND IND
1S 1d %) 0sd e 1 S103J3 9[qISUSPUOIUON
118 14 TIO/8D Lza LOTY g 90UR]SISA MO
$SS 14 150) va 1€4 1 Suipeuuey)
758 19 TID/5D 8.d 0£d N Buiprop
$S 19 T1/$0 12a 0£d W Supyseyq 010D
suswousyq QOUSPIA] AJJPUIOdD) uonndinss@ | ojeuoney | yuey rUSWOUdYJ Jusuodwo))
[9A9[qNg Buroddang adA, euowoudyd | Suijuey
$-D vD £-D/TD ) 9-q

:SOJqEL, 998 ‘SUWN[OO 3SAY) UI UMOYS SOPOJ I0,]

"SAV 03 Suipesj aanyrey o[3uls yym gISIN € Jo aseyd [erowar Jeay Aeosp aarssed oYy 10§ [YId *T-A FI9BL

NUREG/CR-6541

D-5




SeES

19 6¥D/610

8

TUONQIIISIp JIE/UTEa)s WIoJUNUON

ILS

1d 6vD/610

2|

uoredeidos 9jqISUSPUOIUON

cIs

Id 6vD/61D

8vd

§109]J9 3[qISUIPUOIUON

9¢sS

14 8¥D/610

8vd

UO[JO9AUO0D JeInjeN

8¢S

14 8¥D/610

8

dnpjoy pimbig

8ES

14 8¥D/610

8l

uopnqLusip pmbiy

CLS

14 8¥D/610

v

Jojsuelr) 183y [[em 0} JIOHIU]

81S

14 8¥D/61D

8l

UOIESUapU0))

LES

Id 8¥D/610

8l

yodsuen sjesuapuo)

(Jon03u1)
jLEH A g

1%

1d SYD/8ID

12

BuIpIoA

S9s:

19 9vD/810

A2

(wnuopd raddn) njds mojg

wnuayd soddn
/ peoy Joddn)

L1S

14 6£D/91D

142

alnssaxd Alepuodag

LS

1d 6£D/910

142:

JoA9] AIepuooag

¥SS

1d 6£D/910

8sY

Suiproa aqng,

€SS

9 6£D/910D

92

Iajsuel} jeay Arepuooos 03 Arewild

¢Is

14 6£D/91D

65

§109]J9 9]qISUIPUOIUON

19S

14

Svd

Jo1ARY2q OLISWWASY

slojeiousd
wess

SIS

N

sord

90UB)SISAT MO] ]

sduing

¥SS

14

ovd

— SUIPIOA

¢IsS

I

ovd

QISUSHUOIUON

[1S

1
4

Rk

Q0UR)SISAT MO[,]

01S

14 L1d

ord

Ayisuop [enuaIafiq

8¢S

1d 0£D/C1O (43¢

6t

zisisisisialsIsisis|ialals|sl <l al ol alalal 2l al 4l

LSMYI pue YHAJ usamiaq Jajsuer) JesH

AHIYd

BuUSWIOUay J

[aA91qusS

Q0UIPIAY Anpwiosn) | uonduossq
Sunoddng adA], BULUWIOUdYJ

s[euoney
Bunjuey

BUSLIOUSY ]

ueuoduio)

SO

v-D £-D/C-D -D

9-d

:S9jqR ], 99§ ‘SUUINJOO 9SAY] UF UMOYS SIPOD 10

‘(ponunuod) *z-qdqelL

NUREG/CR-6541




NUREG/CR-6541

(101193%3)

0LS Id 0$5/0¢O0 £8d LY 1 Jojsuel} 389y Jusiquie 0} IOLISIXY juswiurejuoy

SUIKIW 9]qISUIPUOIUOU-UIBIIS panunuos

SES Id 6¥D/610 L9d 8 T X1t afqisusp 1S (Jo1o3u1)

L9S 14 8v9/610 18d 8 1 HUIS Jeay JAISSE] juswureuoy

BUSWIOUAYJ | 90udplAf] Anowoany | uonduossq | ojeuoney | yuey BUSWIOUAJ jusuodwio))

[oAs[qng Suipoddng adA], suowousyq | Supjuey
D ¥-D £-O/T-D I-D 9-d
'$9[qR ], 99§ ‘SUWIN}OD 9SIY) Ul UMOYS SIPOJ 10,

(ponuruoo) z-( dIqu.L




£IS 14 £EDMV1D 6£d 9 W “(AlojuoAur) 1A lozmssald
SS 14 1£D/21D 8Ld oV W SUIPIOA
¢is 14 1€9/C1D 0sd ovd N §1091J9 9[QISUSPUCIUON
1S 14 0€D/21D Led 011d W 90UB)SISaI MO[{
01S 1q 0£9/C1O L1d ord W Ayisuap [enusIgII(l

8¢S 1d 0£D/TID ctd 68 H LSAHUI Put YHUd UsdMm}sq Jo)Suel] Jesp] dH4d
ves 19 9¢HO/01D Lsd 6014 g MOl j00d
81S 14 6¢HO/010 Led 601 1 uopesuapuoo oiseydisiu]
61S 1d 92D/01D 65a 8ed W uonesynens jewioy) 100
§es 14 9CO/01D 6td 8¢y W [9A3] j0Oq
uor3a1 ajpung

¢S 19 92H/01D £cd 8¢y W YHUJ Ul uolnqrsip aimeiadwa) 29 Mof] LSMAI
S 19 TO/60 89d 194 1 oseajo1 AZ10ua paiol§
8S 14 v?H/6D 9sd SSd g s00) Ul uoetedas oseyd
¢S 19 6D 1za 39 1 Fuyseq

£Es 14 §TH/6D sed SSd N uoneoyrEss ping [RJUOZLIOH s39] 104

123 14 025/80 [41¢t A H ¥eay Aeda( Spoljanyg

wnuapd JoMOf

9S8 14 91D/LD 1448 123 T. uonnqrusip Mofg|  /ISWOOUMO(]
618 14 y1D/90 eLd 13 1 uonedyyens [eulIsyy,
IS I £15/9D Lea 3] 1 aoue)sIsal MO[]
81S 14 y19/9D 6d £Sd 1 uonesuspuoy)

£IsS 1d v19/90 6£d [4%:! H [9A97] LD

“ 118 14 ¢1D/8D Lza LOTYd 1 S0UB)SISAL MO 310D

6S 19 6D/vD sva 05y W $109}J3 A1)QWIIASE (00" $39] P10

BUSWIOUAYJ | 9oUspIAg Anpwiody [ uondinsag | ofeuoney [ duey BUSWIOUSY J juduoduio)

[ERE LU Buioddng adAy, suowoudyy | Supjuey
$-D v-O £-D/T-D -5 9-d

.:S9[qR], 998 ‘SUWNJOO 9SAY) UI UMOYS SIPOJ 0]

'SAY 01 Suipeoj axnjiey o] 3uls yim gISIAl € Jo oseyd uonemor Sqy-03-3urutelp LIND S 10f LUId €-( IqEL

D-8

NUREG/CR-6541




(101191%9)
0LS 14 0$D/0ZD €81 L 1 JIaJsuen) Jeay Jusiquie 0y JOLIIXH JUSWHIRIUOYD)
€S 14 6¥D/610 £9d 8hd 1 SUIXTW 9]qISUIPUOIUOU-IBI)G
L9S 14 8¥D/61D 18 8hd g| uis Jestf SAISSE]
€S 14 6¥D/610D 15d 094 g! uoNNQLIISIP Jie/UIes)s ULIoJIunuoN
LS 19 6¥9D/610 v8d 2 g uonegda13as 9[qIsuspuosuON
s 14 6¥DI61D 0sd 8¥d 1 §109§J9 9|qISUSPUOIUON
9¢S 1q 8¥D/610 8vd 094 1 UOIJ09AUOD [BINIEN
8¢€S | 8¥D/61D vrd 8Py 1 dnpjoy pinbi-
€S 19 8¥D/61D £va 87y g uonnquysip pinbiy
LS 19 8¥D/610 98d 8vd gi Iojsues) Jeay [jem 0} JoLIANI]

818 4 8¥H/61D 6d 8 T UOoIESUIPUOD (Jorromul)
LES 14 8¥D/61D 8d 09y g yodsuer) 9jesuspuo) {  JuUSWUIRIUO))
E:zu_a Jaddn
¥SS 14 SHPD/810D 8.d 92 N Suiplop |/ peey saddn)
L1S 13 6€9/910 vod %2 T aanssaid A1eplioosg
LS 14 6£D/91D £9d %! T [0A3] A1epuodog
149y 14 6£D/910 8L 85 N 3uiproa aqn,
€58 19 6£D/910 £ed £vd N Iogsue) Jeoy A1epuodas o) Arewiid
s 14 6£D/910 0sa 654 N §193]J9 9[qISUSPUOIUON s10jeIoU03
19§ 14 0¥D/91D s8a 32! N I01ARY3q OLOWASY weds
SIS 14 8€D/STD Lzd LSY T 9oueULI0}Id UMOpISEOD) sduing
BUIWOUIY J QOUIPIAY %bvﬁ_oomv ﬁo_a_uomoﬂ 2&:03&& Juey euwoudyq Eo:OQEOU
[oA9]qng Bunaoddng adA], euswousyq | Sunjuey
¢-D &) £-5/7-D I-D 9-d

'$9[qR ], 998 ‘SUMIN|OD 9SO} Ul UMOYS SOPOD JO,]

"(ponunuod) *g-(I Aqel,

NUREG/CR-6541

D-9




£2S ] $2D/60 0zd 124 W JuowuIEnuy
TEs 19 $TD/60 £1d 1LY W MOJ JUSIINDISIUNOY)
LTS 19 $29/6D alel 1LY N 1400
8S 14 ¥TD/I6D 95 0L H 500} ul uopeledas oseyq s80] 10H
S 1 120/80 890 Sou T 3583101 AGIOUD PIIOIS
S 1 079/8D Tia 84 H 1eay Awoo( spoi [ang
S 14 SID/LD 890 sod T 3583]01 AZJoUD PAIOS
AL 14 61D/LD 0sd 694 1 §109JJ9 9[qQISUSPUOIUON
€18 19 LID/LD 6¢d 694 1 PAYT( winuoyd Jemoy
$S 19 LD 1za 69 1 Juiysery|  pewooumoq
61S 14 v1D/9D €Ld €Sy 1 UOTIBI1IE]S [BWISY,
¢S | P1D/9D 1zd £sd 1 Buiysey,|
€1S 14 ¥1D/9D 6£d 89y H joAd] LD
S 14 11D/SD 890 Sod 1 aseaja1 AF1oUd paIol§
$S 14 TID/SD 12a 084 W Surysery
1€S 14 $O 9. L9Y H Joad] aanyxiur aseyd-om, 210D
S 14 LOIVD 890 Sod 1 oseajal AG1aus paiolg
$S id 120) 17a 99y g Suysey
Zis 19 ) 0sd v9d 1 §100JJ0 OJQISUSPUOdUON | - - ST9[ P[OD
IS 14 €D/20 0sa £9d W §109JJ2 9]qISUSPUOIUON ,
s 14 £0/20 Led €94 W QOUEJSISAI MO[
128 14 £0/20 9 €94 H Moy ssey
1TS 14 £D/20 61 €94 H asesjal A3roug sav
IS 4 19/10 05 194 N §100]J0 9]qISUSPUOITON
0zS 19 /10 9y 794 H MO[J SSEJN|  SIOJE[NWINODY
BUSLUHOUIYJ OUIPIAY \CHOEOQO :O_u&uOmoQ 2&:03&% &:NM &:080:0:& aSQ:OQEOU
[oAd[qQNS Buntoddng adA L euowiousyd | Supjuey
$-D 7D €-D/C-D -5 9-d

'S9JqE [, 99 ‘SUWN|O 953N} Ul UMOYS SIPOD 10,

"SAV 01 Supea] axnjrey ojSurs M gISIA © Jo aseyd umopmojq SAV 24 Jof LUId b~ dIdEL

D-10

NUREG/CR-6541




zS 1 LYO/81D 891 S9d 1 35e3[01 AZIAUD PaI0S m
$S 19 $¥D/810 1zd 084 W BUIUSPL | wnuoyd seddn m
€28 14 9vD/810 0za 6.4 W Wewurenua-a(AuSwuEnUy |/ pesy Jaddpy 5
sI0jeIousd %
€SS 13 6£D/91D e 8L 1 Jajsuer) jgay \C&?-Ouom 0} \CQE_._Q uwelg W
S E SED/FID 894 S9d 1 osea[aI KJ1oua palolg
Z1s 14 P10 0sd 694 T $109J39 [qISUSPUOIUON
€IS 14 9EO/V 1D 0va LLd W [1oMs [9A9]
£TS 19 9EO/1D 0zd LU W JuswuIEUL-9(-JusWuIRUY
LTS 14 YEO/ID vid LLd W 1400 107118501
8S 19 1€D/210 95d 9.4 1 $5) U1 toNjeIedos osey ]
Z1s 14 1€D/210 0sd 9Ld 1 §1091J3 9[qISUSPUOIUON
LS 14 0£D/21D Ld 9.4 T 90UEISISAT MO
$S ! 210 12a 9LY 1 Buryseq
01S 14 0£D/C1D L1a 9Ly 1 Ayisusp [enualapi(] —
8CS | 0€D/21D 4 SLd N | LSMYI PUE YHd U9dM1aq JJSUEI) 1o} | YHAd A
9¢S | 87D/01D 09d R 1 IoJsuel] 1ealf IM9NIIS Jue) 0] J0Og
$ZS 14 97D/010 85d €L 1 [9A3] jood
61S | 97D/010 65a (AR 1 UOTIEOL1IL)S [RULIAY) [00]
TS 19 97D/01D Lsd (AR W MOYJ [00g
81S 14 620/010 Led L W uojesuspuoo oiseydisjug LSMYI
S 14 TTH/6D 890 8l 1 aseo[a) AZ1oua palolg
s 14 60 0sa 694 1 §1991J9 9|qISUSPUOIUON
£€S 1d $TD/6D sed A W UOIJEOW11e1ls PN} [EJUOZLIOH panunuon
$S 14 60 1za L4 W Buryseyq ‘s89] 104
BUSLIOUSY ] OUIPIAY Aljpwosn | uondissg u_m%"xcam BUSWOUDYJ Jusuodwo))
(EREIl (1N Bunoddng adA ], euowousyqd | Sunjuey
$-D 7D £D/TD I-D 9-a
‘S9[qe], 99S W:E:-oo 9SaY) Ul UMOYS S3P0I JO,]

(panunuod) “p-i AqEL




SvS

1d

05D/020

SITY

IoJsuel) 183y UoneIpey

WS

14

0$5/02D

ST

Bumem §O0d

0vS

14

0$95/020

S11d

MO[J Jojem SODd

0¢S

14

0$5/02O

SId

Jajsuel} Jeay 9AI109AUOD AIMXIW SHD

s

1d

0$D/0TO

S11d

Ayprungy

IvS

14

055/0TD

sd

S11d

§199}J0 Aauwy)d

evs

1q

05D/0CO0

«a

Sty

ajeraduiay straydsownyy

69S

14

0$D/0CO

8d

S

Moy Iy

6£S

14

05D/02O

[43¢!

SITd

uonjerodeAs §ODd

0LS

1d

0$D/0TO

£8d

Sind

JOJsuRk) Jeoy JUSIqUE 0] JOLIOIXT]

(101191%9)
JusSwuIeIuo))

89S

1d

6v9O/610

L9d

SITY

FUINIUI 9]qISUSPUOOUOU-WE)S

SES

14

6¥O/61D

1sd

ST

uonNQqLISIp Jie/Wes)s WIOJIUNUON

ILS

19

6¥D/610

¥8d

S1d

uo11832139s 9]qISUIPUCIUON

¢IS

1d

6¥D/610

0sa

ST

§109JJ9 9]qISUSPUOIUON

9¢S

14

8¥D/610

8vd

ST

UOI}O9AUOD [RINJEN

8¢£S

14

8¥D/61D

rva

SIIY

dnpjoy pinbiy

8¢S

1d

8¥H/610

£va

ST

uopngrystp pinbir

LES

1d

8¥D/61D

8a

SITY

ylodsuer) sjesuopuo))

L9S

Id

8¥D/610

18

SIId

JUIS 189y 2AISSEd]

TLS

14

8¥9/610

98d

SITY

I9JSueI) J8aY [[em 0} JOLI]

8IS

Id

8¥D/61D

6d

S11d

SIZIS| === 2R SIS Al =] = =] =)

UOIIBSUIPUO))

(to1199ur)
juswuIRIuo))

ruawouayd
[aAd[qng

ERIE TG
Sunzoddng

AI1RWO0dN)
adA],

uondLsa(]
euswousyq

ojeuOnEY
Bunjuey

vuawouayd

JUBUOGWO))

O

VD

€0/2D

1-D

9-d

'S9|qE ], 99 ‘SUWINjOd 953} Ul UMOYS SIPOD 0]

‘(panupuoo) ‘p-( 2AqeL

NUREG/CR-6541




sJojeIouasd
€SS 14 6£D/910 eed £6d 1 I9JSuE1} 13y AIBpU0das 0} Arewtid weals
8¢S 14 0£D/T1D (434 6y 1 LSMYI PUe YHUd Us9miaq Iogsuel] JBsH dH4d
9ts 1d 8TO/01D 09d eind 1 Iojsuel} Jeay 91njontis jue) 03 [00q
618 14 9TO/01D 6sd 064 W uoneaynens jeuLsy) {004
S¢S Id 9tH/01D 8sd 064 W [9A9] [00d
1S 19 LTONID Lea 06d W S0Uue)SISal MO
sS 1 LTO/01D Ied (AR0] N Buiyseyy sury a31eyosiq LSMYI
£es 14 STH/6D sed 88y N uonesijijens pinjj [eJuOZLIOH
(43 14 $TH/60 eld L3Y N MO[J JUSLINDISUNOT)
LTS 14 $TH/6D vid L8Y W 1400
8S 14 vTO/6D 9sd 984 H 5993 ur uopeiedas oseyq s3s] 104
¥S e 0T5/8D (41! LA | H 1eay Avda( Spod jonyg
81S 14 81D/LO 6d s8Y W UORESUdPUOD) | ynuajd Jomo]
£1S 14 LYOILD 6td ¥84d H [SASTT ) [SWIoouUMO(]
118 14 T¢1D/SO Lza £8d W S0UBJSISAT MO
1€S 14 O 9Ld £8Y H [oaa] armxiuw aseyd-om, 210D
¢S 4 28] 0sd (421 1 §109JJ9 9]qISUapUOIUON
* 8IS 19 28] 6d (42 T uonesuspuoy) s39] p[oD
¢IS 14 £D/2O 0sd 18d T §109JJ3 9]QISUSPUOSUON
11§ 1d £D/¢O Led 184 W oUE}SISAT MOL
¢S 14 £O/CO ovd 18Y H MO[} SSEN
128 14 £0/20 61d 184 H aseajar AZsoug sav
BUOUWIOUYJ | QOUAPIAT Answoan) | uondipssg [ ofeuoney | juey BUSWIOUJ wstuodwo)
[oA91Qns Bunaoddng adA ], euowoudyq | Sunjuey
D D £-D/T-D I-D 9-d

:S9[qR ], 995 ‘SUWIN{OD 9SAY} UI UMOYS SOPOJ JO,]

"'SAV 01 Burpeo] aanjrey oj3uls yum gISIA & Jo aseyd uonosfur dwns pue [ SMUI AW 10J LYId ‘S~ 91981

NUREG/CR-6541

D-13




89S 1q 6¥DI61D L9 L6Y W BUIXIW O[qISUOPUOOUO-WIEd)S
L9S 14 8vD/61D 18a 66 W UIS J89Y dAISSE]
SES 19 6vD/61D i1sa L6Y W UonNQLISIp J1g/Wied)s WIOHUNUON
LS i 6v9/610 v8ad L6Y W uoI1e3aI30s 9|qISUSPUOIUON
AR ! 6VD/61D 0sa L6¥ W §109JJ9 9]qISUSPUOOUON
9€S 19 8¥D/61D 8vQ L6Y W UOIO9AU0D [RINTEN
8¢S 19 8¥/61D v 864 W dnpjoy pinbr
8€S 14 8¥D/61D eva 864 W uonnqLysip pinbiy
8IS 19 8¥D/61D 6a L6Y W uonesuapuo)
LES 14 8¥D/61D 8d 86 N Hodsues) sjesuopuo) (to1103u1)
s 14 8vO/61D 98 vITd H I0Jsue) Jeoy [[eM 0} JOLIU] | JuSwuIBIU0D)
, winua[d Jaddn
£TS 19 9D/810 0zd S6d H juswuenue-o(jAuSUrENUg |/ peay Joddn
£1s 19 L1D 6£d v6d N [0A9]
vES 14 L1D 67 64 W ainjesadwia) pinj g
1S 14 L1D Lea v6d W 90URISISAL MO
SS 1 L1D ca ARk W Buryseyy oulf 93reyosiq dung
rUSWOUAYJ aouapIAg Al)2W09D) uondinsaq | sjeuoney | uey BUSUIOUSY ] jusuodwo))
ELEIe N Sunuoddng adf], puowousyq | Sunjuey
¢-D D £D/T-D 1-D 9-a

'SO]qR, 99 ‘SUWNJOI 3SAY} U UMOYS SIPOD JO

.A@D:EHCOOV ‘S~ 219,

D-14

NUREG/CR-6541




SPS 14 05D/02D 79d 014 N 19Jsuel] oy UonBIpEy

ws 14 05D/0TD 994 01y W 3umoem §O0d

orS 19 0$9/02D 29¢ 001y W MOJ Jojem §ODd

orS 19 0$9/020 vsa 0014 W J2JSUEI) B3 DATJOOAUOD AIMXIW §IDd

6£S 14 0$9/020 zsa 00T W uonelodeas §ODd

9pS | 0$5/02D 9¢d 1014 W Anpruny

7S 19 05D/020 sd 001y W s1030 Asuwiryyy

VS 14 0$9/020 za 101y N aanjerodway opraydsouny

69S 14 05D/07D 8d 00Ty W mojy 11y (101107%3)

0LS 19 059/02D £80 yITd H Jojsuey) Jeay] JUSIqUIE O} JOLISIXH [ JUSIUIEIIOD)
rUSUWIOUdYJ | 9oUdPIAY Anowosn) | uondidssg | opeuoney | juey BUIWOUJ JUEITTiVg)

[oAs[qns unioddng adf], guaWIoOUdYJ Sunjuey
$-D D €-D/2-D -D 9-a

'SOqEB ], 99§ ‘SUWN|OD 953} UI UMOYS SIPOI IO,

‘(panunuod) g~ Aqey,

NUREG/CR-6541

D-15




Table D-6. Transient description and ranking rationale for the MSLB with single failure leading to ADS
PIRT.

Overall Transient Description and Top-level Ranking Rationale

This sequence is initiated by a double-ended rupture of a main steam line inside containment, with
an assumed additional single failure that promotes automatic depressurization system (ADS) actuation. A
number of additional failures could potentially lead to ADS actuation: A steam generator tube rupture
(SGTR) combined with the MSLB would lead to reactor coolant system (RCS) mass loss, resulting in ADS
actuation. However, this accident would represent a multiple-failure event. The ADS could be
inadvertently actuated by an operator. However, this event requires operator action considerations, which
were not desired to be introduced into the PIRT (these actions will be addressed separately later). The
RCS cooldown and shrinkage would be increased if the RCS pumps failed to trip automatically, potentially
leading to ADS actuation. However, this event also requires operator action considerations. Failure of one
core makeup tank (CMT) discharge line check valve (stuck closed) would result in a greater level
reduction in the unaffected CMT, potentially leading to ADS actuation. Since the operators could not
correct this failure, a stuck-closed CMT check valve was chosen as the single complicating failure for this
PIRT.

For this accident sequence, it is also assumed that only safety-grade plant systems are available and
that no uncovery of the core occurs. One of the primary purposes of the PIRT is to ensure that the analysis
code(s) have adequate modeling capability for simulating reactor vessel inventory. The important
hierarchical elements in the code assessment structure are those affecting reactor vessel inventory as
described below. '

Phase Descriptions and Medium-level Ranking Rationales
Initial Depressurization Phase:

Description - This phase begins at the time of the pipe break. Both steam generators begin blowing down
into the containment. The flow rates through the two sides of the break are restricted by the steam line
flow limiters and are significantly less than those allowed by critical flow through the full pipe areas. A
steam line isolation signal is generated (due to low steam line pressure, high containment pressure, or low
cold leg temperature). This signal results in closure of the main steam isolation valves and isolation of the
unaffected steam generator from the broken steam line. Unaffected steam generator blowdown is arrested,
and afterward, it acts as a heat source to the RCS. Flow from the affected steam generator into
containment can not be isolated. Performances of the separators and dryers degrade as they are flooded
with liquid. During blowdown, steam generator secondary fluid flashes and boils, and the steam produced
swells the boiler mixture level, entrains liquid, and sweeps it through and around the separators and dryers
and out the break. Primary-to-affected secondary heat transfer is at a high rate, and the RCS fluid is
cooled, causing it to shrink. RCS cooling is preferential to the loop containing the affected steam
generator; cold leg temperatures differ markedly between the affected and unaffected loops. Because the
reactor vessel lower plenum is not necessarily well-mixed, this thermal asymmetry may persist into the
core, upper plenum, and hot leg regions. The RCS pressure and pressurizer level fall; the reactor vessel
upper head flashes. If not already generated, a reactor trip signal is generated due to low pressurizer
pressure. Reactor trip causes the core power to be quickly reduced to the decay heat rate, and this power
reduction causes the average RCS temperature to fall faster, the RCS fluid shrinkage rate to increase and,
therefore, the RCS pressure to fall even more rapidly. Declining core pressures and potentially (due to the
positive reactor kinetic feedback effects of declining RCS fluid temperatures) increasing core power may
cause a departure from nucleate boiling in the core. An S signal is generated due to low pressurizer
pressure, low steam generator pressure, low cold leg temperature, or high containment pressure. The S
signal causes: CMT system actuation, reactor coolant pump trip, and feedwater isolation. If the passive
residual heat removal (PRHR) system has not already been actuated by low steam generator levels, then
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Table D-6. (continued).

CMT actuation results in PRHR actuation as well (see Reference 6, Table H-2, for details of the PRHR
system actuation logic). The RCS loop flows decline rapidly from a forced-circulation to natural-
circulation condition and this reduces the RCS heat removal rate. Flow through the unaffected loop
ceases, since its steam generator now acts as a RCS heat source. The containment behavior is important
because the affected steam generator blowdown proceeds against the containment pressure. In the
containment, the break effluent is mixed with nitrogen, and steam is condensed from the mixture on the
inside of the containment shell. The heat released to the shell is removed to the atmosphere by
evaporation, convection, and radiation to air on the outside of the shell. These processes continue, with the
affected secondary inventory and pressure continuously decreasing, until the blowdown of the affected
steam generator has been completed. When the affected steam generator secondary has completely dried
out, its pressure equilibrates with the containment pressure, an event marking the end of this phase.

