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Abstract

The Nuclear Regulatory Commission has issued a Regulatory Bulletin and accompanying
Regulatory Guide (1.82, Rev. 2) which requires licensees of boiling water reactors to develop a
specific plan of action (including hardware backfits, if necessary) to preclude the possibility of
early emergency core cooling system strainer blockage following a postulated loss-of-coolant-
accident. The postulated mechanism for strainer blockage is destruction of piping insulation in the
vicinity of the break and subsequent transport of fragmented insulation to the wetwell. In the
absence of more definitive information, the Regulatory Guide recommends that licensees assume a
drywell debris transport fraction of 1.0. Accordingly, the Nuclear Regulatory Commission
initiated research focused toward developing a technical basis to provide insights useful to
regulatory oversight of licensee submittals associated with resolution of the postulated strainer
blockage issue. Part of this program was directed towards experimental and analytical research
leading to a more realistic specification of the debris transport through the drywell to the wetwell.
To help focus this development into a cost effective effort, a panel, with broad based knowledge
and experience, was formed to address the relative importance of the various phenomena that can
be expected in plant response to postulated accidents that may produce strainer blockage. The
resulting phenomena identification and ranking tables reported herein were used to help guide
research. The phenomena occurring in boiling water reactors drywells was the specific focus of
the panel, although supporting experimental data and calculations of debris transport fractions were
considered.
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Executive Summary

The NRC has issued a Regulatory Bulletin and accompanying Regulatory Guide (1.82, Rev. 2)
which requires licensees of BWRs to develop a specific plan of action (including hardware
backfits, if necessary) to preclude the possibility of early ECCS strainer blockage following a
postulated LOCA. In the absence of more definitive information, the Regulatory Guide
recommends that licensees assume a drywell debris transport fraction of 1.0. Accordingly, the
NRC initiated research focused toward developing a technical basis to provide insights useful to
regulatory oversight of licensee submittals associated with resolution of the postulated strainer
blockage issue. Part of this program was directed toward experimental and analytical research to
help determine a more realistic specification of the debris transport through the drywell to the
wetwell. To help focus this development, a panel, with broad based knowledge and experience,
was formed to apply the PIRT process to the transport of break-generated debris through BWR
drywells. The first phase of the PIRT project, executed in April-May 1996, was focused toward
timely development of initial PIRTSs to guide the on-going research. The second and third phases,
executed in August 1996 - February 1997, consisted primarily of panel evaluation of the planned
experimental effort, and preliminary experimental results. The fourth phase, completed in July
1997, focused on panel review of the final research results in the context of updating the PIRTs
based on the new expenmental and analytical evidence. Those findings are the primary subject of
this final report.

The PIRT's developed by the panel were used to help guide the experimental and analytical
research. The early PIRTs have been updated to reflect the new research results. The highly
important phenomena from the updated tables are summarized on the next page by drywell location
(component), general phenomena type, and time in the transient (blowdown phase and post
blowdown phase). Tables 1 and 2 in the body of the report list the full, and final, PIRTs
developed by the panel.

Accident scenario and plant design selections are an important part of the PIRT process. Given the
combinations of break locations and containment types, a large number of scenarios are possible.
Initially the panel focused on a single break type (high elevation main steam line break), a single
containment type (Mark I), and no containment spray. However, obvious differences in
phenomena importance in a recirculation line break low in the drywell, and in the other two
containment designs, were also identified. Thus, the final PIRTSs reported herein address both
scenarios and all three containment designs, to the extent allowed by the final experimental and
analytical evidence.

In the process of reviewing the new experimental and analytical evidence, the panel formulated
several observations regarding the total research program. These “insights” are also documented
as part of this report, as a secondary objective of the panel efforts. The more important of these
follow immediately below in two main topics: 1) Methodology to synthesize research, and

2) Lessons learned regarding the PIRT process.

1) Methodology to synthesize research results into a basis to judge licensee submittals:
a) The panel believes the structure of the methodology:

e Will provide a rational technical basis for the desired licensing reviews

¢ Is sufficiently flexible that new evidence and assumptions, related to debris size and
distribution, can quickly be accommodated to provide a basis for submittal
evaluations not covered at the time this report was issued




BWR drywell debris transport highly important phenomena

Component Phenomenon Phenomenon Highest of the highly
type . ranked phenomena®
Blowdown -phase
Drywell Thermal hydraulic Pressure driven flows (bulk flows) v
open related Localized flow field 4
areas Flashing of break liquid effluent@ v/
Debris transport & Advection/slip v “
depletion related
Drywell Thermal hydraulic Porosity 4 i
structures related Recirculation (streaming) deluge 4
Debris transport & Recirculation deluge (streaming) s
depletion related related transport
Impaction v
Adhesion v/
Drywell Thermal hydraulic Pool formation® v
floor related Pool overflow (timing issue this phase)® v
Pool flow dyna.mics®
Debris transport & Pool transport (to/through vent)® v
depletion related Settlin g® ‘
Post-blown down phase
Drywell Thermal hydraulic ECCS deluge
structures related
Debris transport & ECCS deluge
depletion related
Drywell Thermal hydraulic Pool overflow
floor related Pool formation
Pool flow dynamics® v
Debris transport & Pool transport (to/toward vent)© v

depletion related

Settlin

Notes: @ All phenomena listed in the table are of high importance. However, those indicated

by a check mark (v') are the “highest of the high”.

