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Abstract

This report documents a plant-specific study for a BWR/4 with a Mark I containment that evaluated ti.c
potential for LOCA generated debris and the probability of losing long term recirculation capability due ECCS
pump suction strainer blockage. The major elements of this study were: (1) acquisition of detailed piping
layouts and installed insulation details for a reference BWR; (2) analysis of plant specific piping weld failure
probabilities to estimate the LOCA frequency; (3) development of an insulation and other debris generation
and drywell transport models for the reference BWR; (4) modeling of debris transport in the suppressioa pool;
(5) development of strainer blockage head loss models for estimating loss of NPSH margin; (6) estumation of
core damage frequency attributable to loss of ECCS recirculation capability following a LOCA. Elements 2
through 5 were combined into a computer code, BLOCKAGE 2.3,

A point estimate of overall DEGB pipe break frequency (per Rx-year) of 1.59E-04 was calculated for the
reference plant, with a corresponding overall ECCS loss of NPSH frequency (per Rx-year) of 1.58E-04. The
calculated point estimate of core damage frequency (per Rx-year) due to blockage related accident sequences
for the reference BWR ranged from 4.2E-06 to 2.5E-05. The results of this study show that unacceptable
strainer blockage and loss of NPSH margin can occur within the first few minutes after ECCS pumps achieve
maximum flows when the ECCS strainers are exposed to LOCA generated fibrous debris in the presence of
particulates (sludge, paint chips, concrete dust). Generic or unconditional extrapolation of these reference
plant calculated results should not be undertaken.
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Executive Summary

On July 28, 1992, a spurious opening of a safety
valve at Barseback Unit 2, a Swedish BWR, resulted
in clogging of two ECCS pump suction strainers
leading to loss of both containment sprays within
one hour after the accident. The release of steam
dislodged mineral wool insulation, pieces of which
were subsequently transported by steam and water
into the suppression pool located at the bottom of
the containment. Instances of clogging of ECCS
pump suction strainers have also occurred at US.
plants, including two instances that occurred at the
Perry Nuclear plant, which is a BWR/6 with Mark
[l containment. The Barseback-2 event
demonstrated that larger quantities of fibrous debris
will reach the strainers than would have been
predicted by models and analyses developed for
resolution of USI A-43." The instances at Perry
suggested that filtering of small particles, e.g.,
suppression pool sludge, by the fibrous debris bed
will result in increased pressure drop across the
strainers.

Given these precursor events, NRC staff initiated
analyses to estimate potential for loss of NPSH of
the ECCS pumps in a BWR due to clogging of
suction strainers by a combination of fibrous and
particulate debris in essentially the same detail as
was done previously for the reference PWR plant
used to resolve USI A-43. A BWR/4 with a Mark |
containment was selected as the reference plant for
this study.

In August 1994 a Draft for Comment of
NUREG/CR-6224 was published and this revision to
NUREG/CR-6224 reflects the comments received
from two foreign regulatory bodies, two American
manufactures of insulation and the BWROG,.
Additionally, the Draft for Comment NUREG /CR-
6224 identified that there were areas where critical
data was lacking. The models in this revision have
been significantly changed to reflect the additional
data and insights gained in the performance of NRC
sponsored head loss and suppression pool
experiments in late 1994 and the spring of 1995 and

A, W Serkiz, “USI A-43 Regulatory Analysis.” US Nuclear
Regulatory Commission, NURECG-086Y, Rev. 1, October 1985

‘A W Serkiz. "Containment Emergency Sump Performance,” US
Nuclear Regulatory Commission, NUREG-ORY?, Rev. |, October
1985

from the CSNI/PWG-1 International Task Group for
ECCS Recirculation Reliability.

Similar to USI A-43, the present analysis
methodology has two components: probabilistic
and deterministic. Based on historical evidence and
piping failure analyses, this study concluded that
pipe breaks in reactor cooling systems would most
likely occur at the weld lecations, and that weld
break frequency is strongly dependent on the type
of weld and operating environment. As a result, the
number, type and location of each weld in the
drywell of the reference plant subjected to high
pressure during normal operation were identified.
For each weld type, a weld break frequency was
obtained based on data extracted from a LLNL BWR
pipe break study described in NUREG/CR-4792
taking into consideration the effects of enhanced
inspections.

A transient strainer blockage model was developed
to estimate the impact of a break for each of the
identified welds at the reference plant. Important
components of this model included:

1. A reference plant specific LOCA DGM
developed to estimate the quantity of
insulation debris generated by postulated
DEGB at that weld and the size distribution of
the debris. A three region spherical DGM
was developed to account for the lower
operating pressure of BWRs and the
congested layout of BWR drywells.

2. A reference plant-specific transient drywell
transport model developed to estimate the
fraction of the fibrous and particulate debris
reaching the suppression pool as a result of
transport by blowdown and washdown.

3. A suppression pool model developed to
estimate the type and volume of fibrous and
particulate debris reaching the strainer as a
function of time. The model accounts for (a)
resuspension of sludge contained at the
bottom of the suppression pool,

(b) gravitational sedimentation (or settling) of
the particulate and fibrous debnis, and (c)
continued deposition on the strainer.

4 A head loss model developed to estimate the
pressure drop across the strainer due to

NUREG /CR-6224



debris bed buildup. This model uses a
correlation developed as part of this study for
fibrous beds formed of NUKON™ in the
presence of iron oxide particulate.

The key components described above were
integrated into a single strainer blockage model
which was used to evaluate whether or not a pipe
break at each of the welds located in the primary
system piping of the reference plant resulted in a
head loss larger than the available ECCS NPSH
margin  Those welds that resulted in loss of NPSH
margin were summed to obtain an estimate of the
overall frequency for the loss of NPSH for the
reference plant.

The pipe break frequency (per Rx-year) estimates for
a DEGB postulated to occur on piping systems
analyzed ranged from 3.2E-06 to 1.2E-04 and the
overall pipe break frequency was estimated to be of
1.59E-04. The pipe break frequency estimates were
dominated by breaks in the recirculation piping
which at the reference plant is constructed of Type
304 stainless steel susceptibie to IGSCC.  Almost all
postulated DEGBs resulted in unacceptable strainer
blockage leading to the loss of NPSH margin for the
ECCS pumps. The estimates of the frequency for
loss of NPSH margin attributable to the piping
systems studied were essentially the same as the
pipe break frequency estimates. The overall loss of
NPSH margin frequency (per Rx-year) was
estimated to be 1.58E-04. Four representative welds

NUREG/CR-6224
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ranging in diameter from 22" to 1" were selected to
illustrate the temporal behavior of the head loss due
to the ECCS strainers blockage by fibrous insulation
in the presence of mostly iron oxide particulates. In
all cases the NPSH margin was estimated to be lost
within a few minutes after full ECCS flow was
achieved. An extended parametric analysis was
performed to investigate the sensitivity of the
temporal head loss estimates to each of 13 key
parameters. The estimates for loss of NPSH margin
were found to be most sensitive to the strainer
surface area, the ECCS flow rate, the filtration
efficiency, and the quantity of particulates. Within
the variations of the parameters analyzed, the
strainer area was found to be the only independent
variable which could reduce the head loss below the
available NI'SH margin; at an approximate 8 fold
increase in strainer surface area, loss of NPSH
margin was no longer estimated to occur.

To gain additional insights into the potential safety
significance of loss of ECCS function due to strainer
blockage, CDF estimates were generated for
blockage-related accident sequences for the reference
plant. A simplified event tree model, representing
the progression and expected outcomes of various
possible LOCA sequences, was developed tor
LLOCA initiators. Estimates for frequency of loss of
NPSH were used to obtain the overall CDF. The
point estimates for the CDF per Rx-year due to
blockage-related LOCA accident sequences for the
reference plant ranged from 4.2E-06 to 2.5E-05.



Foreword

The initial primary objective of this report was to
analyze a reference BWR plant in essentially the
same detail as was performed for the reference PWR
plant used in the resolution of USI A43,
"Containment Emergency Sump Performance” (see
NUREG-0869, Revision 1). A BWR/4 with a Mark |
containment which had been reinsulated with
fiberglass insulation was selected as a reference
plant to facilitate calculations.

The results of the initial reference plant analysis are
reported in NUREG/CR-6224, "Parametnic Study of
the Potential for BWR ECCS Strainer Blockage Due
to LOCA Generated Debris, Draft Report for
Comment”, which was issued for comment in
August 1994, Comments were received, reviewed
and responses are discussed in this report.

In addition, the experimental and modelling efforts
were significantly expanded and the results were
used to revise models and calculations discussed in
this report. However, it should be clearly
recognized that the variability in BWR containment
designs (e.g., Mark I, Mark Il and Mark III designs),
insulations employed, and other pertinent plant

xill

specific design or operational procedures prevent
generic or unconditional extrapolation of results
discussed in this report without accounting for such
differences.

The experi—ental data and models discussed in this
report have al:o been reviewed in the US. by the
BWROG strarer blockage working group and
members of the Organization for Economic
Cooperat on and Development/Nuclear Energy
Agency (OECD/NEA) sponsored international work
group assigned the tasks of ECC water recirculation
systems. Although such reviews and feedback have
been extremely useful in revising this report, they
do not represent endorsement of this report by these
bodies.

This report represents the concluding analysis for
BWR ECCS stramner blockage due LOCA generated
debris as related to the reference plant analyzed.
However, results of new and on-goinyg analytical
and experimental efforts may significantly impact
the results of this study. Finally, this report does
not represent NRC policy or requirements which
apply to the resolution of this safety issue.
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1.0 Background and Objectives

1.1 Background

In 1979, the NRC established USI A-4°,
"Containment Emergency Sump Performance,” to
study satety issues related to the ability of both
PWRs and BWRs to recirculate water back to the
reactor core following a postulated LOCA. The
NRC staff’s resolution of USI A-43 regarding the
potential loss of post-LOCA recirculation capability
due to intake blockage from dislodged insulation
debris was transmitted to the industry in Generic
Letter 85-22, "Potential for Loss of Post-LOCA
Recirculation Capabiiity Due to Insulation Debris
Blockage,” on December 3, 1985. Although the staff
concluded at that time that it was not necessary to
impose new requirements on licensees or
construction permit holders, the staff did
recommend that Regulatory Guide 1.82, Revision 1,
"Water Sources for Long-Term Recirculation Cooling
Following a Loss-of-Coolant Accident” [Ref. 1.1], be
used as a guideline for 10 CFR 50.59 reviews dealing
with the changeout and/or modification of thermal
insulation installed on reactor coolant system piping
and on its components [Ref. 1.2]. NUREG-0897,
Revision 1, "Containment Emergency Sump
Performance” [Ref. 1.3], contained technical findings
related to USI A-43, and was the principal reference
for developing the revised regulatory guide.
NUREG-0869, Rev. 1, "USI A-43 Regulatory
Analysis” [Ref. 1.4] served as the basis for the
decision not to impose new requirements.

On July 28, 1992, a spurious opening of a safety
valve at Barseback-2, a Swedish BWR, resulted in
the clogging of two ECCS pump suction strainers
[Ref. 1.5]. During the re-start activi ics, steam was
released into the containment from - ruptured disk
on a relief valve that had been inadvertently left
open. The release of steam dislodged mineral wool
insulation, pieces of which were subsequently
transported by steam and water into the wetwell
located at the bottom of containment. Within one
hour, the fibrous debris clogged the ECCS inlet
stramers. This type of strainer clogging had been
previously considered as a possibility, but it was
believed that at least ten hours would have to elapse
before clogging would occur. A ten-hour delay in
clogging would allow operating personnel time to
remove the clogging material by manually reversing
flow through the strainers. Such a flow reversal
activity would interrupt ECCS flow for
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5-10 minutes, but this interruption would be
acceptable after ten hours following reactor
shutdown because of the large decrease in decay
heat levels within this time frame.