Important parameters and dominant processes - The primary-to-secondary heat transfer rate is judged to be
the parameter of primary importance because it dominates the RCS cooldown. Processes important for
accurate simulation of this parameter are: break flow, steam generator secondary behavior (level swell and
depletion, liquid carry-over, flashing, entrainment), flow through the RCS loops, and asymmetric loop
cooldown.

Passive Decay Heat Removal Phase:

Description - This phase begins when the affected steam generator blowdown is complete. RCS heat
sources during this phase are fuel rod decay heat and reverse heat transfer from the unaffected steam
generator. RCS heat removal is accomplished by CMT recirculation and PRHR system operation.
Because the CMT and PRHR systems each are connected to only one of the RCS loops, behavior during
this phase is dependent upon which loops are assumed to contain the affected steam generator and affected
CMT. Natural circulation-driven RCS loop, CMT, and PRHR flows and asymmetries in RCS temperature
distributions are expected. PRHR heat removal may lead to thermal stratification in the in-containment
refueling water storage tank (IRWST) that would degrade PRHR performance. This accident sequence
assumes RCS cooling leads to fluid shrinkage and depressurization sufficient to cause ADS actuation. To
be consistent with this assumption, recirculation through the unaffected CMT must first be interrupted.
This interruption initiates draining in the unaffected CMT, which marks the end of this phase.

Important parameters and dominant processes - The RCS energy distribution is judged to be the parameter
of primary importance during this phase because it determines the RCS heat removal. The processes
important for accurate simulation of this parameter are: core, steam generator, and PRHR heat transfer and
loop asymmetry effects.

CMT Draining to ADS Actuation Phase:

Description - This phase begins at the time that recirculation through the unaffected CMT is interrupted.
Plant behavior during this phase is characterized by the CMT draining and the phenomena influencing it.
This phase ends when the level in the unaffected CMT has declined to 67.5% and ADS stage 1 is actuated.

Important parameters and dominant processes - The unaffected CMT level and RCS mass and energy
distributions are judged to be the parameters of primary importance because they determine the timing of
ADS actuation. The processes important for accurate simulation of these parameters are: core, steam
generator, and PRHR heat transfer and natural circulation in RCS loops.
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Table D-6. (continued).
ADS Blowdown Phase:

Description - This phase begins when the level in either CMT declines to 67.5%. This occurrence
produces an ADS actuation signal and, after a time delay, the ADS first stage is actuated (see Reference 6,
Table H-2, for details of ADS sequencing). ADS actuation results in a blowdown of the RCS; ADS first,
second, and third stages discharge through spargers submerged under water in the IRWST. As the RCS
pressure declines, regions with the warmest fluid and those at the lowest pressure preferentially flash first,
followed by cooler and higher-pressure regions. Initiations of ADS second and third stages occur at
specified time intervals following ADS first stage actuation. Actuation of ADS fourth stage occurs upon
attaining a level of 20% in the unaffected CMT, with an additional time-delay requirement. Unlike the
other stages, ADS fourth stage discharges directly into the containment loop compartments. Plant behavior
during this phase is dominated by the RCS blowdown, and this is determined by the RCS mass and energy
distributions, especially as they affect the ADS flow rate and the CMT level. Accumulator injection begins
when the RCS pressure falls to the initial accumulator pressure. Accumulator levels fall, and, eventually,
nitrogen is injected from the accumulators into the RCS. As the RCS pressure approaches that in the
containment, flows through the ADS change from choked to friction-dominated. The RCS inventory
declines after the injection of accumulator water ends, and it is critical that the core remain covered until
IRWST injection begins. This phase ends when the differential pressure between the RCS and the
containment has been reduced to 12.1 psi. This pressure difference is equivalent to the 28-ft static head
available for driving fluid from the IRWST into the reactor vessel. Onset of IRWST injection marks the
end of the ADS blowdown phase.

Important parameters and dominant processes - The unaffected CMT level and ADS flow rate are judged
to be the parameters of primary importance because they determine ADS staging and RCS depressurization
rate. The processes important for accurate simulation of these parameters are: ADS discharge flow

(critical and friction-dominated) and the RCS mass and energy balances.

IRWST and Sump Injection Phase:

Description - This phase begins when flow commences from the IRWST, through the direct vessel
injection lines, into the downcomer of the reactor vessel. This flow replenishes RCS inventory and
reverses the downward core level trend. Steam produced in the core is passed out the ADS valves into the
containment. Steam reaching the containment is condensed on the inside of the containment shell, and the
condensate is returned via gutters to the IRWST, where it is available as a core injection source. Core
decay heat is removed through the containment shell to its ultimate heat sink (the environment) via
evaporative, convective, and radiative heat transfer on the outside of the containment shell. The IRWST
injection rate may be unsteady. Increased injection rates may lead to decreased core steam production,
decreased quality and volumetric flow at the fourth stage ADS and, therefore, RCS repressurization which
results in a decreased injection rate. Most liquid that escapes returning to the IRWST (for example, that
flowing from the ADS fourth stage) is collected in the containment sump which, like the IRWST, is
elevated above the elevation span of the core. Some liquid may be trapped in locations where it cannot
return to the IRWST or sump. Gravity-driven injection from the sump, similar to that from the IRWST,
returns liquid to the reactor vessel downcomer. The plant end-state for this accident includes core
inventory maintenance from IRWST and/or sump injections and decay heat removal, across the
containment shell, to the atmosphere.

Important parameters and dominant processes - The RCS-to-containment differential pressure is judged to
be the parameter of primary importance because it determines the magnitude of the IRWST and sump
injection flow rates. The processes important for accurate simulation of this parameter are: ADS flow and
pressure drop, transient IRWST inventory, transient sump inventory, and the containment and RCS mass
and energy balances.
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Table D-6. (continued). : ‘

Detailed Phenomena Ranking Rationales

Ranking rationale for the phenomena in Tables D-1 through D-5
Code Ranking Rationale

Rl Break mass flow and break energy release are ranked high, and break flow resistance is
ranked low during the initial depressurization phase. For the main steam line break
(MSLB) accident, the break processes are controlled at the flow limiter that effectively
limits the size of the break (the flow area of the flow limiter is significantly less than that
of the ruptured steam pipe). The mass flow and energy release control the blowdown of
the affected steam generator secondary system that determines the primary-to-secondary
heat transfer, the parameter of primary importance during this phase. The flow resistance
is ranked low because the break is controlled by critical-flow, not frictional-flow,
processes during most of this phase. The break will unchoke (and, therefore, its flow
resistance will be of significance) only near the end of this phase when the affected
secondary pressure nears that in the containment.

R2 Core channeling is ranked high during the initial depressurization phase. Fluid
mixing/channeling processes within the core directly affect the hot leg fluid temperatures.
A large fluid temperature asymmetry exists between the cold legs on the two loops, and
this asymmetry may survive to the core exit, causing the hot leg temperatures to be
asymmetric. The hot leg fluid temperatures are the sources for steam generator primary-to-
secondary heat transfer, the parameter of primary importance during this phase.

R3 Flashing and voiding in the core are ranked medium during the initial depressurization
phase. These phenomena affect the RCS pressure response (which has some influence on
the steam generator primary-to-secondary heat transfer). They also affect the distribution
of fluid in the RCS (also see R9).

R4 Noncondensible effects (due to hydrogen evolving from solution during RCS
depressurization) in the core, CMT, and hot legs are ranked low during the initial
depressurization phase. Voiding from, and transport of, this hydrogen may influence
steam generator primary-to-secondary heat transfer, PRHR system heat transfer, and CMT
recirculation. In all three cases, noncondensible gasses collected at the tops of piping
networks may interrupt flow through the networks (also see R21).

RS CMT-to-loop differential density and CMT thermal stratification are ranked low during the
initial depressurization phase. CMT cooling of the RCS is small compared with the
affected steam generator primary-to-secondary heat transfer. These phenomena are
introduced here because they influence the fluid conditions within the CMTs and the CMT
recirculation rate that are important during the phases that follow. CMT thermal
stratification established during this phase determines when flashing in the PBL or CMT
can interrupt CMT recirculation.
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Table D-6. (continued).

Ranking rationale for the phenomena in Tables D-1 through D-5
Ranking Rationale

Boron and moderator-temperature reactivity feedback are ranked medium in the fuel rod
component during the initial depressurization phase. A return to a critical reactor
condition is a general concern during the severe RCS fluid overcooling encountered in
MSLB accidents. Negative reactivity is introduced by scram rod insertion (at the time of
reactor trip) and boron addition to the RCS from the CMTs (after they are activated at the
time of the S signal). Positive reactivity is introduced by moderator temperature feedback
due to the declining RCS fluid temperatures. Assuming all scram rods are inserted, a
return to a critical core condition is not expected; these phenomena were included only to
highlight their importance should this assumption later be changed. Note these
phenomena are ranked medium for this accident (while they were ranked low for the
MSLB accident not involving a CMT check valve failure) because less negative boron
reactivity is available if only one CMT is operable.

Fuel rod critical heat flux is ranked medium during the initial depressurization phase. The
potential for a return to a critical core condition is described in R6. This potential, coupled
with declining RCS pressure (caused by RCS fluid shrinkage effects), provides the
possibility for a fuel rod heat-up due to departure from nucleate boiling. The medium
ranking was assigned due to the safety-significance of any such fuel rod heat-up.

Fuel rod core power/decay heat is ranked high during all five phases. This phenomenon is
ranked high because: (1) it is a major heat source in the RCS energy balance and (2) there
is a potential for a return to a critical core condition (see R6 and R7).

Flashing and voiding in the hot legs are ranked medium during the initial depressurization

phase. These phenomena affect the natural circulation driving heads of the RCS and
PRHR system loops and, thereby, the steam generator and PRHR heat transfer rates. The
natural circulation loop driving heads are enhanced when void is passed from the from hot
legs into the steam generators and PRHR system (also see R3).

IRWST pool thermal stratification is ranked low during the initial depressurization phase.
This phenomenon affects PRHR-to-IRWST heat transfer (that is ranked medium, see
R12).

Condensation, differential density, noncondensible effects, and voiding in the PRHR are
ranked medium during the initial depressurization phase. The convective thermal
resistance on the inside surface of the PRHR tubes is sensitive to (among other things) the
presence or absence of the condensation process. This sensitivity affects the PRHR heat
transfer. The other three phenomena affect the flow through the primary side of the
PRHR heat exchanger flow as follows: the differential density (i.e., the difference in
density between the fluid in the inflow and outflow sides of the PRHR system piping) is
the driving force for flow through the primary side of the PRHR system. Noncondensibie
effects (hydrogen, see R4) can alter the heat transfer processes on the inside of the tubes.
In addition, if large volumes of noncondensible gas accumulate at the high point of the
PRHR inlet line (its configuration includes an inverted trap), the path for flow through the
PRHR heat exchanger may be blocked by localized voiding in the inlet line.

Heat transfer between the PRHR and IRWST is ranked medium during the initial
depressurization phase. This phenomenon affects the RCS cooldown in a manner similar
to primary-to-affected steam generator heat transfer (that is ranked high, see R20), but
during this phase, the magnitude of the heat removal to the PRHR was judged to be
smaller than that to the affected steam generator.
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Table D-6. (continued).

Code

Ranking rationale for the phenomena in Tables D-1 through D-5
Ranking Rationale

RI3

R14

R15

R16

R17

R18

R19

Flashing in the pressurizer is ranked medium during the initial depressurization phase.
During RCS depressurization, this flashing adds steam volume to the RCS that slows its
depressurization. The RCS pressure response affects the fuel rod critical heat flux during
this phase (see R6 and R7). In addition, this phenomenon affects the distribution of the
RCS mass (the distribution is altered as fluids in various locations flash at different times).

Pressurizer level and vapor space (expansion) behavior are ranked medium during the
initial depressurization phase. For a given RCS cooldown rate, these two phenomena,
along with flashing, determine the RCS pressure response (see R13 for the significance of
this effect). Similar behavior exists in the reactor vessel upper head (see R25).

Noncondensible effects in the pressurizer are ranked low during the initial
depressurization phase. Hydrogen gas will evolve from solution during the
depressurization of the RCS. Accumulations of hydrogen in the pressurizer affect the
species of the gas in the pressurizer bubble. However, this effect was judged to have less
impact on the RCS pressure response than do the effects described in R13 and R14.

Reactor coolant pump coastdown performance is ranked high during the initial
depressurization phase. This phenomenon affects both steam generator primary-to-
secondary and PRHR heat transfer through its influence on tube inner-surface convective
heat transfer coefficients.

Voiding in the primary side of the steam generator u-tubes is ranked medium during the
initial depressurization phase. This ranking refers to the tubes of the unaffected steam
generator. During this phase, heat removal to the affected steam generator cools the RCS
fluid below the temperature of the unaffected steam generator secondary system.
Following reactor coolant pump coastdown, the flow through both RCS loops is due to
natural circulation. Heat flowing from the unaffected steam generator secondary into the
RCS fluid inside the u-tubes can boil this fluid and void the insides of the tubes. This
voiding is significant because it blocks the path for further natural circulation flow through
the unaffected steam generator u-tubes. Sufficient tube voiding, therefore, thermally
decouples the unaffected steam generator from the RCS.

Preferential RCS loop cooldown (listed in the steam generator primary component) is
ranked high during the initial depressurization phase. The asymmetries in cold leg
temperatures caused by cooling to the affected steam generator and heating from the
unaffected steam generator influence the entire RCS cooldown process. If the
asymmetries survive to the core inlet (i.e., fluid mixing in the reactor vessel downcomer is
not complete), they may impact core criticality (see R6 and R7). If the asymmetries
further survive to the core outlet, the hot leg temperatures will be different, and this affects
the heat transfer behavior of both steam generators.

Steam generator primary-side thermal driving head is ranked medium during the initial
depressurization phase. This phenomenon refers to the potential to drive natural
circulation flow through the RCS loops that is created by the density difference between
the fluids in the vertical sections of the steam generator u-tubes, steam generator plena, hot
legs, reactor vessel downcomer, core, and upper plenum regions. Natural circulation loop
flow is responsible for core and steam generator heat transfer following coastdown of the
primary coolant pumps.
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Table D-6. (continued).

Code

Ranking rationale for the phenomena in Tables D-1 through D-5
Ranking Rationale

R20

R22

R23

R24

R25

- R26

R27

R28

R29

Steam generator primary-to-secondary heat transfer is ranked high during the initial
depressurization phase. This phenomenon is the parameter of primary importance during
this phase.

Noncondensible effects in the steam generator primary system are ranked low during the
initial depressurization phase. It is believed that the affected RCS loop natural circulation
flow will be sufficiently high to preclude significant hydrogen accumulation (see R4) in
the U-tubes during this phase.

Entrainment, flashing, and level swell and depletion in the steam generator secondary are
all ranked high during the initial depressurization phase. These phenomena determine the
convective thermal resistance and sink temperature on the outer surfaces of the affected

steam generator u-tubes and, therefore, directly affect primary-to-secondary heat transfer.

Tube dryout (on the outer u-tube surfaces) in the affected steam generator secondary is
ranked medium during the initial depressurization phase. This phenomenon influences
primary-to-secondary heat transfer because it can reduce the affected steam generator tube
area that can effectively remove heat (to be effective, the outer surface must be wetted).

Liquid carry-over in the steam generator separators and dryers is ranked high during the
initial depressurization phase. Secondary-side liquid mass that is entrained through or
around the separators and dryers by steam flow is lost out the break into the containment.
Liquid lost in this manner is not available to remove heat from the RCS. Therefore, this
phenomenon significantly influences the affected steam generator primary-to-secondary
heat transfer.

Flashing and voiding in the upper head/upper plenum are ranked medium during the initial
depressurization phase. The rationale for the upper plenum region ranking is similar to
that given for the core and hot legs in R3 and R9. The rationale for the upper head region
ranking is similar to that given for the pressurizer in R13 and R14.

Two phenomena are ranked medium and nine phenomena are ranked low in the
containment interior during the initial depressurization phase. The ADS has not yet been
activated and the containment interior is important to the overall plant response only
because the break discharges into the containment and this discharge affects PRHR heat
removal to the IRWST. The low-ranked phenomena were judged to have minimal
influence on RCS behavior, especially prior to flow limiter (break) unchoking that occurs
very late during this phase. Interior-to-wall heat transfer and passive heat sink are ranked
medium to indicate the significance of storing energy in the containment shell and internal
structures during this phase (when the temperature differences between the containment
atmosphere and these structures are the greatest).

The containment exterior-to-ambient heat transfer is ranked low during the initial
depressurization, passive decay heat removal, and CMT draining-to-ADS actuation
phases. This phenomenon has only a small influence on RCS behavior (through its effect
on PRHR system heat removal, see R26) prior to flow limiter (break) unchoking and only
a moderate influence afterward.

Voiding in the CMT is ranked medium during the passive residual heat removal phase.
Sufficient voiding in the CMT or its inlet line (the PBL) leads to disruption of CMT
recirculation and this event marks the end of this phase. Disruption of CMT recirculation
also has a minor effect on the RCS energy balance.

Not used.
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Table D-6. (continued).

Code

R33

R34
R35

R36

R37

Ranking rationale for the phenomena in Tables D-1 through D-5

Ranking Rationale

Flashing and voiding in the core are ranked medium during the passive residual heat
removal phase. These phenomena affect the condition of the fluid passed to the hot legs
and PRHR system. Therefore, they affect PRHR system natural circulation and heat
transfer and the RCS energy balance.

Core flow channeling is ranked low during the passive heat removal phase. This
phenomenon is of reduced significance in this phase as compared with the previous phase.
Here, the blowdown of the affected steam generator (that was a major cause of asymmetric
loop conditions) has been completed. A return to a critical core is of less concern than in
the prior phase because the RCS temperatures are increasing and CMT recirculation is
borating the RCS. However, the PRHR system that removes core decay heat to the
IRWST is connected to only one loop. Because the temperature of fluid leaving the PRHR
system will be very cold, extreme asymmetries may exist in the cold leg temperatures. If
there is limited mixing in the downcomer and lower plenum (see R35), and if the core
flow is channeled rather than well-mixed, then these asymmetries can survive into the hot
legs. Temperature asymmetry in the hot leg affects the fluid entering the PRHR system
and, thereby, its heat removal.

Noncondensible effects in the core and CMT are ranked low during the passive decay heat
removal phase. Hydrogen (see R4) may affect core heat transfer and influence CMT
recirculation.

CMT-to-loop differential density and thermal stratification are ranked medium during the
passive decay heat removal phase. These phenomena are contributors to the driving force
for CMT recirculation.

Not used.

Flow distribution in the downcomer/lower plenum is ranked low during the passive decay
heat removal phase. The rationale for this ranking is the same as described for core
channeling during this phase (see R31).

Voiding, phase separation in tees, and noncondensible effects in the hot legs are ranked
medium during the passive decay heat removal phase. These phenomena all affect the
PRHR-to-IRWST heat transfer because they influence the condition of fluid entering the
PRHR system. The PRHR system inlet is connected to the ADS stage 4 line that leaves
the top of one hot leg. If that hot leg voids, then steam may be passed into to the PRHR
system. If noncondensible gas (hydrogen, see R4) is present in the hot leg and is passed
into the PRHR system, then the PRHR system performance may be degraded or terminated
(see R11).

Not used.
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Table D-6. (continued).

Ranking rationale for the phenomena in Tables D-1 through D-5
Ranking Rationale

In the IRWST, flow and temperature distributions in the PRHR bundle region, pool
thermal stratification, and pool level are ranked medium during the passive decay heat
removal and CMT draining-to-ADS actuation phases. These phenomena affect the
PRHR-to-IRWST heat transfer that is ranked high (see R39). Flow and temperature
distribution in the PRHR bundle region and pool thermal stratification affect the heat sink
temperature and convective thermal resistance on the outer surfaces of the PRHR tubes.
The IRWST pool level determines the PRHR tube effective heat transfer area; only tube
regions below the pool level will efficiently transfer heat. The pool level response during
this accident has not yet been established: The IRWST pool inventory is depleted by boil-
off to the containment and is replenished by condensate from the containment shell. A
significant fraction of the total PRHR heat transfer area resides in the upper horizontal
region of the tube bundle, and this region is only slightly submerged below the pool level
present at the time the MSLB occurs. However, the MSLB discharged virtually all of the
contents of one steam generator secondary into the containment during the previous phase.
A substantial return of condensate from the containment shell to the IRWST is expected,
and, therefore, during this phase, the IRWST may be filled to the point of overflowing.

Heat transfer between the PRHR and the IRWST is ranked high during the passive heat
removal and CMT draining-to-ADS actuation phases. PRHR heat transfer represents a
significant mechanism for heat removal from the RCS during these phases.

In the PRHR component, differential density, voiding, and noncondensible effects are
ranked medium during the passive decay heat removal and CMT draining-to-ADS
actuation phases. These phenomena affect the flow through the primary side of the PRHR

heat exchanger as follows: the differential density (i.e., the difference in density between
the fluid in the inflow and outflow sides of the PRHR system piping) is the driving force
for flow through the primary side of the PRHR system. Noncondensible effects
(hydrogen, see R4) can alter the heat transfer processes on the inside of the tubes. In
addition, if noncondensible gas accumulates at the high point of the PRHR inlet line (its
configuration includes an inverted trap), the path for flow through the PRHR heat
exchanger may be blocked by localized voiding in the inlet line.

Pressurizer level and vapor space (compression) behavior are ranked medium during the
passive decay heat removal phase. During this phase, the RCS pressure is determined by
the behavior of the pressurizer bubble, along with any bubble present in the reactor vessel
upper head.

Noncondensible effects in the pressurizer are ranked medium during the passive decay
heat removal phase. The composition of the gas in the pressurizer bubble that controls
RCS pressure during this phase (see R41) is steam and hydrogen (see R4). The gas bubble
expansion and contraction characteristics are affected by the gas composition.

Steam generator primary-to-secondary heat transfer is ranked medium during the passive
decay heat removal and CMT draining-to-ADS actuation phases. The affected steam
generator secondary system blew down and dried out during the first phase. However,
heat exchange between the RCS and unaffected steam generator remains a contributor to
the RCS energy balance. The unaffected steam generator may act as an RCS heat source
or sink, depending upon the relationship between the RCS and unaffected steam generator
temperatures.
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Table D-6. (continued).

Codé

Ranking rationale for the phenomena in Tables D-1 through D-5
Ranking Rationale

R44

R45

R46

R47

R438

R49
R50

R351

RS2

Steam generator secondary level and pressure are ranked low during the passive decay heat
removal and CMT draining-to-ADS actuation phases. During the initial depressurization
phase, a portion of the unaffected steam generator inventory was lost out the break. This
loss was terminated when the main steam isolation valves closed. A low level in the
unaffected steam generator can influence the heat transfer between it and the RCS (see
R43) because it may reduce the effective tube heat transfer area. The unaffected steam
generator secondary pressure also affects this heat transfer through its influence on the
secondary system saturation temperature.

Steam generator asymmetric behavior is ranked medium during the passive decay heat
removal and CMT draining-to-ADS actuation phases. This asymmetry arises because the
affected generator blowdown has been completed, its secondary system has dried out, and

" there is only limited potential for heat transfer between the RCS and this generator. On

the other hand, the unaffected steam generator may continue to exchange heat with the
RCS (see R44) during this phase. This thermal asymmetry, coupled with the asymmetry
of the CMT and PRHR system configurations (they each are connected to only one of the
two coolant loops), provide the potential for fluids of different temperature to enter the
PRHR system. This behavior depends upon (among other things) which steam generator
is assumed to have been connected to the broken steam line.

Voiding in the upper head/upper plenum component are ranked medium during the
passive decay heat removal and CMT draining-to-ADS actuation phases. This
phenomenon affects the RCS pressure response. The upper head region flashed and
voided during the first phase. During these two phases, the vapor bubble in the upper
head affects RCS pressure in a manner similar to the bubble in the pressurizer (see R41).
In addition, if the upper plenum region is voided, then void will enter the hot legs, from
where it can affect both steam generator and PRHR system heat transfer.

Flow split in the upper plenum is ranked medium during the initial depressurization and
passive decay heat removal phases. In the first phase, this flow split affects heat removal
to the affected steam generator because it determines the flow through the primary side of
that steam generator. In the second phase, this flow split affects heat removal/addition
to/from the unaffected steam generator (see R44 and R45) for the same reason.

Containment-interior phenomena are ranked low during the passive decay heat removal
and CMT draining-to-ADS actuation phases. These phenomena have only a minor effect
on PRHR-to-IRWST heat transfer during these phases.

Not used.

Cold leg loop asymmetry effects are ranked medium during the CMT draining-to-ADS
actuation phase. Only one CMT is active, and its draining along with that of its PBL are
yet another source of loop asymmetry.

Hot leg stored energy release is ranked low during the CMT draining-to-ADS actuation
phase. Heat released from the piping walls to the RCS fluid has a minor effect on the RCS
energy balance.

The CMT level is ranked high during the CMT draining-to-ADS actuation phase. This
phenomenon is one of the important parameters listed for this phase. Activation of the
ADS is based upon the CMT level response, and this activation defines the end of this
phase.
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Table D-6. (continued).

Ranking rationale for the phenomena in Tables D-1 through D-5
Ranking Rationale

The following phenomena in the CMT are ranked low during the CMT draining-to-ADS
actuation phase: condensation, flow resistance, and thermal stratification. The CMT level
response is primarily determined by phenomena external to the CMT (primarily those
affecting the RCS mass and energy balances and distributions). The three CMT
phenomena listed above affect the manner in which the CMT drains, but do not
significantly affect onset of CMT draining, and, therefore, these phenomena were ranked
low. Flashing and thermal stratification in the CMT are ranked low during the ADS
blowdown phase.” The entire RCS flashes during this phase, and it is at this time that the
CMT fluid conditions and their distributions determine the CMT behavior.

The flow distribution in the downcomer/lower plenum is ranked low during the CMT
draining-to-ADS actuation phase because the flow rates and temperatures of fluids in the
cold legs are asymmetric. These asymmetries are related to the CMTs being connected to
the cold legs of only one of the two coolant loops and the PRHR system being connected
to the other loop. Downcomer flow distribution represents the fluid mixing processes that
determine the RCS energy distribution, one of the important parameters listed for this
phase.