@ Applies only to the recirculation line break.
® Applies only in the case of drywell overflow to vent.

b) The panel finds the methodology attractive in that it:

Clearly delineates important phenomena in the BWR drywell

Readily incorporates, and links, both experimental and analytical results

Is comprehensible to engineers having less experience in the subject of interest
c) With respect to the current application of the methodology, the panel perceives the
following potential weaknesses [see Section 3.2-3)]:

The rationale for upper bounds on the transport fraction needs to be strengthened.
This perception is related to the the treatment of the upper and lower bounds, and the
desirability of additional validation related to the character (size and distribution) of
the generated debris.

iv




e The basis for the applied flow velocities in the ARL and CEESI experiments needs
strengthened. That is, their applicability to prototypical plant conditions needs to be
more strongly demonstrated by a consistent scaling approach [Section .

e The experimental data base for the behavior (including ECCS erosion) of large debris
on gratings is considered incomplete. In some part this is related to the above item.

e The data base for the recirculation line LOCA is considered to be too small given the
relative importance of that transient and its consequences.

2) Lessons learned regarding the PIRT process:

a) The generic PIRT process was readily adapted to the needs of the program and proved to
be an effective method to organize a highly complex problem into tractable subparts.
Consequently, the results were used in planning and conducting the continuing research.

b) Comparison of the final PIRTs with the initial PIRTSs tends to further validate the
effectiveness of using independent teams, having collective broad based knowledge,
early in research programs addressing new problems, as illustrated by the following:

e No new phenomena were identified

¢ One phenomenon rank moved from moderate to high rank, based on new evidence
(i.e., surface wetting during the blowdown phase)

e Intwo cases the ranks of related phenomenon effects moved from low to high
(i-e., ECCS deluge influence on thermal hydraulics and on debris transport during
the post-blowdown phase)

e Three phenomenon ranks moved from high importance to highest importance
(i.e., pool formation, pool overflow and pool transport to/through the vent during.
the blowdown phase)

e Although the ranks of several phenomena were increased, the most noticeable trend
between the initial and final PIRTs was the decrease in phenomena importance. This
validates the built-in rule in the process, that in the absence of evidence, the team is to
initially rank phenomena at their highest conceivable rank until further evidence is

acquired as to the more realistic rank.
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FINAL REPORT
BWR Drywell Debris Transport
Phenomena Identification and Ranking Tables (PIRT)

1. Introduction

1.1 Background
The NRC has issued a Regulatory Bulletin and accompanying Regulatory Guide (1.82,

Rev. 2)[1] which requires licensees of BWRs to develop a specific plan of action (including
hardware backfits, if necessary) to preclude the possibility of early ECCS strainer blockage
following a postulated LOCA. The postulated mechanism for strainer blockage is
destruction of piping insulation in the vicinity of the break and subsequent transport of
fragmented insulation to the wetwell. In the absence of experimental data and analytical
results, demonstrating significant retention of debris in the drywell, the Regulatory Guide
recommends that licensees assume 100% of debris, generated as a consequence of the
LOCA, is transported from the drywell to the suppression pool. The current
recommendation to use a drywell debris transport fraction of 1.0 can pose significant design
impacts for some licensees.

A review of incidents that have occurred to date indicate two general categories of ECCS
strainer blockage mechanisms. One (an incident in the Barsebéck plant in Sweden involving
the spurious opening of a safety valve) involves debris generation in the drywell due to blast
effects of high-velocity coolant discharge from the primary coolant system onto piping
insulation. Similar effects are expected if a pipe running through the drywell should
rupture. Transport of fibrous debris to, and collected on, ECCS strainers reduces NPSH
and degrades pump performance. The second category are US incidents in which degraded
RHR pump performance was observed as a consequence of pre-existing debris and sludge
in the suppression pool collecting on ECCS strainers. This category has already been
addressed through a separate NRC bulletin which requested periodic cleaning of BWR
suppression pools.

Characterization of the debris and amount generated as a consequence of a LOCA in a BWR
drywell was addressed through an experimental program supported by the BWROG.

Information from the NRC researchl2] (including those informally documented efforts given

in Appendix C), and to a limited extent from the BWROG work, constitutes the baseline for
the PIRT project described herein.




1.2 Objectives
1.2.1 USNRC BWR Debris Transport Research
The primary objective of the NRC research program was to identify analytical
methods and experimental evidence, and thereby develop a rational framework for

evaluation of licensee submittals related to mitigation of strainer blockages.
1.2.2. PIRT Project

The primary objectives[3] of the project for the PIRT panel were to:

1) Use the PIRT process to identify phenomena and to rank their importance as
related to transport of LOCA-generated debris within US BWR drywells,

2) Use the PIRT tables to advise the NRC staff in the analysis of BWR drywell
debris transport, from the perspectives of phenomena modeling and
identification of present computer codes best suited for such analyses. This
initial objective was subsequently expanded to include experimental aspects
associated with the overall NRC research objective in Section 1.2.1 above,

3) Advise the NRC staff regarding potential methods to characterize the estimated
uncertainties in code predictions and the application of calculations to predict
actual plant behavior, and

4) Advise the NRC staff regarding the panel's views about the success expectancy
for the experimental and analytical approaches presented to the panel.

These objectives were achieved through a four-phase approach. The first phase

was focused toward timely development of initial PIRTS to guide the on-going

experimental and analytical methodology development[3’ 4], The second phase

consisted of panel review and evaluation of the planned experimental program[3].
The third phase consisted of review of the preliminary experimental program results
by one panel member, and reporting of his evaluation to the other panel members

and the NRCI6]. The fourth and final phase, reported here, consisted of full panel
review and evaluation of the final research results. The primary objective of the
final phase was to update the initial PIRTSs based on the new experimental and
analytical evidence. A secondary objective was to provide the panel’s observations
and insights for the total research program.
1.3 Report Structure
The primary topic of interest, the PIRTS, are provided in Tables 1 - 2 in Section 2. The
highly ranked phenomena, extracted from these tables, are also summarized in the Executive
Summary. The base conditions for which the PIRTs were developed are also provided in
Section 2, in subsections preceding the tables. Phenomena descriptions and ranking




2.1

rationales (as referenced in Tables 1 - 2) are provided, respectively in Appendices A and B.
Details of the PIRT panel insights regarding the PIRTs, the debris transport related research,
and other aspects of the strainer blockage issue are given in Section 3. These results are also
summarized in general order of importance in the Executive Summary. Documents more

directly related to the PIRT development are referenced throughout the report and identified
in Section 4. Other sources of information that completed the general information base
available to the panel, or developed in association with panel meetings, are summarized in
Appendix C.