The regulatory authorities of Sweden and other
northern and central European countries viewed the
Barseback-2 incident as a precursor to potential loss
of ECCS cooling due to LOCA-generated debris and
initiated a safety reanalysis effort, coupled with
experiments directed at estimating the following:

(1) the amount uf insulation destroyed by the steam
jet created by the pipe break, valve opening, etc.;

(2) the composition of the resulting debris; (3) the
amount of debris transported to the suppression
pool; (4) the extent of insulation debris buildup on
strainers; and (5) the resultant increase in pressure
drop across the strainer under the postulated
conditions. Results of the European experiments
were compared with results obtained for resolution
of USI A-43 [Ref. 1.6]. The comparison showed that
prior correlations derived for debns head loss, when
compared to Swedish experimental data,
underestimated pressure losses. The Barseback-2
event resulted in a higher amount of insulation
debris reaching the intake strainers than would have
been predicted by models and data contained in
NUREG-0897, Revision 1.

Instances of clogging of FCCS pump strainers have
also occurred at US. plants, including two instances
that occurred at the Perry Nuclear Plant, a BWR 6
[Ref. 1.7]. The first Perry event resulted in
deformation of RHR pump suction strainers due to
buildup of operational debris. This buiidup caused
an excessive differential pressvre across the
strainers. The second Perry event also involved the
deposition of debris on the RHR pump suction
strainers. The debris consisted of glass fibers that
had been inadvertently dropped into the
suppression pool from temporary drywell cooling
filters; corrosion products and other materials
filtered from the pool water by glass fibers adhering
to the surface of the strainer also comprised the
debris. This phenomenon is referred to as “filtering”
and had not been evaluated previously by the staff
and industry.

Based on these events, the NRC 1ssued NRC Bulletin
93-02 on May 11, 1993, which requested that both
PWR and BWR licensees: (1) identify fibrous air
filters and other temporary sources of fibrous

NUREG/CR-6224
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material in containment not designed to withstand a
LOCA, and (2) take prompt action to remove the
material and ensure the functional capability of the
ECCS.

Although USI A-43 was derived principally from
containment emergency sump performance in
FWRs, concern about debris blockage also applies to
BWRs. The BWR RHR system perforins the LPCI
function of the ECCS. In addition, BWR designs
incorporate a LPCS system as part of the ECCS. The
suction strainers in the suppression pool of a BWR
RHR system are analogous to the PWR sump debris
screen, and both BWRs and PWRs must have
adequate recirculation cooling capacity to prevent
core melt following a postulated LOCA.

Given the precursor events described above, NRC
staff initiated analyses of BWR strainer blockage
based on plant surveys; European findings were
used to estimate possible shortcomings in existing
suction strainer designs in U.S. BWRs. Prior
analyses estimating loss of ECCS due to debris
blockage [Ref. 1.3, 1.4, 1.8 and 1.9] were based on a
detailed piping layout, weld location, and an
insulation distribution model for a reference PWR;
thus, the NRC decided that a detailed plant-specific
study using a BWR 4 with a Mark | containment
would be undertaken. This plant-specific study,
presented in this report, was initiated in
September 1993.

NUREG /CR-6224 was released in August 1994 as a
“Draft for Comment.” Comments were received
from two foreign nuclear regulatory organizations,
two American manufacturers of nuclear insulation
products, and the BWROG. All comments received
were reviewed in detail by both the NRC and SEA,
and NUREG /CR-6224 Draft for Comment was
revised appropriately. The comments and the
associated responses are discussed in Appendix F.

In view of the lack of critical data identified during
the preparation of NUREG/CR-6224 Draft for
Comment, the NRC sponsored a series of
experiments to gain insights into the behavior of
debris in the suppression pool and acquire mixed
bed head loss data. The results of these NRC
experiments were used to revise models and
calculation methodologies presented in NUREG /CR-
6224 Draft for Comment. The new experimental
data and the revised models presented in this report
have been subjected to review by the CSNI/PWG-1

NUREG/CR 5224
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International Task Group on ECCS Recirculation
Reliability. The models in this report, however, do
not reflect information made public after April 1995,
in particular, this analysis does not take into account
insights from the Siemens-Karlstein series of steam
blast tests [Ref. 1.10], the recommendations of Draft
Regulatory Guide DG-1038 on debris transport in
the drywell [Ref. 1.11], or the BWROG position on
reduced sludge concentrations [Ref. 1.12].

1.2 Objectives and Scope

The primary objective of this report was to analyze
a reference BWR plant in essentially the same detail
as was done for the reference PWR plant used to
resolve USI A-43. Both deterministic and
probabilistic analyses were used in the study to
evaluate the potential for loss of ECCS NPSH due to
strainer blockage. The deterministic analyses
focused on determining whether or not a postulated
break in the primary system piping of the reference
BWR results in ECCS strainer blockage and loss of
pump NPSH. Deterministic models were developed
to address the LOCA considerations shown in
Figure 1-1. The probabilistic analyses focused on
evaluating the likelihood of ECCS strainer blockage
and blockage-related core damage from
LLOCA-intiators. The specific elements of the
methodology used in this study are discussed in
Section 2.0.

The remainder of the report is organized into the
following sections to correspond with Figure 1-1:

20 Methodology for Analysis of Insulation
Debris Effects

30 Debris Generation in the Reference Plant

40  Drywell Transport in the Reference Plant

50  Suppression Pool Transport

60  ECCS Suction Strainer Blockage Analyses

70 BWR ECCS Strainer Blockage Analysis
Results

80  Core Damage Frequency Estimates
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The following appendices provide further details on
model development, weld data, recent NRC
experiments, and public comments:

Appendix A - BWR Pipe Weld Break
Frequencies

Appendix B - Transient ECCS Strainer
Blockage Model

Appendix C - Parametric Analysis

Appendix D - Reference Plant Weld Data
Tables

Appendix E - Summary of Results of Head
Loss and Suppression Pool Experuments

Appendix F -Resolution of Comments on
NUREG/CR 6224 Draft for Comment.
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2.0 Methodology for Analysis of Insulation Debris Effects

2.1

Overall Methodology

The primary objective of this study was to evaluate
the potential for BWR ECCS strainer blockage due
to LOCA-generated debris. This issue was analyzed
for a reference BWR plant selected by the NRC to
the same detail as was previously done for a
reference PWR plant in resolving USI A-43 [Ref. 2.1,
2.2, 23 and 2.4]. Similar to USI A-43, the present
analysis methodology had two major components:
deterministic analyses and probabilistic analyses.
The deterministic analyses focused on determining
whether or not a postulated break in the primary
system piping results in ECCS strainer blockage and
loss of pump NPSH. Important elements of the
deterministic analyses are illustrated in Figure 2-1,
and can be summarized as foilows:

1. Selection of a reference BWR plant for the
purpose of identifving potential break locations
and the surrounding target pipes that may be
affected by the break.

2. Development of a DGM, applicable to the
reference BWR, to estimate the volumes and
type of insulation debris generated by each
postulated break.

3. Development of a drywell transport model,
applicable to the reference BWR, to estimate
the quantity of the insulation debris and
drywell particulates transported to the
suppression pool as a function of time

4. Development of a transient suppression pool
model, applicable to the reference BWR, for
debris transport to the strainers. This model
also addressed transport of suppression pool
sludge and drywell particulates to the strainer

J1

Finally, development of a head loss model to
predict the pressure drop due to debris
accumulation on the surface of the strainer
Included in this model were the effects of

sludge and drywell particulates on the pressure

drop as a function of time

The deterministic analyses performed as part of this
study assumed loss of ECCS when the head loss
due to debris accumulation exceeded the available
NPSH margin for the pumps

2.
“

The probabilistic aspects of this study focused on
evaluating the likelihood of ECCS strainer blockage
as well as likelthood of blockage-related core
damage from LLOCA-initiators. Essential elements
of the probabilistic methods included the following:

1. Estimation of the break frequency for each
weld located in the primary system piping.
These weld break frequencies were
subsequently used to generate pipe break
frequencies for each system.

=)

Development of a functional event tree that
models accident progression for a LLOCA
initiator with specific relevance to the ECCS
strainer blockage issue. Quantification of the
event tree resulted in estimates for the
blockage-related CDF due to loss of ECCS
following a LLOCA.

Brief descriptions of each individual task performed
as part of this analysis are provided below.

2.2  Reference BWR Selection
Considerations

A General Electric BWR /4 with Mark | containment
was selected as the reference BWR for use in this
study to estimate pipe break frequencies and the
attendant debris generation and transport. The
Mark I containment design has a relatively small
suppression pool and comparatively larger strainer
flow velocities than other BWRs with Mark II and
Mark Il containments. More than 99% of the
primary piping in the selected BWE is insulated
with steel-jackeled fiberglass insulation.

2.3 Pipe Break Frequency

Considerations

Historical evidence and piping failure analyses
suggest pressure boundary failure would most likely
occur at weld locations [Ref. 2.5]; hence, weld break
location and insulation targeted by the break jet
were the primary factors in estimating the debris
generation volume. Plant layout reviews identified
all welds in the piping that would be subjected to
high pressure during normal operation. Based on
this analysis, it was concluded that debris
generation at the reference BWR would mainly be

NUREG/CR-6224
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due to breaks postulated in the feedwater piping, in
the recirculation system piping, and in MSLs.
Section 3.2 describes the methodology used to
estimate pipe break frequencies for various BWR
system pipes. Appendix A provides details on the
derivation of weld break data used to calculate pipe
break trequencies.

2.4 Debris Generation
Considerations

The initial blast wave exiting a DEGB and the
ensuing break jet expansion and impingement forces
are the dominant contributors to insulation debris
generation following a LOCA. Other contributors,
such as pipe whip and pipe impact, have been
studied and shown to be of secondary importance.
Pertinent details are given in NUREG /CR-2791
[Ref. 2.3]. Previous studies, summarized in
NUREG-0897, Rev. 1, clearly demonstrated that the
volume of debris generated by jet impingement is
strongly influenced by the type of insulation and
mode of encapsulation (e g., whether ~r not it is
jacketed). Although the reference plant employvs
steel-jacketed NUKON™, and the calculations made
use of key insights relevant to this type of
insulation, the methodology developed for this
study is sufficiently flexible to be extended to other
types of insulation.

The three-region, two-phase conical jet expansion
model, described in NUREG-0869, Revision 1,
Appendix D and NUREG-0897, Revision 1, was
revised and used to define a zone of influence over
which the insulation would be destroyed and
dislodged from the surrounding pipes’.
Modifications to the previous DGM addressed the
following operating and design features for BWRs:

1. The break jet zone of influence was reduced
because BWRs operate at lower pressures than
PWRs.

2. BWR drywells are congested in layout, much
more 5o than in typical PWRs, which do not
permit free expansion of a break jet into the
drywell.

‘Refer to Section 333 and 324, and Figures 3.26 and 3.27 of
NUREG-0897, Revision 1 (Ref. 2.2)
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3. The DEGB weld breaks generate simultaneous
expansion in opposite directions of break jets.

Based on the toregoing considerations, a spherical
zone of model destruction was assumed to extend
from the location of the break to a distance of seven
times the pipe diameter (i.e, L/D = 7), as shown in
Figure 2-1.

This debris generation model was used to estimate
the quantity of fibrous debris generated by a
postulated break. In addition to the fibrous debris,
the study included additional sources of debris:
containment coatings and concrete dus’. Using
BWROG estimates [Ref. 2.6], a postulated break
inside the drywell was assumed to generate 85 Ibm
of pamnt chips. Finally, 156 Ibm (70.8 kg) of
additional particulates was assumed to have been
generated by LOCA effects on concrete structures,
(1.e., concrete dust). Further discussion of debris
generation can be found in Appendix B.

2.5 Debris Transport
Considerations

Debris transport from the drywell to the
suppression pool, and subsequently to the strainer,
is strongly influenced by factors such as tortuosity
of the channels available for transport, flow velocity,
and debris size. Debris considered in this study
included fibrous and non-fibrous insulation
fragments, corrosion products, and unqualified paint
chips. At Barseback-2', it was reported that about
50% of the debris generated in the drywell reached
the suppression pool. The remaining debris was
found to have been retained by the intervening
containment structures. In other BWRs, the fraction
of transported debris may be lower or higher,
depending on the containment type’, the location of
the break, and the type and size of the debris
produced.