Horizontal fluid stratification is ranked medium and flashing and phase separation in tees
are ranked low in the hot legs during the CMT draining-to-ADS actuation phase. RCS
flashing is preferential (i.e., it is based on localized pressures and temperatures). Flashing
affects the RCS mass distribution, one of the important parameters for this phase. The
PRHR system inlet is connected to the ADS stage 4 line that exits the top of one hot leg
pipe. If steam resides in the upper portion of the hot leg, it may freely enter the PRHR
system; this steam flow may entrain liquid. The PIRT committee believed the hot leg, if
voided, likely will be stratified during this phase. Fluid stratification and phase separation
at tees were included because they affect the state of the fluid entering the PRHR system.

Pressurizer level was ranked medium during the CMT draining-to-ADS actuation phase.
Because the RCS is a closed system during this phase of the accident, the pressurizer may
refill if the RCS fluid is reheated. In that case, the RCS pressure will be determined by
compression of the bubbles inside the pressurizer and reactor vessel upper head.

The pump flow resistance is ranked low for the CMT draining-to-ADS actuation phase.
Here, the pump flow resistance is the locked-rotor resistance that is present following the
pump coastdown period. This resistance affects natural circulation flows around the RCS
loops (i.e., through the core, hot legs, steam generators, pumps, and cold legs). This
resistance also affects the flow rate through the PRHR system natural circulation loop (i.e.,
through the core, hot leg, PRHR inlet, PRHR heat exchanger, PRHR outlet, pump, and
cold leg). Flow through this loop is expected to continue throughout this phase. However,
for this natural circulation loop, the pump locked rotor resistance is a small contributor to
the overall loop resistance.

Voiding in the steam generator tubes is ranked medium for the passive decay heat removal
and CMT draining-to-ADS actuation phases. This phenomenon is the mechanism for
interruption of RCS loop natural circulation flow.

Noncondensible effects in the steam generator primary are ranked medium during the
passive decay heat removal and CMT draining-to-ADS actuation phases. Hydrogen (see
R4) may reduce the efficiency of heat transfer between RCS fluid and the inner wall of the
u-tubes. In addition, sufficient quantities of hydrogen accumulated in the u-bends may
interrupt loop natural circulation through the steam generators.
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Table D-6. (continued).

Code

Ranking rationale for the phenomena in Tables D-1 through D-5
Ranking Rationale

R60

Ré61

R62

R63

Ré64

R65

R66

R67

Containment-interior phenomena are ranked low during the CMT draining-to-ADS
actuation phase. These phenomena have only a minor effect on PRHR-to-IRWST heat
transfer during this phase.

Noncondensible effects in the accumulators are ranked medium in the ADS blowdown
phase. Expansion of the nitrogen gas bubble within the accumulators controls the
differential pressure between the accumulator and RCS and, therefore, the rate at which
liquid flows from the accumulator into the RCS (this flow is ranked high, see R62).

The accumulator flow is ranked high during the ADS blowdown phase. This flow is a
major RCS mass addition source.

The ADS mass flow rate and energy release are controlling phenomena during the ADS
blowdown phase of the accident and are ranked high (ADS flow rate is listed as an
important parameter for this phase). The ADS flow resistance is ranked medium for the
ADS blowdown phase because it affects the ADS fourth stage discharge after it unchokes
(because the differential pressure between RCS and containment has been reduced). The
effects of noncondensible gases are ranked medium for the ADS blowdown phase; the
accumulators empty and vent a large volume of nitrogen into the RCS (note the
noncondensible gas volume grows as the RCS continues depressurizing). This nitrogen
can affect the ADS flow and energy release.

Noncondensible effects in the cold legs are ranked low during the ADS blowdown phase.
Nitrogen expelled from the accumulators accumulates in this region of the RCS and
disposition of nitrogen can affect the ADS mass flow and energy release rates (see R63).

Stored energy release in the following components is ranked low for the ADS biowdown
phase: cold legs, core, downcomer/lower plenum, fuel rods, hot legs, pressurizer, and
upper head/upper plenum. The RCS pressure and saturation temperature fall sharply
during this phase. As a result, remaining heat stored in metal structures in these
components is available to flow into the RCS coolant. However, this flow of heat is
expected to be a minor contributor to the overall RCS energy balance; energy loss through
the ADS is expected to dominate that balance.

Flashing in the cold leg is ranked low during the ADS blowdown phase. Liquid volume
drained from the CMT must be replaced by steam volume; flashing in this component
represents one possible source of steam for that purpose. Steam produced in the cold legs
(or elsewhere, and convected into the cold legs) must enter the pressure balance line to
replace liquid drained from the CMT. The CMT draining process determines the actuation
of the ADS fourth stage.

Core two-phase mixture level is ranked high for the ADS blowdown phase. Regarding
high core levels, a relationship between the core level and ADS flow rate has not been
established with current evidence. However, core level behavior can dramatically affect
the ADS discharge (if core level swells, an increased flow of liquid into the ADS will
result). This phenomenon was ranked high pending later evidence to the contrary.
Regarding low core levels, the minimum core level is attained at the end of the ADS
blowdown when the onset of IRWST injection reverses the declining core level trend.
Therefore, this phenomenon was also ranked high because it is an indicator of core
uncovery and coolability.
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Table D-6. (continued).

Code

Ranking rationale for the phenomena in Tables D-] through D-5
Ranking Rationale

R68

The CMT level is ranked high during the ADS blowdown phase. This phenomenon is an
important parameter listed for this phase because actuation of fourth stage ADS is based
upon attaining a 20% CMT indicated level.

Flashing, level, and noncondensible effects in the downcomer/lower plenum and
noncondensible effects in the hot legs and pressurizer are ranked low during the ADS
blowdown phase. Noncondensible gas is expelled from the accumulators into the RCS at
the same time the fluid within the RCS is flashing. Flashing will be preferential based
upon location within the plant and upon the temperature of the fluid present. The presence
of noncondensible gas alters the flashing process. Therefore, during this phase, these
phenomena may have some effect on the ADS flow rates and, perhaps, upon the core
level.

Phase separation in hot leg tees is ranked high during the ADS blowdown phase. This
phenomenon controls the quality of the fluid entering ADS stages 1, 2, and 3 (via the
pressurizer surge line tee) and ADS stage 4 (through the ADS-4 tees).

CCFL, countercurrent flow, entrainment, flashing, and horizontal fluid stratification in the
hot legs are ranked medium during the ADS blowdown phase. These phenomena control
the phase separation process at the hot leg tees (see R70). The inventory, inventory
distribution, and flow behavior in the hot legs determines the behavior at the pressurizer
surge line and ADS stage 4 tees.

In the IRWST, interphasic condensation, pool flow, and pool thermal stratification are
ranked medium for the ADS blowdown phase. ADS stages 1, 2, and 3 discharge RCS

fluid into the IRWST through two spargers. The fluid flowing through the spargers has a
high steam content, perhaps superheated, at the near-atmospheric pressure inside the tank.
However, the IRWST fluid is initially subcooled, so high interphase condensation rates are
anticipated. The phenomena ranked here affect: (1) the manner in which the IRWST
performs the quenching process, (2) the state of the IRWST fluid (that later is injected into
the RCS), and (3) the containment pressure. v

The IRWST pool level is ranked low for the ADS blowdown phase. After ADS stages 1,
2, and 3 unchoke, the pool level has a minor effect upon the pressure at the ADS sparger
and, therefore, upon the ADS flow rate.

IRWST pool-to-tank heat transfer is ranked low for the ADS blowdown phase. Over the
long term, the energy removed from the pool to its surroundings may be important, but
during this phase this energy removal was judged to be significantly smaller than that
introduced into the pool through the ADS.

Heat transfer between the PRHR and IRWST is ranked medium during the ADS
blowdown phase. The importance of PRHR heat removal during this phase has not been
established. It is suspected that this heat removal may be overshadowed by ADS effects
during this phase. However, PRHR heat transfer has the potential to be important, so it
was ranked medium pending better information.
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Table D-6. (continued).

Code

Ranking rationale for the phenomena in Tables D-1 through D-5

Ranking Rationale

R76

R77

R78

R79

R80.

R81

R82

In the PRHR component, differential density, flashing, noncondensible effects, flow
resistance, and phase separation in tees are ranked low in the ADS blowdown phase.
These phenomena can affect the PRHR heat removal rate (ranked medium, see R75) and,
therefore, have been ranked low. Note that this is the only instance where phase
separation in tees has been ranked for the PRHR component. For normal PRHR flow
situations, tee phase separation is primarily of interest at the PRHR inliet line connection
on the hot leg, and this phenomenon was included in the listings for the hot leg
component. However, for the ADS blowdown situation, RCS conditions are chaotic, and
the question here is the manner in which the PRHR system outlet tee (on the steam
generator outlet plenum) might perform under potential reverse-flow conditions. Because
the PRHR inlet line is connected directly to one of the ADS fourth-stage inlet lines,
reverse flow through the PRHR system is likely to develop as RCS fluid rushes out the
ADS fourth stage.

In the pressurizer, CCFL, entrainment/de-entrainment, and level swell are ranked medium
during the ADS blowdown phase. During this phase, the ADS mass flow and energy
release are ranked high (see R63). These phenomena determine the upstream conditions
that control the ADS stage 1, 2, and 3 mass flow and energy release rates.

Steam generator heat transfer is ranked low during the ADS blowdown phase. The RCS
energy balance is controlled by decay heat addition and ADS energy removal. The steam
generators are essentially thermally-decoupled from the RCS because the affected steam
generator is dry and fluid in the unaffected secondary system is significantly hotter than
the fluid in the RCS.

In the upper plenum, entrainment/de-entrainment is ranked medium during the ADS
blowdown phase. During this phase, the ADS mass flow and energy release are ranked
high (see R63). This phenomenon has a major influence on the upstream conditions that
control the mass flow and energy release rates from all ADS stages.

Flashing in the core and upper plenum/upper head is ranked medium during the ADS
blowdown phase. This flashing will affect the RCS mass and energy distributions.
Flashing will be preferential and the warmest RCS fluid will reside in the core and upper
head/upper plenum regions.

ADS mass flow and energy release are ranked high, ADS flow resistance is ranked
medium, and ADS noncondensible effects are ranked low during the IRWST and sump
injection phase. The ADS mass and energy flow rates directly affect the differential
pressure between the RCS and the containment. The ADS flow resistance affects the mass
and energy flow rates. Noncondensibles affect the ADS mass and energy flows, but to a
lesser extent than during the previous phase (where they were ranked medium, see R63).
Peak flow of noncondensibles from the accumulators into the RCS occurs during the ADS
blowdown phase.

In the cold legs, condensation and noncondensible effects are ranked low for the IRWST
and sump injection phase. The cold legs are expected to be an inactive RCS region during
this phase. However, these phenomena were left on the list because of the possibility for
effects due to: (1) condensation of steam (entering this region through the reactor vessel
upper head/downcomer bypass path), and (2) large expansions of nitrogen (caused by total
depressurization of the RCS).
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Table D-6. (continued).

Code

Ranking rationale for the phenomena in Tables D-1 through D-5
Ranking Rationale

R83

R84

R85

R86

R87

R88

R89
R90

R93

Two-phase mixture level in the core is ranked high during the IRWST and sump injection
phase. The two-phase mixture level determines the status of core coolability and affects
the differential pressure between the RCS and the containment (see R67). The core flow
resistance is ranked medium during the IRWST and sump injection phase. This resistance
affects the RCS-to-containment differential pressure, but to a lesser extent than does the
mixture level.

Downcomer level is ranked high during the IRWST and sump injection phase. This level
is the driving force for flow through the core. The static head created by this level is a
significant term affecting the RCS/containment pressure balance.

Condensation in the downcomer is ranked medium during the IRWST and sump injection
phase. Steam may flow through the upper head/downcomer bypass path. If condensation
is present, it can alter the high-ranked downcomer level (see R84).

Phase separation in tees in the hot leg is ranked high during the IRWST and sump
injection phase. Separation at the ADS fourth stage tees determines the energy and
content of the fluid mixture that is routed through the ADS.

CCFL and countercurrent flow in the hot leg are ranked medium during the ADS
blowdown and IRWST and sump injection phases. These phenomena contribute to the
highly-ranked hot leg phase separation process (see R86) because they affect the fluid state
and flow regime in the hot leg.

Horizontal fluid stratification in the hot legs is ranked medium during the IRWST and
sump injection phase. Fluid conditions during this phase may be quiescent, and in that
case the hot leg would stratify. Whether or not the hot leg fluid stratifies has a direct
influence on the phase separation in the hot leg tees (ranked high, see R86) and the state of
the mixture being passed on to the all ADS stages.

Not used.

IRWST pool thermal stratification, pool level, and flow resistance are ranked medium
during the IRWST and sump injection phase. Stratification affects the injection
temperature (the fluid present at the bottom of the tank is injected). Level provides the
driving force to push the injection flow through the total resistance (the IRWST piping
system flow resistance is an important part of the total). Therefore, the IRWST pool level
and flow resistance directly affect the injection flow rate.

Not used.

Heat transfer between the PRHR and IRWST is ranked low during the IRWST and sump
injection phase. The potential for this heat transfer remains, via condensation of steam on
the inside of the PRHR tubes. However, the energy removal from the RCS is expected to
be dominated by the ADS fourth stage during this phase.

Steam generator heat transfer is ranked low during the ADS blowdown and IRWST and
sump injection phases. During these phases, the RCS energy balance is controlled by
decay heat addition and ADS energy removal. The steam generators are essentially
thermally-decoupled from the RCS because the affected steam generator is dry and fluid in
the unaffected steam generator secondary is significantly hotter than fluid in the RCS.
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Table D-6. (continued).

Code

Ranking rationale for the phenomena in Tables D-1 through D-5
Ranking Rationale

R94

R95

R96
R97

R98

R99

R100

Sump fluid temperature, level, and flow resistance are ranked medium during the IRWST
and sump injection phase. The sump fluid temperature is the RCS injection temperature
(the fluid present at the bottom of the sump is injected). The sump level provides the
driving force to push the injection flow through the total resistance (the sump piping
system flow resistance is an important part of the total). Therefore, all these phenomena
contribute to the determination of the injection flow rate and temperature.

Entrainment/de-entrainment in the upper plenum is ranked high during the IRWST and
sump injection phase. This phenomenon affects the state of the fluid entering the hot leg
(that, in turn, affects the state of fluid entering the ADS fourth stage). It also affects the
pressure drop betiveen the core and hot legs.

Not used.

Condensation, natural convection, noncondensible effects, noncondensible segregation,
steam-noncondensible mixing, and nonuniform air/steam distribution in the containment
interior are all ranked medium during the IRWST and sump injection phase. These
phenomena determine the containment pressure and the heat transfer processes on the
inside of the containment shell, a phenomenon that is ranked high. Wall condensation is
the primary heat transfer mechanism on the inside of the shell. Natural convection is the
process inside the containment by which steam is transported from its source (i.e., the top
of the IRWST, or ADS stage 4) to the shell. Noncondensible effects may impede the flow
of heat from the containment atmosphere to the inner surface of the shell, and the
condensation process may cause noncondensible gases to build up near the shell
(noncondensible segregation), a process that may starve the shell inner wall heat transport
process of steam. Steam-noncondensible mixing, and nonuniform air/steam distribution
are phenomena-indicating that mixture irregularities of the steam and noncondensible
gases may be significant to the inner-shell heat removal processes.

Condensate transport, liquid holdup, and liquid distribution in the containment interior are
ranked medium during the IRWST and sump injection phase. These phenomena
contribute to the disposition of liquid within the containment. Liquid that is returned to
the IRWST or sump is available for injection into the RCS. Liquid escaping that return is
not available for that purpose; examples include: liquid inventory stored on the
containment shell during normal operation of the passive containment cooling heat
removal system and liquid that becomes trapped in other containment regions (such as in
the reactor vessel cavity).

The passive heat sink in the containment interior is ranked medium during the IRWST and
sump injection phase. The passive heat sink provided by the containment walls and
interior structures represents a significant contribution to the containment energy balance
during transients.

PCCS evaporation, PCCS mixture convective heat transfer, PCCS water flow, air flow,
and chimney effects on the containment exterior are all ranked medium during the IRWST
and sump injection phase. These phenomena contribute to the containment shell exterior-
to-ambient heat transfer that is ranked high (see R114). PCCS water will be sprayed on
the outer containment shell surface. This water will flow downward on the outside of the
shell and heat will be removed to upwardly-flowing air. Heat transfer mechanisms from
the wall will include conduction and convection to water, evaporation of the water, and
convection to the upward-flowing air.
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Table D-6. (continued).

Ranking rationale for the phenomena in Tables D-1 through D-35
Ranking Rationale

In addition to the phenomena described in R100, the following containment exterior
phenomena are ranked medium during the IRWST and sump injection phase: atmospheric
temperature, humidity, PCCS wetting, and radiation heat transfer. These phenomena also
contribute to the containment shell exterior-to-ambient heat transfer that is ranked high
(see R114). The atmospheric temperature is that to which the containment shell exterior
heat transfer takes place. The humidity present in the air determines the efficiency of the
evaporation process. PCCS wetting effects may alter the effective heat transfer area (if
water rivulets form, then evaporation may take place only on the outer shell regions
covered by them). Radiation from the outer shell wall to the air and from the outer shell
wall to the containment support structure (across the air-flow annulus), may be a
significant heat transfer mechanism.

Not used.

Stored energy release in the cold legs, core (non-fuel structures), downcomer/lower
plenum, fuel rods, hot legs, and upper head/upper plenum is ranked low during the initial
depressurization phase. This phenomenon represents the removal, to the RCS fluid, of
heat stored in the piping walls and other structures during normal reactor operation. The
low ranking indicates this phenomenon has a smaller influence on the RCS energy balance
than do the other contributors to that balance: core decay power (as distinguished from
release of the initial fuel stored energy), steam generator heat transfer, and the PRHR-to-
IRWST heat transfer. ‘

Loop asymmetry effects in the cold legs, downcomer/lower plenum, hot legs, and upper
plenum are ranked medium during the passive decay heat removal phase. The rationales
for these rankings are the same as described in R45 and R47.

Flow resistance in the reactor coolant pumps is ranked low during both the initial
depressurization and passive decay heat removal phases. Following the pump coastdown,
the locked-rotor resistance of the pump is a significant portion of the total flow resistance
through the RCS loops. Therefore, this resistance affects the RCS coolant loop natural
circulation flow rates and, thereby, heat exchange between the RCS and the affected and
unaffected steam generators. This flow resistance is also present in the PRHR system flow
loop; however, total resistance through this flow loop is instead dominated in the PRHR
piping and heat exchanger.

Not used.

The core flow resistance is ranked low during the passive residual heat removal and CMT
draining-to-ADS actuation phases. This phenomenon affects PRHR-to-IRWST heat
transfer through its influence on the PRHR system natural circulation flow rate. However
this influence is less than that of the PRHR system flow resistance.

In the CMT component, flow resistance is ranked low during the passive decay heat
removal phase. This flow resistance is dominated in the CMT discharge lines, that include
both orifices and check valves. This phenomenon influences the RCS energy balance
through its effect on the CMT recirculation rate.

Interphase condensation and pool flow in the IRWST are ranked low during the passive
decay heat removal and CMT draining-to-ADS actuation phases. These phenomena affect
PRHR-to-IRWST heat transfer through their influences on the flow and temperature
distributions in the PRHR bundle region (this phenomenon is ranked medium, see R38).
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Table D-6. (continued).

Code

Ranking rationale for the phenomena in Tables D-l' through D-5
Ranking Rationale

R110

RI111
R112

R113

R114

R115

The PRHR flow resistance is ranked medium during the passive decay heat removal and
CMT draining-to-ADS actuation phases. The flow resistance through the entire PRHR
primary-system cooling loop is dominated by components within the PRHR system itself
(piping, fittings, and heat exchanger) and not in the associated RCS components. The
PRHR flow resistance determines the PRHR system natural circulation flow rate and,
thereby, affects PRHR-to-IRWST heat transfer (by influencing the tube inner surface
convective thermal resistance).

Not used.

Discharge line flashing in the IRWST and sump injection lines is ranked medium during
the IRWST and sump injection phase. The temperatures of the injection fluids will
depend upon behavior within the IRWST and containment. It is not known if fluid in
these lines will flash. However, if the fluid does flash, then the injection rate may be
significantly affected by the increased injection-line pressure drop.

Heat transfer between the IRWST fluid and the tank walls is ranked low during the
IRWST and sump injection phase. The energy loss via this phenomenon is expected to be
much smaller than the other terms involved in the containment energy balance.

During the IRWST and sump injection phase, the overall containment shell interior and
exterior heat transfer represent the removal of decay heat to the ultimate heat sink and are,
therefore, ranked high.

During the ADS blowdown phase, containment pheénomena impact the containment
pressure response, which affects the timing of IRWST injection. Little analysis is
available to support the relative phenomena rankings. The PIRT committee ranked the
overall heat transfer on the interior and exterior surfaces of the containment shell medium,
along with the expected heat transfer processes on those surfaces (condensation on the
inside and PCCS evaporative cooling on the outside). In addition, passive heat sink is
ranked medium because the effects of wall heat transfer (containment shell, structural
walls, and internal equipment) are expected to be important during this phase because the
fluid-to-wall temperature differentials are large. The other containment-related
phenomena are ranked low.
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Appendix E - Detailed Results, Steam Generator Tube Rupture
Without ADS PIRT

This appendix presents the detailed results of the steam.generator tube rupture (SGTR) sequence
without Automatic Depressurization System (ADS) activation PIRT. The detailed PIRT results are shown
in Tables E-1 and E-2, and the transient description, overall phenomena ranking criteria, and specific
ranking rationales are shown in Table E-3. The information in Tables E-1 and E-2 is arranged to
correspond with the two phases of the accident scenario. These tables are organized in alphabetical order
according to the component name. Within the listings for each component, the pertinent identified
phenomena are arranged by order of ranking. The right sides of these tables contain identifier codes that
refer the reader elsewhere in this report for further information:

The code labeled “Ranking Rationale” (for example, “R1”) leads the reader to a description of the
logic leading to the ranking of each specific phenomenon; this information is found in Table E-3
in this appendix.

The code labeled “Phenomena Description” (for example, “D1”) leads the reader to a general
description of each phenomenon,; this information is found in Appendix G, Table G-1.

Two codes are labeled “Type Geometry” (for example “C1/G1”). The “C” code leads the reader
to the physical geometries and general functions of the component under discussion; this
information is found in Appendix G, Table G-2. The “G” code leads the reader to more detailed
discussion of the specific phenomena associated with each of the components; this information is
found in Appendix G, Table G-3.

The “Supporting Evidence” code (for example, “E1”) leads the reader to references (geometrical,
experimental, and analytical) that provide background and corroborating information. This
information is found in Appendix G, Table G-4. It is noted that the supporting evidence is
currently being developed in experimental and analytical tasks both inside and outside the PIRT
task. Thus, the information in this table can be expected to increase as the supporting tasks are
completed.

The “Sublevel Phenomena” code (for example, “S1”) leads the reader to a list of contributing
- phenomena affecting the primary phenomenon. The sublevel phenomena information is found in
Appendix G, Table G-5.

E-1 . NUREG/CR-6541




1d

v¥O/910

99d

6d

MO]J ssetl AS

14

YPO/910

$9d

6d

aseo[ar A310ud ANS

19

6£D/91D

vod

aunssaxd A1epuodog

1d

6£9/910

ted

8l

Jojsuer) jeay A1epuodds 0) Areuwitlg

siojelouad weo)g

14

SEOWVID

89d

vd

aseo[a1 ABISUD PAIOIS

14

v10

0sd

2

§109]J 9[qISUaPUOSUON

&2

£LOMVIO

LLd

S

IolAeyaq ooeds Jodep

14

135971 4%0)

6td

13

(A10jusauy) (oA

1d

SEOWVID

yed

2.8

Jamod Jomel

SS

14

22971 410)

1ed

3

Buiyseq

J9Z1INSSaIg

[4

1d

125/8D

89d

12:

o5€0[01 ABIAUD Palo)S

1)

1d

075/8D

cla -

£d

jeay Aeoap/romod a10)

Spod a0y

IS

14

995/¢D

Led

Ld

90UL)SISAI MO

IS

14

99/¢D

61d

[4:]

asesjol A3rouyg

IS

14

95/€D

9wa

R

sl <l zizml ]z < <l zl =l s s

MO[J SSB]A]

99S

19

€0

9d

g

s

soLpowoad xajdwos ur Sunjoy)

(syyed yeoiq om] ‘oqm)
DS 9[3uls) yearg

CUSUWIOUY ]
[oA9IqNg

90uapIAYg
Sunoddng

AlPWOdNH
adA],

uondLsa(y
BUSWOUIY ]

ojeuOnEYy
Supjuey

euawiouay J

jusuodwo)

D

D

£-D/T-D

I-D

td

'S9lqQe |, 99§ .mp:cz_oo 9SS} Ul UMOYS SIPO09 10y

~LDS 913us e jo aseyd uonezunssaidop [eniul oy 10j 1YId ‘I-H IqEL

NUREG/CR-6541




81S 14 679/010 LEd el T uonesuspuod oiseydisiu]
61S 14 9¢O/1D 65d 0cd N uonjesijijens jewriay) 1004
A 52 925/010 8sd . 02d W [9A9] 1004
uordai ojpunq YHIJ
vs 14 9CH/01D X4¢ 02d W uj uopnqLusip aimeradwo) 2 Mofy LSMI
233 Td 720160 890 vId 1 35€0[0l ABIoUD PaIOlg
7SS 14 $¢D/6D 8Ld 61 W BuIploA
6S £2D/6D sva 61d W $109139 AnpwiwAse dooy
SS 1d 60 1za 614 W Buiyselq s39] 10H
S 4 125/8D 890 v T o5€0]a1 ABIoUS Paiolg
¥S 14 02H/8D 41 EAR H 189y Aedo(y spoa [anyg
urttuayd
AR 14 SID/LD 89d AR 1 oseaol A310us pato)g |  Jomoj /1owooumoO(]
1S 14 £15/9D Lea 1€d 1 30UL)SISAT MOfY
€IS 14 v195/90 6£d 91d W [9A97]
618 14 ¥19/90 €L STy N UONBOIJEN)S [BULISY],
01S 14 €1D/9D L1a 1y W Ayisuap [epusiafyip dooj-03-LIND IO
(43 14 119/5D 89d vId 1 asea[ol A3I0U3 PaIo)S
118 149 TID/SD Lea i g 99UR)SIST MOJ
zss 14 $D 69d €1y N uidrew Jurjoooqng 210D
(4 14 LOYO 89d AR T EEI RV SETEREN I S391 pjoD
118 14 99/ Leda Ld W 90UR)SISAI MO
IS 1d 95/¢D 9va L1d H MO[J SSeN
(s 14 95/€D 61d L1 H oseajal ABI10UT | (guud yearq om) ‘aqmy
99S 1d £0 od I H sarewioad xo[dwos ur Surjoy) DS 9[3uis) yearg
2USWIOUSYJ | QOUdPIAH Anduioon) | uondiiosaq | ojeuoney | juey BUSWOUYJ uatiodwio))
[oA9Iqng Sunoddng adA, BUIWOUSYJ Jupjuey
D D £-D/C-D I-D |

'SOIQR], 905 ‘SUIIN[OD 9SOY) UI UMOYS SIPOD 0]

ULOS 9[3uis & Jo aseyd [eAowal jeay Keoop aalssed oy 1oy 1MId “T-H 2IqeL

NUREG/CR-6541




LYO/810

9seojal AJIoU9 Palos

9vD/810

5109339 AnpowiAse door]

S¥D/81D

Buryseyy

wnuajd
Jaddn 7 peay Joddp)

6£D/910

Saqmi-[] Ul UO}ESUapUo.)