2. BWR Drywell Debris Transport PIRTs

PIRT Process Overview

The information obtained through the application of the PIRT process[7a 8, 9] identifies the
requirements which will be imposed on research supporting experiments and/or analytical
tools used to simulate accident scenarios. In addition, those requirements are prioritized
with respect to their contributions to the reactor phenomenological response to the accident
scenario. Because it is not cost effective, nor required, to assess and examine all the
parameters and models in a best-estimate code (or supporting experiment) in a uniform
fashion, the methodology focuses on those processes and phenomena which dominate the
transient behavior, although all plausible effects are considered. This screening of plausible
phenomena, to determine those which dominate the plant response, ensures a sufficient and
efficient analysis. PIRTSs are not computer code-specific, that is, PIRTs are applicable to the
scenario and plant design regardless of which code may be chosen to perform the
subsequent safety analysis. This also adds to the efficiency and generality of the process.

A typical application of the PIRT process is conceptually illustrated in Figure 1 and
described as follows. The PIRT process focuses on phenomena/processes that are
important to the particular scenario, or class of transients, in the specified NPP (i.e., those
that drive events). Plausible physical phenomena and processes, and their associated system
components are identified. From a modeling perspective, phenomena/processes important
to a plant response to an accident scenario can be grouped in two separate categories:

1) Higher level system interactions (integral) between components/subsystems , and

2) Those local (within) to a component/subsystem. The identification of plausible
phenomena is focused toward component organization, but experience has indicated it can
be most helpful to relate the phenomena to higher level integral system processes. Often
time can be saved when it can be demonstrated a higher level integral system process is of
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Figure 1. Ilustration of typical PIRT process.

low importance during a specific time phase. A subsequent and equally important step is the
partitioning of the plant into components/subsystems. This latter step is a significant aid in
organizing and ranking phenomena/processes. The phenomena/processes are then ranked
with respect to their influence on the primary evaluation criteria, to establish PIRTs.

Primary evaluation criteria (or criterion) are normally based on regulatory safety
requirements such as those related to restrictions in fuel rods (peak clad temperature,
hydrogen generation, etc.) and/or containment operation (peak pressure, ECCS
performance, etc.). The rank of a phenomenon or process is a measure of its relative
influence on the primary criteria (criterion). The identification and ranking are justified and
documented.

The relative importance of phenomena are time dependent as an accident progresses. Thus,
it is convenient to partition accident scenarios into time phases in which the dominant
phenomena/processes remain essentially constant; each phase is separately investigated. The
processes and phenomena associated with each component are examined as are the inter-

relations between the components. Cause and effect are differentiated. The processes and




2.2

2.3

2.4

phenomena and their respective importance (rank) are judged by examination of
experimental data, code simulations related to the plant and scenario, and the collective
expertise and experience of the evaluation team. Independent techniques to accomplish the
ranking include expert opinion , subjective decision making methods (such as the Analytical
Hierarchy Process), and selected calculations. The final product of application of the PIRT
process is a set of tables (PIRTs) documenting the ranks (relative importance) of phenomena
and probesses, by transient phase and by system component. Supplemental products
include descriptions of the ranking scales, phenomena and processes definitions, evaluation
criteria, and the technical rationales for each rank. In the context of the PIRT process
application to drywell debris transport, the primary elements of interest are described in
Sections 2.2 through 2.8. The PIRTs resulting from this specific application are
documented in Section 2.9.

Primary Parameter of Interest

This is the criterion that was defined and used to judge the relative importance of the
phenomena/processes important to drywell debris transport. For the present PIRT
endeavor, it was obvious that this parameter must be the fraction of debris mass generated
within the “break region” that is transported to the wetwell vent entrance.

Plant Design(s) Considered

For US BWRs there are three different containment types: Mark I, Mark I and Mark III.
There are a total of 37 BWR plants of which 23 have a Mark I design. It was determined
that the best approach for the initial PIRT exercise was to focus first on a Mark I design
because of its unique features, and then highlight differences expected to impact the other
two containment designs. In summary, the approach was to develop a "generic" PIRT that is
common to all three designs, but containing "exception" statements that are design specific.
Accident Scenario(s) Considered

Considerable effort has been given to specifying volumetric debris generation depending on
various scenarios (LBLOCA, MBLOCA, steam and recirculation line break, etc.) in

NUREG/CR-6224[2]. This study further included the failure probability of numerous weld

locations, various elevations, and numerous systems piping. These results concluded that
this “spectrum of breaks” can lead to a large variation in volume of debris generated; namely

varying from 2 to over 112 t3 of debris. Thus, the specific accident scenario considered
may have some effect on the relative importance of some phenomena. To accommodate this
variable within the time constraints available to complete the PIRT, the panel agreed to
consider the following scenario as the primary basis for ranking phenomena: -




2.5

e Large LOCA: The objective was to base the PIRT on a bounding accident scenario (in
terms of debris generation). Primary consideration was given to a steam line break, but
major differences in recirculation line breaks were also recognized to account for break
effluent fluid conditions.

e Full-power operation at the time of break initiation.