This study postulated that debris transport from the
drywell to the suppression pool would occur over

The Barseback plant is similar to a BWR/4 with a Mark I
containment. However, unhike many US. Mark [I plants,
downcomers in Barseback are flush with the drywell floor

‘A review of various coptainments revealed that this fraction may
vary for individual containments due to unique layouts
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two phases: the blowdown phase and the
washdown phase. During the biowdown phase
debris are carned by the recirculating steam flow
and deposited in the suppression pool. Following,
blowdown, the break flow and the containment
spravs, if turned on, will enable time-dependent
debris transport of a fraction of the left-over debris
to the suppression pool. The complexity of the
phenomena involved did not permit arriving at an
exact model for debris transport in the drywell
within the scope of this study. As a result, this
study assigned a transport factor to each of the three
elevations in the drywell of the reference plant, as
shown in Figure 2-1, to account for blowdown

transport.

In addition to debris transported from the drywell,
BWR suppression pools are known to contain large
quantities of particulate matter commonly referred
to as suppression pool sludge [Ref 2.7]. Estimates
of its mass vary trom 70 Ibm to 5000 lbm (31.8 kg to
2,273 kg) depending on the plant and suppression
pool clean-up procedures. For the reference plant,
this study postulated that 850 Ibm (386 kg) of
suppression pool sludge, normally contained at the
bottom of the pool, would be resuspended during
initial blowdown phase and would be available for
transport to the strainer, along with the debris
added from the drywell.

Debris and particulate transport in the wetwell (or
suppression pool) is complicated by a vanety of
effects, as outlined in Figure 2-1. LOCA-induced
effects such as condensation oscillations and
chugging will influerwe debris disintegration and
transport to the suction strainer during the early
portions of the LOCA. Later in the LOCA sequence,
gravitational separation (or settling) would become
more important and the transport to suction
strainers will be affected by velocities in the vicinity
of the strainer itself. These two phenomena are
competing etfects that need to be modeled.

In the case of a calm suppression pool, the setthing
velocity and the fluid velocity near the strainer can
be estimated, and the quantity and type of debns
reaching the s‘rainer can be calculated as a function
of time. However, suppression pool dynamics
(chugging) immediately following a LOCA are
characterized by large scale turbulence and
two-phase flow instabilities [Ref. 2.8]. Suspension
and further disintegration of the debris, when
subjected to these flow instabilities, are complex

NUREG/CR-6224

phenomena and an experimental study was
undertaken to provide insights into debris behavior
in the suppression pool during and after the high
energy phase. A time-dependent suppression pool
debris transport model was formulated based on the
experimental findings. Further details of the debris
transport models are provided in Appendix B.

2.6 Strainer Blockage
Considerations

Accumulation of debris on the strainer would result
in head loss and may lead to loss of NPSH margin.
NUREG-0897, Rev. 1 suggested that experimental
correlations be used to predict head loss across the
strainer as a function ot strainer flow velocity and
thickness of the debris bed. However, such a simple
model may not be able to address various factors
that strongly influence head loss characteristics.
Those characteristics include:

1. Untform vs. non-uniform deposition:
Non-uniform distribution of debris on the
strainer would result in partial blockage of the
strainers. Preliminary analyses revealed that
the worst-case scenario would be represented
by uniform deposition of the debris on the
strainer. This worst-case scenario also
represented the most credible means of
deposition in the initial stages, when strainer
blockage would be expected to be dominated
by fines.

2. Insulation material type: A survey of US. BWRs
[Ref 2.9] revealed that plant insulation consists
mostly of low and high density removable
fiberglass blankets, reflective metallic
insulation (with metal foils), and conventional,
permanent mass insulation. Ninety-nine
percent of the primary pipes of the reference
plant are insulated with steel-jacketed
NUKON™, a low density fiberglass insulation.
Experiments reported in NUREG /CR-2982,
Rev. 1 [Ret. 2.10] and in NUREG-0897, Rev. 1,
supported by recent European data [Ref. 211},
showed a strong dependence of head loss on
the insulation material types  Conclusions
derived for steel{jacketed NUKON™ may not
necessarily be representative when compared
with metallic (metal seflective), mineral wool,
high density fiberglass, or unjacketed
NUKON™ insulation.



3. Particulate debris: The presence of particulate
debris in the suppression pool, during ECCS

. operation will result in filtration and retention
of some of the particulates by the debns bed
formed on the strainer. The retention of
particulates by the insulation debris bed will
result in significantly higher pressure drops
than would be expected from the fibrous
material alone.

These factors were incorporated into a transient
debris build-up and pressure drop model to
estimate the severity of debris and particulate
blockage. Appendix B presents the details of the
strainer blockage models developed for this study.

2.7 Pump Performance
Considerations

For the reference plant-specific analysis, RHR/CS
pump performance under adverse conditions was
analyzed as described in Section 3.2 of
NUREG-0897, Rev. 1. ECCS failure was assumed to
occur when the head loss due to strainer blockage
was estimated to be larger than the available NPSH
margin. This present analysis calculated NPSH
margin in accordance with Reg. Guide 1.1

[Ref. 2.12], assuming the most severe suppression
pool temperature and atmospheric pressure.

2.8 Core Damage Frequency
Considerations

Blockage-related core damage accidents involve the
failure of ECCS pumps due to the loss of NPSH and
the subsequent failure to establish alternative means
for core cooling. A number of considerations were
involved in estimating the contribution of ECCS
strainer blockage to CDF, including:

1. LOCA frequency.
2. ECCS strainer blockage probability.
3. Operator recognition of strainer blockage.

4. Availability of back flushing.

o

Alternative means of providing core cooling,

6. Protection of containment integrity.,

Methodology

7. Time available for operators to take mitigating
actions.

8 Additional operator recovery actions.

A simplified event tree model, representing the
progression and expected outcomes of various
possible LOCA sequences, was used to generate the
CDF estimates. Section 8.0 focuses on the
development of CDF estimates for the reference
plant; hewever, a limited effort was made to
extrapolate the results of the CDF analysis to other
types of BWRs.

29 BLOCKAGE Overview

The USI A-43 study used two main-frame computer
codes, PRA and TABLE, to perform loss of NPSH
frequency calculations for PWRs [Ref. 2.4]. The
exact functions of PRA and TABLE were reproduced
by BLOCKAGE 1.0, which is a PC-Lased software
developed as part of this study. The BLOCKAGE 2
series was then developed by modifying
BLOCKAGE 1.0 to properly model a BWR. The
code calculates debris generation and transport,
head loss associated with debris and particulates
transported to ECCS pump suction strainers, and
impact on NPSH available.

User inputs to BLOCKAGE are:

1. A list of the location and size of welds whose
failure can mmitiate a LOCA.

2. Weld break frequency for each type and size of
weld.

3. A list of the number, diameter, and length of
target pipes that can be influenced by each
potential break location.

4. Type and thickness of insulation on each target
pipe.

5 Other parametric input, such as size
distribution of the debris, insulation
destruction fractions, drywell transport
fractions, filtering efficiencies, the amount and
type of particulates contained in the
suppression pool, settling velocities, and
suppression pool/ECCS design ivformation,
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BLOCKAGE then analyzes each weld as a potential
break and determines whether or not it results in
loss of NPSH margin. Appendix B describes the
various equations used by BLOCKAGE to evaluate
potential loss of NPSH. After completing the
analysis, BLOCKAGE output icludes: target
volume data; suppression pool and strainer blockage
data for each weld; overall plant summary and loss
of NPSH frequency reports; and formatted time-
dependent and plant summary output, which were
plotted using commercially available graphics
software.

2.10 Assumptions and Limitations
in the Overall Methodology

In general, the overall methodology used in this
study addresses the most significant phenomena
involved in the evaluation of potential BWR ECCS
strainer blockage due to LOCA gencrated debris.
There are, however, some assumptions and
limitations that prevent the unconditional
extrapolation of the findings and results derived
from this study. The following subsections
summarize the assumptions and limitations
associated with the selection of a reference plant and
the use of point-value estimates for the overall
results; the assumptions and limitations specific to
the models proposed to simulate ECCS strainer
blockage are discussed in the corresponding
sections.

NUREG/CR-6224
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2.10.1 Selection of a Reference BWR

A BWR/4 Mark | containment nuclear power plant
was selected as the reference plant for analysis in
this study. In particular, this plant has a relatively
small suppression pool and large strainer approach
velocities, in comparison to plants with Mark Il and
Mark IIl containments, has recirculation pipes made
of Type 304 stainless steel, which have been found
to be susceptible to IGSCC, a phenomenon that
appears to be a dominant mechanism in the
postulated breaks, and the vast majority of the
primary piping in this reference plant is insulated
with fibrous insulation, which results in large
amounts of calculated fibrous debris that may be
generated during a LOCA. Therefore, these findings
and results should not be unconditionally applied to
all BWRs.

2.10.2 Use of Point-Value Estimates

Resuits from this study include: estimation of pipe
break frequencies, estimation of the amounts of
debris generated and transported from the drywell
to the suppression pool, estimation of the amounts
of debris reaching the strainer, estimation of head
loss, and estimation of the corresponding time to
lose the ECCS pumps. The results presented are
point-value estimates and no uncertainty analyses
were performed as part of this study.* As a result,
caution must be used in drawing insights related to
probabilistic implications of the present study.

Ay
Note that several sensitivity analyses were conducted to quantify
the impacts of varying several key parameters on the results
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3.0 Debris Generation in the Reference Plant

The reference plant selected for this study is a
BWR/4 with a Mark I containment. Figure 1-1
listed the important considerations for estimation of
the quantity anc = e of debris generated by a
postulated brea’ s chapter provides details on
how these debr  _oeration considerations were
addressed for the reference plant

3.1 Potential Pipe Break Locations

Based on probability considerations, the weld
locations in the primary piping segments that lie in
the drywell’ were assumed to be potential piping
fatlure points and were analyzed in detail to
estimate quantities of LOCA generated debris.
Figure 3-1 is a pictorial description of the primary
systems layout in the reference plant. A total of 262
circumferential weld locations were identified for
pipes equal to or larger than 6" in diameter. The
breaks with diameter 26" are defined as LLOCAs.
Another 26 welds were identified for breaks larger
than 2" but smaller thaa 6". These breaks are
classified as MLOCAs. In addition, a total of 57
weld locations were identified for pipes smaller than
or equal to 2" in diameter. These last breaks are
classified as smail breaks. Both LLOCA and
MLOCA would require ECCS flow for short-term
and long-term decay heat removal.

Following the small breaks, however, the reactor
vessel remains pressurized for a sufficiently long
time to provide make-up flow by a combination of
HPCI and RCIC. Thus, low pressure core cooling
systems are not needed for short-term decay heat
removal. However, the RHR systems may be
needed for containment pressure and temperature
control in the reference plant. As a result, this study
analyzed all the breaks starting from a diameter of
1" to 22%, although the small break LOCAs were not
included in core damage estimates provided in
Section 8,

The assumption was made that any of these
circumferential weld locations represented a
potential pressure boundary failure (referred to as a
break location). The majority of break locations are

Breaks outside the drywell can not transport debris to the
suppression pool.  Therefore, they are excluded from further
consideration. Such exclusion s not appropriate for BWRs with
Mark Il containment

in the recirculation, feedwater and M5Ls. The
source for the number and location of the welds in
each primary pipe was a set of Inservice Inspection,
ASME Section X1 isometric drawings provided by
reterence plant personnel. These drawings were
cross-referenced with plant-specific P&IDs and
NUKON™ Blanket Insulation installation drawings
to determine weld orientation and location in the
drywell. Several tables of data were examined to
determine other relevant information such as pipe
type and composition, and the type, class, and
characternistics of the weld.

3.1.1 Recirculation Loops A and R

Recirculation loops A and B are very similar and the
discussions presented below are applicable to both
loops. Figure 3-2 is an isometric drawing of
recirculation loop A, reproduced from a set of
isometric drawings. Figure 3-3 is a schematic
representation of the circumierential welds in the
recirculation loop mapped onto the P&ID of
recirculation loop A; however, it may not include
some of the T-welds used to connect smaller
diameter instrumentation and pressure equalizer
penetrations, or 2" (5 cm) drain or 4" (10 cm) bypass
lines. The drain line itself is not relevant since
manuaal valve V16-30 (see Figure 3-2) is closed
during normal operation. The 4" (10 ¢m) bypass
line is used during start up as part of the [HSI
program. Motor-operated valve MO-4¢29 is open
during normal operation.  Although the bypass loop
is not shown in Figure 3-3, all welds in this loop
were included in this analysis. The vessel weld
RCA-DOO1 and vessel nozzle weld RCA-FOO2 were
not modeled in this analysis. These welds are a
special type and their failure frequency may be
substantially different from other welds. A
complete listing of the welds in recirculation loops
A and B 1s presented in Tabie D-1 in Appendix D.