6£9/91D

Suipioa aqny,

6£D/91D

axnssaid Aiepuodsog

6£9/910

[9A8] A1epuodeg

PrO/910

MO} ssewl AYS

vvO/910

osvajar AZ1oud AYS

6£9D/910

8¢y

19jsuel} 189y KIepuooss o} A1ewlld

sIojeIauad weos

8¢D/S1O

9Td

20UR)SISAI MOJ

LED/STO

souewio}1ad umopiseo)

sdumng

1€9/21D

0cd

SUIPIOA

1£5/210

94|

$109]J9 9JqISUSPUOIUON

0£D/CIO

0t

90UB)SISa MO| ]

0£D/C10

0d

Aysuap fenuasaijid

0£D/C1D

6d

0cd

sisisisIsialrlzizlizISIS S0 = 2] =

uorjesuapuo;)

0E£D/C1O

zed

XA |

T

Lsml
pue YN Us2M1aq Jojsuel) jeoH

MHAd

1488)

0sd

o

v

$199]J9 9]qISUOPUOIUON

£EO/PID

6ted

8¢y

(A1ojudAul) [9A]

$S

14

£ED/VID

12d

8t

Juiysel]

19Z1Issald

vCS

1d

9¢HO/010

Lsd

[4%:

MO[} J0Od

panupuo) ‘LSMII

BUAWOUaY ]
[oA9Iqng

90USPIAY
Supoddng

A1awosn
adA],

uondiosad
BUWIOUAY ]

Sjeuoney
Sunjuey

sustoudyq

JUQUOd IO

$-D

7D

£-D/T-D

I-D

£-d

:89Iqe], @S am==_=~co 9831 Ul UMOYS S9P09 10,

(ponunuoo) - dqeL

NUREG/CR-6541




NUREG/CR-6541

S¥S 19 055/0TD 79a L8] N I9Jsuer) Jeay uoeIpey

s 14 05D/0TD ssd LEY N Sumem §ODd

0rS | 0$D/0TD £sa LY N AO[J 191BM SODJ

JaJsuedy

0€S 14 059/02D ysa LY N 1B9Y DATIOPAU0D ANIXIW §ODd.

6€S 14 05D/02D zsa A% N uopesodeas §O0d

9pS 19 0$9/020 9¢d L4 Anpruny

1vS 14 0SD/02D sd LY N §30039 Asuwiy)

€vS | 059/02D za LeY W ainjesaduo) orseydsouny

69S 4 0$9/02D r4:7¢! LY N Moy Iy (101191%9)

0LS 14 0$9/02D €80 LY H J9Jsuer) Jeatf JUSIquIL 03 JOLISIXF LEL LT IVe)

L9S [El 8¥D/61D 18 9 N Juls 183y AIsSEq "

89S 14 6¥D/61D L9d 96y N Suixrw o[qISUIPUOOTOU-UILI}G K

S¢S 14 6¥9/61D 1sa 9¢d 14 uoNNQLISIp J1g/1Uea)s WIOJIUNUON

ILS 149 6¥D/610 8 9¢ N uonegdaIdas 2[qiSUSPUOIUON

AR 14 6¥D/610 0sd 9¢d N §100JJ3 P]QISUSPUOOUON

ZIs 14 8¥0/610 8vQl 9¢Yy W UOI}O3AUOD [RINJEN

8¢S 14 8¥D/61D ra $ey W dnpjoy pinbiy

€S 14 8¥D/610 eva sed N uonnqrysip pinbry

318 14 8¥D/61D 6d sed N uonEsuUspuo))

LES 14 8¥D/610D 8d $ed N Hodsues) jesuapuo))

LS 14 8¥D/61D 98 9ed H Jofsuer) 183y {jem 0} J0LIBJUJ | (JOLIRUI) JuSWUIEIU0))
BUWOUdY vocu—u;m \GHQEOQ@ aOSQCOon Em:Oﬁmm xcmm BUWoudyJ EQ.OQEOO

JoA9QNg Bunaoddng adA, euoswousyg | Supjuey
$-D D) £-D/¢-D 1D £d
821qe], 998 am:ecs_oo omo:u ur umotjs m@ﬁOo 104

‘(panunuod) “z-g 9lqe],




Table E-3. Transient description and ranking rationale for the single-SGTR PIRT.

Overall Transient Description and Top-level Ranking Rationale

This sequence is initiated by a double-ended rupture of a single steam generator (SG) tube at the
tubesheet, with no additional failures. Subsequent plant response is assumed to be within the design goal
that the active fuel remains covered throughout the transient with eventual recovery to a long term quasi-
steady condition that does not require ADS actuation. The availability only of safety-grade plant systems
is assumed. Although core uncovery is assumed to be avoided, a radioactive release to the atmosphere
occurs through the SG secondary safety relief valves (SRVs). One of the primary purposes of the PIRT is
to ensure that the analysis code(s) have adequate modeling capabilities for simulating the vessel inventory
and release responses. The important hierarchical elements in the code assessment structure are those
affecting vessel inventory and release rate as described below.

Phase Descriptions and Medium-level Ranking Rationales
Initial Depressurization Phase:

Description - This phase begins at the time of the tube rupture, when two break paths are opened between
the RCS and the affected SG secondary system. The flow through the tubesheet-side break is much larger
than that through the longer tube-side break. The feedwater control system reduces the feedwater flow rate
to compensate for the break flow, and initially the affected SG secondary level does not increase. The
pressurizer heater power increases to compensate for declining RCS pressure, and this effect slows the rate
of RCS depressurization. The break in the RCS boundary causes the pressurizer level to decline and the
pressurizer gas bubble to expand. The RCS pressure eventually falls to the reactor trip low setpoint
pressure. This occurrence results in scram control rod insertion and turbine stop valve closure. Reactor
power is quickly reduced to the decay heat rate, causing RCS temperatures to fall, its fluid to shrink and,
therefore, its depressurization rate to increase. Affected SG SRV opening causes a release of radioactivity
to the atmosphere, and elimination of this release is the key to a satisfactory outcome for this event
sequence. Break flow and fluid shrinkage effects cause the RCS pressure to continue falling to the S
signal setpoint pressure; this occurrence marks the end of this phase.

Important parameters and dominant processes - RCS pressure is judged to be the parameter of primary
importance for this phase because it determines the flow rate from the RCS to the affected SG secondary
system through the ruptured tube. The processes important for accurate simulation of this parameter are:
gas bubble expansion, net RCS mass and energy balances, critical flow through the broken SG tube, and
transient pressurizer inventory.

Passive Decay Heat Removal Phase:

Description - This phase begins at the time of the S signal, an occurrence that causes PRHR and CMT
system actuations, reactor coolant pump trip, and feedwater isolation. The RCS loop flows decline rapidly
from a forced-circulation to a natural-circulation condition. The affected SG inventory increases as a result
of flow through the ruptured tube; this flow also sustains the affected SG secondary pressure near the SRV
opening setpoint pressure. The combination of CMT system recirculation, energy release through the
affected SG SRVs, and PRHR system operation removes core decay heat from the RCS. The performance
of the CMT system eventually degrades as fluid in the CMT tanks is warmed. Eventually, CMT
recirculation may be interrupted by flashing in the CMT or its inlet line. However, CMT levels are
assumed not to decline significantly, and, therefore, ADS is assumed not initiated for this event sequence.
The PRHR system eventually becomes the sole RCS core decay heat removal mechanism. IRWST tank
thermal stratification has the potential to degrade PRHR performance. When the PRHR system is capable
of removing all core decay heat at an RCS pressure below the opening set-point pressure of the affected
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Table E-3. (continued).

SG SRVs, the break and SRV flows cease. Afterward, the SRVs remain closed, and the radiation release
is terminated. Long-term decay heat removal from the containment to environment is accomplished across
the containment shell. Steam boiled off from the IRWST is retumed to the IRWST as condensate from the
containment shell.

Important parameters and dominant processes - RCS pressure is judged to be the parameter of primary
importance for this phase because it determines the duration and magnitude of the atmospheric release
through the SG SRVs. The processes important for accurate simulation of this parameter are: core, SG,
PRHR, and containment shell heat transfer, natural circulation flow in the RCS coolant loops, loop
asymmetries, and SG SRV critical flow.

Code

Detailed Phenomena Ranking Rationales

Ranking rationale for the phenomena in Tables E-1 and E-2
Ranking Rationale '

R1

R4

RS
R6

Break mass flow is ranked high during the initial depressurization phase. This
phenomenon is the outflow term in the RCS mass balance. The pressurizer level falls
because of the net outflow of coolant from the RCS. The expansion of the pressurizer gas
bubble determines the RCS pressure, the parameter of primary importance during this
phase.

Break energy release is ranked medium during the initial depressurization phase. The
break energy release was judged less significant than the break mass flow (see R1).
While energy is removed at the break, for a SGTR, the break size is small, and the
influence of the break on the RCS energy balance is smaller than other contributors (heat
addition from the core fuel rods and heat removal to the steam generators, see R3 and
R8).

Fuel rod core power/decay heat is ranked high during the initial depressurization phase.
This phenomenon is the major heat addition term in the RCS energy balance. In addition,
removal of this heat is a basic safety issue.

Stored energy releases to RCS fluid from the fuel rods and pressurizer tank wall are
ranked low during the initial depressurization phase. Significant energy is stored in the
fuel rods during normal reactor operation. This energy is retained in the fuel rods prior to
the time of reactor trip. After reactor trip, most of the initial fuel rod stored energy is
quickly removed to the RCS coolant. Since this effect is temporary, fuel rod stored
energy release was judged less significant to the RCS energy balance than the continuous
fuel rod core power/decay heat phenomenon (that is ranked high, see R3). Stored energy
release from the pressurizer vessel wall to fluid inside the pressurizer has a minor
influence on the pressurizer gas bubble expansion process that controls RCS pressure
during this phase.

Not used.

Noncondensible effects in the pressurizer are ranked low during the initial
depressurization and passive decay heat removal phases. Hydrogen gas will evolve from
solution during depressurization of the RCS. Accumulations of hydrogen in the
pressurizer affect the species of gas in the pressurizer bubble; expansnon/contractlon of
this bubble controls the RCS pressure.
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Table E-3. (continued).

Ranking rationale for the phenomena in Tables E-1 and E-2
Ranking Rationale '

Break flow resistance is ranked medium during the initial depressurization and passive
decay heat removal phases. This phenomenon affects the highly-ranked break mass flow.
Flow through both break paths is at first dominated by critical flow (see R11). The flow
resistance affects the critical flow, particularly through the longer break path. As the RCS
depressurizes and the affected SG secondary system pressurizes, flows through these
break paths unchoke and become dominated by frictional flow resistance considerations.

Steam generator primary-to-secondary heat transfer is ranked high during the initial
depressurization phase. This phenomenon is the major heat removal term in the RCS
energy balance.

Steam generator safety relief valve (SRV) mass flow and energy release are ranked
medium during the initial depressurization phase. Existing analyses are insufficient to
indicate whether the SRVs will be opened during this phase. While awaiting this
indication, these phenomena are assigned a medium ranking to show their potential
importance.

Steam generator secondary pressure is ranked medium during the initial depressurization
phase. The break flow is delivered against the affected steam generator secondary
pressure, and this pressure also determines if the safety relief valves are opened. The
pressures in the steam generator secondary systems determine the secondary-side
saturation temperatures affecting heat exchange between the RCS and the steam
generators.

Choking in complex geometries is ranked high during the initial depressurization and

passive decay heat removal phases. This phenomenon determines the highly-ranked
break mass flow for both break flow paths prior to the time when these paths unchoke
(see R7). Choking was ranked high (in comparison with the frictional resistance that is
ranked medium) because the modeling of critical flow processes in the unique geometries
associated with broken steam generator tubes is particularly uncertain.

Core flow resistance is ranked low during the passive decay heat removal phase. A large
portion of the total resistance to RCS loop natural circulation flow resides in the core.
This phenomenon therefore affects the RCS loop flow rate. Although this resistance is
also present for PRHR system loop flow, the resistance for that loop is dominated within
the PRHR system itself (the PRHR system has a much lower design flow rate than do the
RCS loops).

Subcooling margin is ranked medium during the passive decay heat removal phase. This
ranking indicates the importance of: (1) core coolability and (2) the effects of core void
generation on PRHR system heat removal and RCS depressurization.

Stored energy release to the RCS fluid from structures in the core, fuel rods, cold legs,
downcomer/lower plenum, hot legs, and upper head/upper plenum is ranked low during
the passive decay heat removal phase. Heat that is initially stored in these structures
during normal reactor operation is released into the RCS as it depressurizes and cools.
However, these releases are judged to be less significant contributors to the RCS energy
balance than are the core decay power heat source and the CMT, steam generator, and
PRHR system heat sinks (see R18, R15, R28, and R23, respectively).
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Table E-3. (continued).

Code
. R15

R16

R17

R18

R19

Ranking rationale for the phenomena in Tables E-1 and E-2
Ranking Rationale

In the CMT component, CMT-to-loop differentral density and thermal stratification are
ranked medium during the passive decay heat removal phase. These phenomena directly
influence CMT recirculation and its effectiveness as an RCS heat sink. This heat sink is
an important contributor to the RCS energy balance until the time when CMT
recirculation is interrupted. The differential density is the driving force for CMT
recirculation. Thermal stratification affects this driving force, the manner in which CMT
recirculation is interrupted, and the temperature of fluid discharged from the CMTs.

CMT level is ranked medium during the passive decay heat removal phase. This SGTR
accident scenario assumes the CMT level will not fall to the low-level setpoint that
initiates ADS. This phenomenon is included here only to assure that the appropriateness
of this assumption is later considered.

Break energy release and mass flow are ranked high during the passive decay heat
removal phase. These phenomena affect the RCS pressure response. Flow from the RCS
to affected steam generator secondary system through the two break paths may be
dominated by critical or friction-dominated processes (see R7 and R11).

Fuel rod decay heat is ranked high during the passive decay heat removal phase. This
phenomenon is the major heat addition term in the RCS energy balance, and removal of
this heat is a basic safety issue.

Flashing, loop asymmetry effects, and voiding in the hot legs are ranked medium during
the passive decay heat removal phase. Hot leg behavior is of significance because fluid
conditions in this component determine the conditions of fluids entering the break, steam
generators, and PRHR system. Of particular importance is the steam content of the hot
leg fluid, as this affects break flow and PRHR heat removal. Steam may be produced in
the core and passed into the hot leg, or it may be generated by flashing within the hot
legs. If the hot legs become sufficiently voided, then pure steam may be passed to the
steam generators and PRHR system. Loop asymmetry effects may be present because the
break, PRHR system, and CMT system each are located on only one coolant loop.
Therefore, plant response may be sensitive to which steam generator is assumed to
contain the tube rupture. Existing analyses are insufficient to indicate whether these
phenomena will be important during this phase. While awaiting this indication, these
phenomena are assigned a medium ranking to show their potential importance.
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Table E-3. (continued).

Ranking rationale for the phenomena in Tables E-1 and E-2
Ranking Rationale

In the IRWST component, pool level, flow and temperature distribution in the PRHR
bundle region, and pool thermal stratification are ranked medium during the passive
decay heat removal phase. In the PRHR component, condensation, differential density,
flow resistance, and voiding are ranked medium during the passive decay heat removal
phase. These phenomena all contribute to the PRHR-to-IRWST heat transfer process.
The convective thermal resistance on the PRHR tube inner surface is sensitive to (among
other things) the presence or absence of the condensation process. On the PRHR tube
outer surface, the convective thermal resistance is sensitive to the flow rate through the
PRHR tube bundle region in the IRWST. Reduced IRWST pool levels (due to boil-off)
can lower the usable PRHR bundle heat transfer area; the initial IRWST pool level is only
slightly above the elevation span of the upper horizontal PRHR tube bundle region. Pool
thermal stratification affects the heat sink temperature for the PRHR tube outer surface
and the vertical distribution of that temperature. The differential density (i.e., the
difference in density between the fluid in the inflow and outflow sides of the PRHR
system piping) is the driving force for flow through the primary side of the PRHR system.
The flow resistance of the PRHR system (including the entire flow loop through the core)
balances the driving force created by the differential density. The voiding from
noncondensible gas (see R25) accumulated at the high point of the PRHR inlet line (it is
an inverted trap configuration) may block the path for flow through the PRHR heat
exchanger.

Not used.
Not used.

Heat transfer between the PRHR and IRWST is ranked high during the passive decay
heat removal phase. This phenomenon represents the only means by which decay heat
may be removed from the RCS to the containment. PRHR heat transfer also is the only
continuous RCS decay heat removal mechanism during this phase.

Condensation in the steam generator U-tubes is ranked low during the passive decay heat
removal phase. This phenomenon can remove steam void from the U-tubes (see R29).
Wall condensation inside the tubes can be caused by heat transfer to the steam generator
secondary. Interphase condensation inside the tubes can be caused by flow of cold water
into the U-tubes from the PRHR discharge.

Noncondensible effects in the PRHR are ranked medium during the passive decay heat
removal phase. Hydrogen gas will evolve from solution during the depressurization of
the RCS. The presence of this gas inside the PRHR tube can degrade the heat transfer
process on the tube inner surface. Voiding from noncondensible gas accumulated at the
high point of the PRHR inlet line (its configuration includes an inverted trap) may block
the path for flow through the PRHR heat exchanger.
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Table E-3. (continued).

Code

Ranking rationale for the phenomena in Tables E-1 and E-2
Ranking Rationale

R26

R27

R28

R29

R30

The pump flow resistance is ranked low during the passive decay heat removal phase.
Here the pump flow resistance is the locked-rotor resistance that is present following the
pump coastdown period (see R33). The pump resistance influences steam generator heat
transfer through its effect on the natural circulation flows through the RCS loops (i.e.,
through the core, hot legs, steam generators, pumps, and cold legs). For the RCS loops,
the pump flow resistance is a significant fraction of the total loop resistance. The pump
resistance also influences PRHR-to-IRWST heat transfer through its effect on the flow
through the PRHR system natural circulation loop (i.e., through the core, hot leg, PRHR
inlet, PRHR heat exchanger, PRHR outlet, pump, and cold leg). For the PRHR system
loop, the pump resistance is only a small fraction of the total loop resistance.

Steam generator safety relief valve (SRV) energy release and mass flow are ranked high
during the passive decay heat removal phase. When the SRVs are open, fluid is released
from the affected steam generator secondary system to the atmosphere. This fluid
contains radioactivity that was previously passed from the RCS into the affected
secondary system through the break. To terminate the atmospheric release, the RCS
pressure must, therefore, be maintained below the lowest SRV opening setpoint pressure.
SRV flow removes both mass and energy from the coupled RCS-affected steam generator
system. Because the SRV downstream pressure is atmospheric, flow through this path
will be dominated by critical flow processes.

Steam generator primary-to-secondary heat transfer is ranked high during the passive
decay heat removal phase. Heat exchanges between the RCS and both steam generators
influence the RCS pressure because they are major terms in the RCS energy balance. The
possibility exists for reverse (i.e., secondary-to-primary) heat transfer.

Steam generator secondary level and pressure, and voiding inside u-tubes, are ranked
medium during the passive decay heat removal phase. Steam generator secondary
pressure determines the saturation temperature that is the heat sink for primary-to-
secondary heat transfer (see R28). Steam generator secondary level influences that heat
transfer through its effect on the convective thermal resistance on the outside of the u-
tubes. Tube regions not submerged under the level do not efficiently transfer heat. The
level response in the affected steam generator is particularly uncertain because its
inventory is gained through the two break paths but may be lost through the safety relief
valves. Voiding inside the u-tubes influences primary-to-secondary heat transfer through
its effect on the convective thermal resistance on the inside of the u-tubes. If the void is
from steam, then the resistance may be low, due to wall condensation heat transfer (also
see R24). However, if the void is from noncondensible gas, the resistance may be high.
Hydrogen gas evolves from solution in the RCS fluid during depressurization; this gas
can degrade the heat transfer process on the inner u-tube walls. Voiding from
noncondensible gas accumulated at the u-tube high points may block the path for flow
through the tubes.

Flashing in the reactor vessel upper head is ranked medium during the passive decay heat
removal phase. This region is prone to flash as the RCS is depressurized, and the bubble
created there cannot be readily collapsed. This phenomenon therefore affects the RCS
pressure response.
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Table E-3. (continued).

Code

‘Ranking rationale for the phenomena in Tables E-1 and E-2
Ranking Rationale

R31

R32

R33

R34

R36

R37

R38

The CMT flow resistance is ranked low during the passive decay heat removal phase.
This phenomenon affects the CMT recirculation rate and, therefore, the period when the
CMTs are effective RCS heat sinks. Following termination of recirculation and if
draining occurs, this phenomenon affects the CMT draining rate. See R15 and R16 for
more discussion of CMT behavior.

Interphasic condensation and pool flow in the IRWST are ranked low during the passive
decay heat removal phase. These phenomena affect the flow and temperature
distributions in the PRHR bundle region of the IRWST (ranked medium, see R20).
IRWST pool flow refers to natural convection flows in the large tank region away from
the PRHR bundle. Interphasic condensation refers to the collapse of bubbles formed due
to boiling on the outside of the PRHR tubes. This condensation may take place either in
the pool bundle region or elsewhere in the pool. '

Pump coastdown performance is ranked low during the passive decay heat removal phase.
The reactor coolant pump coastdown behavior influences the RCS energy balance
because it determines flows through the steam generator and PRHR system tubes.
However, this effect is limited because of the short coastdown period (about 2 minutes).

Loop asymmetry effects in the upper plenum are ranked medium during the passive decay
heat removal phase. Loop asymmetry effects may be present because the break, PRHR
system, and CMT system each are located on only one coolant loop. Therefore, plant
response may be sensitive to which steam generator is assumed to contain the tube
rupture. Existing analyses are insufficient to indicate whether these phenomena will be
important during this phase. While awaiting this indication, this phenomenon is a531gned
a medium ranking to show its potential importance.

Condensate transport, condensation, liquid distribution, and liquid holdup in the
containment interior are ranked medium during the passive decay heat removal phase.
These phenomena influence PRHR-to-IRWST heat transfer (ranked high, see R23)
through their effect on the IRWST pool level (see R20).

Containment interior-to-wall heat transfer is ranked high during the passive decay heat
removal phase. This phenomenon represents the removal of the reactor decay power from
the containment atmosphere to the containment shell. Natural convection,
noncondensible segregation, noncondensible effects, nonuniform steam/air distribution,
steam-noncondensible mixing, and passive heat sink in the containment interior are
ranked medium during the passive decay heat removal phase. These phenomena affect
heat transfer processes on the inside surface of the containment shell.

Containment exterior-to ambient heat transfer is ranked high during the passive decay
heat removal phase. This phenomenon represents the removal of the reactor decay power
from the outer containment shell wall to its ultimate heat sink. The nine other
containment-exterior phenomena are ranked medium during the passive decay heat
removal phase. These phenomena control the heat transfer processes on the containment
shell exterior.

Pressurizer flashing and level (inventory) are ranked medium during the passive decay
heat removal phase. These phenomena influence RCS pressure. Flashing affects the
pressurizer level and slows RCS depressurization.

NUREG/CR-6541 E-12




Appendix F - Detailed Results, Steam Generator Tube Rupture
With ADS PIRT

This appendix presents the detailed results of the steam-generator tube rupture (SGTR) with
Automatic Depressurization System (ADS) activation PIRT. The detailed PIRT results are shown in
Tables F-1 through F-5, and the transient description, overall phenomena ranking criteria, and specific
ranking rationales are shown in Table F-6. The information in Tables F-1 through F-5 is arranged to
correspond with the five phases of the accident scenario. These tables are organized in alphabetical order
according to the component name. Within the listings for each component, the pertinent identified
phenomena are arranged by order of ranking. The right sides of these tables contain identifier codes that
refer the reader elsewhere in this report for further information:

The code labeled “Ranking Rationale” (for example, “R17) leads the reader to a description of the
logic leading to the ranking of each specific phenomenon; this information is found in Table F-6 in
this appendix.

The code labeled “Phenomena Description” (for example, “D1”) leads the reader to a general
description of each phenomenon,; this information is found in Appendix G, Table G-1.

Two codes are labeled “Type Geometry” (for example “C1/G1”). The “C” code leads the reader
to the physical geometries and general functions of the component under discussion; this
information is found in Appendix G, Table G-2. The “G” code leads the reader to more detailed
discussion of the specific phenomena associated with each of the components; this information is
found in Appendix G, Table G-3.

The “Supporting Evidence” code (for example, “E1”) leads the reader to references (geometrical,
experimental, and analytical) that provide background and corroborating information. This
information is found in Appendix G, Table G-4. It is noted that the supporting evidence is
currently being developed in experimental and analytical tasks both inside and outside the PIRT
task. Thus, the information in this table can be expected to increase as the supporting tasks are
completed.

The “Sublevel Phenomena” code (for example, “S1”) leads the reader to a list of contributing
phenomena affecting the primary phenomenon. The sublevel phenomena information is found in
Appendix G, Table G-5.
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Table F-6. Transient description and ranking rationale for the SGTR with single failure leading to ADS
PIRT.

Overall Transient Description and Top-level Ranking Rationale

Current knowledge is not sufficient to indicate with certainty whether automatic depressurization
system (ADS) actuation will occur following a steam generator tube rupture (SGTR) event involving a
reasonable number of u-tubes. This PIRT assumes the double-ended rupture of a single steam generator
tube at the tubesheet, with an additional single failure that tends to promote ADS actuation. Regarding
that failure: A main steam line break (MSLB) combined with the SGTR could be lead to sufficient
additional reactor coolant system (RCS) cooldown and shrinkage to result in ADS actuation. However,
this sequence represents a double-failure event. The ADS also could be inadvertently actuated by an
operator; however, this approach requires operator actions to be considered, and this was not desired. RCS
inventory loss can be increased (potentially leading to ADS actuation) if the RCS pumps failed to trip
automatically. Again, this approach was not desired because it requires operator action (the operators
could manually trip the pumps after the automatic trip function failed). The single-failure assumed in this
PIRT is the failure of one CMT discharge line check valve to open. This approach features an increased
level reduction in the unaffected CMT, thereby promoting ADS actuation. The operators could not correct
this failure.