Again the initial approach was to develop a "generic" PIRT with respect to the different
scenario conditions, but containing "exception" statements that are scenario dependent.
Partitioning of Drywell into Components

The panel was fortunate that prior work[2] provided a consistent framework for partitioning
the drywell into the four components pictorially illustrated in Figure 2 and described below:

e Open area: The free flow area, excluding the potential pool in the bottom of the drywell
and the debris-generating zone-of-influence in the vicinity of the break.

e Structures: All solid boundaries and barriers to the flow stream, including drywell
walls, pipes, cabinets, walls, grates, etc.

¢ Floor: That area where a potential, essentially liquid, pool may form in the lower
drywell elevations.

‘o Vent entrance: The inlet area of the vent where significant interactions with the open area

and/or floor components may take place.
Boundary conditions - Based on discussions related to the opinion that break flow was
adequately characterized by the proposed methodology, and that the development of debris
generation models was already well focused, it was determined these sources were best
characterized as boundary conditions to the PIRT work. Therefore, there was no need to
define components for these regions. That is, the PIRT process did not give consideration
to primary coolant break flow, determination of a representative debris “size distribution”, or
other characteristics of the debris source. Debris characterization was an assumed input
boundary condition. However, the influence of break flow and debris characterization on
the PIRT components (i.e., interactions) was considered!. Similarly, existing information
related to suppression pool behavior, constituted the vent exit boundary conditions for the
PIRT development.

1 1t should be noted that the panel did not necessarily agree that debris generation and characterization is a closed
issue from the perspective of the overall research. However, in the absence of a definitive characterization of the
debris source for particular accident scenarios, it was agreed that the PIRT development could better proceed by
considering these elements as boundary conditions.
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Figure 2. Component partitioning of drywell.

2.6 Partitioning of Scenario into Time Phases
Again prior work[2] provided a clear resolution to this objective:

e Blowdown: From break initiation through that point where the initial, dynamic, high
energy nature of the break flow has decayed to essentially constant conditions (= 0 to
100 s for LBLOCA). The specific time at which this phase terminates increases with
decreasing break size.

e Post-blowdown: End of blowdown to that point in time when debris transport has
become essentially insignificant (= 30 min for LBLOCA). The boundary between
blowdown and this phase included the specification that debris washdown by
containment sprays, if present, was contained in the post-blowdown phase.

2.7 System Level Processes
As a first step in the PIRT process, phenomena believed to have some significance to the
plant behavior were identified by the previously defined component and time phase
partitioning. Early in the process it was determined that major system level interactions were
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important to identification of the plausible phenomena, and were even more important in the

subsequent ranking effort. Therefore, the following five high level system processes were

adopted to aid in the effort:

® Gas/vapor transport - Flow of noncondensibles and steam through free stream paths and
around structures.

@ Suspended water transport - Flow of liquid through free stream paths and around
structures

® Water depletion/accumulation/surface transport - Capture, storage, and flow of liquid on
the surface of drywell internal structures.

@ Debris transport - Flow of debris through free stream paths and around structures,
including transport via gas/vapor, liquid films, pool surfaces and within pools.

® Debris depletion - Capture and storage of debris by structures and liquid pools,
including growth or fragmentation of the debris.

Features of these processes are pictorially illustrated in Figures A1-A9 in Appendix A.

It may be noted that these processes were used in their broadest sense solely as an aid in

organizing the phenomena into tractable groups for further consideration in the ranking of

relative importance. In this sense, relating a particular phenomenon to a system level

process helps to define the context in which the importance of the phenomenon is judged.

Description of Phenomena Ranking Scale

It was agreed that the use of the labor intensive AHP ranking methodology was not possible

within the time constraints of the PIRT effort. Accordingly, it was decided that the low,

medium, and high rank scheme should be adopted, where, from prior PIRT applications the

following two general interpretations serve as guidelines:

1) Code development and assessment:

¢ Low = Phenomena has small effect on the primary parameter of interest.
Phenomena should be represented in the code, but almost any model will be
sufficient,

¢ Medium = Phenomena has moderate influence on the primary parameter of interest. |
Phenomena should be well modeled; accuracy maybe somewhat compromised,

e High = Phenomena has dominant impact on the primary parameter of interest.
Phenomena should be explicitly and accurately modeled.
2) And for code uncertainty quantification:

* Low = Combined uncertainty of phenomena maybe determined in a bounding
fashion, or may be eliminated when justified,




2.9

e Medium = Phenomena should be evaluated to determine if uncertainty should be
treated individually as are high ranks, or in a combined manner as are low ranks,

e High = Phenomena uncertainty should be individually determined and then
combined statistically with other uncertainty sources (root mean square, Monte Carlo
sampling, etc.).

During the actual ranking the panel found it helpful to differentiate between the lowest of the
low, and highest of the high ranks. Therefore, a numerical ranking scheme of 1 to 5 was
adopted with the following meaning:

1 = Lowest importance ’ 4 = High importance
2 = Low importance 5 = Highest importance

3 = Moderate importance

Because these numerical ranks better reflect the panel's ranking conclusions they have been
maintained in Tables 1 and 2.
PIRTs
2.9.1 Blowdown
The PIRT for this time phase is provided in Table 1. The structure of the table is:

e Column 1 - Component in which phenomenon occurs. The components are
described in Section 2.5 and Figure 2.

e Column 2 - General phenomenon type.

e Column 3 - Higher level system process with which the phenomenon is
associated. These processes are described in Section 2.7.