31.2 Feedwater Loops A, B and C, D

Feedwater enters the drywell through two 167

(40 6 cm) carbon steel lines at elevation mark 766",
Flow from each 16" (40.6 cm) pipe is split into two
10" (25.4 cm) lines at elevation mark 783-3",
Feedwater enters the vessel at an elevation of
approximately 811°-6" Due to minor differences in
pipe routing, the feedwater loops differ from each
other in number and orientation of welds.
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Figure 3-4 is the isometric drawing for feedwater
loops A and B. Figure 3-5 maps these welds on to
the P&IDs for these loops. Similarly, Figure 3-6 is
an isometric drawing of feedwater loops C and D.
The only welds on these loops screened out from
this analysis were vessel welds FWA-D0O1,
FWB-DO001, FWC-D001, and FWD-DOO1, for the same
reasons described above for welds RCA-DO001 and
RCA-FO0Z. The remainder of the welds, together
with their locations and types, are listed in

Table D-1 in Appendix D.

3.1.3 Main Steam Lines A, B, Cand D

The reference plant has four MSLs, each slightly
different from the other due to drywell
arrangement. Figures 3-7 and 3-8 present the MSL
arrangement in the drywell. Figures 3-9 through
3-12 are the isometric drawings of the steam lines.
Figure 3-13 depicts all welds mapped onto the P&ID
of MSL A. Welds screened out in those lines were
vessel and nozzle welds (D001 & JOO2, respectively).
A complete listing of the welds in MSL A, B, C and
D is presented in Table D-1 in Appendix D

3.1.4 Additional Primary Piping Welds

Additional welds were identified in the pressurized
portions (upstream of isolation valves during
normal operation) of the HPCI, RHR, and L.PCS
systems. A description of the weld locations in
these piping systems is provided below, and a
listing of the welds in these systems is provided in
Table D-1 in Appendix D.

1. HPCI Lines: The HPCI system is designed to
flood the core using one of the feedwate* lines.
The system is actuated on low reactor wa._"
level signal. Commencing operation in 30
seconds, the system takes suction from the CST
and injects into Feedwater Loop A. During
operation, steam is drawn from the MSL Loop B
through a 10" (254 cm) line (10" or 254 cm
-DBA-B) for the turbine driven pump. Initially,
it was believed that MO-2238 was closed during
normal operation, limiting the segment of HPCI
exposed to a high pressure condition to that
segment located upstream of MO-2238. It was
determined that this segment is 3 ft (0.91 m) in
length and has three circumferential welds (J1,
J4, and J6) and three T-welds (]2, 3, and |5).
These welds were modeled and potential targets

Debris Generation

in the vicinity of them were included. In fact,
MO-2238 is open during normal operation and
the entire length of HPCI line in the drywell is
pressurized. The additional six welds were not
included as the limited quantity of debris from
such a small number of welds will not
significantly alter the results.

2. RHR Injection Lines: The RHR system is
designed to provide adequate coolant injection
to the core for a LLOCA. This system receives
an actuation signal on low reactor water level or
high drywell pressure and injects into the core
through the recirculation lines; this would occur
approximately 30-50 seconds into an accident.
During normal operation, the RHR piping is not
pressurized and is isolated from the
recirculation piping by check valves V19-0148,
V20-0082, and MO-1908. The total length of
RHR injection lines subjected to high pressure
during normal operation would be
approximately 15 ft (4.57 m) (i.e., loops B, C,
and D together); the total number of welds
subjected to high pressure would be 16. These
16 welds were modeled.

3. Core Spray Lines: LPCS system piping (Loops A
and B) enters the drywell at elevation 800
(243.8 m) and injects directly into the core at
approximately 811°-6" (247.3 m). During normal
operation, the LPCS is isolated from the core by
two check valves. The total length of high
pressure piping per loop downstream ot the
motor-operated valves is less than 2 ft (0.61 m),
and it has one circumferential weld and one 1"
(2.5 cm) T-weld. These two welds were not
modeled because they are located at a high
elevation for which the required P&ID drawings
were not available, Also, no additional targets
were found to be in the vicinity of these welds.

3.2  Primary Pipe Break
Frequencies

Primary pipe break frequency estimates were
needed in the present study to estimate the overall
trequency for loss of ECCS due to loss of NPSH
margin. Appendix A presents discussion on the
analyses performed, the underlying assumptions,
their limitations and their applicability to the
reference plant. Based on these analyses, Appendix
A provided the per-weld break frequency data for
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the reference plant. This section describes how
these data were used to obtain the pipe break
frequency estimates for the reference plant.

3.21 Recommended Weld Break
Frequency Data for the Reference
Plant

By using LLNL IGSCC data for the DEGB category
and the assumptions discussed above [Ref. 3.1],
estimates for weld break frequencies were
generated. Table 3-1 presents recommended weld
break point-estimate frequencies. The data in

Table 3-1 were generated by applying the in-service
inspection reduction factor of 10 to the LLNL IGSCC
DEGB data, based on Reference 3.2 and as discussed
in Appendix A. The data in Table 3-1 were applied
to specific categories of reference plant piping as
shown in Table 3-2.

It is important to recognize that there are large
uncertainties associated with recommended
point-value frequency estimates. Because an
uncertainty analysis has not been performed, it is
not possible to further interpret the statistical
significance of the point-value estimates given in
Tables 3-1 or 3-2.

3.2.2 Pipe Break Frequency Estimates for
the Reference Plant Piping

The per-weld break frequencies given in Table 3-2
were used to calculate pipe break frequencies. The

Table 3-1

overall pipe break frequency was subsequently
obtained by simply summing the break frequencies
of all welds included in the analysis. Also,
summations were made of all individual weld break
frequencies in three separate categories, specifically:

Pipe system
Pipe diameter
Pipe location.

For example, the break frequency F, of a given pipe
system was calculated to be:

F (3-1)

] ) Z;f"‘
where,
f|  represents the frequency of the i weld in
the selected system category s, and n is
the total number of welds in that system.

The break frequency F, of a given diameter piping
was calculated to be:

"
o d

1

F, (3-2)

where,

j,‘ represents the frequency of the 1™ weld in
the selected pipe diameter category d, and
n is the total number of welds.

Recommended Weld DEGB Frequency Estimates

Pipe Category

Per-weld DEGB Frequency (1/Rx-yr)

4" (10.2 em) Recirculation (3045S) 1E-06'
12" (30.5 cm) Recirculation (30455) 2E-06'
22 - 28" (55.9-71.1 em) Recirculation (30455) 2E-07"
Main Steam® 2E-07
Feedwater® 2E-07
HPCI 2E-07
RHR® 2E-07
Notes

" Derived by reducing LLNL data by a factor of 10 to account for in-service inspection
" Main steam, feedwater, HPCI, and RHR welds assurned to have same failure frequency as 22-28" recirculation system welds.
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Table 3-2 Weld DEGB Frequency Data for Reference BWR

Pipe Category

Per-weld DEGB Frequency (1/Rx-yr)

1" - 10" (2.5-25.4 em) Recirculation
16" (40.6 cm) Recirculation

22" (55.9 em) Recirculation

All Main Steam

All Feedwater

All HPCI

All RHR

1E-06
2E-06
2E-07
2E-07
2E-07
2E-07
2E-07

Finally, the break frequency F, of co-located piping
was calculated to be:

F, - Zf-L' (3-3)
where,

f'  represents the frequency of the i* weld in a
selected location category L, and n is the
total number of welds in the category.

Tables 3-3, 3-4, and 3-5 summarize the calculations
of pipe break frequencies for the reference BWR
Mark 1 plant analyzed based on piping svstem, pipe
diameter, and pipe location, respectively. These
calculations are automatically performed by
BLOCKAGE using data presented in Table 3-2 and
in Table D-1.

Table 3-6 explicitly shows how the LLOCA
frequency was calculated. A LLOCA (26" or

15.2 em diameter pipe break) of this type was
selected as the inihating event for CDF calculations
because DEGB events invoiving smaller pipes are
less likely to cause loss of ECCS NPSH. In addition,
some portion of smaller break sizes could be
mitigated by the HPCI or RCIC systems, both of
which take their initial supplies of water from the
CST. During the time one of these systems is being
used, the potential for strainer blockage would be
reduced by pump suction from the CST. Once CST
levels have dropped sufficiently to require switch
over to the suppression pool, reactor decay heat
levels would be substantially reduced. If loss of

NPSH occurs following switch over, the reduced
decay heat levels would allow operators additional
time for implementing corrective actions.

3.2.3 Comparisons of Recommended Data
With Other Data Sources

The recommended reference plant LLOCA data
were compared with LLOCA data given in several
BWR 4/Mark [ risk assessment studies. This
comparison is displayed in Table 3-7. The
point-estimate value for the reference plant LLOCA
frequency, 1.0E-04/yr, was extracted from Table 3-6
and represents a summation of DEGB frequency
estimates over all welds 26" (15.2 em) located in the
drywell of the reference plant in this study. The
pipe break frequencies for the other plants were for
the entire primary piping segment that includes
piping located inside and outside the drywell.

3.3 Insulation Types, Amount and
Location

The NUKON™ Blanket Insulation Installation
Drawings were used to determine type and
thickness of insulation on each primary pipe located
in the drywell. The P&ID drawings of the reference
plant were used to identify locations of each of the
insulated pipes and equipment, especially those
insulated by NUKON™ blankets. In the reference
plant, the primary lines in the containment are
‘rsulated by steeljacketed NUKON™, The RCIC,
RWCU, and recirculation drain lines are insulated
with caicium silicate material. In addition,
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Table 3-3  Pipe Break Frequency Estimates Categorized by System for the Reference BWR Plant

Pipe Break Frequency Estimate

Pipe Diameter Total No. of Fer-Weld DEGD (1/Rx-yr)*
inches (cm) Welds Fangasncy Individual Pi
(/Rx-yr)' SEESE Total'
Size Category
a) Recirculation System
1(25) 25 1E-06 2.5E-05
1.25 (3.2) 2 1E-06 2E-06
2(5.1) 2 1E-06 2E-06
4 (12.7) 26 1E-06 2.6E-05
10 (25.4) 40 1E-06 4E-05
16 (40.6) 8 2E-06 1.6E-05
22 (55.9) 37 2E-07 7 4E-06
Subtotal 140 1.2E-04
b) Main Steam System
1(25) 16 2.7 3.2E-06
2(51) 12 2E-07 24E-06
6 (15.2) 24 2E-07 4 8E-06
20 (50.8) 63 2E-07 1.3E-05
Subtotal 115 2.3E-05
¢} Feedwater System
10 (25.4) 58 2E-07 1.2E-05
16 (40.6) 10 2E-07 2E-06
Subtotal 68 1.4E-05
d) HPCI System
10 (25.4) 6 2E-07 1.2E-06
Subtotal 6 1.2E-06
e) RHR System

18 (45.7) 6 2E-07 1.2E-06
20 (50.8) 10 2607 2E-06
Subtotal 16 3.2E-06
Total Welds 345 Total for All Five Systems 1.6E-04

" Duta extracted from Table 3.2

Pipe break frequency estimates generated by muitiplying total no of welds and corresponding per-weid DEGB frequency

' Total pipe break frequency for a given system

the reactor vessel is insulated using mirror type
insulators. The insulation of primary concern for
this study is NUKON™, a fibrous, low-density
fiberglass wool blanket. Detailed P&ID drawings
were available for each primary pipe detailing the
type and thickness of the insulating material used.