As described in the previous paragraph, this sequence is initiated by the double-ended rupture of a
single steam generator tube at the tubesheet with an additional failure of the check valve on one CMT
discharge line to open. The availability only of safety-grade plant systems is assumed. Subsequent plant
response is assumed to lead to ADS actuation and the fuel is assumed to remain covered throughout the
transient. Although the basic plant design objective of no core uncovery is assumed to be satisfied, this
sequence also involves a radioactive release to the atmosphere through the steam generator (SG) safety
relief valves (SRVs). One of the primary purposes of the PIRT is to ensure that the analysis code(s) have
adequate modeling for simulating the vessel inventory and release rate. The important hierarchical
elements in the code assessment structure are those affecting vessel inventory and release rate as described
below.

Phase Descriptions and Medium-level Ranking Rationales
Initial Depressurization Phase:

Description - This phase begins at the time of the tube rupture, when two break paths are opened between
the RCS and the affected SG secondary system. The flow through the tubesheet-side break is much larger
than that through the longer tube-side break. The feedwater control system reduces the feedwater flow rate
to compensate for the break flow, and, initially, the affected SG levels do not increase. The pressurizer
heater power increases to compensate for declining RCS pressure, and this effect slows the rate of RCS
depressurization. The RCS mass loss causes the pressurizer level to decline and the pressurizer gas bubble
expands. The RCS pressure eventually reaches the reactor trip low setpoint pressure. This occurrence
results in scram control rod insertion and turbine stop valve closure. Reactor power is quickly reduced to
the decay heat rate, causing RCS temperatures to fall, its fluid to shrink, and, therefore, its depressurization
rate to increase. Affected SG SRV opening causes a release of radioactivity to the atmosphere, and
elimination of this release is the key to a satisfactory outcome for this event sequence. Break flow and
fluid shrinkage effects cause the RCS pressure to continue falling to the S signal setpoint pressure; this
occurrence marks the end of this phase.

Important parameters and dominant processes - RCS pressure is judged to be the parameter of primary
importance because it determines the tube rupture and atmospheric release rates. The processes important
for accurate simulation of this parameter are: net RCS mass and energy balances, critical flow through the
broken SG generator tube, and transient pressurizer inventory and gas bubble expansion.
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Table F-6. (continued).

Passive Decay Heat Removal Phase:

Description - This phase begins at the time of the S signal, an occurrence that causes PRHR and CMT
system actuations, reactor coolant pump trip, and feedwater isolation. The RCS loop flows decline rapidly
from a forced-circulation to a natural-circulation condition. The affected SG inventory increases as a result
of flow through the ruptured tube; this flow also sustains the affected SG secondary pressure near the SRV
opening setpoint pressure. The combination of unaffected CMT recirculation, energy release through the
affected SG SRVs, and PRHR system operation removes core decay heat from the RCS. The performance
of the CMT system eventually degrades as fluid in the CMT tank is warmed. This event sequence assumes
that, eventually, CMT recirculation is interrupted (and afterwards the unaffected CMT level may begin
declining). The loss of recirculation event marks the end of this phase.

Important parameters and dominant processes - RCS pressure is judged to be the parameter of primary
importance because it determines the duration of the radioactive release to the atmosphere through the
steam generator SRVs. The processes important for accurate simulation of this parameter are: core, SG,
and PRHR heat transfer, natural circulation in the RCS coolant loops, loop asymmetries, and SG SRV
critical flow.

CMT Draining to ADS Actuation Phase:

Description - This phase begins at the time unaffected CMT recirculation is interrupted. Plant behavior
during this phase is dominated by unaffected CMT draining and the phenomena that influence it: PRHR
heat transfer, break mass flow rate, and flashing and voiding within the RCS. During this period, the break
may transition from choked to friction-dominated flow, depending upon how closely the RCS pressure
approaches the affected steam generator secondary pressure. This phase ends when the level in the
unaffected CMT has declined to 67.5%.

Important parameters and dominant processes - The unaffected CMT level and RCS mass and energy
distributions are judged to be the parameters of primary importance because they determine the timing of
ADS stage 1 actuation. The processes important for accurate simulation of these parameters are: core,
steam generator and PRHR heat transfer, and natural circulation in the RCS coolant loops, including
asymmetries.

ADS Blowdown Phase:

Description - This phase begins when the level in the unaffected CMT declines to 67.5%. This occurrence
produces an ADS actuation signal and, after a time delay, the ADS first stage is actuated (see Reference 6,
Table H-2, for details of the sequencing of ADS operation). ADS actuation results in a blowdown of the
RCS; ADS first, second, and third stages discharge through spargers submerged under water in the
IRWST. Asthe RCS pressure declines, regions with the warmest fluid and those at the lowest pressure
preferentially flash first, followed by cooler and higher-pressure regions. Actuations of ADS second and
third stages occur at specified time intervals following ADS first stage actuation. Actuation of ADS fourth
stage occurs upon attaining a level in either CMT of 20%, with an additional time-delay requirement.
Unlike the other stages, ADS fourth stage discharges directly into the containment loop compartments.
Plant behavior during this phase is dominated by the RCS blowdown, and this is determined by the RCS
mass and energy distributions, especially as they affect the break and ADS flow rates and the CMT level.
Accumulator injection begins when the RCS pressure has fallen to the initial accumulator pressure.
Accumulator levels fall, and, eventually, nitrogen is injected from the accumulators into the RCS. As the
RCS pressure approaches that in the containment, flows through the ADS change from choked to friction
dominated. Break flow reverses during this phase because the affected SG secondary pressure becomes
higher than that in the RCS; the atmospheric release through the SG secondary SRVs ceases. The RCS
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Table F-6. (continued).

inventory declines after accumulator injection ends, and it is critical that the core remains covered until
IRWST injection begins. This phase ends when the differential pressure between the RCS and the
containment has been reduced to 12.1 psi. This pressure difference is equivalent to the 28-ft static head
available for driving fluid from the IRWST into the reactor vessel. Onset of IRWST injection marks the
end of the ADS blowdown phase.

Important parameters and dominant processes - The unaffected CMT level and ADS flow rate are judged
to be the parameters of primary importance because they determine ADS staging and RCS depressurization
rate. The processes important for accurate simulation of these parameters are: discharge flow (critical-
and friction-dominated) and RCS mass and energy balances.

IRWST and Sump Injection Phase:

Description - This phase begins when flow commences from the IRWST, through the direct vessel
injection lines, into the downcomer of the reactor vessel. This flow replenishes RCS inventory and
reverses the downward core level trend. Steam produced in the core is passed out the ADS valves into the
containment. In the containment, steam is condensed on the inside of the containment shell, and the
condensate is returned via gutters to the IRWST, where it is available as a core injection source. Core
decay heat is removed through the containment shell to its ultimate heat sink (the environment) via
evaporative, convective, and radiative heat transfer on the outside of the containment shell. The IRWST
injection rate may be unsteady. Increased injection rates may lead to decreased core steam production,
decreased quality and volumetric flow at the fourth stage ADS and, therefore, RCS repressurization which
results in a decreased injection rate. Most liquid that escapes returning to the IRWST (for example, that
flowing from the ADS fourth stage) is collected in the containment sump which, like the IRWST, is
elevated above the elevation span of the core. Some liquid may be trapped in locations where it cannot
return to the IRWST or sump. Gravity-driven injection from the sump, similar to that from the IRWST,
returns liquid to the reactor vessel downcomer. The plant end-state for this accident includes: (1) no
atmospheric release through the affected SG SRVs, (2) core inventory maintenance from IRWST and/or
sump injections, and (3) decay heat removal, across the containment shell, to the atmosphere.

Important parameters and dominant processes - The RCS-to-containment differential pressure is judged to
be the parameter of primary importance because it determines the magnitude of the IRWST and sump flow
rates. The processes important for accurate simulation of this parameter are: ADS flow and pressure drop,
transient IRWST inventory, transient sump inventory, and containment and RCS mass and energy
balances.

Detailed Phenomena Ranking Rationales

Ranking rationales for the phenomena in Tables F-1 through F-5
Code Ranking Rationale

R1 Break mass flow is ranked high during the initial depressurization phase. This
phenomenon is the outflow term in the RCS mass balance. The pressurizer level falls
because of the net outflow of coolant from the RCS. The expansion of the pressurizer gas
bubble determines the RCS pressure, the parameter of primary importance during this
phase.
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Table F-6. (Eontinued).

Ranking rationales for the phenomena in Tables F-1 through F-5
Ranking Rationale

Break energy release is ranked medium during the initial depressurization phase. The
break energy release was judged less significant than the break mass flow (see R1). While
energy is removed at the break, for a SGTR, the break size is small and the influence of the
break on the RCS energy balance is smaller than other contributors (heat addition from the
core fuel rods and heat removal to the steam generators, see R3 and R3).

Fuel rod core power/decay heat is ranked high during the initial depressurization phase.
This phenomenon is the major heat addition term in the RCS energy balance. In addition,
removal of this heat is a basic safety issue.

Stored energy releases to RCS fluid from the fuel rods and pressurizer tank wall are ranked
low during the initial depressurization phase. Significant energy is stored in the fuel rods
during normal reactor operation. This energy is retained in the fuel rods prior to the time
of reactor trip. After reactor trip, most of the initial fuel rod stored energy is quickly
removed to the RCS coolant. Since this effect is temporary, fuel rod stored energy release
was judged less significant to the RCS energy balance than the continuous fuel rod core
power/decay heat phenomenon (that is ranked high, see R3). Stored energy release from
the pressurizer vessel wall to fluid inside the pressurizer has a minor influence on the
pressurizer gas bubble expansion process that controls RCS pressure during this phase.

Not used.

Noncondensible effects in the pressurizer are ranked low during the initial depressurization
and passive decay heat removal phases. Hydrogen gas will evolve from solution during
depressurization of the RCS. Accumulations of hydrogen in the pressurizer affect the
species of gas in the pressurizer bubble; expansion/contraction of this bubble controls the
RCS pressure.

Break flow resistance is ranked medium during the initial depressurization and passive
decay heat removal phases. This phenomenon affects the highly-ranked break mass flow.
Flow through both break paths is at first dominated by critical flow (see R11). The flow
resistance affects the critical flow, particularly through the longer break path. As the RCS
depressurizes and the affected SG secondary system pressurizes, flows thorough these
break paths unchoke and become dominated by frictional flow resistance considerations.

Steam generator primary-to-secondary heat transfer is ranked high during the initial
depressurization phase. This phenomenon is the major heat removal term in the RCS
energy balance.

Steam generator safety relief valve (SRV) mass flow and energy release are ranked
medium during the initial depressurization phase. Existing analyses are insufficient to
indicate whether the SRVs will be opened during this phase. While awaiting this
indication, these phenomena are assigned a medium ranking to show their potential
importance. ‘

Steam generator secondary pressure is ranked medium during the initial depressurization
phase. The break flow is delivered against the affected steam generator secondary
pressure, and this pressure also determines if the safety relief valves are opened. The
pressures in the steam generator secondary systems determine the secondary-side
saturation temperatures affecting heat exchange between the RCS and the steam
generators. '
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Table F-6. (continued).

Code

Ranking rationales for the phenomena in Tables F-1 through F-5
Ranking Rationale

R11

R12

R13

R14

R15

R16

R17

R18

Choking in complex geometries is ranked high during the initial depressurization and
passive decay heat removal phases. This phenomenon determines the highly-ranked break
mass flow for both break flow paths prior to the time when these paths unchoke (see R7).
Choking was ranked high (in comparison with the frictional resistance that is ranked
medium) because the modeling of critical flow processes in the unique geometries
associated with broken steam generator tubes is particularly uncertain.

Phase separation at the cold leg-to-PBL tee is ranked high for the passive decay heat
removal phase. This phase is defined to end when CMT recirculation is interrupted by
accumulation of void at the top of one or both PBLs. Three mechanisms are postulated for
this accumulation of void: (1) flashing within the PBL, (2) flashing inside the CMT, with
vapor flowing into the PBL, and (3) convection of void from the cold leg into the PBL.
This phenomenon was ranked high because it controls mechanism (3).

Core flow resistance is ranked low during the passive decay heat removal and CMT
draining-to-ADS actuation phases. A large portion of the total resistance to RCS loop
natural circulation flow resides in the core. This phenomenon, therefore, affects the RCS
loop flow rate. Although this resistance is also present for PRHR system loop flow, the
resistance for that loop is dominated within the PRHR system itself (the PRHR system has
a much lower design flow rate than do the RCS loops).

Subcooling margin is ranked medium during the passive decay heat removal phase. This
ranking indicates the importance of: (1) core coolability and (2) the effects of core void
generation on PRHR system heat removal and RCS depressurization.

Loop asymmetric effects in the core, downcomer/lower plenum and hot legs are ranked
low during the passive decay heat removal phase. This phenomenon is included to
highlight that the assumed failure of the check valve in one CMT discharge line to open
represents a source of additional asymmetry.

Stored energy release to the RCS fluid from structures in the core, fuel rods, cold legs,
downcomer/lower plenum, hot legs, and upper head/upper plenum is ranked low during
the passive decay heat removal phase. Heat that is initially stored in these structures
during normal reactor operation is released into the RCS as it depressurizes and cools.
However, these releases are judged to be less significant contributors to the RCS energy
balance than are the core decay power, and the CMT, steam generator, and PRHR system
heat sinks (see R18, R17, R27, and R22, respectively).

In the CMT component, CMT-to-loop differential density is ranked high and thermal
stratification and flow resistance are ranked medium during the passive decay heat removal
phase. These phenomena influence CMT recirculation and its effectiveness as an RCS
heat sink. This heat sink is an important contributor to the RCS energy balance until the
time when CMT recirculation is interrupted. The differential density is the driving force
for CMT recirculation. Thermal stratification affects this driving force, the manner in
which CMT recirculation is interrupted, and the temperature of fluid discharged from the
CMT. The CMT flow resistance affects the CMT recirculation rate and, thereby, the
period when the CMT is an effective RCS heat sink.

Fuel rod decay heat is ranked high during the passive decay heat removal and CMT
draining-to-ADS actuation phases. This phenomenon is the major heat addition term in
the RCS energy balance, and removal of this heat is a basic safety issue.
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Table F-6. (continued).

Code

Ranking rationales for the phenomena in Tables F-1 through F-5
' Ranking Rationale

R19

R20

R22

R23
R24

R25

Flashing and voiding in the hot legs are ranked medium during the passive decay heat
removal phase. Hot leg behavior is of significance because fluid conditions in this
component determine the conditions of fluids entering the intact and broken steam
generator u-tubes and the PRHR system. Of particular importance is the steam content of
the hot leg fluid, as this affects break flow and PRHR heat removal. Steam may be
produced in the core and passed into the hot leg, or it may be generated by flashing within
the hot legs. If the hot legs become sufficiently voided, then pure steam may be passed to
the steam generators and PRHR system. :

In the PRHR component, condensation, differential density, flow resistance, and voiding
are ranked medium during the passive decay heat removal and CMT draining-to-ADS
actuation phases. These phenomena all contribute to the PRHR-to-IRWST heat transfer
process. The convective thermal resistance on the PRHR tube inner surface is sensitive to
(among other things) the presence or absence of the condensation process. The differential
density (i.e., the difference in density between the fluid in the inflow and outflow sides of
the PRHR system piping) is the driving force for flow through the primary side of the
PRHR system. The flow resistance of the PRHR system (including the entire flow loop
through the core) balances the driving force created by the differential density. The
voiding from noncondensible gas (hydrogen, see R6) accumulated at the high point of the

PRHR inlet line (it is an inverted trap configuration) may block the path for flow through

the PRHR heat exchanger.
Not used.

Heat transfer between the PRHR and IRWST is ranked high during the passive decay heat
removal and CMT draining-to-ADS actuation phases. This phenomenon represents the
only means by which decay heat may be removed from the RCS to the containment during
these phases.

Not used.

Noncondensible effects in the PRHR are ranked medium during the passive decay heat
removal and CMT draining-to-ADS actuation phases. Hydrogen gas will evolve from
solution during the depressurization of the RCS. The presence of this gas inside the
PRHR tube can degrade the heat transfer process on the tube inner surface. Voiding from
noncondensible gas accumulated at the high point of the PRHR inlet line (its configuration
includes an inverted trap) may block the path for flow through the PRHR heat exchanger.

The pump flow resistance is ranked low during the passive decay heat removal phase.
Here, the pump flow resistance is the locked-rotor resistance that is present following the
pump coastdown period. The pump resistance influences steam generator heat transfer
through its effect on the natural circulation flows through the RCS loops (i.e., through the
core, hot legs, steam generators, pumps, and cold legs). For the RCS loops, the pump flow
resistance is a significant fraction of the total loop resistance. The pump resistance also
influences PRHR-to-IRWST heat transfer through its effect on the flow through the PRHR
system natural circulation loop (i.e., through the core, hot leg, PRHR inlet, PRHR heat
exchanger, PRHR outlet, pump, and cold leg). For the PRHR system loop, the pump
resistance is only a small fraction of the total loop resistance.
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Table F-6. (continued).

Code

Ranking rationales for the phenomena in Tables F-1 through F-5
Ranking Rationale

R26

R27

R29

Steam generator safety relief valve (SRV) energy release and mass flow are ranked high
during the passive decay heat removal phase. When the SRVs are open, fluid is released
from the affected steam generator secondary system to the atmosphere. This fluid contains
radioactivity that was previously passed from the RCS into the affected secondary system
through the break. To terminate the atmospheric release, the RCS pressure must,
therefore, be maintained below the lowest SRV opening setpoint pressure. SRV flow
removes both mass and energy from the coupled RCS-affected steam generator system.
Because the SRV downstream pressure is atmospheric, flow through this path wﬂl be
dominated by critical flow processes.

Steam generator primary-to-secondary heat transfer is ranked high during the passive
decay heat removal phase. Heat exchanges between the RCS and both steam generators
influence the RCS pressure because they are major terms in the RCS energy balance. The
possibility exists for reverse (i.e., secondary-to-primary) heat transfer.

Steam generator secondary level and pressure, and voiding inside u-tubes, are ranked
medium during the passive decay heat removal phase. Steam generator secondary pressure
determines the saturation temperature that is the heat sink for primary-to-secondary heat
transfer (see R27). Steam generator secondary level influences that heat transfer through
its effect on the convective thermal resistance on the outside of the u-tubes. Tube regions
not submerged under the level do not efficiently transfer heat. The level response in the
affected steam generator is particularly uncertain because its inventory is gained through
the two break paths but may be lost through the safety relief valves. Voiding inside the u-
tubes influences primary-to-secondary heat transfer through its effect on the convective
thermal resistance on the inside of the u-tubes. If the void is from steam, then the
resistance may be low, due to wall condensation heat transfer (also see R29). However, if
the void is from noncondensible gas, the resistance may be high. Hydrogen gas evolves
from solution in the RCS fluid during depressurization; this gas can degrade the heat
transfer process on the inner u-tube walls. Voiding from noncondensible gas accumulated
at the u-tube high points may block the path for flow through the tubes.

Condensation in the steam generator U-tubes is ranked low during the passive decay heat
removal and CMT draining-to-ADS actuation phases. This phenomenon can remove
steam void from the U-tubes (see R28). Wall condensation inside the tubes can be caused
by heat transfer to the steam generator secondary. Interphase condensation inside the tubes
can be caused by flow of cold water into the U-tubes from the PRHR discharge.

Flashing in the reactor vessel upper head is ranked medium during the passive decay heat
removal phase. This region is prone to flash as the RCS is depressurized, and the bubble
created there cannot be readily collapsed. This phenomenon, therefore, affects the RCS
pressure response.

Phase separation in the cold leg-to-pressure balance line tee is ranked high during the
CMT draining-to-ADS actuation phase. As the CMT drains, void may be convected into
the pressure balance line through this tee, and this process has a direct effect upon the
CMT level that is one of the important parameters for this phase.
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Table F-6. (continued).

Ranking rationales: for the phenomena in Tables F-1 through F-5
Ranking Rationale

Flashing in the cold legs, core, hot legs, and upper head/upper plenum is ranked low
during the CMT draining-to-ADS actuation phase. Flashing in the cold legs is ranked low
during the ADS blowdown phase. Liquid volume drained from the CMT must be replaced
by gas volume; flashing in these components represents one possible source of steam for
that purpose. Steam produced in the cold legs (or elsewhere, and convected into the cold
legs) must enter the pressure balance line to replace liquid drained from the CMT. The
CMT draining process determines the staging of ADS. See R62 for additional discussion
of flashing in RCS components during the ADS blowdown phase.

Core mass flow (including bypass) is ranked low during the CMT draining-to-ADS
actuation phase. Although this phenomenon affects the coolant loop differential pressures,
it has a minimal influence on the RCS mass and energy distributions, as compared with the
other ranked phenomena in the break, core, PRHR, and steam generator components.

The CMT level is ranked high during the CMT draining-to-ADS actuation phase. This
phenomenon is one of the important parameters listed for this phase. Activation of the
ADS is based upon the CMT level response, and this activation defines the end of this
phase.

CMT flashing is ranked medium and CMT condensation, flow resistarnce, and thermal
stratification are ranked low during the CMT draining-to-ADS actuation phase. The CMT
level response (see R34) is primarily determined by phenomena external to the CMT
(primarily those affecting the RCS mass and energy balances and distributions). While
CMT flashing affects the onset of CMT drammg, the other three phenomena affect only
the manner in which the CMT drains.

Break energy release and mass flow are ranked high, and choking in complex geometries
and flow resistance are ranked medium, during the CMT draining-to-ADS actuation phase.
The break mass flow and energy release directly affect the CMT level and RCS mass and
energy distributions. Choking and flow resistance determine the break flow.

The reactor vessel downcomer level is ranked low during the CMT draining-to-ADS
actuation and ADS blowdown phases. A downcomer level may form during these phases
because of steam flow (from the upper head into the upper downcomer through the bypass
nozzles), flashing, and asymmetries in the cold leg fluid conditions between the CMT and
pressurizer loops. However, the downcomer level has only a minimal effect on the CMT
level and RCS mass and energy distributions, the important parameters for this phase.

Steam generator primary-to-secondary heat transfer is ranked high during the CMT
draining-to-ADS actuation phase. Heat exchanges between the RCS and both steam
generators influence the RCS pressure because they are major terms in the RCS energy
balance. The possibility exists for reverse (i.e., secondary-to-primary) heat transfer.

Steam generator safety relief valve (SRV) energy release and mass flow are ranked high
during the CMT draining-to-ADS actuation phase. When the SRVs are open, fluid is
released from the affected steam generator secondary system to the atmosphere. This fluid
contains radioactivity that was previously passed from the RCS into the affected secondary
system through the break. To terminate the atmospheric release, the RCS pressure must,
therefore, be maintained below the lowest SRV opening setpoint pressure. SRV flow
removes both mass and energy from the coupled RCS-affected steam generator system.
Because the SRV downstream pressure is atmospheric, flow through this path will be
dominated by critical flow processes.
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Table F-6. (continued).

Code

Ranking rationales for the phenomena in Tables F-1 through F-5

Ranking Rationale

R39

R40

R41

R42

R43

R44

Phase separation in hot leg tees is ranked low and horizontal fluid stratification is ranked
medium during the CMT draining-to-ADS actuation phase. The PRHR system inlet is
connected to the ADS stage 4 line that exits the top of one hot leg pipe. If steam resides in
the upper portion of the hot leg, then it may freely enter the PRHR system; this steam flow
may entrain liquid. The PIRT committee believed the hot leg likely will be stratified
during this phase. These phenomena were included because they affect the state of the
fluid entering the PRHR system.

Steam generator secondary level and pressure and voiding inside u-tubes are ranked
medium during the CMT draining-to-ADS actuation phase. Steam generator secondary
pressure determines the saturation temperature that is the heat sink for primary-to-
secondary heat transfer (see R38). Steam generator secondary level influences that heat
transfer through its effect on the convective thermal resistance on the outside of the u-
tubes. Tube regions not submerged under the level do not efficiently transfer heat. The
level response in the affected steam generator is particularly uncertain because its
inventory is gained through the two break paths but may be lost through the safety relief
valves. Voiding inside the u-tubes influences primary-to-secondary heat transfer through
its effect on the convective thermal resistance on the inside of the u-tubes. If the void is
from steam, then the resistance may be low, due to wall condensation heat transfer (also
see R29). However, if the void is from noncondensible gas, the resistance may be high.
Hydrogen gas evolves from solution in the RCS fluid during depressurization; this gas can
degrade the heat transfer process on the inner u-tube walls. Voiding from noncondensible
gas accumulated at the u-tube high points may block the path for flow through the tubes.

The pump flow resistance is ranked low for the CMT draining-to-ADS actuation phase.
Here, the pump flow resistance is the locked-rotor resistance that is present following the
pump coastdown period. This resistance affects natural circulation flows around the RCS
loops (i.e., through the core, hot legs, steam generators, pumps, and cold legs). This
resistance also affects the flow rate through the PRHR system natural circulation loop (i.e.,
through the core, hot leg, PRHR inlet, PRHR heat exchanger, PRHR outlet, pump, and
cold leg). However, for this natural circulation loop, the pump locked-rotor resistance is a
small contributor to the overall loop resistance.

Loop asymmetry effects were ranked medium in the cold leg and downcomer/lower
plenum components and low in the core component during the CMT draining-to-ADS
actuation phase. Asymmetric conditions (pressures, temperatures, flow rates) within
and/or between RCS components may be present. The sources of these asymmetries are
the break location (e.g., it is located in only one of the two steam generators) and the plant
configuration (the pressurizer and PRHR system are connected on one coolant loop while
the CMTs are connected on the other). The importance of these asymmetry effects cannot
be determined until confirmation calculations are completed. In general, the PIRT
committee judged that asymmetric effects may significantly influence the progression of
the SGTR transient.

Noncondensible effects in the accumulators are ranked medium in the ADS blowdown
phase. Expansion of the nitrogen gas bubbles within the accumulators controls the
differential pressure between the accumuliator and RCS and, therefore, the rate at which
liquid flows from the accumulator into the RCS (this flow is ranked high, see R44).