¢ Column 4 - Phenomena being ranked.

e Column 5 - Cross reference number for phenomenon description given in Table
Al in Appendix A. Additional pictorial descriptions are provided in Figures
A1-A6 as cross referenced in Table Al.

e Column 6 - Phenomenon relative importance rank. The ranking scheme is
described at the end of Section 2.8.

e Column 7 - Cross reference number for ranking rationale given in Table B1 in
Appendix B.




2.9.2

2.9.3

Post-Blowdown

The PIRT for this time phase is provided in Table 2. The structure of this table is
similar to Table 1, except the phenomena descriptions are provided in Table A2 and
Figures A7-A9 in Appendix A, and the ranking rationales are given in Table B2 in
Appendix B.

Ranking Summary

The high importance phenomena from Tables 1 and 2 have also been summarized in
the table in the Executive Summary at the beginning of this report, including
indication of the highest of the highly ranked phenomena.

10
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3. Panel Insights Regarding BWR Debris Transport

The information provided in Table 3 was developed by the NRC to help guide the panel
deliberations. The PIRT results provided in Section 2 and the experimental and analytical research
related insights given below were strongly influenced by the needs and objectives stated in Table 3.

Table 3. Goals and associated success criteria for NRC-NRR’s development and
application of an analysis framework for evaluating debris transport.

Identify & rank PIRT PIRT report a) Consensus ranking of most
important important phenomena
phenomena b) Whether identified phenomena
can be incorporated into
calculational tools identified
Develop calculational | Evaluate applicable Calculational Calculational methodology which
methodology calculational tools & transport | methods & models to | accounts for important
models (i.e., MELCOR/CFD), | estimate fraction of | phenomena & judged by experts
test against available debris transported to | to have a basis for acceptance &
information or related use. Use | wetwell application
PIRT panel experts & other
analysts if needed
Apply calculational | Perform MARK I, I & III Containment specific | Provide insights into important
methodology reference plant calculations calculations which plant modeling requirements &
estimate fraction of | calculational method(s) influences
debris which might
be transported to the
wetwell
Estimate Perform sensitivity & Parametric trends & | a) Confirm ranking of
calculational uncertainty anatyses for uncertainty estimates controlling phenomena & use
sensitivities & reference plant conditions for debris transport of selected codes/models
" uncertainties® fractions b) Ability to perform evaluations
without need to commit
extensive resources
Respond to NRR Use insights gained from above | Technical findings Clarity & ease of applying
USER needs to to judge licensee estimates of | report with condensed | insights from methodology &
understand key debris transport in the drywell | guidelines sample plant calculations
phenomena & their
significance in
review of licensee
submittals

@ Uncertainty in this context relates to statements of realistic bounds on the parameters of
interest, rather than to statistically based quantification and characterization of uncertainty often
associated with the term “uncertainty analysis”.

3.1 PIRT Related Insights
The insights given below are primarily in the context of lessons learned at the conclusion of
the PIRT eiffort.
1) The generic PIRT process was readily adapted to the needs of the program and proved
to be an effective method to organize a highly complex problem into tractable subparts.
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Consequently, the results were used in planning and conducting the continuing research.
Two panel recommendations and one warning developed from the PIRT efforts were
found to be of particular utility:

¢ Recommendation to perform end-to-end calculations,

e Recommendation to develop a methodology that an engineer not familiar with
the issue could understand, and

e Warning that the resources needed to successfully validate the computer codes,
initially considered for a methodology strongly based on analytical modeling,
was considered beyond those available to the program.

2) Comparison of the final PIRTs with the initial PIRTs[3: 4] tends to further validate the
effectiveness of using independent teams, having collective broad based knowledge,
early in research programs addressing new problems, as illustrated by the following:

e No new phenomena were identified

® One phenomenon rank moved from moderate to high rank, based on new evidence

(i.e., surface wetting during the blowdown phase)

e Intwo cases the ranks of related phenomenon effects moved from low to high
(i.e., ECCS deluge influence on thermal hydraulics and on debris transport during
the post-blowdown phase)

e Three phenomenon ranks moved from high importance to highest importance
(i.e., pool formation, pool overflow and pool transport to/through the vent during
the blowdown phase)

e Although the ranks of several phenomena were increased, the most noticeable trend
between the initial and final PIRTs was the decrease in phenomena importance. This
validates the buili-in rule in the process, that in the absence of evidence, the team is
to initially rank phenomena at their highest conceivable rank until further evidence is
acquired as to the more realistic rank.

3.2 Methodology to Synthesize Research Results Into a Basis to Judge Licensee
Submittals
1) The panel believes the structure of the methodology:

e Will provide a rational technical basis for the desired licensing review

16




o Is sufficiently flexible that new evidence and assumptions, related to debris size and
distribution, can quickly be accommodated to provide basis for submittal evaluations
not covered at the time this report was issued

2) The panel finds the methodology attractive in that it:

e (Clearly delineates important phenomena in the BWR drywell
e Readily incorporates, and links, both experimental and analytical results

e Is comprehensible to engineers having less experience in the subject of interest
3) With respect to the current application of the methodology, the panel perceives the
following potential weaknesses?: |

e The rationale for upper bounds on the transport fraction needs to be strengthened.
The consistently small differences between the central and upper bound values in the
current application of the methodology need to be better demonstrated as realistic, or
as unimportant. In addition, the use of 0.00 and 1.00 lower and upper bound values
is considered unrealistic, particularly on the basis of engineering judgment. Given
the inherent complexity of the phenomenological problem, and the diversity in BWR
containment designs, it is surprising that the methodology produces such a small
range of variation in transport factor for the sample case documented thus far. The
panel believes this could be the result of the applied sample data, and suggests
application of the methodology with a different data set to demonstrate this is not a
generic, inherent characteristic of the methodology.

e The ultimate quantitative insights provided by the methodology are influenced by the
assumed character of the generated debris. Useful insights as to that character have
been gained through the BWROG, CEESI and ARL experiments. However, the
panel believes additional independent validation of the potential character of the
generated debris is desirable. Without more complete knowledge of debris size
distribution the upper bound uncertainties may be too low and, thus possible non-
conservative.