The NUKON™ blanket material used for insulating
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primary piping consists of fibrous glass wool
reinforced with a woven fiberglass scrim, then
covered with a heavy woven fiberglass fabric
(burlap-like), sewn with fiberglass thread, and
attached with a velcro-type material. The base wool
has a low density (2 to 3 Ib/ft’ or 32.5 to 48.7
kg/m’) and is jacketed by 22 gauge (0.0293" or 0.7
mm) 30455 covers. Photographs of installed
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Table 3-4 Pipe Break Estimates Categorized by Pipe Diameter for the Reference BWR Plant

Per-Weld DEGB Pipe Break Frequency Fsfimale
System Yohst Ny o Frequency (1/Rx-yr)’
Welds
(1/Rx-yr)' Individual System Total’
a) 1" Pipe Diameter
Recirculation 25 1E-06 2.5E-05 2 8E-05
Main Steam 16 2E-07 3.2E-06
b) 1.25" Pipe Diameter
Recirculation 2 1E-06 2E-06 2E-06
¢) 2" Pipe Diameter
Recirculation 2 1E-06 2E-06 4 4806
Main Steam 12 2E-07 2.4E-06
d) 4" Pipe diameter
Recirculation 26 1E-06 2.6E-05 2.6E-05
e) 6" Pipe Diameter
Main Steam 24 2E-07 4 8E-06 4 BE-06
f) 10" Pipe Diameter
Recirculation 40 1E-06 4E-05 5.3E-05
Feedwater 58 2E-07 1.2E-05
HPCI 6 2E-07 1.2E-06
g) 16" Pipe Diameter
Recirculation 8 2E-06 1.6E-05 1.8E-05
Feedwater 10 2E-07 2E-06
h) 18" Pipe Diameter
RHR 6 2E-07 1.2E-06 1.2E-06
i) 20" Pipe Diameter
Main Steam 63 2E-07 1.3E-05 1.5E-05
RHR 10 2E-07 2.0E-06
j} 22" Pipe Diameter
Recirculation 37 2E-07 7 AE-06 7 4E-06
Overall Total 1.6E-04

" Data extracted from Table 3-2

! Pipe break frequency estimates generated by muitiplying total no of welds and correspanding per-weld DEC B frequency

' Total pipe break frequency for a given pipe diameter class

NUKON™ insulation with and without the steel
jacketing are shown in Figure 3-14.

3.4 Break Jet Destruction Model
for the Reference Plant

A spherical zone of destruction model was used to
define the zone of mfluence in the vicinity of
postulated break where the pressure loadings are
sufficient to inflict damage on the insulation
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blankets. This destruction model was specifically
developed for the Mark 1 BWR plants whose
drywell T&nng is insulated with steel jacketed
NUKON™ and is based on limited experimental
data. Applicability of this model should be
evaluated before analyzing BWRs whose drywell
piping is covered with other insulations. Appendix
B summarizes insights gained from previous
studies, the rationale behind the present model, and
provides further considerations for estimating
insulation debris generated by LOCAs.

NUREG/CR-6224
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Table 3-5 Pipe Break Frequency Estimates Categorized by Pipe Location for the Reference BWR Plant

Pipe Break
‘Pipe Total No. of Per-Weld DEGB Frequ(e‘;\g Es’t’lmne
System . Diameter Welds anuenc‘y “yr
inches (cm) (1/Rx-yr) “Individual System Total
Category
a) Above 776 Grating (H)
Recirculation 1(2.5) 8 1E-06 8E-06
Recirculation 4 (12.7) 2 1E-06 2E-06
Recirculation 10 (25.4) 24 1E-06 24E-05
Recirculation 22 (55.9) 7 2E-07 1. 4E-06
Feedwater 10 (25.4) 58 2E-07 1.2E-05
Feedwater 16 (40.6) 2 2E-07 4E-07
Main Steam 6 (15.2) 24 2E-07 4.8E-06
Main Steam 20 (50.8) 40 2E-07 BE-06
HPCI 10 (25.4) 6 2E-07 1.2E-0é
6.2E-05
b) Between Gratings (M)
Recirculation 1(2.5) 9 1E-06 GE-06
Recirculation 4 (12.7) 4 1E-06 4E-06
Recirculation 10 (254) 16 1E-06 1.6E-05
Recirculation 16 (40.6) B 2E-06 1.6E-05
Recirculation 22 (55.9) 11 2E07 2.2E-06
Feedwater 16 (40.6) 8 2E07 1.6E-06
Main Steam 1(2.5) 16 2E-07 3.2E-06
Main Steam 20 (50.8) 23 2E-07 4. 6E-06
RHR 18 (45.7) 6 2E-07 1.2E-06
RHR 20 (50.8) 10 2E-07 2E-06
6.0E-05
¢) Below 757" Grating (L)
Recirculation 1 (2.5) 8 1E-06 8E-06
Recirculation 1.25 (3.2) 2 1E-06 2E-06
Recirculation 2 (5.1) 2 1E-06 2E-06
Recirculation 4(12.7) 20 1E-06 2E-05
Recirculation 22 (55.9) 19 2E07 3.8E-06
Main Steam 2(51) 12 2E-07 24E-06
3. 8E-05
Total for All Three
Locations 1.6E-04

Data extracted from Table 3-2
Pipe break frequency estimates generated by multiplying total no of welds and corresponding per-weld DEGB frequency
" Total pipe break frequency tor a given pipe location

B e A = = o a o

3-2
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Table 36 Method Used to Calculate LLOCA Pip» Break Frequencies

Pipe diaalt Per-Weld DEGB m""‘mf‘")‘fy —
Diameter ol:v - Frequency y > —
oA ol elds /Rxyn) Individual Pipe -6
Size Category (Large LOCA)
a) Recirculation System
1(25) 25 1E-06 2.5E-05
1.25 (3.2) 2 1E-06 2E-06
2(51) . 1E-06 2E-06
4(12.7) 26 1E-06 2.6E-05
10 (25.4) 40 1E-06 4E-05 4E-05
16 (40.6) 8 2E-06 1.6E-05 1.6E-05
22 (55.9) 37 2E-07 7.4E-06 7.4E-06
Subtotal 1.2E-04 6.3E-05
b) Main Steam System
1(2.5) 16 2E-07 3.2E-06
2(5.1) 12 2E-07 2.4E-06
6 (15.2) 24 2E-07 4.8E-06 4 8E-06
20 (50.8) 63 2E-07 1L.3E-05 1L3E-05
Subtotal 2.3E-05 1.8E-05
¢) Feedwater System
10 (25.4) 58 2E-07 1.2E-05 1.2E-05
16 (40.6) 10 2E-07 2E-06 2E-06
Subtotal 1.4E-05 1.4E-05
d) HPCI System
10 (25.4) 6 2E-07 1.2E-06 1.2E-06
¢) RHR System
18 (45.7) 6 2E-07 1.2E-06 1.2E-06
20 (50.8) 10 2E-07 2.0E-06 2.0E-06
Subtotal 3.2E-06 3.2E-06
Total for All
Total Large LOCA 1.0E-04
Note:
1 Pipe break frequency eshimates generated by multiplying total no. of welds and corresponding per-weld DEGB frequency
3.23 NUREG/CR-6224
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Table 3-7 Comparison of Recommended LLOCA Data with Other BWR 4/Mark | Risk Assessment Data

Data Source LOCA Type Estimated Statistical Notes
Frequency Category
(1yr)

1. Reference Plant DEGB (> 6" or 15.2 cm) 1E-04 Point Estimate
2. Plant 1 Large LOCA 3E-04 Unknown
3. Plant 2 Large LOCA 1E-04 Mean Based on WASH-1400
4 Plant 3 Large LOCA 1E-04 Mean Based on WASH-1400
5. Plant 4 Large LOCA 1E-04 Mean Based on WASH-1400
6. Plant 5 Large LOCA: Based on Proprietary

a. Recirc. suction line 9.2E-05 Mean Data Base

b. Recirc. disch. line 3.1E-04 Mean

c. Core spray line 8.3E-05 Mean

d. Other 1.1E-04 Mean

The following regions, relative to the weld break
locations, were used to define the reference plant
DCM, schematically shown in Figure 3-15:

Region [: Region | extends up to a length of 3L/D
for the steel jacketed NUKON™. This region is
characterized by high pressures and survivability of
insulation contained in this region is highly unlikely
regardless of the type of insulation or mode of
encapsulation. Some protection may be provided
for insulation blankets located behind large
structures. Otherwise, near total destruction of
insulation into transportable form is extremely
likely.

Region II: Region II, enveloped by 3 < L/D <5, is
characterized by moderate pressures. As a result,
moderate damage is expected for targets located in
this region. The damage in this region is influenced
by such factors as break stagnation conditions and
jet deflection as demonstrated by the HDR tests and
the PCI tests [Ref. 3.3 and 3.4]. Other considerations
such as duration of the blowdown and the break
size may also play an important role.

NUREG/CR-6224

Region 111: Region Il extends between 5L./D and
7L/D and limited damage 1s expected in this zone
by the virtue of the fact that pressure loadings are
expected to be low. The likely products would be
larger shreds.

In addition to defining the zones of destruction, the
DGM used in this study assumed that only a
fraction of the insulation contained in each region is
actually destructed into transportable form and
dislodged from the targets. According to various
experiments, this fraction, referred to as the
destruction factor, varies for each region and
depends on the type of insulation and its mode of
encapsulation. For example, HDR tests suggest that
steel jacketed insulation is less susceptible to
destruction than non-jacketed insulation. Insights
derived from the HDR experiments, review of the
analyses and experiments related to the Barseback-2
incident, and engineering judgement suggest usage
of destruction factors of 0.75, 0.60, and 0.40 for
Regions 1, 1T and 11, respectively, for steel jacketed
NUKON™ insulation used in the reference plant. It
is assumed that the remaining fraction would
consist of larger pieces such as torn blankets and

3-24
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Figure 3-14

Installed NUKON
(Bottom)

" Insulation Without Steel Jacketing (Top) and With Steel Jacketing
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large chunks that are not transportable easily during
either the blowdown or the washdown phases.

3.5 Targeted and Destructed
Insulation

The reference plant P&IDs were used to estimate the
number of targets in each region (Ny,...) and their
respective lengths in each region (L) Target
information, derived from the piping insulation
drawings was used to estimate the total targeted
insulation volume in each region for each weld
analyzed using the following equation:

.‘\'h’

Ve= Y Pmia (DY - DY L, (3-4)
i

where,

R is the Region of Figure 3-15 (1, II, and
1)

Ve  is the volume of insulation contained in
Region R

N g 18 total No. of targets in Region R

i is the target number; i-1, Ny,

D, is the target pipe diameter (in)

| is the theoretical thickness of insulation
blanket (in)

L. is the i" target length belonging to R
Region (ft)

P 1s unit conversion factor.

The total volume of insulation destroved into
tranportable form for each postulated break is
calculated as:

w Fp ' G (3-3)

R-LILHI

where,
L is the volume of transportable debris
generated by a break (ft’),
Ve s volume of debris targeted in R"
Region,
F, s the destruction factor for R" Region,
G is the mass distribution factor

Equations 3-4 and 3-5 were incorporated into

o
3
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BLOCKAGE and require that the diameter of each
target, insulation thickness on each target, and the
length of each target belonging to each debris
generation region be part of the input file. The
tollowing section summarizes the methodology used
to calculate these input variables for each weld
location.

In addition to the insulation, other sources of debris
generated by a LOCA include paint chips generated
in the drywell, fibrous matenal present in the
drywell from air filters, HVAC piping and cable tray
fire barriers, concrete dust, and other types of
insulation. In the case of the reference plant, it was
concluded that fibrous debris generated by
additional sources is negligible in comparison to the
quantities of fibrous debris generated by jet effects
on the insulation blankets. This conclusion may not
be valid for plants whose insulation is
predominantly non-fibrous. Drywell particulates
generated by the impact of LOCA jets on various
drywell structures were accounted for in this
analysis as described in Section 3.6.2,

3.6  Types and Quantities of
Debris Generated

3.6.1 Insulation Debris Volumes

The BWR DGM developed for the reference plant
was applied to the reference plant to estimate the
volume and type of debris generated by each weld.
For each weld, the plant drawings (P&IDs and
isometric drawings) were used (1) to identify the
number of pipes that fell within the zone of
influence (i.e., number of target pipes), and (2) to
determine the diameter, length, and orientation of
each target pipe with respect to each weld.

Figure 3-15 schematically illustrates the three
spherical regions of the BWR DGM when applied to
a hypothetical weld. Major assumptions and
limitations in the application of the BWR DGM to
the reference plant are as follows:

1. Only welds subjected to high pressure during
normal operation were considered to
contribute to debris generation. Welds
included in this analysis were located in the
following systems: Recirculation Loops A and
B; MSL A, B, C and D; Feedwater Loops A, B,
C and D, Steam Line for HPCI turbine-driven
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pump; and RHR Loops B, C and D. The
available reference plant drywell drawings did
not provide sufficient information to
accurately calculate target lengths for the LPCS
system. As a result, pressurized portions of
the LPCS system were not mcluded in this
analysis.