The accumulator flow is ranked high during the ADS blowdown phase. This flow is a
major RCS mass addition source.
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Code

Ranking rationales for the phenomena in Tables F-1 through F-5
Ranking Rationale

R45

R46

R47

R48

R49

R50

R51

The ADS mass flow rate and energy release are controlling phenomena during the ADS
blowdown phase of the accident and are ranked high (ADS flow rate is listed as an
important parameter for this phase). The ADS flow resistance is ranked medium for the
ADS blowdown phase because it affects the ADS fourth stage discharge after it unchokes
(because the differential pressure between RCS and containment has been reduced). The
effects of noncondensible gases are ranked medium for the ADS blowdown phase; the
accumulators empty and vent a large volume of nitrogen into the RCS (note the
noncondensible gas volume grows as the RCS continues depressurizing). This nitrogen
can affect both the flows and energy releases of the break and ADS.

The break flow resistance is ranked low during the ADS blowdown phase. Break flow
will reverse because the RCS pressure falls below the affected SG pressure after ADS is
opened. For most of this phase, the pressure difference across the break path is expected
to be large enough for these reverse flows to choke (see R47). However, the break will be
dominated by friction during at least a portion of this phase.

In the break component, choking in complex geometries, energy release, and mass flow
and direction are ranked medium during the ADS blowdown and IRWST and sump
injection phases. Break flow will reverse during the blowdown phase because the RCS
pressure falls below that in the affected SG after ADS is opened. During most of these
phases, the pressure difference across the break path is expected to be large enough to
cause the broken tube flows to be dominated by critical flow processes. The break flow
and energy release are contributors to the RCS mass and energy balances. However, these
balances are controlled by mass flow and energy release through the ADS.

Stored energy release in the following components is ranked low for the ADS blowdown
phase: cold legs, core, downcomer/lower plenum, fuel rods, hot legs, pressurizer, and
upper head/upper plenum. The RCS pressure and saturation temperature fall sharply
during this phase. As a result, remaining heat stored in metal structures in these
components is available to flow into the RCS coolant. However, this flow of heat is
expected to be a minor contributor to the overall RCS energy balance; energy loss through
the ADS is expected to dominate that balance.

Noncondensible effects in the cold legs are ranked low during the ADS blowdown phase.
Noncondensible gas expelled from the accumulators during this phase are expected to
preferentially reside within the cold legs and therefore alter the distribution of RCS fluid.

Core two-phase mixture level is ranked high for the ADS blowdown phase. Regarding
high core levels, a relationship between the core level and ADS flow rate has not been
established with current evidence. However, core level behavior can dramatically affect
the ADS discharge (if core level swells, then an increased flow of liquid into the ADS will
result). This phenomenon was ranked high pending later evidence to the contrary.
Regarding low core levels, for a SBLOCA, the minimum core level is attained at the end
of the ADS blowdown when the onset of IRWST injection reverses the declining core
level trend. This trend is believed to apply for the SGTR accident as well. Therefore, this
phenomenon was also ranked high because it is an indicator of core uncovery and
coolability. '

The CMT level is ranked high during the ADS blowdown phase. This phenomenon is an
important parameter listed for this phase because initiation of fourth stage ADS is based
upon attaining a 20% CMT indicated level.
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Table F-6. (continued).

Code

Ranking rationales for the phenomena in Tables F-1 through F-5
Ranking Rationale

R52

R53

R54

RS55

R56

R57

Flashing and noncondensible effects in the downcomer/lower plenum are ranked low in
the ADS blowdown phase. Prior to opening the ADS, the regions of the downcomer
above the water level will be filled with nitrogen that was previously expelled from the
accumulators. The opening of the ADS will cause fluid everywhere in the RCS to flash.
Flashing will be preferential based upon location within the plant and upon the
temperature of fluid present. Therefore, during this phase, these phenomena may have
some effect on the ADS and break flow rates and, perhaps, upon the core level.

Phase separation in hot leg tees is ranked high during the ADS blowdown phase. Phase
separation in hot leg tees controls the quality of the fluid entering ADS stages 1, 2, and 3
(via the pressurizer surge line tee) and ADS stage 4 (through the ADS-4 tees).

CCFL, countercurrent flow, entrainment, flashing, and horizontal fluid stratification are
ranked medium and noncondensible effects are ranked low during the ADS blowdown
phase. These phenomena control the phase separation process at the hot leg tees (see
RS53). The inventory, inventory distribution, and flow behavior in the hot legs determines
the behavior at the pressurizer surge line and ADS stage 4 tees.

In the IRWST, interphasic condensation, pool flow, and pool thermal stratification are
ranked medium during the ADS blowdown phase. ADS stages 1, 2, and 3 discharge RCS
fluid into the IRWST through two spargers. The fluid flowing through the spargers has a
high steam content, perhaps superheated, at the near-atmospheric pressure inside the tank.
However, the IRWST fluid is initially subcooled, so high interphase condensation rates are
anticipated. The phenomena ranked here affect: (1) the manner in which the IRWST
performs the quenching process, (2) the state of the IRWST fluid (that later is injected into
the RCS), and (3) the containment pressure.

The IRWST pool level and pool-to-tank structure heat transfer are ranked low for the ADS
blowdown phase. After ADS stages 1, 2, and 3 unchoke, the pool level has a minor effect
upon the pressure at the ADS sparger and, therefore, upon the unchoked ADS flow rate.
Over the long term, the energy removed from the pool to its surroundings may be
important, but during this phase this energy removal was judged to be significantly smaller
than that introduced into the pool through the ADS.

In the pressurizer, CCFL, entrainment/de-entrainment, and level swell are ranked medium
during the ADS blowdown phase. The ADS mass flow and energy release are ranked high
during this phase (see R45). These phenomena determine the upstream fluid conditions
for the ADS stage 1, 2, and 3 mass flow and energy release rates.

Noncondensible effects in the pressurizer are ranked low during the ADS blowdown
phase. Noncondensible gas is expelled from the accumulators into the RCS, and this gas
will find its way into the pressurizer as it flows out ADS stages 1, 2, and 3 (see R45).

Upper plenum entrainment/de-entrainment is ranked medium during the ADS blowdown
phase and high during the IRWST and sump injection phase. The process of separating
liquid from steam in the upper plenum directly affects the state of fluid passed to the ADS.

Upper head voiding is ranked low during the ADS blowdown phase and medium during
the IRWST and sump injection phase. Expansion of the bubble in this region affects the
RCS pressure response during the blowdown period. During the final phase, the upper
head may refill, and this affects RCS fluid distribution.
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-Table F-6. (continued).

Ranking rationales for the phenomena in Tables F-1 through F-5
' Ranking Rationale

Heat transfer between the PRHR and IRWST is ranked medium during the ADS
blowdown phase. The importance of PRHR heat removal during this phase has not been
established. It is suspected that this heat removal may be overshadowed by ADS effects
during this phase. However, PRHR heat transfer has the potential to be important, so it
was ranked medium pending better information.

In the PRHR component, differential density, flashing, noncondensible effects, flow
resistance, and phase separation in tees are ranked low in the ADS blowdown phase.
These phenomena can affect the PRHR heat removal rate (ranked medium, see R58) and,
therefore, they have been ranked low. Note that this is the only instance where phase
separation in tees has been ranked for the PRHR component. For normal PRHR flow
situations, tee phase separation is primarily of interest at the PRHR inlet line connection on
the hot leg, and this phenomenon was included in the listings for the hot leg component.
However, for the ADS blowdown situation, RCS conditions are chaotic, and the question
here is the manner in which the PRHR system outlet tee (on the steam generator outlet
plenum) might perform under potential reverse-flow conditions. Because the PRHR inlet
line is connected directly to one of the ADS fourth-stage inlet lines, reverse flow through
the PRHR system is likely to develop as fluid rushes out the ADS fourth stage.

Steam generator heat transfer is ranked low during the ADS blowdown and IRWST and
sump injection phases. During these phases, the RCS energy balance is controlled by
decay heat addition, energy addition from the break (reverse flow), and ADS energy
removal. The steam generators are essentially thermally-decoupled from the RCS because
fluid in the secondary system is significantly hotter than in the RCS (see R28).

Steam generator secondary level and pressure are ranked low during the ADS blowdown
and IRWST and sump injection phases. These phenomena affect both primary-to-
secondary heat transfer and the steam generator secondary safety relief valve flow.

Flashing in the core and upper plenum/upper head are ranked medium during the ADS
blowdown phase. This flashing will affect the RCS mass and energy distributions.
Flashing will be preferential (see R72), and the warmest RCS fluid will reside in the core
and upper head/upper plenum regions.

Containment phenomena first appear of significance during this phase because of their
impact on the containment pressure response, which affects the timing of IRWST
injection. Little analysis is available to support the relative phenomena rankings. The
PIRT committee ranked the overall heat transfer on the interior and exterior surfaces of the
containment shell medium, along with the expected heat transfer processes on those
surfaces (condensation on the inside and PCCS evaporative cooling on the outside). In
addition, passive heat sink is ranked medium because the effects of wall heat transfer
(containment shell, structural walls, and internal equipment) are expected to be greatest
during this phase, when the fluid-to-wall temperature differentials are the largest. The
other phenomena are ranked low.

Break flow resistance is ranked low during the IRWST and sump injection phase. This
phenomenon influences the break flow, but only during periods when the break is
unchoked (see R47).
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Table F-6. (continued).

Code

Ranking rationales for the phenomena in Tables F-1 through F-5
Ranking Rationale

R65

R66

R67
R68

R69

R70

R71

R72

R73
R74

R75

In the cold legs, condensation and noncondensible effects are ranked low during the
IRWST and sump injection phase. The cold legs are expected to be an inactive RCS
region during this phase. However, these phenomena were left on the list because of the
possibility for effects due to: (1) condensation of steam (entering this region through the
reactor vessel upper head/downcomer bypass path) and (2) large expansions of nitrogen
(caused by total depressurization of the RCS).

Two-phase mixture level in the core is ranked high during the IRWST and sump injection
phase. The two-phase mixture level determines the status of core coolability and affects
the differential pressure between the RCS and the containment. The core flow resistance
is ranked medium during the IRWST and sump injection phase. This resistance affects the
RCS-to-containment differential pressure, but to a lesser extent than does the mixture
level.

Not used.

Downcomer level is ranked high during the IRWST and sump injection phase. This level
is the driving force for flow through the core. The static head created by this level is a
significant term affecting the RCS/containment pressure balance.

Condensation in the downcomer is ranked medium during the IRWST and sump injection
phase. Steam may flow through the upper head/downcomer bypass path (also see R81). If
condensation is present, it can alter the high-ranked downcomer level (see R68).

Phase separation in tees in the hot leg is ranked high during the IRWST and sump
injection phase. Separation at the ADS fourth-stage tees determines the energy and
content of the fluid mixture that is routed through the ADS to containment.

CCFL and countercurrent flow in the hot leg are ranked medium during the IRWST and
sump injection phase. These phenomena contribute to the highly-ranked hot leg phase
separation process (see R70) because they affect the fluid state and flow regime in the hot
leg.

Horizontal fluid stratification in the hot legs is ranked medium during the IRWST and
sump injection phase. Fluid conditions during this phase may be quiescent, and in that
case the hot leg would stratify. Whether or not the hot leg fluid stratifies has a direct
influence on the phase separation in the hot leg tees (ranked high, see R70) and the state of
the mixture being passed on to the ADS.

Not used.

IRWST pool thermal stratification, pool level, and flow resistance are ranked medium
during the IRWST and sump injection phase. Stratification affects the injection
temperature (the fluid present at the bottom of the tank is injected). Level provides the
driving force to push the injection flow through the total resistance (the IRWST piping
system flow resistance is an important part of the total). Therefore, the IRWST pool level
and flow resistance directly affect the injection flow rate.

Heat transfer between the IRWST fluid and the tank walls is ranked low during the
IRWST and sump injection phase. The energy loss via this phenomenon is expected to be
much smaller than the other terms involved in the containment energy balance.
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Table F-6. (continued).

Code

Ranking rationales for the phenomena in Tables F-1 through F-5
Ranking Rationale

R76

R77

R78
R79
R80
R381

R82

R&3

R84

Heat transfer between the PRHR and IRWST is ranked low during the IRWST and sump
injection phase. The potential for this heat transfer remains, via condensation of steam on
the inside of the PRHR tubes. However, the energy removal from the RCS is expected to
be dominated by the ADS fourth stage during this phase.

Sump fluid temperature, level, and flow resistance are ranked medium during the IRWST
and sump injection phase. The sump fluid temperature is the RCS injection temperature
(the fluid present at the bottom of the sump is injected). The sump level provides the
driving force to push the injection flow through the total resistance (the sump piping
system flow resistance is an important part of the total). Therefore, all these phenomena
contribute to the determination of the injection flow rate and temperature.

Not used.
Not used.
Not used.

Condensation in the downcomer is ranked low during the passive decay heat removal,
CMT draining-to-ADS actuation, and ADS blowdown phases. RELAP5 SBLOCA
simulations (see Reference 8) have shown that interphasic condensation of steam flowing
from the upper head through the bypass into the upper portion of the reactor vessel
downcomer can alter the break flow and progression of a SBLOCA sequence.
Condensation effects for the SGTR accident are expected to be similar to those in the
SBLOCA (also see R69).

In the IRWST component, flow and temperature distribution in the PRHR tube bundie
region and pool thermal stratification are ranked medium during the passive decay heat
removal and CMT draining-to-ADS actuation phases. These phenomena are major
contributors (others are listed in R83) to PRHR-to-IRWST heat transfer that is ranked high
(see R22). The convective thermal resistance on the outside of the PRHR tubes is
sensitive to the flow rate through the tube bundle. Pool thermal stratification affects the
heat sink temperature on the outside of the PRHR tubes and the vertical distribution of that
sink temperature.

IRWST pool flow and interphasic condensation are ranked low in the passive decay heat
removal and CMT draining-to-ADS actuation phases. The flow and temperature
distributions in the PRHR bundle region are ranked medium during these phases (see
R382). IRWST pool flow and interphasic condensation affect those distributions and are,
therefore, ranked low. IRWST pool flow refers to natural convection flows in the large
tank region away from the PRHR bundle. Interphasic condensation here refers to the
collapse of bubbles that may be formed due to boiling on the outside of the PRHR tubes.
This condensation may take place either in the pool bundle region or elsewhere in the pool.

Pump coastdown performance is ranked low for the passive decay heat removal phase.
The reactor coolant pump coastdown behavior will influence the primary-to-secondary
heat transfer because it determines the flow rates inside the steam generator and PRHR
system tubes. However, this effect is limited because of the short time duration of the
coastdown (about 2 minutes) and its decaying nature.
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Table F-6. (continued).

Code

Ranking rationales for the phenomena in Tables F-1 through F-5
Ranking Rationale

R85

R86

R87

R88

Asymmetric conditions (pressures, temperatures, flow rates) within and/or between RCS
components may be present. The sources of these asymmetries are the break location (i.e.,
it is situated in only one of the two steam generators) and the plant configuration (the
pressurizer and PRHR system are connected on one coolant loop, while the CMTs are
connected on the other). The importance of these asymmetry effects cannot be determined
until confirmation calculations are completed. In general, the PIRT committee judged that
asymmetric effects will influence the progression of the SGTR transient. Asymmetric
effects in the upper plenum are, therefore, ranked medium during the passive decay heat
removal phase.

Phase separation at the cold leg-to-PBL tee is ranked low during the ADS blowdown
phase. Fluid behavior is very dynamic during this phase, and the behavior at this tee will
affect the CMT level response and, therefore, the ADS sequencing behavior.

Discharge line flashing in the IRWST and sump injection lines is ranked medium during
the IRWST and sump injection phase. The temperatures of the injection fluids will
depend upon behavior within the IRWST and containment. It is not known if fluid in
these lines will flash. However, if the fluid does flash, then the injection rate may be
significantly affected by the increased injection-line pressure drop.

Containment interior and exterior phenomena are ranked as follows during the IRWST and
sump injection phase:

The containment shell interior and exterior heat transfer represent the decay heat
removal to the ultimate heat sink and, therefore, are ranked high.

Condensation, natural convection, noncondensible effects, noncondensible
segregation, steam-noncondensible mixing, and nonuniform air/steam distribution
in the containment interior are all ranked medium because they contribute to the
determination of the containment pressure.

Condensate transport, liquid holdup, and liquid distribution in the containment
interior are ranked medium because they contribute to the determination of the
containment pressure.

The passive heat sink provided by the containment walls and interior structures
represents a significant contribution to the containment energy balance and is,
therefore, ranked medium.

PCCS evaporation, PCCS mixture convective heat transfer, PCCS water
flow, air flow, and chimney effects on the containment exterior are all
ranked medium because they affect decay heat removal to the ultimate
heat sink during this phase.

Containment exterior atmospheric temperature, humidity, PCCS wetting, and
radiation heat transfer are all ranked medium because they affect decay heat
removal to the ultimate heat sink.
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Table F-6. (continued).

Ranking rationales for the phenomena in Tables F-1 through F-5

Code Ranking Rationale

R89 Break energy release and mass flow are ranked high during the passive decay heat removal
phase. The break mass flow and energy release directly affect the RCS mass and energy
distributions.

R90 Pressurizer flashing and level (inventory) are ranked medium during the passive decay heat
removal phase. These phenomena influence RCS pressure through their effect on the
pressurizer bubble expansion process. However, these effects are smaller than during the
previous phase because other RCS regions also flash during this phase (see R19 and R30).

RO1 Flashing and thermal stratification in the CMT are ranked low during the ADS blowdown
phase. These phenomena determine the CMT emptying behavior during the blowdown;
ADS fourth stage actuation is based upon CMT level attaining a low-level setpoint.

R92 Fuel rod decay heat is ranked high during the ADS blowdown and IRWST and sump
injection phases. This phenomenon represents the major RCS energy source; this heat
must be removed to the ultimate heat sink..

R93 Not used. v

R%4 ADS mass flow and energy release are ranked high, ADS flow resistance is ranked

medium, and ADS noncondensible effects are ranked low during the IRWST and sump
injection phase. The ADS mass and energy flow rates directly affect the differential
pressure between the RCS and the containment. The ADS flow resistance affects the mass
and energy flow rates. Noncondensible gases affect the ADS mass and energy flows, but
to a lesser extent than during the previous phase (where noncondensible effects were
ranked medium, see R45). Peak flow of noncondensibles from the accumulators into the
RCS occurs during the ADS blowdown phase.
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Appendix G - Common Supporting Documentation

The tables provided in this appendix provide descriptive supporting information for the individual
PIRTs in Appendixes B through F. The identifier “codes” shown in these tables are those referenced
within the individual detailed PIRTs. Table G-1 provides brief descriptions of the general phenomena.
Table G-2 describes the physical geometries and general functions of the AP600 components. Table G-3
provides more detailed discussions regarding the specific phenomena associated with each of the
components. Table G-4 provides supporting references. Table G-5 describes pertinent sublevel
phenomena related to each of the primary phenomena.

Table G-1. Phenomena descriptions for the PIRTS.

The phenomena identified and ranked in the PIRTs are defined here. The “code” column shows the
indicator used in the master PIRTSs to reference the information given in this table.

Code

Phenomena

Description

D1

Not used

D2

Atmospheric temperature

The temperature of the atmosphere surrounding the containment
exterior. This temperature effects the heat transfer from the
containment exterior to the surrounding environment.

D3

Boron reactivity feedback

The change in core reactivity due to an increase or decrease of
boron concentration in the moderating fluid.

D4

Channeling

Concurrent, non-uniform flow of fluids with different properties
(temperature, density, boron concentration).

D5

Chimney effects

The process wherein wind flowing over the top of the
containment gap reduces the local static pressure, drawing air oyt
of the gap to be replaced by air drawn into-the bottom. Air in ths
gap between the containment exterior and its shroud is also
heated on the containment exterior, lowering its density and
causing it to rise and flow out of the top of the gap. Eddies can
form on the downwind side of the containment exterior, causing
the heated air to recirculate through the containment gap.

D6

Choking in complex geometries

The process wherein the critical flow out of a component is
significantly affected by the geometry of the component. For
example, the critical flow out of a sheared steam generator tube
is significantly affected by the large length-to-diameter ratio on
the tube-side break.

D7

Coastdown performance

The pump head and flow reductions that occur as the shaft and
impeller coast to a stop following disconnection of the motor
electrical power.

D8

Condensate transport

The process of delivering the steam condensed on the
containment interior to the IRWST.

DS

Condensation

The process where steam is cooled due to contact with a colder
substance, resulting in change of phase from vapor to liquid.

D10

Convective heat transfer

The transport of energy to or from a surface by gross fluid
movement. ’
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Table G-1. (continued).

Code Phenomena Description

D11 |Core channeling Concurrent, non-uniform flow of fluids with different properties
(temperature, denstty, boron concentration) in the core.

D12 |Core power/decay heat The power generated in the fuel rods due to either nuclear
fission, or decay of the fission products, and including the heat
conduction through the fuel, convection and radiation across the
gap, conduction through the clad, and convection to the coolant.

D13 | Countercurrent flow The process whereby liquid flows opposite (counter) to the gas
flow direction.

D14 {Countercurrent flow limiting The process by which interfacial drag and/or entrainment

(CCFL) prevents or limits liquid flow opposite (counter) to the gas flow
direction.

D15 |Critical heat flux (CHF)/Dryout - | CHF refers to a departure from nucleate boiling that causes a

. |sudden deterioration in heat transfer and results in a temperature
excursion of the heated surface and potential burnout. Dryout
refers to a temperature excursion of the heated surface due to
starvation of liquid.

D16 |Not used ' _

D17 |Differential density The difference between the cold and hot side average densities
for buoyancy driven flow circuits. This determines the driving
potential for the flow.

D18 |Not used :

D19 |Energy Release The transfer of energy associated with the flow of fluid mass out)
of a system or component.

D20 | Entrainment/de-entrainment Entrainment is the process whereby liquid is captured (entrained])
by a high-velocity steam flow.

D21 |Flashing The process Whereby fluid changes from the liquid state to the
vapor state due to a reduction in the fluid pressure (that lowers
the saturation temperature).

D22 |Not used

D23 |Flow & temperature distribution in | Local fluid flow and temperature in the IRWST region

PRHR bundle region containing the PRHR tube bundle.

D24 |Fluid distribution _ | Fluid flow profiles within a component.

D25 |Break (flow limiter) energy release | The energy transfer associated with fluid flow out of the steam
line flow limiter.

D26 |Break (flow limiter) mass flow . |The mass transfer associated with single and two-phase flow out

- |of the steam line flow limiter.

D27 |Flow resistance The hydraulic resistance to flow due to form and wall viscous
losses. These losses result in frictional pressure drops, which
impede the flow.

D28 {Flow split The distribution of fluid flows in dividing flow circuits. This
phenomenon also considers a potential temperature difference
between the dividing flows.

D29 |Fluid temperature A basic fluid thermodynamic property:
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Table G-1. (continued).

Code

Phenomena

Description

D30

Fouling

The process whereby contaminants, such as oxides, organic
matter, etc., build up on the surface of a structure, impeding the
heat transfer to or from the structure.

D31

Heat transfer

The process whereby energy is transferred from a hot source to z{
colder sink by virtue of their temperature difference.

Heat transfer between PRHR and
IRWST

The process whereby energy is transferred between the PRHR
fluid and tubes and the IRWST pool fluid by virtue of their
temperature difference.

D33

Heat transfer between primary and
secondary

The process in the steam generator whereby energy is transferred
from the primary coolant system fluid, through the steam
generator tubes, to the secondary coolant system fluid by virtue
of the difference in temperatures between fluids in the two
systems.

D34

Heater power

The electrical power applied to heating elements (rods located
near the bottom of the pressurizer).

D35

Horizontal fluid stratification

The process whereby gravity forces produce vertical fluid
temperature and density gradients within a horizontal pipe. The
phenomena can include separated flow of hot and cold fluid
regions.

D36

Humidity

A measure of the quantity of water vapor contained in air. This
parameter affects heat transfer from a component surface to a
surrounding air environment. ‘

D37

Interphasic condensation

The process where steam is cooled due to contact with a colder
liquid, resulting in change of phase from a vapor to a liquid statg
at the interface between the two phases.

D38

Inventory (Steam volume
expansion)

The depressurization process in a region containing steam and
liquid, whereby the volume of steam expands as the liquid
inventory (and level) are reduced.

D39

Level

For the CMT, "level" refers to the volume fraction (specified in
percent) of the tank occupied by liquid (see page 3). For all
other components, "level” is the vertical height of a column of
single or two-phase fluid.

D40

Level swell

The process whereby the two-phase fluid level increases as the
fluid density decreases. The phenomena can be caused by
flashing, boiling, or convection of vapor into the component.

D41

Level swell & depletion

The process whereby the two-phase fluid level first increases as
the fluid density decreases (see D40), but later falls because of a
loss of fluid mass out the top of the component.

D42

Liquid carry-over

The process whereby liquid separation is not complete within a
component, and liquid is carried out with the steam.

D43

Liquid distribution

The quantity and location of liquid outside the reactor coolant
system (containment steam, inner wall condensate, IRWST,
sump, and lower containment compartments).
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Table G-1. (continued).

Code

Phenomena

Description

D44

Liquid holdup

The process whereby liquid flow is delayed or prevented due to
trapping or storage.

D45

Loop asymmetry

A difference in thermal-hydraulic behavior that can be attributed
to the geometrically asymmetric arrangement of the PRHR,
CMTs, pressurizer, and postulated break location.

D46

Mass flow

The mass transfer (single and two-phase) into, within, or out of 3
componernt or system.

D47

Moderator temperature feedback

The change in core reactivity due to an increase or decrease in
the temperature of the moderating fluid.

D48

Natural convection

The process whereby energy is transported between a solid
surface and a liquid or gas by the combined action of heat
conduction, energy storage and mixing motion, where the mixing
motion is due solely to density differences caused by fluid
temperature gradients.

D49

Not used

D50

Noncondensible effects

The degree to which the presence of noncondensible gases
impedes the heat transfer in any heat exchanger (PRHR, core, or
steam generator) or directly affects the response of other
phenomena, such as mass flow, condensation, flashing, and
vapor volume expansion.

D51

Nonuniform steam/air distribution

The process whereby steam entering the containment interior at
various locations mixes with air while gravity effects tend to
cause steam/air mixtures to separate. This produces nonuniformyj
steam/air mixture ratios within the containment interior. This
phenomena can effect the heat transfer to the containment shell.

D52

PCCS evaporation

- | The process whereby fluid on the containment exterior surface

- | surrounding environment.

undergoes a change of state from liquid to vapor due to the
partial pressure of the vapor in the containment air gap being
below the saturation pressure of the liquid. This phenomena
affects the heat transfer from the containment exterior to the

D53

PCCS water flow

The flow of liquid over the outer surface of the containment
shell. This phenomena affects the heat transfer from the
containment exterior to the surrounding environment.