The panel believes it is important that the above two comments be put into perspective

by recognizing both items can be accommodated to a large extent by using higher upper

bound values for the parameters of interest. However, doing so leads to increased

2 1t should be noted the PIRT panel reviewed the subject methodology prior to completion of formal documentation
in D. V. Rao et al., Drywell Debris Study: Final Report, NUREG/CR-6369, SEA, Inc. (September 1997). Details
of the methodology can be found in the indicated NUREG. To the extent the panel’s comments are addressed in the
NUREG, those comments herein may no longer apply.

17




uncertainty in the ultimate quantitative insights provided by the methodology (and
imposes the burden that a valid rationale for the assumed upper bounds be provided).

e The basis for the applied flow velocities in the ARL and CEESI experiments needs
to be strengthened. That is, their applicability to prototypical plant conditions needs
to be more strongly demonstrated.

o The experimental data base for the behavior (including ECCS erosion) of large
debris on gratings is considered incomplete. In some part this is related to the above
item. The data base was constructed based on limited BWROG and ARL
experimental results that indicate medium and large pieces of insulation, retained by
the grating, are not significantly fragmented as blowdown of the drywell progresses.
The panel suggests that further separate effect tests, at prototypical conditions, could
significantly increase the confidence that the medium and large debris are mostly
retained by the gratings.

o The data base for the recirculation line LOCA is considered too small relative to the
importance of that transient and its consequences. That is, the largest part of the
research was focused on the MSLB, while the highest estimated transport fractions
were associated with the recirculation line break.

4) The PIRT panel believes that the overall BWR LOCA-debris drywell transport problem
is inherently very complex. The panel is not aware of any existing analytical tool
(computer code) available to handle these phenomena in a fully integrated manner. Even
state-of-the-art separate effects CFD codes are lacking in some key aspects, e.g., inertial
impaction of debris. Therefore, the panel considers it unlikely that a purely predictive
approach to issue resolution can be successfully defended with current state-of-the-art
analytical tools. From this perspective the panel concludes:

e The NRC objectives (see Table 3) for the research were well founded and
appropriate
e The mid-course change in the research, to obtain more experimental data and move

away from a heavy dependency on an analytical tool(s), was appropriate

e The methodology developed to synthesize the experimental data and analysis results
was a suitable and scrutable approach to provide the desired insights for auditing
licensee submittals '
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Appendix A:

Phenomena Descriptions for BWR Debris Transport PIRTs

Al




‘seoIe B_cu PRIOLIISUOD J& SAIO0[A MOJJ YITY-AJ[ed0] Aq (ojdurexa
JOJ) PaJeaId Jeays pInjj 0) aNp WLIL}S MO[J oY) OJUI PIUTEIUI-0X 9 Ued

v | 1y soronred sojjewrs ojur suqap jo soo91d o8re] Afoanerar Jo dn Yearg uonejudwides) sugaqd €1
‘uonIsodap pue
TV/1V | modsuen suqop uo pre1y mofj pInjj ur suoneLreA [e0] JO 90UdNJUT Y], Zuggdnoo ppary MOf/sgad 4l
“gonued
ajesowo[3uod Jo3Ie[ € WIO] 0} SUIqUIOD soponred [eurs 910w JO om)
A yomm £q soponied stigop pepuodsns Suouie UOT)OBISIUT [ROTURYIIN uonerowo[33y 11
A 4 "WINIPOW Sed JOLLIED Y} UM SLIGIP dujoqite JO Jodsuel], dijs/uonooApy 01
"JUSUIUTRI)UQ-91 Jo[doIp pue AJIJIGeISUT 2dk)INS ‘Tedys
TeroejIoul Surpnjour S90BJINS 2INJONI)S UO SWTJ (9)esuopuod) pinbiy
IV pue axoydsoune [[omAIp sy} U MO[J se3 uoamlaq UOrORISIUI OY L soTureuAp Wiy 6
*S2INIONILS IA[00D
uo SUISUSPUOD WL [JIM PIJRIOOSSE SAINJONIIS [FoMAIp JO SaoBJINnS
v 03 a1oydsowe [[omAIp 9y} UI WiLd)s WOIJ IOJSULI) SSeUl pue Jeol] (feamonajs) uonesuspuo))
‘syardoip
Io1em 9ZIS-uorjesfonu Sunearo axaydsoune [[omAIp Y} Ynory) uonouwr
v )1 Sunnp sjooo wea)s se (pinbi] - Jodea) vorewrroysuen aseyd (uonyeunio] jo1doip) uoresuapuo))
“UOT)OU QATIB]QI BuIsned $$9001d JOYI0 Aue IO ‘BUI0S “UOISHIJIP
v 0} onp s)a[doIp Jojem papuadsns udMIOq SUONORINUL [EITURYIA suonoeroul Jojdoig
‘auepd yeoiq payoyd
v S§SOI08 ﬂommﬂmQKD 0} anp QOQN\V & ﬁ—ﬂ—mv:v uorjewrojsueld; aseyd JuanjJJo ﬁ:-@: JyeaIq Jo Mﬂ_‘am&—m
TV | ‘so[orISqo punoie MmofJ AQ pIJeaId SIIPPd MOJJ JO SOXOUOA PIajj [B20] aoudNqQIny,
"SOLIJOWIOAT PAZI[ed0] 0) NP SONSLINOLIRYD MOJ d1dydsounye
1V (39u) Ynq 9y} WOIJ IPJIP 18y SITII0[IA JO/PUL UOTIIIIP MO[] PIT] MO]J POZI[e00 ]
"Juon[JJo yealq oseyd-om) oY) PIM (e 10 ZN) dsydsoune
IV [[PMAIP 9y Ul sosed 9JqISuapuoouou Jo (UonedIjness J0) SUIXIA (s9[qisuopuoouou) SurXip
v -210ydsouje [[PMAIp oY) JO SONSLIAILIRYD MO[J (91d00s-0108UI) JON (SmO[J Y[NQ) SMO[J UIALIP dINSSAIJ
2IN31] T - oquInN
=TS ____uonduoss( guawiousty BUAIOUAYJ QOUAIJOY