2. The jet is assumed to be discharged from both
ends of the DEGB, since blowdown is
expected from both directions. All primary
piping sections insulated with steel-jacketed
NUKON™ falling in a spherical region of
diameter 7L/D were included as targets.
During the plant analysis, it was recognized
that 21 out of 345 welds will result in
blowdown from only one side of the break. A
hemispherical zone of influence was
considered for these welds; however, a
hemisphere may not bound the zone of
influence, considering that most of the breaks
are located in areas that are congested with
primary pipes and valves. As a result a
conservative assumption was made to use a
spherical zone of influence to simplify the
analysis. This assumption affects only 21 of
the 345 welds, and does not significantly
impact the overall results of this study.

3. The shadowing effect of containment
structures (such as gratings and pipe
restraints) was neglected in both selecting the
targeted insulation and in estimating target
lengths. 1t is assumed that usage ot
destruction factors would account for these
effects.

4 For break sizes larger than 2 in diameter,
plan and elevation drawings were used to
determine potential targets within a spherical
region having the weld at the center and radii
of 3D, 5D and 7D, respectively (see Figure 3-
15). Geometric projection was used to
estimate the target length within each region.
Insulation drawings for each system were then
used to estimate the thickness of the blanket
used for each target.

5. For breaks smaller than 2” in diameter, the
nearest adjacent NUKON™ pillow was
assumed to be dislodged from the pipe, even
though the entire length of the pillow could
extend beyond 7L/D. Similarly, for breaks
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postulated at the T-welds (such as instrument
pipe welds), both pillows adjacent to the weld
were assumed to be destroyed and dislodged.

The detail to which the targets were analyzed can be
illustrated by considering Weld RCA-J006. This
weld is located in the 227 recirculation loop A at
elevation 780 ft in a congested part of the drywell.
Figure 3-1 illustrates the location of this weld in the
drywell relative to the rest of the piping. Various
engineering drawings were used to identify each of
the targets affected by the postulated DEGB at RCA-
J006. Each target and its length located within a
sphere of radii of 3, 5, and 7 pipe diameters,
respectively, are listed in Table 3-8. As shown in
Table 3-8 (see also Figure 3-1), only three targets are
located within a L/D < 3 of this weld, which
extends up to a length of 66" (1.67 m). Within a
L/D < 5, an additional two targets are affected. A
total of 15 targets were identified L/D < 7, which
extends to a diameter of 154" (3.9 m) from the break
location,

In a similar fashion, targets for each of the 345
welds identified in the primary system piping, the
main steam, and the feedwater lines are presented
in Appendix D. The complexity of accounting for
the potential break locations and targeted insulation
in a three-dimensional field (i.e, the drywell, see
also Figure 3-1) is illustrated by the extensiveness of
Table D-1

Target data similar to that presented in Table 3-8
was used in conjunction with Equation 3-4 for each
weld to estimate the volume of fibrous insulation
contained in each region. Fquation 3-5, with the
destruction factors and the size distribution factors
developed for the reference plant, was used to
calculate the volume and size distribution of fibrous
debris generated by a postulated pipe break at each
weld.’ These calculations demonstrated that the
total volume of debris generated is an increasing
function of weld diameter and that factors such as
piping layout and drywell arrangement around the
break had an equal or greater influence on the
volume of debris generated by each weld. For the
reference plant, the volume of fibrous debris
generated by particular weld breaks varied from
2to 112 ft' (0.06 to 3.1 m’).

‘Note that these functions are automatically performed by
BLOCKAGE which uses Table D-1 as input
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Table 3-8  Estimation of Target Lengths for a Key Break Weld 1D #RCA-J006

TARGET INSULATION TARCET LENGTH, ft (m) (L)
| Dlenwler (i) o D ek o L/DeS  L/Ds?
in (em) in (em)
1 22.0 (55.9) RCA NUKON™ 3(7.6) 11 (3.35) 7.33 (2.3) 7.33 (2.3)
2 10.0 (25.4) RRA NUKON™ 2.5 (6.35) 0 0 13 (4.0)
3 10.0 (25.4) RRH NUKON™ 2.5 (6.35) 0 0 13 (4.0)
4 16.0 (40.6) RMA NUKON™ 3(7.6) 0 0 55 (1.7)
5 16.0 (40.6) RMB NUKON™ 3(76) 0 0 55(1.7)
6 20.0 (50.8) MSA NUKON™ 3 (7A) 3017 6.2 (1.9) 8.6 (2.6)
7 20.0 (50.8) MSD NUKON™ 3(7.6) 55(1.7) 6.2 (1.9) 8.6 (2.6)
8 20.0 (50.8) MSB NUKON™ 3(76) 0 471 (14) 1242 (3.8)
9 20.0 (50.8) MSC NUKON™ 3(7.6) 0 471 (14) 12,42 (3.8)
10 10.0 (25.4) FWA NUKON™ 2.5 (6.35) 0 0 55(1.7)
11 10.0 (25.4) FWD NUKON™ 2.5 (6.35) 0 0 551(1.7)
12 10.0 (25.4) FWB NUKON™ 2.5 (6.35) 0 0 3.7 (1.1)
13 10.0 (25.4) FWC NUKON™ 25 (6.35) 0 0 3.7 (11)
14 16.0 (40.6) FWA NUKON™ 25 (6.35) 0 0 13.63 (4.2)
15 16.0 (40.6) FWB NUKON™ 25 (6.35) 0 0 13.63 (4.2)
Representative Welds [Ret. 3.3] where the jets were noted to have spalled

Four welds were selected from the total of 345
welds as representative welds to illustrate the
analysis results. These weld locations are labeled in
Figure 3-1 and are listed in Table 3-9. Breaks at two
of these welds (RCA-J006 and MSB-J021) can be
categorized as LLOCAs. The two others can be
categorized as a MLOCA (RCA-J027) and as a Small
LOCA (RCB-J028). Weld RCA-J006 is located in the
most congested part of the drywell and was
estimated to generate the largest volume of
insulation debris. On the other hand, RCB-J028 is
located at the bottom of the drywell in recirculation
loop B and generated the least amount of debris.
Weld MSB-J021 is located in the safety valve stems
on the MSL, and generated the least amount of
insulation debris among the LLOCAs, whereas Weld
RCA-J027 generated the largest volume of debris
among the MLOCASs,

3.6.2 Other Types of Debris Generated
by LOCA Jets

The potential for generation of other types of debris
by LOCA jets is evident from the HDR experiments

concrete and blown off paint coverings. In view of
this, the drywell drawings were carefully examined
tor other materials that may also be destructed by
the LOCA jets. Based on this review, the primary
contributors for drywell particle debris are calcium
silicate insulation material on the RCIC, RWCU and
recirculation drain lines; the Mirror® insulation on
the reactor vessel; the concrete structures inside the
drywell; and the paint coatings on drywell
structures

Although no specific information is available on
destruction of calciuin silicate by LOCA jets,
applicable information can be obtained by reviewing
European studies on Caposil and Newthe.m 1000
insulation [Ref. 3.5, 3.6 and 37]. These studies
suggest that steam jets created by blowdown trom
80 bar and 0°F subcooling, may cause severe erosion
up to lengths of 10L/D. The majority of the
destructed debris were greater than 0.85 mm in size
with less than 1% of the debris less than 20 uym in
size. Based on a review of plant drawings, it was
determined that the quantity of calcium silicate
debris generated in the drywell would be very
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Table 39 Volume of Fibrous Debris Generated by Kev Breaks

Pipe Break Initiator Assumptions
and Limitations

Assumptions and Limitations
in the Debris Generation
Models
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4.0 Drywell Transport in the Reference Plant

A fraction of the debris generated will be
iransported to the suppressicn pool by (1) the vapor
flows resulting from reactor vessel blowdown, and
(2) the water flows induced by the break flow and
the containment sprays. A parametric drywell
debris transport model was proposed in Appendix B
to estimate the rate of transport of I" debris species
to the suppression pool using the following
equation:

v, =1 v, @1

where,

V! is the volume of I" debris species
transported to the suppression pool (ft’)
V! is the volume of I debris species
generated in the drywell (ft')
(calculated from Eq. 3-5), and
T(t) is the drywell transport factor.
The drywell transport facter is further expressed as
a sum of (1) the blowdown transport factor defined
as the fraction of the debris transported by the
vapor flows, and (2) the washdown transport factor
defined as the fraction of the debris transported by
the water flows induced by the break flow and the
containment sprays, i.e.,

T(1) = Tty + T [0, (4-2)

where T,, and T, are the blowdown and
washdown transport factors, respectively.

Both T,, and T, are strong functions of the break
locations in the drywell and the structural
impediments in the transport pathways. As a result,
these transport factors are highly plant specific. In
addition, very limited experimental data is available
that is directly applicable to the reference plant. As
a result, the estimates for transport factors were
obtained based on engineering judgement. The
following sections describe the important
considerations addressed as part of this analysis.

4-1

41 Drywell Debris Transport

Factors for the Reference Plant

The reference plant layout drawings and a video of
the reference plant were examined closely to
identify the available pathways for the debris
transport and major intervening structures present
in the pathway. A schematic ot the reference plant
drywell layout is presented as Figure 4-1. The
drywell contains three coarse gratings at elevations
805", 776', and 757". These gratings and their related
structures were designed to provide structural
support to the pipes and also act as work platforms.
Examination of the plant layout drawings and the
drywell walk-down video tape revealed that:

1. The postulated breaks are located starting at
elevations higher than the +805" grating down
to elevations below the +757" grating.

2. Although the gratings themselves are coarse,
the pipe whip restraints, cable trays and other
equipment located on the gratings provide for
congested pathways for debris transport. As
a result, the gratings act as major
impediments for the debris transport to lower
elevations.

The effects of the gratings on debris transport was
not explicitly modeled. However, it is recognized
that the congested layout would result in retention
of some of the debris and would transport the
remaining debris {0 the drywell floor.

The vent pipes connecting the drywell to the torus
are located at elevation mark +744’, elevated from
the drywell floor by about 4 ft (1.2 m). This leads to
formation of a water pool on the drywell floor
during the washdown phase. Formation of the
water pool affects the debris transport in two ways:
(1) it allows for heavier debris (e.g., concrete chips
and undamaged blanket(s)) to settle to the bottom of
the floor, and (2) 1t facilitates further disintegrations
of fibrous shreds under hydrodynamic forces
induced by gravitation fall of break flow into the
pool. In addition, the vent pipe openings are
equipped with jet deflectors to prevent possible
damage to the vent pipes from jet forces that might
accompany a pipe break in the drywell. These jet
plates provide for narrow clearance for the flow and
contribute to retention of some of the fibrous debris,
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at least during the blowdown. Additionally, there is
the potential for jet plate clearances being blocked
by fibrous debris.’

The congested layout of the drywell, the presence of
the gratings, and the raised vent pipes will
contribute to retention of a traction of tiw debris
generated in the drywell. These faco . were the
principle contributors in estimating the transport
tactors of Equation 4-2.

4.1.1 Transport Factor Analysis

Barseback-2 data was used to estimate the drywell
transport factors. In Barseback-2, the LOCA was
initiated when a rupture disk at the outlet of a
safety reliet valve inadvertently opened before the
reactor reached full power and steady state
pressure. The reactor pressure at the ime of LOCA
was 435 psi (3 MPa). The containment sprays were
turned on for drywell pressure and temperature
control. As a result of blowdown from the safety
valves and washdown from containment sprays,
about 50% of the debris generated in the drywell
was ultimately transported to the suppression pool
[Ref. 4.1}; considerable fraction of this transport
occurred within the first half-hour. According to
the plant estimates, the majority of this transport
(>90%) was due to washdown of debris by the
containment sprays and only a small fraction was
transported during blowdown; thus, for Barseback-2,
it can be concluded that total, blowdown, and
washdown transport factors integrated over time are
0.5, <0.05 and >0.45, respectively. These fractions
are expected to be considerably different in the case
of postulated breaks in the reference plant.