D54

PCCS mixture convective heat
transfer

The transport of energy from the containment exterior surface bm
gross fluid movement on the containment exterior surface and i
the containment air gap.

D55

PCCS wetting

The extent and pattern of liquid coverage on the containment
shell exterior surface. This phenomena affects the heat transfer
from the containment shell exterior to the surrounding
environment, since wetted surfaces exhibit greater convective
heat transfer than dry surfaces.
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Table G-1. (continued).

Code Phenomena Description

D56 |Phase separation in tees The separation of liquid from vapor in a two-phase mixture
undergoing acceleration due to changing flow direction. Vapor
 accommodates the change in flow direction more readily than
liquid due to its lower momentum. Thus, vapor prefers to take
the branch while liquid prefers to take the run of a diverging tee.

D57 | Pool flow Local fluid flow in a pool.

D58 |Pool level The vertical height of the fluid in a pool.

D59 | Pool thermal stratification The process whereby buoyancy effects produce and/or sustain

. vertical fluid temperature and density gradients in a pool.

D60 | Pool to tank structure heat transfer | The energy transferred from the hotter liquid in a pool to the
colder surrounding tank walls, floor, and other structures.

D61 |Preferential loop cooldown The tendency of one RCS loop to cool faster than the other due
to asymmetric conditions (for example as would be caused by
one steam generator blowing down to containment while the
other is isolated).

D62 |Radiation heat transfer The process whereby heat flows from a high temperature body t
a body at a lower temperature when the bodies are separated in
space. The region separating the bodies can contain some
medium or a vacuum.

D63 | Secondary level The steam generator downcomer level as measured by plant
instruments. This level actuates various trips and indicates the
liquid mass available in the steam generator secondary.

D64 |Secondary pressure The absolute pressure measured in the steam generator above th¢]
separator/dryer region.

D65 | SRV energy release The energy convection associated with a mass flow out of the
steam generator secondary via the safety relief valves.

D66 | SRV mass flow The mass transfer associated with a single- or two-phase mass
flow out of the steam generator secondary through the safety
relief valves.

D67 |Steam-noncondensible mixing The degree to which steam and noncondensible gases mix.

D68 | Stored energy release The rate at which energy is released from warm metal structures
to the surrounding fluid.

D69 | Subcooling margin The difference between the fluid saturation temperature (functiof}
of the fluid pressure) and the subcooled fluid temperature.
Provides a measure of the relative proximity to saturation
conditions and the associated heat transfer regimes.

D70 |Not used

D71 |Not used

D72 | Thermal driving head The vertical fluid density gradients caused by the differences in
fluid temperatures result in a buoyancy-related potential to drive;
fluid flow.
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Table G-1. (continued).

Code

Phenomena

Description

D73

Thermal stratification and mixing

The process whereby gravity forces produce a vertical density
gradient in a component, resulting in a corresponding
temperature gradient. This effect is reduced by mixing due to
flow within the component caused by other phenomena.

D74

Tube dryout

The process whereby the local outer surface of a steam generato
tube becomes completely dry due to a lack of liquid inventory i
the secondary.

D75

Tube voiding

The process wherein gas and/or vapor is trapped and accumulatef
in steam generator tubes as the system liquid inventory is
depleted. This phenomena causes a decoupling of the primary
and secondary systems, reducing the energy transfer between
them.

D76

Two-phase mixture level

'| which results from the mixture volume (inventory) being less

The vertical height of a continuous column of two-phase mixturg

than the component volume.

D77

Vapor space behavior

| space.

The process whereby a vapor space volume expands or
compresses as the liquid inventory changes below the vapor
space, resulting in pressure reduction or increase in the vapor

D78

Voiding

The process whereby gas and/or vapor is transported through or
accumulates in a component.

D79

Not used

D380

Not used

D81

Passive heat sink

| Heat transfer from fluids to structures and water pools. Typically,

this phenomena refers to the containment.

D82

Air flow

Buoyancy-driven movement of air on the outside of the
containment shell.

D83

Exterior-to-ambient heat transfer

The exchange of heat from the outside wall of the containment
shell to the atmosphere, via a combination of convective,
evaporative, and radiative heat transfer processes.

D84

Noncondensible segregation

| The process whereby the water content of a steam-air mixture is

‘| transfer. The resulting mixture next to the wall has a lower, or

removed or reduced via wall condensation heat and mass

no, steam content, and this reduces or terminates the
condensation process.

D85

Steam generator asymmetric
behavior

The differing responses of the two steam generators, arising fronj
differences in heat transfer. The asymmetric behavior can
manifest itself as differences in fluid temperatures, flow rates, og
voiding.

D86

Interior-to-wall heat transfer

The exchange of heat from the containment interior atmosphere
to the inside wall of the containment shell via condensation,
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Table G-1. (continued).

Code

Phenomena

Description

D87

Condensation in ADS stages 1, 2,
and 3 and spargers in IRWST

Condensation (see D9) processes within the ADS stage 1, 2, and
3 piping network from the top of the pressurizer to the spargers.
Condensation may be interfacial (subcooled water may be
available from the IRWST) or wall (a portion of the discharge
lines and the spargers are submerged under water in the IRWST

D88

CMT-to-IRWST differential head

The difference in static heads between water standing in the
CMT (and its discharge line) and in the IRWST (and its

discharge line). The connection point between these two systemy
is in the direct vessel injection line.

D89

Sparger pipe level

The water level in the ADS stage 1, 2, and 3 discharge line. Thi
line initially is submerged under water in the IRWST. This leve
must be depressed to the spargers in order to support flow into
the IRWST.

D90

Mixing

Interactions between cold liquid and warm liquid fluid regions.

D91

Upper head-to-downcomer bypass
flow

During normal plant operation, this flow path passes water from
the top of the reactor vessel downcomer into the reactor vessel
upper head. The initial fluid temperature in the head is
determined by this flow rate (and that of the guide tube path;
these two flows are mixed in the upper head). Following reacto
coolant pump trip, communication through this flow path may b
in either direction. In this PIRT, this phenomena generally is of
interest following pump trip, when steam may flow from the
reactor vessel upper head into the downcomer. Disposition of
this steam can affect plant response in many ways (its
condensation affects the local pressure, may alter distribution of]
the RCS inventory, and may alter the break flow - especially for
cold leg and direct vessel injection line breaks.

1t D92

Critical heat flux/dryout

Critical heat flux/dryout (see D15) relates to core cooling during
the ADS blowdown period. RCS fluid conditions are chaotic,
with flashing and boiling widespread. This phenomena is
included to address the possibility that liquid starvation in the
core region may result in a fuel rod heatup during the blowdown|

D93

Containment pressure

The thermodynamic total vapor pressure in the containment
region surrounding the RCS piping and vessels.

D94

Boiling

The process whereby fluid changes from the liquid state to the
vapor state due to wall heat addition.

D95

Two-phase level in upper plenum

The vertical height of the column of water (or two-phase fluid)
within the reactor vessel upper plenum region (in particular, as it
compares with the elevation span of the hot leg connections).

D96

Liquid distribution

The quantity and location of water within the various
compartments and regions of the containment.

D97

Liquid subcooling

The difference between the local saturation temperature and fluig
temperature within the various compartments and regions of the
containment.
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Table G-4. Evidence supporting the PIRT phenomena ranks.

In Revision 0 of this report, the perceptions regarding the phenomena and their ranking resulted
from the individual and collective knowledge of the PIRT development team members and reviewers and
limited AP600 analytical and experimental information. The phenomena and rankings existing by the
third quarter of CY-1994 (Revision 0 of this report) were based upon the information shown under code
El. The additional information used to develop Revision 1 of this report is shown under code E2.

Code v : | Reference

El P. A. Roth and M. G. Ortiz, Effects of Containment Back Pressure on the Long-Term
Coolability of the AP600 Design, Letter Report PDB-18-93, EG&G Idaho, Inc.,
December 24,71993.

M. G. Ortiz, et al., Investigation of the Applicability and Limitations of the ROSA-I V Large
Scale Test Facility for AP600 Safety Assessment, NUREG/CR-5863, December 1992.

Y. Kukita, et al., “ROSA-AP600 Program: Conﬁrmatory Testing of AP600 Design at the
ROSA-V Large Scale Test Facility”, Proceedings of 20th Water Reactor Safety Information
Meeting, NUREG/CP-0126, October 1992.

J. E. Fisher, S. M. Sloan, and M. G. Ortiz, Preliminary RELAPS5 Scoping Calculations for
the Westingkquse AP600 Design (Draft), EGG-2687, EG&G Idaho, Inc., September 1992.

S. M. Sloan, “Code Assessment Studies of RELAP5 Performed in Support of AP600
Thermal-Hydraulic Analysis,” Proceedings of the Fifth International Topical Meeting on
Reactor Thermal-Hydraulics (NURETH-5), Salt Lake City, Utah, September 1992.

Westinghouse Electric Co., AP600 Standard Safety Analysis Report, DE-AC03-
90SF18495, June 1992.

S. M. Modro, et al,, Evafuation of Scaled Intégral Test Facility Concepts for the AP600,
EGG-NE-10239, EG&G Idaho, Inc., May 1992.

T. D. Ratcliff, Visualization and Control of Vortical F low in the Lower Plenum of
Westinghouse AP600 Reactor, M.S. Thesis: University of Tennessee, May 1992.

R.J. Beelman and S. M. Sloan, V“Modeling AP600 with RELAPS", 1991 ANS International
- Topical Meeting on the Safety of Thermal Reactors, Portland, Oregon, July 1991.

M. M. Corletti and L. E. Hochreiter, 4P600 Passive Residual Heat Removal Heat
Exchanger Test, Westinghouse Electric Co. (Propnetary Class 2), WCAP-12666, February
1990.

L. E. Conway, Tests of Heat T ransfer and Water Film Evaporation from a Simulated
Containment to Demonstrate the AP600 Passive Containment Cooling System,
Westinghouse Electric Co. (Proprietary Class 2), WCAP-12667, January 1990.

C. M. Vertes, “Passive SafeO'uzirds Design Optimization Studies for the Westinghouse
AP600,” Fifth Proceedings of Nuclear Thermal—Hydraulzcs 1989 ANS Winter Meeting,
November 1989.
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Table G-4. (conﬁnued).

Code

Reference

El
Cont.

E2

W. A. Stewart, et al., Tests of Heat Transfer and Water Film Evaporation on a Heated
Plate Simulating Cooling of the AP600 Reactor Containment, Westinghouse Electric Co.
(Proprietary Class 2), WCAP-12665, September 1988.

L. E. Conway, “The Westinghouse AP600 Passive Safety Systems-Key to a Safer,
Simplified PWR,” Proceedings of the International Topical Meeting on the Safety of Next
Generation Power Reactors, Seattle, Washington, 1988.

R. P. Vijuk and S. N. Tower, Reactor Coolant System Design of the Advanced
Westinghouse 600 MWe PWR, IECED, 1987.

S. M. Sloan and K. R. Jones, CMT Condensation Sensitivity Studies, Letter Report
PDB-19-93, EG&G Idaho, Inc., December 31, 1993.

C. B. Davis, Upper Plenum Entrainment Studies, Letter Report PDB-20-94, EG&G Idaho,
Inc., June 23, 1994.

C. B. Davis, Development of a Simplified AP600 RELAPS5 Model for PIRT Validation,
Letter Report GEW-29-94, EG&G Idaho, Inc., August 3, 1954.

J. E. Fisher, AP600 Vessel Nodalization Sensitivity Study, Letter Report PDB-21-94,
EG&G Idaho, Inc., July 13, 1994.

C. B. Davis and M. B. Rubin, MSLB in AP600 with Maximum Cooldown, Letter Report
PDB-33-94, Lockheed Idaho Technologies, Inc., November 22, 1994.

R. A. Shaw, T. Yonomoto, and Y. Kukita, Quick Look Report for ROSA/AP600 Experiment
AP-CL-03, Japan Atomic Energy Research Institute, Memo 06-249, October 1994. '

Westinghouse Electric Company, Quick Look Report for SPES-2 Matrix Test 00401,
PXS-T2R-020 (Proprietary), Preliminary, July 1994.

Westinghouse Electric Company, Quick Look Report for OSU Matrix Test SBI,
LTCT-T2R-021 (Proprietary), Preliminary, Revision 0, August 1994.

Westinghouse Electric Company, Quick Look Report for OSU Matrix Test SB3,
LTCT-T2R-023 (Proprietary), Preliminary, Revision 0, August 1994.

Westinghouse Electric Company, Quick Look Report for OSU Matrix Test SB4,
LTCT-T2R-024 (Proprietary), Preliminary, Revision 0, August 1994.

Westinghouse Electric Company, Quick Look Report for OSU Matrix Test SBS,
LTCT-T2R-025 (Proprietary), Preliminary, Revision 0, August 1994.

Westinghouse Electric Company, Quick Look Report for OSU Matrix Test SB7,
LTCT-T2R-027 (Proprietary), Preliminary, Revision 0, August 1994.

G-27 NUREG/CR-6541




Table G-4. (continued).

Code ‘ Reference

E3 C. D. Fletcher, et al., Adequacy Evaluation of RELAP5/MOD3 for Simulating AP600 Small
Break Loss-of-Coolant Accidents, INEL-96/0380 (Proprietary), October 1996.

C. B. Davis, et al,, Evaluation and Assessment of RELAP5/MOD3 Version 3.2.1.2 for
Simulating the Long-Term Phase of Small Break Loss- of Coolant Accidents in the AP600,

INEL-96/0395, October 1996.

M. G. Ortiz, et al., Application of the Global Scaling Analysis Tools to the AP600
Integration Study, INEL-96/0117, November 1996.

S. Banerjee, et al., Topdown Scalzng Analysis Methodology for the AP600 Integral Tests,
INEL-96/0400, November 1996.
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Table G-5. Sublevel phenomena descriptions for the PIRTs.

ALWR PIRT development is hierarchial; the criteria for judging the relative importance of
phenomena is developed from a hierarchial treatment of the safety criteria to which the plants must
conform. The level of phenomena shown in the PIRT tables is one that is most appropriate for determining
the required code capability and uncertainty. However, when a$sessing code capabilities, it will be
necessary in some cases to evaluate lower level phenomena. For example, flashing may be the
phenomenon of primary interest, but sublevel phenomena, such as interphase heat and mass transfer, may
be of great importance. The obvious sublevel phenomena are described below for each of the primary
phenomena used in the PIRTs. It is likely that at the time the code is assessed additional sublevel
phenomena will be identified. The "code" column shows the indicator used in the master PIRTs to
reference the information given in this table.

Code Primary Phenomena Sublevel Phenomena
S1 |Break mass flow and energy release | Critical and friction flow, flashing, two-phase pressure drop
S2 |Stored energy release and ambient | Conduction and convection heat transfer
heat loss
S3 |Core mass flow Friction flow
S4 | Core power and decay heat Reactor kinetics (power) or power history (decay heat), gap
conductance, conduction and wall-fluid heat transfer, boron
transport
S5 |Flashing Interphase heat/mass transfer, wall-fluid heat transfer, liquid
thermal distribution, pressure
S6 |Notused ,
S7 |Steam generator secondary level Interphase drag, pressure, flashing, level swell, wall-to-fluid
heat transfer
88 |Phase separation Flow regime, interphase drag, entrainment
89 |Loop asymmetry effects Fluid mixing, interphase drag
S10 |Differential density Conduction and convection heat transfer, equipment
elevations, thermal stratification, liquid thermal distribution,
wall-fluid heat transfer, pressure, void distribution
S11 {Flow resistance Wall friction and form loss (area change, orifice, bend) effects|
S12 |Noncondensible effects Wall and interphase heat transfer, flow regime, gas expansion
characteristics
S13 {Level Interphase drag, flashing, level swell, liquid thermal
' distribution, gas expansion relationship
S14 {Pump coastdown performance Inertia, shaft friction, flow momentum -
Si5 |[Pump flow resistance Locked rotor resistance
S16 |Tube voiding Flashing, wall-to-fluid heat transfer, interphase heat and mass
transfer, flow regime, interphase drag
S17 |Steam generator secondary pressure | Wall-to-fluid heat transfer
S18 |Condensation Interphase and/or/wall heat transfer, noncondensible gas
: effects
S19 |Thermal stratification Liquid to wall and vapor to wall heat transfer, fluid mixing
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Table G-5. (continued).

Code

Primary Phenomena .

Sublevel Phenomena

S20

Accumulator flow

Friction and orifice flow resistance, gas expansion relationship

S21

ADS mass flow and energy release

Critical and friction flow, flashing, two-phase pressure drop,
phase separation in tees, void transport

S22

Not used

S23

Entrainment/De-entrainment

Interphase drag, flow regime, void distribution, CCFL

S24

IRWST pool flow

Thermal stratification, fluid mixing, interphase condensation,
wall-to-fluid heat transfer, natural convection

S25

IRWST pool level

Boiling heat transfer, interphase condensation, evaporation,
draining

826

IRWST pool to tank structure heat
transfer

Conduction, convection, ambient heat loss

S27

CCFL

Interphase drag, geomefry dependence

S28

Heat transfer between the PRHR
and IRWST

Wall-to-fluid heat transfer, conduction, and void distribution

S29

Subsonic break flow and energy
release

Friction flow, flashing, two-phaSe pressure drop

S30

Convective heat transfer

Wall-to-fluid heat transfer, natural circulation

S31

Two-phase mixture level

Level swell, interphase drag, void distribution-

Counter current flow

Interphase drag, flow regime

Fluid stratification

Fluid mixing, temperature distribution, flow regime, interphasg
condensation

Sump fluid temperature

Containment pressure, ambient heat loss

Nonuniform steam/air distributions

Gas species density, fluid mixing, natural convection, wall
condensation, noncondensible effects

Natural convection

Wall condensation, ﬂuxd mixing, noncondensible effects, gas
species densxty

Condensate transport

Flow of film on wall, droplet formation, interphase drag,
conduction and convection heat transfer, CCFL

Liquid distribution and hquxd
holdup

Flow of film on wall, droplet formation, interphase drag,
conduction and convection heat transfer, CCFL, pooling

PCCS evaporation

Ihterphase heat and mass transfer, natural convection,
conduction, flow of film on wall, flow regime, droplet
formation, ambient humidity and temperature

S40

PCCS water flow

Line and orifice flow resistance, film and droplet formation,
interphase drag, surface tension

S41

Chimney effects

Wind direction and velocity, natural convection

S42

PCCS wetting

Surface tension, surface characteristics

S43

Atmospheric temperature

Worst-case environment

S44

Not used

S45

Radiation heat transfer

Gas properties, emissivities, view factors
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Table G-5. (continued).

Code Primary Phenomena Sublevel Phenomena
S46 |Humidity Worst-case environment
S47 |Not used
S48 |Not used
S49 | Heater power Control as function of pressure, level
S50 |SG SRV mass flow Critical flow, flashing, two-phase pressure drop, valve actions
S51 |SG SRV energy release Critical flow, flashing, two-phase pressure drop, valve actions
S52 | Subcooling margin Primary pressure, fluid temperature distribution
S53 |Heat transfer between the primary | Wall-to-fluid heat transfer, conduction, and void distribution
and secondary
S54 |Voiding Flashing, draining, wall-to-fluid heat transfer, flow regime,
interphase drag
S55 |Core channeling Fluid mixing, fluid thermal distribution
S56 |Boron reactivity feedback Fluid mixing, core channeling, boron transport, diffusion
S57 |Critical heat flux Pressure, wall-to-fluid heat transfer, void distribution, core
power, decay heat
S58 |Moderator temperature feedback | Fluid mixing, core channeling, wall-to fluid heat transfer
S59 |Thermal driving head Differential density, void distribution, natural circulation,
wall-to-fluid heat transfer
S60 | Vapor space behavior Interphase heat and mass transfer, flow regime, interphase
area, gas expansion/compression characteristics, wall-to-fluid
heat transfer
S61 |Preferential loop cooldown and Wall-to-fluid heat transfer, fluid mixing, loop asymmetry, ﬂov-I
asymmetric behavior split, core channeling, reactor kinetics feedback
S62 | Tube dryout Void distribution, level depletion, critical heat flux, wall heat
transfer, flow regime
S63 |Liquid carryover Entrainment, deentrainment, centrifugal separation, flow
regime, void distribution, interphase drag
S64 |Downcomer/lower plenum flow Flow split, fluid mixing, fluid temperature distribution
distribution
S65 | Upper head/upper plenum flow split| Fluid mixing, entrainment, deentrainment, flow regime, CCFL]
interphase drag
S66 |Choking in complex geometries Geometry dependence, critical and friction flow, flashing,
single- and two-phase pressure drop
S67 |Passive heat sink Natural convection heat transfer, wall condensation
S68 |Steam-noncondensible mixing Diffusion, natural convection, buoyancy
S69 | Air flow Buoyancy, flow resistance, wall heat transfer
S70 |Exterior-to-ambient heat transfer | See S39 through S48, and S69
S71 |Noncondensible segregation Diffusion, buoyancy, natural convection, condensation heat
and mass transfer
8§72 |Interior-to-wall heat transfer See S18, S35 through S38, S45, S68, and S71
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Table G-5. (continued).

Code Primary Phenomena Sublevel Phenomena
S73 |Mixing Thermal stratification, buoyancy, turbulence
S74 | Upper head-to-downcomer bypass | Flow resistance, condensation, steam flow, local
flow : depressurization
S75 |Sparger pipe level Condensation, flashing, local depressurization, vacuum
S76 |Containment pressure Condensation,‘ flashing, wall heat transfer, pool formation,
natural circulation
S77 |Condensation in ADS stages 1,2, | Wall condensation, interphase condensation, vacuum
and 3, and in spargers in IRWST ,
S78 |Boiling : Wall heat transfer, interphase heat and mass transfer, pressure;,
subcooling
S79 |CMT-to-IRWST differential head |Density, density distribution, thermal stratification, static head)
differential pressure
S80 |Two-phase level in upper plenum | Level swell and depletion, entrainment/de-entrainment,
flashing, phase separation, hot leg horizontal stratification
S81 |Liquid distribution Flow split, gravity drain, thermal stratification, flow resistancq
S82 |Liquid subcooling Pressure, liquid temperature, thermal stratification, saturation
temperature

NUREG/CR-6541




Appendix H - Top-Down Scaling Analysis Assessment of Important
Parameters affecting PIRT Findings

This appendix discusses the results of the Top-Down Scaling Analysis for the AP600 Integral Tests
(Reference H-1), and the significance of the results with regard to the interim findings of the Phenomena
Identification and Ranking Table (PIRT). The main objective of the top-down scaling effort was to
develop an analysis methodology to interpret the data from various scaled facilities and relate this data to
the full size plant. The results from the scaling analysis will then be used to determine the sufficiency and
relevance of the data for code assessment. Since the scaling analysis is intended to determine whether the
experimental data envelopes the important phenomena in each phase of a particular AP600 transient, some
insights can be gained by comparing important system parameters or behavior from the top-down scaling
with important phenomena derived from the PIRT process. These comparisons, however, are by necessity
limited to first order effects influencing system behavior and component interactions on a global basis
since the derivation of the nondimensional groups used in the top-down scaling was based on averaged
conservation equations for participating system components in each phase of the transients analyzed.
Therefore, local phenomena identified in the PIRT, such as condensation in the CMT or thermal
stratification in the IRWST cannot be directly compared with system level results from the top-down
scaling analysis. These local phenomena, however, may be important because of their potential influence
on the important system level responses, and therefore, should be addressed in the bottom-up scaling
approach which is being conducted in parallel with this top-down scaling effort.

Scaling Methodology

The traditional approach to scaling is to establish similitude between experimental facilities of
different size through development of a separate set of non-dimensional scaling groups for each facility or
system. The principal of similitude requires that the scaling groups for the different scale systems be the
same in order to ensure critical system phenomena are preserved. While this dimensional analysis
approach works well for relatively simple systems, as the number of variables increases or as the system of
interest becomes more complex, this process becomes increasingly difficult. The difficulty stems from the
resulting large numbers of nondimensional groups and the potential for conflicting requirements among
groups. Experimental effort required to determine the functional dependence of system response on all the
groups is time consuming, expensive, and can become impractical. Therefore, in very complex scaled
facilities like the three AP600 experimental facilities, it is desirable todevelop a methodology that reduces
the complexity and eliminates conflicting requirements among scaling groups while preserving first order
system effects.

Reference H-1 provides a detailed description of the top-down scaling methodology used in this
study. The methodology used averaged conservation equations and other simplifications to reduce the
dimensionality of the problem down to the system component level. This approach tended to remove fine-
scale phenomena while preserving the desired first order features of the system response. The scaling
methodology, described in detail and demonstrated in Reference H-1, consisted of the following steps:

1. Defining the phenomenologically distinct phases of the transient; clearly identifying initiating
and end events. Although the PIRT was used as a guide, it was necessary to divide the transient
into finer periods for which dominant processes were easily identified.

2. Identification and definition of subsystems and components and the interactions of importance.
During a transient, AP600 exhibits many time varying system phenomena, and not all
components participate all the time. Focusing on the participating components make it possible
to simplify the system and better define the interactions between components.
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3. Definition of the topology. A lumped parameter approach was used and found very valuable in
the definition of system variables, system interactions, and in establishing the framework from
which to derive dynamic system equations.

4.  Development of governing equations for the topology constructed in Step 3 along with
necessary closure equations. Having identified the components, phenomena, and potential
interactions, system equations consisting of a closed and complete set of governing equations
were defined. As a result of this exercise, several local or “bottom-up” relationships required
for closure were identified and noted for further study. Among these, the most notable ones are
an entrainment model for ADS-4 and flow through ADS-4 valves.

5. Nondimensionalization of the equation set developed in Step 4. This is a mechanical but vital
step that leads to the definition of the nondimensional groups (Is) that govern the similarity of
the system solutions. ' :

6. Definition and selection of reference parameters for the Order of Magnitude Analysis. A most
important and sensitive step in which the reference variables are chosen according to the
objectives of the analysis. Our focus was on the response of the reactor vessel inventory and on
the interactions between all relevant components.

7. Order of Magnitude analysis to identify dominant nondimensional groups and equations. The
result of this step is a reduced set of nondimensional groups and equations that allow for the
selection of important variables, parameters, and relationships to evaluate and compare the data
and the plant. ' '

8.  Evaluation of results with experimental data. This step represents the validation of our choices
for reference parameters, equations, and interactions. It is where distortions caused by non-
anticipated phenomena are identified, and where distortions from known geometry and
operational parameters are evaluated.