(Apoq urewr 1yodo1 oy ur | o[qe, UT A1US 0) SIJefal uonﬁsﬂ_ﬂuosogo.«o%

($ 3o 1) L¥id oseyd umopmojq podsuern suqep YM g 10) suondiosop vuswousyq 'TV 9[qeL




*9[onTed 9)JeIoWO[3U0d JOZIe] © ULI0J 0) SUIqUIOD
soponued [[ews a1our JO om] yorym Aq (urfly pmbiy e unpim <o)
$o0RINS QIMONAS Uo soponred SHqap Suoure UONORISIUT [EOTURYIIA

uonerowo33y

§¢

"$9010J
JeoyS IMonys/pInyj [ed0] 0} anp Wreans Mofy sxoydsoune oY) ojur
sooeyIns 91nonIs uo paysodop A[snoraoid sLIQap JO JUSUUIRIIUS-IY

uorsuadsnsoy

¥

2

‘PAlBATIOR USYM SARIAS WIOI] JO ‘SaINONIS
[[eMAIp OJUO WAISAS JUB[O0D JO)OLAI ) UI Jealq (JUI] UONR[NIIIOAI
“3'9) :csm>20->>o_ © wo1j Juonyjje pmbij Jo a1ex mopy o81e|

93njop (Surureans) UOHRINIIIOY

£C

<

‘ANARIS AQ SeoejIns
2INONIS o Swiij (19jem) pmbi JO MO[J 20BJINS-021] ‘premumo

Kyiae1d Jopun Sururelp wiylq

44

2

“§90RJINS 9INJONNS
ojuo sjardoIp ayem Jo uonoseduir Jo axoydsoun)e Sy} WOoIJ Wed)s Jo
UOIBSUIPUOD 0) NP SIOLJINS 2INJONAS U0 wWifij pmbif e Jo UOIRULIO]

(yoeduwr ‘vonjesuapuod) Sunjom ddejng

| 4

<

*SO0BJINS 2INJONIS UO SWI{I) (AeSudpuod) pinbi| pue
aroydsoune jfomAIp oY) Ur MOJJ sed uoam1aq UOTIORIDJUI [RIDBLIUI Y J,

T2y WL

0c

*$9IN1ONAS 950Y) punoie yped
MOJJ 3y} JO  AIISOAIMIO0),, SY) O] aNP Pue ‘[[oMAIP S} UT SAINJONIS
oy} Jo AJISUSp 2y} O} paje[al SB MOJJ PUR BIIR MOJJ PINJJ UI SUOTIBLIR A

Kysozod

61

Q<

"SQINIONJ}S 0] J9Jsuel) ey 0) anp a1aydsounje [fomAIp Jo Surjoo))

Jojsue} JeoH

81

*$9INJONI)S JUIpuNnoq pue draydsour)e
ay) uoamiaq pue areydsoune oY) UM sjudipesd armjersdws)
0} anp sooejins uonsodop premo) saponted suqep Jo podsuer],

sisatoydounay g,

Ll

*(saInjonas

[[PMAIp UO UOIIBSUIPUOD AQ PILIID SIUSIPLIS UONENUIDUOD

wIea)s £q pojeuruiop) s)uduod a1aydsouwie Jo SJUSIPeIS uorenudU0d
03 anp saoeyins uonisodop preamo) seponted suqap Jo podsuel],

(s1sazoydorsnjfip) mopy ueyds)s

91

*aoeJIns aponted
0ju0 Sursuapuod wed)s yim soponied spiqep papuadsns Jo saoejms
0) oroydsounje [foMAIp U} UI WSS WIOT] I9JSULI) SSBW pue Jeol]

sororred uo uonesuIPUoD

Sl

*K11AeI3 JO 9010 A1) Jopun SadeJINs 2INJONKS 0Juo aroydsourse

Suimeos [euone)ARID

4!

[IPMAID SY) UI SLIGIP JO (UONRIUSWIPIS) UOTJEO0[S PrRMUMO(]

uondLosa(] BusWoudyd

BUWOUSYJ

JoquInN
Q0URIRJY

(¥ J0 7) 1¥Id oseyd umopmolq yodsuex) SHIGAP MM { 10J suondiosap euswousyd 1V 2[qel,




144

"AYIARIS JO 9510 9y} JOpUN JOO[J [[oMAIP Y} UO J)eMm

Juimes

"\ Jo 10od 9y} umyNMm SLIGOp JO (UONBRIUSWIPIS) UOIIBIO[AI PIeMUMO(] (112
"$3010] JAY}0 1O JJBJINS YINOJ B YIIM SUONIRIUI [BITURYOIUL

"\ 0} 3NPp JOO[J [[oMAIp oY) U0 soporIed SHIQap JO UOTIURIAI JUSUBUIIO] uoISAYpYy 6%
"3[onued JJRIOWIO[BU0D JO3TR]
 WIOJ 0) 2uIqurod saponed [fews 10wt J0 oM} Yorym Aq J00[ Y}