The postulated accident progression in the reference
plant is also different from that which occurred in
the Barseback-2 incident. In the reference plant, the
containment spray initiation is not automatic. If
sufficient venting is not maintained, the containment
temperature and pressure could increase to the
point where containment spray has to be actuated.
This study assumes that such a need does not arise
and that operator does not initiate containment
sprays. This assumption plays a major role in
determination of washdown transport fractions and

These concerns were raised at the CSNI/PWG-1 International
Task Group on ECCS Recirculation Reliability meeting held in
Cologne, Germany, April 4-6, 1995

Drywell Transport

reduces the washdown transport fraction from the
45% value derived from the Barseback-2 incident.

In the reference plant, more than 70% of the
postulated breaks are larger than 10" in diameter
and only 15% are smaller than 4" compared to the
safety valve rupture that occurred in the Barseback-2
plant. A large break typically results in larger vapor
flows in the drywell over a short period of time.
This reduces the potential for condensation of steam
in the drywell and as a result, it is likely that a
larger fraction of the steam would be transported to
the suppression in case of a LLOCA. If it is
assumed that the fibrous debris can be treated as
light particles thoroughly intermixed with steam,
then the fraction of fibrous debris reaching the
suppression pool would be proportional to the
fraction of the total steam that is transported to the
torus. Thus, it is very likely that larger breaks
would transport larger fractions of fibrous debris to
the suppression pool. On the other hand, the
smaller breaks, especially in the presence of
containment sprays, allow for higher condensate
ratio. In such cases, as in Barseback-2, only a small
fraction of the debris is likely to be transported by
the steam. This trend is qualitatively consistent with
the Karlshamn tests {Ref. 4.2] which also suggest
that the blowdown transport factors are directly
proportional to the steam mass flow rate and the
super heat. However, the Karlshamn tests cannot be
directly applied to the reference plant since the test
scaled lavouts are considerably different when
compared to the reference plant drywell layout

This study assumed that transport factors are
primarily influenced by the surface area of the
impediments and cnly weakly dependent on the
break size, recognizing that this may overestimate
transport factors for small breaks, These
assumptions allowed for a simplification that
resulted in eliminating the break size and system
type from further consideration.

Thereafter, considerable attention was given to
account tor the location effects on the transport
factors. The drywell layout was studied to identify
locations of maximum congestion. Based on this
analysis, the gratings located at elevation 757 and
776" (see Figure 4-1), were identified as two major
structural impediments for debris transport. These
gratings support pipe whip restraints and a variety
of structural supports for equipment, such as
recirculation pumps and cable trays. Based on
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schematics and video images of the drywell, it was
judged that the congested structural layout around
these gratings allowed for limited clearance for flow
and would lead to retention of debris due to steam
condensation of the structural surfaces. As a result,
the debris generated by the breaks located in higher
elevations would have a greater opportunity to be
deposited on a structural surface than those
generated at lower elevations.

Based on these insights, the gratings were used as
reference points and the drywell was divided into
three regions: high, middle and low. Break
locations below an elevation of 757" were classified
as low or "L.” Debris generated by a LOCA in this
low elevation would encounter very few structural
impediments. It was assumed that about 45% of the
debris generated in this region would be transported
to the suppression pool by the steam flows. The
remaining 55% would be deposited on vanous
structures in the drywell as well as on the vent-
pipes and the downcomers where the majority of
condensation would occur. A T, of 0.45 was used
for these breaks. Breaks at elevations between 757
and 776" were classified as middle or “M.” Debris
generated in this region must be transported
through the tortuous space between various pipe
structures and then through the grating at elevation
757", A T, of 0.35 was used for these breaks based
on engineering judgement. Break locations higher
than 776" were classified as high or “H” and were
assigned a T, of 0.15 to account for the fact that
debris generated at these higher elevations are
impeded by the bulb-shaped drywell design which
offers larger surface area, piping networks, and the
highly congested 776" grating,

The blowdown transport factor, T,,, was used to
calculate the quantity of debris transported to the
suppression by the steam flows. The remaining
fraction of the debris (1-T,,) was assumed to have
been deposited on various drywell structures. As
evident from the HDR tests 'Ref. 4.3, a fraction of
this debris could be firmly attached to the structures
while the other fraction would be available for
transport by the washdown water flows. The actual
fraction transported will depend on plant specific
features such as containment sprays and drywell
arrangement. Once again, engineering judgement
was used to estimate these fractions.

NUREG/CR-6224

4.1.2 Time Scales for Drywell Transport

The foregoing discussions qualitatively divided the
time dependence of debris transport into the
blowdown phase and the washdown phase. The
duration of each of these phases is a strong function
ot the break size, reactor power level, and reactor
type. For the reference plant, blowdown was
estimated to occur over a period of 120 seconds
following a LLOCA and over a period of 1500
seconds for a MLOCA. However, the initial part of
the blowdown involves purging the containment
atmosphere, during which time debris transport to
the suppression pool would probably be minimal.
As a result, this study assumed that actual debris
transport during blowdown occurs over a period of
100 seconds following a LLOCA, and over a period
of 1,200 seconds following a MLOCA. The
washdown of the debris is enabled immediately
after the blowdown by the break flow. This
continues indefinitely until the break is isolated or
the ECCS flow is throttled. This study estimated
that most of the loosely attached debris would
probably be transported during the initial 30
minutes following the termination of a LOCA
blowdown phase.

4.2 Quantity and Types of Debris
Transported to the
Suppression Pool

4.2.1 Insulation Debris

BLOCKAGE uses the elevation information for each
weld (Table D-1), the blowdown and washdown
transport factors discussed in Section 4.1 and
Equation 4-1 and 4-2 to calculate the volume of the
debris transported to the suppression pool for each
break. Table 4-1 provides BLOCKAGE results for
the quantity of debris transported to the suppression
pool for the four representative weld breaks
discussed in Chapter 3. As shown in this table, the
volume of fibrous debris reaching the suppression
pool for the example breaks varies from 1.5 to 28 ft
(0.04 to 0.78 m’), depending on the break size
location and diameter.
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Table 4-1 Volume of Fibrous Debris Transported to Suppression Pool

Blowdown Transport’ ~ Washdown Transport’ Total Transport
Weld Vgen Loc. Transport  Volume Transport Volume Fraction Volume

1D ft' (m") 1D Factor ft' (m?) Factor ft' (m") ft' (m")
RCA-J006 112 (3.17) H 0.15 17 (0.48 ) 0.10 11 (0.31) 0.25 28 (0.79)
MSB-j021 14 (0.40) M 0.35 5 (0.14) L.15 2 (0.06) 0.50 7 (0.20)
RCA-j027 6 (0.17) L 0.45 2.7 (0.08) 0.30 1.8 (0.05) 0.75 4.5 (0.13)
RCB-J028 2 (0.06) L 0.45 0.9 (0.03) 0.30 0.6 (0.02) 0.75 1.5 (0.04)

"Duration of blowdown transport is 100 seconds for RCA-J006 and MSB-J021; 1200 seconds for RCA-J027 and RCB-J028.

*Duration of washdown transport is 1800 seconds for all welds

4.2.2 Drywell Particulates

As discussed in Chapter 3, the LOCA jets also
generate about 85 Ibm (38.6 kg) of paint chips in the
drywell. This study assumed that 100% of the paint
chips (1.e., 85 Ibm or 38.6 kg) of paint chips would
be transported to the suppression pool during the
blowdown phase. Similarly, a transport factor of 1.0
was also used for the 156 Ibm (70.8 kg) concrete
dust debris yenerated in the drywell. Parametric
analyses (see Appendix C) suggest that these
assumptions do not significantly influence the
overall BLOCKAGE results given the assumed
suppression pool sludge mass of 850 Ibm.

43 Drywell Transport
Assumptions and Limitations

The simplified transport model used in this study to
estimate the transport of LOCA generated debris
from the drywell to the suppression pool assumes
that transport can occur during blowdown, due to
recirculating steam flow, and during washdown,
due to water cascading from the break and/or

actuation of the containment sprays. The transport
factors in each of these phases were assumed to
depend on the break elevation in the drywell, but
were considered to be independent on the break size
and jet subcooling. The effects of gratings and
structures on debris transport was not explicitly
modeled. In addition, formation of water pools on
the drywell floor, that could play a significant role
in the transport of debris, was not considered in the
model.

In the case of the reference plant, this study
assumed that containment sprays were not actuated
and, regarding the break elevations, considers three
possible regions derived from the particular drywell
layout: high, middle and low, with transport factors
of 0.25, 0.50 and 0.75 respectively. In assigning
these values, however, it has to be recognized that
there are very limited experimental or analytical
data to verify the adequacy of the proposed
transport factors; hence, considerable caution must
be used to estimate the regions and corresponding
transport factors for other plants or accident
scenarios (for example, containment spray
operation)
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5.0 Suppression Pool Transport

Lue reference plant is equipped with a large torus-
shaped suppression pool containing a large volume
of water. The suppression pool is designed to
prevent overpressurization of the drywell by
condensing steam released during blowdown
events. The suppression pool is also a source of
water for ECCS and long-term cooling. The torus is
about 25.67° (7.82 m) in diameter, with the center
line at elevation mark of 732°-3". The maximum free
air volume of the torus is 94,300 ft' (2670 m"), with
water volume of 58,900 ft' (1668 m") (or 61,500 ft'
[1741 m'] during an accident). The torus is
connected to the drywell through vent pipes located
at an elevation mark of 744",

51 Volume of Insulation Debris
Introduced to the Suppression
Pool

Initially steam and debris mixtures will enter the
suppression pool through the vent pipes. Table 4-1
presented the volume of the insulation debris
introduced during the blowdown phase for four
representative welds. In addition a total of 241 Ibm
(109.4 kg) of drywell p.rticulates, consisting of paint
chips and concrete dust, are assumed to be added to
the suppression pool during blowdown. The
blowdown wouid be followed by washdown, which
transports the water and debris mixtures to the pool.
During this phase, most of the insulation added to
the suppression pool consists of insulation
fragments. Table 4-1 also listed the volumes of
insulation debris added to the poel during this long-
term washdown phase.

5.2 Quantity and Type of Debris
Contained in the Reference
Plant Suppression Pool

Large quantities of particulate matter were found to
be present in BWR suppressien pools during normal
operation [Ref. 5.1]. This material is termed
‘suppression pool sludge’ and consists primarily of
rust particles. Sources of rust include the
suppression pool walls, downcomer inner surfaces,
ECCS piping and other piping that may discharge
either directly or indirectly into the suppression
pool either during normal operation or during

shutdown activities. Various utilities have described
the sludge as consisting of various forms of iron
oxides (Fe,O, and Fe,O,) red or black in color. The
estimates on size distribution appear to vary from
sub-micron particles to particles of several hundred
microns. Both the quantity of sludge contained in
the suppression pool at the time of an accident and
its size distribution appear to be strongly dependent
on the pool water pH (not specifically controlled)
and desludging activities. As a result, the estimates
vary from 70 Ibm to 5000 Ibm of sludge for the mass
of sludge contained in the suppression pool. Some
plants have also observed quantities of organic
matter that apparently grow in the pools as a result
of the sludge. Finally, some plants have reported
presence of items such as coveralls and large
quantities of plastic tapes.

No plant-specific measurements are available on the
quantity or constituents of the sludge contained in
the reference plant suppression pool. Similarly,
accurately determined estimates for the sludge
particle size distribution for the reference plant were
not available. However, the plant has undertaken
chemical analysis of the sludge samples which
suggest that the majority of the sludge consists of
iron oxides with trace amounts of Ni and Cr.
Discussions with plant engineers suggest that a
value of 850 Ibm (385 kg) may be a reasonable
estimate of the amount of sludge contained in the
pool. Particle size distribution data measured from
the NRC suppression pool tests [Ref. 5.2] was
assumed to be applicable to the reference plant (see
Table B-6). This distribution data is different from
the BWROG specified size distribution (see Table
B-4) by the fact that it accounts for agglomeration of
particles. Appendices B and E provide further
discussions on the size distributions and their
apphicability. It should be noted in the range of
particle sizes considered (i.e., Table B-4 vs. Table
B-6), the BLOCKAGE predictions are weakly
dependent on the particle size

5.3 Debris Transport Within the

Reference Plant Suppression
Pool

This section provides an overview of the conditions
and mechanisms by which the debris discussed
above are transported within the suppression pool
of the reference plant to the ECCS strainers. The
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tollowing paragraphs discuss the LOCA-induced
hyvdrodynamic conditions in Mark I containments,
the suppression pool transport model, and the
quantity and type of debris transported to the
stramners.