Applicability of Scaling Results to PIRT

The above methodology was applied to three distinct phases of the AP600 SBLOCA transient
(Reference H-1). These phases were the subcooled blowdown phase, the ADS-4 blowdown phase, and the
beginning of IRWST injection. However, the discussions in this appendix focus on the latter two phases
of the SBLOCA (the ADS-4 blowdown and the beginning of IRWST injection) since the dominant
processes and interactions during these phases are expected to have the greatest influence on vessel liquid
inventory, which is the parameter of primary interest in both the PIRT and scaling study. Detailed
descriptions of the transient and the associated phases are contained in Section 3.1 of this PIRT report, and
in Section 5.0 of the Scaling Report. Although the scaling results obtained to date are relatively limited
and the transient phases used in the scaling analysis do not correspond directly to the transient phases used
in the PIRT, the scaling results confirm the PIRT results in those areas where comparisons can be made.
In addition, a review of the top-down scaling analyses underway for the remaining transients evaluated in
the PIRT (Reference H-2) has not indicated results that would change the interim PIRT findings.

Although the purpose of the top-down scaling was to determine the applicability and sufficiency of
experimental data for code assessment, and not to validate or confirm PIRT results, some observations on
the relative importance of phenomena derived from the scaling analysis and important phenomena derived
from the PIRT can be made. To make comparisons between the PIRT and top-down scaling results,
system parameters and variables that influence vessel inventory were identified. This was accomplished
through the order of magnitude analysis in step 7 of the scaling analysis, which identified the dominant
nondimensional groups and equations that allow for the selection of important parameters and variables
affecting vessel inventory.
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This approach resulted in the following dominant nondlmensxonal groups for the ADS-4 blowdown
and IRWST Injection Phases.

Based on the results obtained to date, these dominant groups are several orders of magnitude larger ‘
than other non-dimensional groups derived for these two phases and no other important phenomena have
been identified that would change these groupings.

Four “important” phenomena resulting from the above dominant non-dimensional groups were
identified which can be related to the PIRT findings. These phenomena are 1) the CMT level and flow
resistance, 2) the IRWST level and flow resistance, 3) flow through the ADS-4 valves, and 4) entrainment
from the upper plenum to the hot legs and from the hot legs to the ADS-4 /line. In addition to the above
phenomena, an implication of the scaling analysis is that the pressurizer has a first order effect on when the
ADS-4 blowdown ends because the liquid in the pressurizer represents a manometric head on top of the
hot leg pressure and system pressure “seen” by the IRWST. While these phenomena relate specifically to
the ADS-4 blowdown and the beginning of IRWST injection for an SBLOCA, as discussed later, these
same component-related phenomena would be expected to be important during the same phases of other
transients when the system components are operating in a similar mode with similar boundary conditions.
Each of the above scaling related phenomena is discussed in more detail in the following subsections.

CMT Level and Flow Resistance. The PIRT identified CMT level as one of the parameters of primary
importance during ADS blowdown because it is one of the determining factors in the timing of ADS
staging and the RCS depressurization rate. Similarly, the scaling analysis identified CMT level as an
important parameter during the ADS-4 blowdown phase based on the dominant II groupings. Since CMT
liquid level also influences vessel mass inventory during the ADS stages 1, 2, and 3, CMT liquid level
during these stages should also be a dominant parameter in the scaling analysis for these phases. The top-
down scaling also includes CMT flow resistance as an important parameter during the ADS-4 stage.
Although flow resistance is given a medium priority in the PIRT, it is the combination of CMT elevation
head and CMT flow resistance that determines the driving potential between the CMT and vessel.

The importance of CMT liquid levels during the ADS-4 blowdown stage was demonstrated in
Reference 1 with examples from OSU and SPES experiments that had incorrect initial CMT levels at the
start of the ADS-4 blowdown. The signal that opened ADS-4 based on CMT level, was too early in the
OSU experiment, and too late in the SPES experiment. This resulted in too much CMT inventory
available to the vessel during its draining phase in the case of OSU and too little inventory available to
SPES. These results translated into a higher than expected inventory for OSU (higher level in the vessel)
and lower for SPES. While these anomalies were a result of experiment conduct, and not scaling
distortions, they do point out the importance of CMT level in determining the phase duration and vessel
minimum inventory.

 Other than the combination of CMT liquid level and flow resistance, no other phenomena relating to
the CMT were identified by the scaling analysis that would change the PIRT results.

IRWST Level and Flow Resistance. IRWST level and flow resistance were identified in the PIRT and
top-down scaling analysis as important phenomena during the IRWST injection phase of a SBLOCA. The
combination of these parameters will affect the IRWST injection rate and the resulting vessel mass
inventory. The interim PIRT also identified IRWST pool thermal stratification as important during the
IRWST injection phase. Thermal stratification, however, is not identified in the scaling analysis since it is
a local IRWST phenomena that is not addressed in the scaling analysis approach, which uses average
property lumped parameters to characterize system level responses. In addition, discussions in the PIRT
identify the potential for unsteady or oscillating IRWST flows. This type of phenomena would also not be
recognized in the system scaling analysis since these are considered secondary affects. However, there is
the potential that this unsteady behavior can influence liquid entrainment and carryover in the vessel. If
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this behavior causes an increase in average entrained liquid flow out the ADS-4 valves, for example, then
the affect of the unsteady IRWST injection would influence ADS-4 flow, which is identified as an
important phenomenon in the scaling analysis (discussed next). Therefore, aithough local IRWST
phenomena cannot be confirmed in the global top-down scaling approach, the importance of IRWST level
and flow resistance are captured by the dominant non-dimensional scaling groups. No other phenomena
relating to IRWST inventory or transient behavior have been identified that would influence the interim
PIRT results.

Flow through ADS-4 Valves. Flow through the ADS-4 valves is identified as an important phenomena
during both the ADS blowdown and initial IRWST phases in both the interim PIRT and the top-down
scaling analysis. The PIRT identifies mass flow and energy release as important ADS phenomena because
of their influence on primary system pressure, and the timing and rate of IRWST injection. The top-down
scaling also captures mass flow and energy release in the dominant nondimensional groupings that include
thermodynamic fluid conditions and flow quality. In addition, the Reference 1 scaling report noted that
local parameter or variable relationships influencing entrainment and the quality of the fluid leaving the
system through the ADS valves should be investigated from a “bottom-up” point of view to adequately
address the ADS valve mass and energy release characteristics. The scaling report also notes that, while
the pressurizer is not a significant contributor of mass to the vessel during the ADS-4 blowdown, it is a
component that imposes head on the hot legs and thus influences the duration of the ADS-4 blowdown.
These insights from the scaling analysis confirm the importance of the ADS-4 mass flow and energy
release phenomena identified in the PIRT, but also suggest that potential local relationships and component
interactions should be investigated further from a bottom-up scaling point of view, and may influence the
PIRT rankings in the future.

Entrainment. Entrainment from the upper plenum to the hot legs and from the hot legs to the ADS-4 line
was identified in the scaling report as a phenomenon that should be given special attention because of its
potential for influencing vessel inventory. The potential for entrainment affecting ADS-4 mass flow and
energy release was discussed in the previous section. Entrainment can also influence mass distribution
within the primary system and between the primary system and the containment. Redistribution of mass
between hot and cool regions of the primary system due to entrainment can influence depressurization
characteristics and phase durations. Similarly, entrainment can influence flow quality out the ADS-4
valves, resulting in the redistribution of mass between the primary system and the containment. Since the
PIRT identified reactor coolant system mass and energy balances as dominant processes during all phases
of a SBLOCA, and containment mass and energy balances were identified as important during the IRWST
phase, the potential impact of entrainment on these processes could be important. However, the local
processes and phenomena influencing entrainment behavior cannot be characterized using the top-down
scaling methodology described herein. Therefore, entrainment is identified as a phenomenon requiring
more evaluation. ’

Conclusions

With regard to phenomena listed in the PIRT document, the most relevant phenomena from the top-
down scaling point of view were 1) the CMT level and flow resistance, 2) the IRWST level and flow
resistance, 3) flow through ADS-4 valves, and 4) entrainment from the upper plenum to the hot legs and
from the hot legs to the ADS-4 line. The dominant nondimensional groupings from the scaling analysis
confirmed the importance of these parameters with regard to their influence on vessel liquid inventory and
the duration of the transient phases. Beyond the observation that some local variable influences, like liquid
entrainment, may require more detailed “bottom-up” analysis, no new phenomena or behavior were
identified that would change the interim PIRT findings. Although the results discussed here are limited to
the scaling analysis for the SBLOCA ADS-4 blowdown and initial IRWST phases, continuing analyses of
other transients listed in the PIRT (Reference 2) have not identified any significant discrepancies or
omissions in the interim PIRT findings. .
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In terms of information from the scaling analysis that could be useful as feedback to the PIRT, it was
concluded that system parameters and variables which determine the vessel inventory should be given
special attention. The order of magnitude analysis (step 7 of the scaling analysis) which focused on the
response of the reactor vessel inventory and on the interactions between all relevant components provided
a basis for this feedback. Results from the order of magnitude analysis indicated that line resistance values
are important factors in the values of the dominant nondimensional scaling groups and the overall response
of the system, and are therefore very important. Also, initial tank levels are also very important in
determining the duration of a phase and the primary safety criterion of the PIRT, the vessel minimum
inventory. Although unsteady behavior and oscillations in variables or parameters like pressurizer level
and IRWST injection appeared to be of secondary importance from a top-down scaling standpoint, more
detailed bottom-up analysis of this behavior may be warranted since the top-down scaling effort was not
intended to capture these behaviors. In addition, several other relations between variables were identified
as needing further study from a local or bottom-up point of view. The most important of these were
entrainment and the quality of the fluid leaving the system through the ADS-4 valves.
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Appendix I - Application of the Analytical Hierarchy Process
to the AP600 SBLOCA Short-Term PIRT

I-1. INTRODUCTION

The AP600 is a new design for which there is no existing plant. Early in the PIRT development,®
there existed minimal experimental and analytical data with which to judge relative phenomena
importance. Accordingly, in the PIRT development through Revision 1 of this report, it was judged that
there was an insufficient technical basis to warrant the use of a detailed numerical ranking scheme. Rather,
the ranking was based on low, medium and high importance categories with respect to a phenomenon’s
influence on the parameter of importance.” However, by December 1995, sufficient data from the AP600
devoted experiments and analytical studies had been obtained to make numerical phenomena ranking
attractive. Moving to a numerical ranking scheme allows for more precise evaluations of relative
importance. In addition, use of a numerical ranking process, such as the Analytical Hierachy Process
(AHP), forces a structured, logical and consistent ranking of the data base, taken as a whole. Therefore,
even though further new experimental and analytical evidence was to be available after December 1995, it
was judged results from the application of the AHP to the initial phases® of the SBLOCA would be most
useful in helping confirm more realistic ranking of the phenomena. Such application would also give
insights regarding the feasibility of combining the transient initial phases into a single treatment (i.e., a
short-term SBLOCA PIRT). It is the purpose of this appendix to document the AHP effort.

The remainder of this appendix documents the application of the AHP to the AP600 SBLOCA short-
term PIRT development. Section 2 describes the specific approach to developing AHP based insights
regarding the relative importance of phenomena to the plant response during the initial phases of the
transient. Section 3 provides the significant results from the AHP exercise. Section 4 summarizes the
significant conclusions derived from the AHP results. Pertinent references noted in the first four sections
are listed in Section 5.

I-2. APPROACH

I-2.1 Background

Humans have a high proficiency to determine the relative importance of items, one-to-another, when
the number of items does not exceed four. As the number of items in a group increases beyond four, the
ranking capability decreases at an increasing rate. Accordingly, methodologies have been developed to
organize large ranking problems into subsets that capitalize on innate human talents. One such
methodology is the AHP which has been used to help justify the AP600 SBLOCA short-term PIRT
described elsewhere in this report.

As decisions become more and more complex, decision makers are faced with the challenge of
sorting through many variables to arrive at a sound decision. The AHP is a tool developed by T. L.
Saaty,"! that allows a systematic, logical approach to reduce complex issues into manageable pieces. The
decision maker can then sort through the variables and determine to what degree a particular variable will

2 Preliminary PIRTs, and Revsion 0 and Revision 1 of this report.
® Minimum vessel inventory as described elsewhere in this report.

° High pressure, ADS blowdown, and initial IRWST injection.
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influence the final decision. The power of the AHP is centered in its reduction of complex problems to
one of many pair-wise decisions. Only two items need be compared against one another; a much simpler
task than comparing an item to all others simultaneously. By arranging the items that influence a decision
in the form of a matrix and comparing appropriate pairs in this matrix to each other, each item is
automatically compared with every other item via the matrix algebra used in the process. Thereby, the
relative importance, one-to-another, of all the items on the final decision is determined.

As the name suggests, the AHP contains hierarchies or levels. The structuring of a complex problem
into hierarchies is the second strength of the methodology in that it also supports partitioning a complex
problem into subsets more amenable to ranking determinations. Each level contains items that will be
ranked one-to-another on the basis of their influence on an item in the next higher level. By starting at the
lowest level, the most fundamental level, the decision maker can rank items with respect to a more general
item contained in the next higher level. As the decision maker proceeds through the levels, the items
become more general until the most general item, the goal, is reached. - Thus, the decision maker proceeds
as if building a pyramid. At the bottom he makes many specific decisions. As the process proceeds
toward the top fewer and fewer decisions are made and they become increasingly more general. Finally
the AHP manipulates the pair-wise decisions made at each level to determine how important each are with
respect to the most general item, the goal.

I-2;2 Approach

The general approach is shown conceptually in Figure I-1. Based on the evidence indicated in the
figure, independent pair-wise ranking was performed by three of the PIRT Subgroup Thermal Hydraulic
(T/H) expert consultants for:

. The relative importance of the phaises that constitute the short-term PIRT, and
e  The relative importance of the phenomena within each phase.

The INEEL staff then used AHP software"? to generate:

. The relative importance of the phases taken as a whole,
*  The relative importance of the phenomena within each phase, and
*  The relative importance of the phenomena for the combined phase short-term PIRT,

for each of the three pair-wise ranking input sets provided by Brent Boyack (BB), Peter Griffith (PG) and |
Gearld Lellouche (GL).

Because the Revision 1 PIRT was considered to contain all plausible phenomena, it formed the basis
for the components and phenomena treated in the AHP application. A pair-wise ranking scale of 1 to 5
was used by the PIRT Subgroup, where in judging the relative importance of two items, a and b:

1 =Ttems a and b are of equal importance

3 =Item a is somewhat more important than item b

5 = Item a is significantly more important than item b
1/3 =Item b is somewhat more important than item a
1/5 =Ttem b is significantly more important than item a.
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Figure I-1. Conceptual application of AHP to AP600 SBLOCA short-term PIRT.
Ranks of 2 and 4, and 1/2-and 1/4 were available to further refine the above ranks if desired.’

The number of pair-wise ranks, and each specific rationale for those ranks, constitute a very large
body of information that is not believed to be warranted for recording here. This information has been
archived by the INEEL staff. However, the general rationale for the ranking is given in the next section.

I-2.3 General Ranking Rationale

Information from several sources feed the phenomena ranking process. In general order of
decreasing importance these are: 1) test data, 2) scaling analyses, 3) code calculations, and 4) experience.
To the extent supported by this data base at any one point in time, the initial ranking rationale was centered
in implicit judgments of the combined importance of subsystems (components) and the specific
phenomena within each component. In addition, because of the minimal amount of AP600 specific data
early in the program, an absence of significant information resulted in escalation of the ranks of those
specific phenomena to high; a conservative, but not necessarily realistic safety perspective. The
expectation was that as more AP600 specific evidence became available with time, updates of the PIRTs
would undergo a general tendency to decrease the ranks. This has proven to be true; however, it is
generally believed the PIRTs continued to be conservative rather than best estimate.

4 The input ranking scale is arbitrary; however, the AHP matrix algebra produces “absolute” ranks in a 0 to 1 scale
as is common to this class of mathematical solutions. In addition, the software is designed to produce “normalized”
output ranks on a scale of 1 to 9, where it is normally interpreted that ranks of 1 to 3 denote low importance, 4 to 6
moderate importance, and 7 to 9 high importance.
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Another element in the ranking rationale was consideration whether a component was active or
inactive in any particular time period. If inactive, no further effort was made to rank the
processes/phenomena in that component; they are “insignificant”. For example, during the blowdown
phase the PSIS is inactive, therefore, there is no need to consider further the importance of the system, its
component or its phenomena. '

Although the early PIRTs were component/within component phenomena centered, it was
increasingly recognized that in the AP600 design there were significant interactions between subsystems.
The most important of these are: 1) depressurization, 2) inventory depletion, 3) inventory replacement,
and 4) core cooling. Depressurization is a key process because it is impossible to transition to long-term
core cooling until the PCS pressure is reduced sufficiently to permit accumulator injection and gravity-
induced injection from the IRWST and sump. Inventory depletion is a key process because the removal of
too much inventory can degrade core cooling and potentially result in core damage. Inventory replacement
is a key process because inventory depletion is an inherent feature of the transition to long-term cooling.
Cooling the core is the process most directly related to public safety and protecting the investment in the
plant. Core cooling con51ders both coolant flow and core power, which is the traditional power-to-cooling
relationship.

In summary, the ranking rationale remains strongly focused toward the component/within component
phenomena orientation. However, the system level interactions (see above) have been increasingly

introduced into the ranking process, albeit in a more implicit than explicit manner.* For example, see the
system level related dominant processes in Figures 7 - 8 in the main body of this report.

I-3. AHP RESULTS

I-3.1 Phase Importance
The initial SBLOCA phases considered in the AHP application were:
»  High pressure - Break initiation to ADS-1 actuation
e ADS blowdown - ADS-1 actuation to initiation of IRWST injection
. Initial IRWST injection - Initial dynamic phase of IRWST injection

The results from the AHP application are summarized in Table I-1.

° Explicit consideration of system level interactions is considered to be one of the significant lessons learned. That
is, in reactor designs that are strongly dependent on weak gravity induced flows, system level interactions should be
explicitly introduced into the ranking process at the second hierarchical level (i.e., above the component/within
component phenomena level[s]).
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Table I-1. Ranking of time phase importance.

Absolute Rank Normalized Rank | INEEL Composite
Rank
Phase BB PG GL | BB | PG | GL | Absolute | Norm
High pressure 0.0897 | 0.1460 | 0.0982 1 1 1 0.1113 1
ADS blowdown 0.6070 | 0.4738 | 0.5679 9 9 9 0.5496 9
Initial IRWST Injection 03033 | 0.3802 { 0.3339 4 7 5 0.3391 5

It may be noted that from the 1-9 normalized rank perspective there was no essential difference
among the three sets of ranks for the high pressure and ADS blowdown phases. There may be some
difference for the initial IRWST injection phase in that strictly speaking the phase was ranked moderate
and high by the different Subgroup members. In any case, there was a common view that the ADS phase
was most important, the initial IRWST phase of second importance and the high pressure phase least
important.? The INEL composite rank shown in the table was somewhat arbitrarily formulated by
averaging the three individual ranks for each phase, and is provided just for information.?

I-3.2 Within Phase Phenomena Importance

. “Within phase” is used to denote the relative phenomena importance within each of the three time
phases noted in the previous section. That is, these ranks have not been weighted by the relative
importance of the three time phases. The results of applying the AHP software to each of the three
individual sets of pair-wise ranking are summarized in Tables I-2 through I-4 for the three time phases of
interest. The AHP numerical ranks have been converted to their corresponding alpha ranks (see footnote
d) to allow for direct comparison with the published Revision 1 PIRT. In addition, the column “AHP
suggested Phase 1 ranks” lists the highest of the three individual ranks for each phenomenon. Shaded cells
indicate phenomena that were considered insignificant by the individual performing the ranking.

! The only value in recording the absolute ranks to four significant figures is to illustrate the numerical consistency
maintained by the AHP software.

£ This perspective of phase importance is also similar to that documented in a separate scaling analysis report.

" The individual consultant phase rank sets are maintained for the subsequent ranking reported in this appendix.
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Table I-2. AHP within phase phenomena importance for high pressure phase.

__Component

Phenomena

Rev |
PIRT

AHP ranks AHP suggested

Bovack

G;'ifﬁth Leffouche Phase 1 ranks
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| (d [l K (] Kl (oo [o o8 (]
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2
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Secondary pressure
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Upper head/downcomer bypass flow
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Table I-3. AHP within phase phenomena importance for ADS blowdown.

Rev 1 AHP ranks AHP suggested
Component Phenomena PIRT Bovack | _Griffith | Lellouche} Phase 2 ranks
Accumuiators Flow H H H H H
Noncondensible effects M M M M
ADS Energy release H M M H H
Mass flow H H H H H
Choking in complex geometry M H L M H
Flow resistance M M L L M
Noncondensible effects M M L L M
Break Energy release M M M M M
Flow resistance L M L L M
Mass flow M M M M M
Noncondensible effects L L L L L
Cold legs Condensation L L L L L
Flashing L L L M M
Noncondensible effects M L L L L
PBL-to-cold legs tee phase separation M L L L L
Stored energy release L L L L L
Thermal stratification L L L L L
Core Flashing H M L M M
Flow resistance H M L L M
Stored energy release L M L L M
Subcooling margin H M L L M
Two-phase mixture level H H L H H
CMT Flashing M L L M M
Flow resistance M L L L L
Level H M L L M
Thermal stratification and mixing M L L L L
Downcomer/ Condensation M L L L L
lower plenum Flashing L L L M M
Noncondensible effects L L L L L
Stored energy release L L L L L
Fuel rods CHF/dryout M M L M M
Core power/decay heat H H L L H
Stored energy release L M L==L M
Hot legs CCFL M L L L L
Condensation M L L L L
Countercurrent flow M L L L L
Entrainment M L L L L
Flashing M L L M M
Horizontal fluid stratification M L L L L
Noncondensible effects L L L L L
Phase separation in tees H L L L L
Stored energy release L L L L L
IRWST Interphasic condensation M L L L L
Pool flow M L L L
Pool level L L L L
Pool 10 tank structure heat transfer L L L L
Pool thermal stratification M L L L L
Sparger pipe level H L L M M
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Table I-3. (continued).

AHP suggested
Component Phenomena . iffith | Lellouche Phase 2 ranks
Pressurizer CCFL
Entrainment/de-entrainment
Level (inventory)
Level swell
Noncondensible effects
Stored energy release
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Table I-4. AHP within phase phenomena importance for initial IRWST injection.
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I-3.3 Phase Weighted Phenomena Importance

“Phase weighted” is used to denote the AHP analysis in which the phase importance given in
Section 3.1 is applied to the within phase phenomena importance presented in Section 3.2. The product of
this two level hierarchy is the ranking for the three combined phases, or the short-term AHP PIRT. The
significant results are summarized in Table I-5. The descriptions of the column AHP PIRT information
are:

+  Individual AHP phase weighted ranks - The ranks generated by the AHP software based on
application of the phase weighting described in Section 3.1 to the within phase phenomena ranks
described in Section 3.2 for each of the three individual sets of ranking,

e Revision 1 combined PIRT - The highest phenomenon rank during the three phases of interest that
were reported in the Revision 1 issue of this report,

»  Highest AHP phase weighted ranks - The highest phenomenon rank shown in any one of the three
individual AHP phase weighted ranks, and

e Highest AHP within phase ranks - The highest phenomenon rank shown for any of the three within
phase individual ranks for any of the three phases (Tables I-2 - I-4).

I-4. SUMMARY AND CONCLUSIONS
I-4.1 Summary

Considerable new, but not necessarily complete, experimental, analytical and scaling AP600 specific
evidence evolved through December 1995. This evidence was considered sufficient to warrant numerical
ranking of the high pressure, ADS blowdown and initial IRWST injection phases of the SBLOCA.
Accordingly, three members of the PIRT Subgroup of T/H Expert Consultants were requested to provide
individual pair-wise ranking of the relative importance of the phases of interest and the phenomena that
occur within each phase. Using this information the INEEL staff applied AHP software to determine:

. The relative importance of the phases taken as a whole (Table I-1),

¢ The relative importance of the phenomena within each phase (Tables I-2 - I-4), and

. The relative importance of the phase weighted phenomena for the combined phase short-term AHP
PIRT (Table I-5).

This data was further sorted to provide:

»  The highest AHP phase weighted ranks of the three sets of individual ranking (Table I-5), and
¢ The highest AHP within phase ranks of the three sets of individual ranking for all three phases of
interest (Table I-5).

I-4.2 Significant Conclusions

The significant conclusions drawn from the information in Tables I-1 - I-5, in their perceived order of
importance, are:

¢  The new evidence combined with the strengths of AHP analysis has confirmed prior SBLOCA
PIRTs contain a high degree of conservatism. This was to be expected based on the practice of
assigning high importance to insufficiently understood phenomena until such time as evidence
existed to down-rank. The AHP analysis provides a more rigorous and consistent basis to evaluate the
degree of conservatism as a whole.
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»  The introduction of the relative importance of time in the transient provides a new perspective
relative to making the PIRTs more realistic. In principle it is logical to assign less importance to a
high ranked phenomenon in a time period that is less important, than to a high ranked phenomenon in
a time period where the ongoing processes dominate the ultimate outcome of the plant response (for
example the ADS blowdown phase). This also allows further simplification of the PIRTs in that
phases may be combined into larger blocks of time. There is a potential down side to this approach,
however. From the perspective that a phenomenon’s behavior in a subsequent time period is at least
somewhat dependent on behavior in previous time periods, phase weighted ranking could, in
principle, tend to under-rank some phenomena. The risk of such under-ranking is considered to be
essentially nonexistent when several independent AHP analyses are performed and the most.
conservative view taken of the several results. This has been done in the analysis reported here
(Table I-5, next to last column). The risk is further reduced by considering other evidence from such
sources as parameter specific sensitivity studies, scaling analysis, etc. as is done elsewhere in this
report. The three independent views of the relative importance of the three time phases of interest
here have been generally supported by other evidence from scaling analysis. The scaling analysis
also well supports the plausible phenomena used in the AHP study.

. The AHP analysis that ignored the importance of time (or alternately assigned the same
importance to all time phases), the within phase AHP ranking, provides a most conservative
perspective of phenomena importance. This is particularly true where the most conservative ranks
from three independent within phase ranks are considered (Table I-5, last column). However, this
perspective lends itself to helping identify the most cost effective areas where phase weighted ranking
should be further confirmed with other evidence.

+«  Review of the AHP analysis ranking rationale, and other evidence, helped identify an
important potential improvement in the PIRT process. That is, system level interactions (i.e.,
between subsystem/components) should be explicitly considered in reactor designs that are strongly
dependent on weak gravity induced flows. The PIRT process can be improved by the introduction of
system level interactions at the second hierarchical level (i.e., above the component/within
component phenomena level[s]). ‘
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