9y | uo 1o1eM JO Jood oy ur soponed SLIGAp Suowie UOTIORIAIUT [ROTURYIIA] jood ut uorjerowo]3dy 8¢
*$90UBNU 2d1d JUA [[oMmIoMm

oV | premo) joo[j [omAp oy uo xopem Jo [ood oY) Ul SLIGOP JO UOTIROO[Y (yuaa y3nomyy/o3) podsuen [00g LE
*JOO[J 9Y) JO 90BJINS ) J& $92I0J Jeays Y31y 0} anp J00[J [[PMAIp

ov | oy woxy weans mojj ouaydsourie o) 0JUL SHIGIP JO JUSUIUIRIIUS-0Y uorsuadsnsoy 9¢
"SMO[J (Uone[NdIId) SuIXTui Juonginy. pue Jjryoid
K)00JaA (JeO1)I9A) Q0BLINS-001] SIPN[OUT ‘I0O[) [[OMAIP oY) UO I3jem

SV Jo jood o) uryNIM sanIOofaA pue suIs)ed MO[J [EUOTSUSWIP-NNA SOTWIRUAP MOJJ [00d SE
*s)o[dOIp Jo)em papuadsns

Sy Jo SuINes 10 UONBSUSPUOD Wied)s 0] anp JOO[J [[oMAIp Jo Sumom (uorjeunsog jood 210J0q) Surom doryINS ¥E

¢V | saxmonns Surpunoq pue 100[] [[oMAIP UO I3jeM UIOM]Oq JOJSueT) JBIH IMONI)s 0] J9Jsuel} JeoH €€
‘sodid

i 97 JUOA JJOM]OM OJUT JOO[J [[oMAIp uo Jood wro] xojem Jo podsuer], (oseyd sy onssi urun) Mo[JIoA0 [00d €
*(Bures 391doip
= ‘oFeureip wifly “3-9) [[omAIp oy} ur JoYSIy s20INOS [[& WOIJ Jojem JO
uone[munooe ayj 0) anp Jurdid JoJsue) [[omiom OJUI MO[JISAO MO[[e

¢y | 01doop Apuororyns J00[ [JomAIp oy} U0 Jojem Jo Jood ® JO UOTIRAID UONeuLIO) J00g 1€
"$9010J A0 JO 2JBJINS YINOJ B YIIM SUOIIORINUI [RIIURYIIW

v | 01 onp oorjuns axmonns e uo seponed SUIGOp JO UONUSAI JUIUBWID] uorsaypy 0¢
‘uonoeduul

[eniIoul 0) aNP SOBJINS 21MONI)S Uo safonted suqop Jo axmde) uonoeduy 6z
"SQIN)ONI)S JO JJO ureIp suifij pibij

SEe WeaJ)s MO[J Y} OJUT $95BJINS QINJONIIS UO SIIGap JO uoisuadsns-oy JUSUIUTENUS-21/Jjouny] 87
"AJIARIS JO 9010J oY) JOpUN SWI{ij

pmbi] Jo mo[} 0) onp saoeLIns 9IN}oNIS SUolR SLIGOP JO UONEBI0[IY podsuey) paje[ar Wiy LT

*sAeids 10 ‘syea1q 3drd uone[NOIIdI WO} PINbI Jo A8n[op oY) yodsuer paje|or

UM SUOTORIOJUL O} 9P SOINJONI]S [[oMAIP WO SLIGOp JO UOHBI0[OY
—

uondiIosa(] ruswousy J

(Surureas) 93n[op UOHE[NONIAY |

BUOUIOUAYJ

(# 30 €) LJId 2seyd umopmolq wodsuen suqop Y M g Joj suonduosop vusmousyd 1V 9[qe],

JoquInN
20UdIOJOY




LAId [Buly ul pajppa(q Ly
9V SV | “WIeaI)s MO[J y[nq Y} WOI) SLQIp Jo aimde) JUSWIUTRIUH o
*9[qe) STY) ‘0] "ON 'Jo 03 Je[ruurs uoudwioudyd juouoduwiod auenud JUSA SSEW PIJOSAPY Sy
*9[qe) SIY} ‘¢ "ON "JOy] O} JeJIUIIS HOUDWIOUAYd JUSUOdUIOd OURIIUD JUIA PIe1) MO[] pInbif pazijeoo] ¥
__ *3[qe) ST} “€ "ON ‘JO¥ 0} Je[TuIs uouswoudyd Juouodurod AULNUY JUIA PIAlJ MO]J J0dBA PAZI[RO0] 54|
*9[qe) SIY) ‘T "ON "Jo 0} Fepiwrs uouswiouayd Jusuodurod 20ueIIU JUIA (se8/1odeA) (jnq) MOJJ UIALIP INSSAIJ wl
‘uonrsodap [enout o) anp
: 9v | (jood 1o18M 10) J00[] [[2MAIP Y JO SoRLINS YY) UO STIGIP Jo aimde) uopoedury 187 __
JoquinN

2131
998 uondiIosa( eudwIoOUdYq

BUALIOUSYJ

(t J0 ) Luld oseyd umopmorq wodsuer) stqap Y g 10j suondiiosep euowouayd 1V d[qe,

Q0UdIOJY




[Pressure-driven

| Flashing Condensation bulk flow

of break on structures
effluent

Circulating flows

Film
dynamics

Droplet
formation
o]

Droplet F2Z7Z7r7A
O interactions Localized

flow field
Turbulence
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Figure A2. Transport / Deposition Processes for Debris in Drywell Open Areas
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Appendix B:

Ranking Rationales for BWR Debris Transport PIRTs
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Appendix C:

Information Base Used in the Application of the PIRT Process
to Debris Transport in a BWR Drywell
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