5.3.1 LOCA Induced Hydrodynamic

Conditions in the Mark |
Containments

As noted in NUREG-0661 [Ref. 5.3] and Appendix B,
the suppression pool is characterized by large scale
turbulence during the blowdown phase of a LOCA.
Initially, sudden pressurization of the drywell
causes vent clearing which is followed by
continuous transfer of drywell steam to the
suppression pool via vertical downcomers. The
steam condenses upon contact with suppression
pool water. During the initial stages, especially after
a LLOCA, the steam flow is sufficiently large to
completely displace water from the downcomer and
allow continuous flow of steam which then
condenses at the downcomer exit. The
hydrodynamic phenomena associated with this
phase is commonly referred to as condensation
oscillations. With decreases in steam flow, water
enters the downcomers and causes steam
condensation in the downcomers. During this
process the non-condensibles form a thin layer that
prevents heat transfer between steam and water.
This results in build-up of pressure behind the
condensation front causing the front to move closer
to the vent pipe exit where the non-condensibles
could be vented from the pipe. This mechanism of
steam condensation results in a situation where the
condensation front (or the water front) moves
upwards and downwards in the downcomer. The
resultant hydrodynamics are commonly referred to
as chugging and continue until the drywell and
wetwell pressures equalize. For a LLOCA, the
condensation oscillations occur over a period of
about 30 seconds followed by chugging for the
remainder of the blowdown phase or the high-
energy phase (a total of 100 to 120 seconds in
duration). For a MLOCA, condensation oscillations
are very unlikely and intense to moderate chugging
1s more common as evidenced in the Mark |
suppression pool tests [Ref. 53]. Appendix B
provides further details on the hydrodynamic
instabilities in Mark I suppression pools.

Obviously, suppression pool transport is a complex
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phenomenon that cannot be easily modeled. Owing
to its importance, the NRC has sponsored a series of
experiments to study the effects of suppression pool
hydrodynamics on debris transport [Ref. 5.4]. These
experiments provided valuable insights into debris
behavior during the high-energy phase characterized
by high turbulence due to condensation oscillations
and chugging. Coupled with the ABB Atom
experiments [Ref. 5.5] and the Barseback-2 incident
[Ref. 5.6], the findings of the NRC experiments can
be used to draw the following conclusions related to
debris transport in a Mark [ suppression pool:

1

Debris in the form of fines and shredded
pieces are introduced to the suppression pool
through the network of vent pipes and
downcomers. Since the vent pipe
downcomers are equally spaced, it was
assumed in this study that debris introduction
into the suppression is likely to be
homogeneous during the blowdown phase.
Debris introduction during the washdown
phase, in contrast, could be non-uniform,
depending upon the location of the break, the
volume of debris generated and its
distribution within the water pool formed on
the drywell floor’.

Turbulence created by condensation
oscillations and chugging during the
blowdown will impede the settling of debris.
This conclusion is valid for both the fibrous
and non-fibrous debris, Turbulence in some
cases may possess sufficient energy to cause
further destruction of debris, which indirectly
reduces the quantity of settled debris. Also,
the turbulence will most likely resuspend the
sludge mass contained initially on the
suppression pool floor. For example, in the
NRC experiments large chunks of fibrous
debris introduced at the bottom of the
suppression pool were immediately suspended
during the chugging phenomenon and were
shredded into smaller pieces within a few
minutes after the start of the experiment.
Similar debris behavior was also reported by

‘At the Barseback-2 mcident, the majority of the debris transport
oceurred during the spray washdown phase. The debris,
however, were noted to have been uniformly distributed
throughout the suppression pool as demonstrated by the fact that
both ECCS strainers located diametrically opposite from each
other were blocked at just about the same time
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5. Suppression pool cooling is not activated.

6.  The volume of debris approaching the strainer
can be estimated assuming homogeneous
mixing of the debris with the pool bulk
volume.

7. The ECCS flow rate varies with time. For all

breaks the ECCS flow rate is assumed to reach
the design flow of 25,000 gpm after the
termination of reactor vessel blowdown. It is
recognized that maximum ECCS flow for
breaks <2" could be lower than 25,000 gpm.

5.3.3 Quantity and Type of Debris
Transported to the Strainer

BLOCKAGE was run under the assumptions listed
in 5.3.2 to estimate the quantity and type of debrs
reaching the strainer as a function of time for each
postulated break. The governing equations used in
BLOCKAGE are discussed in detail in Appendix B

Table 5-1 presents the volumes of vanous debris
species reaching the strainer for the representative
welds. As shown in Table 5-1, only about 10% of
the fibrous debris actually settle, and the remaining
90% will ulimately reach and deposit on the
strainer. On the other hand, about 35% of the
sludge, and about 80% of the concrete dust and the
paint-chips ultimately settle on the pool floor. The

remaining debris reach the strainer. These
quantities could be higher if suppression pool
cooling is actuated on in the later phases of LOCA
progression,

54 Suppression Pool Transport
Assumptions and Limitations

The suppression pool model used in this study to
estimate the amount of debris reaching the strainers
at the suction of the ECCS pumps considers both the
transport of LOCA generated debris from the
drywell as well as the suppression pool sludge.
Major assumptions in this model can be
summarized as follows:

1. All the fibrous and particulate debris remains
suspended and uniformly distributed within
the pool water during the blowdown phase.
This assumption was based on experimental
results specific for NUKON'™ fibers and iron
oxide particles simulating suppression pool
sludge, and may not be applicable to other

LI} ) .
ML \'t't),
’

=

During the washdown phase, all the debris in
the suppression pool will begin to settle
under the influence of gravity. The debris
settling velocities used in this study were
estimated from experiments specifically

Table 51 Quantity and Type of Debris Transported to the Strziner for Representative Welds
' Present in the Suppressio Total Volume' Deposited on Strainers (ft")
Pool (ft)

. , Concrete Paint - Concrete Paint

Weld 1D ey Windge Dust Chips Fonar e Dust Chips
RCA-J006 28 2.6 1.0 0.70 242 1.10 011 0.10
MSB-J021 7 2.6 1.0 0.70 6.1 1.04 0.09 0.08
RCA-J027 45 2.6 1.0 0.70 3.9 0.95 0.06 0.06
RCB-J028 1.4 26 1.0 0.70 1.23 0.67 0.02 0.02

The masses of fiber, sludge, paint chips and drywell particulates are caleulated from volumes using theoretical densities 24, 324, 124

and 156 Tbm/ft', respectively
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conducted for NUKON"™ fragments and iron
oxides particles simulating fibrous and
particulate debris respectively. Specific
analysis/experiments are required to estimate
settling velocities for other types of debris
materials and size distributions.

The debris is homogeneously mixed with the
pool bulk volume both vertically and
horizontally. It is recognized, however, that
this may not be an accurate representation of
debris behavior in a quiescent suppression
pool, especially during the washdown phase
when debris introduction could be non-
uniform depending on the break location and

Suppression Pool Transport

drywell layout. Potential for these non-
uniformities should be addressed on a plant-
specific basis.

The effects of the operation of the suppression
pool cooling systems in the transport of debris
to the strainers were not considered for the
reference plant. For those plants that rely on
active suppression pool cooling systems,
neglecting their effect most likely would
overpredict settling and underpredict the
volume of debris reaching the strainers.

These concerns should be addressed on a
plant-specific basis.
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The analysis of ECCS suction strainer blockage for
the reference plant involved understanding the RHR
and LPCS systems of the reference plant,
determination of the NPSH margin for the reference
plant ECCS pumps, and development of the model
tor loss of the ECCS pumps due to the loss of
adequate NPSH. Estimation of the head loss across
the strainer involved two major components of the
study: transient buildup of debris on the strainer
and the pressure drop due to debris accumulation.
The following sections provide the details of the
analyses performed for the reference plant,
including the head loss correlation developed from
recent experimental data.

6.1 RHR and LPCS Systems
Description for the Reference
Plant

Immediately following a LOCA, water is drawn
from a combination of the suppression pool and
CST into the reactor core by the RHR, LPCS, RCIC
and HPCI systems pumps. For a majority of the
postulated breaks, the RHR and LPCS are the only
adequate mitigating systems.'

The RHR and LPCS systems are designed to provide
low pressure core flooding following a LOCA.

These systems take suction from the suppression
pool and inject water into the reactor core; the water
then flows out of the break. In this mode of
operation, the RHR system i1s commonly referred to
as LPCL. Both LPCI and LPCS systems are actuated
on either a low core water level or high drywell
pressure signal. In the reference plant, the LPCl and
LPCS systems each have two penetrations into the
torus: N225A&B for RHR, and N227A&B for LPCS,
Each of these penetrations is equipped with a pump
suction strainer, semi-conical in shape. The purpose
of the strainer is to filter out the debris that may
damage the ECCS pump internal parts or plug the
containment spray nozzles and/or core spray
nozzles. Figure 6-1 15 an engineering drawing of
one of the reference plant strainers. The strainers
are made of 14 gauge perforated steel sheets, with
30 1/8" holes per in” (465 3.2 mm holes per em’),

'Far breaks €2" (a total of 57 breaks) the RCIC and HPCI systems
can mutigate the acadent This 1ssue is further addressed in
Section K.

6.0 ECCS Suction Strainer Blockage Analyses

with an open flow area of approximately 40% of the
total strainer surface area. Figure 6-1 summarizes
the strainer geometrical data, along with the
calculated surface and flow areas for each strainer.
Figure 6-2 depicts the location and elevation of the
reference plant strainers.

The LPCT injects into the recirculation discharge
lines and the LPCS injects into the core through
dedicated nozzles in the reactor vessel. Only one
low pressure ECCS pump (LPCT or LPCS) is
required for adequate core cooling; however, the
emergency operating procedures (EOPs) indicate
that all ECCS pumps are switched on for such
events.

The LPCI system has four Byron Jackson centrifugal
pumps (RHR-A, B, C, and D), each with a rated
flow of 4800 gallons per minute (gpm) (18.2
m'/min) at a discharge head of 400 ft (122 m) of
water. Figure 6-3 delineates pump curves for these
pumps. As shown in this figure, NPSH required for
these pumps at the rated flow 1s about 10 ft (3.05 m)
of water. The pumps are located at an elevation
mark of 718', or about i4 ft (43 m) below the
suppression pool center-line. Pumps RHR-A and C
take suction from strainer N225A; pumps RHR-B
and D take suction from strainer N225B. The NPSH
available at the LPCI suction is approximately 24 ft
(7.3 m) of water, resulting in a NPSH-margin of
about 14 ft (4.3 m) of water. The estimated flow
through each strainer (N225A and N225B) is 9600
gpm (364 m'/min), and the corresponding strainer
flow velocity 1s 1.46 ft/s (0.45 m/s).

The LPCS system has two Byron Jackson centrifugal
pumps (CS-A and B), each rated to provide

3100 gpm (11.7 m'/min), at a discharge head of
700 ft (2134 m) of water. Figure 6-4 delineates
pump curves for these pumps. As shown in this
tigure, the NPSH required for these pumps at rated
flow 1s about 15 ft (4.6 m) of water. The NPSH
available at the LPCS suction is approximately 32 ft
(9.75 m) of water; consequently, the NPSH margin
available for LPCS is about 17 ft (5.2 m) of water.
Each pump has a dedicated suction strainer. The
estimated flow through the LPCS suction strainers
during expected operating conditions is 3100 gpm
(11.7 m"/min), and the corresponding strainer flow
velocity is 1.60 ft/s (0.49 m/s)

The LPCI and 1L.PCS pumps would be initiated by
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Planview
Cross-Section l
—
14 Gauge Perforated Sheet Basket 1/8" HLos
33 Holes/Square Inch
L
Per Strainer
System No. D1 D2 D3 i Area Flow Veloc
(sqft) (gpm) (tsec
RHA 2 29" | 24" 18 28" | 146 | 9600 146
CS 2 17°] 12| 87/8° | 1614 | 421 | 3020 16
34
| - t

Figure 6-1 Planview & Cross-Section of Strainer
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Radial Position of Strainers
270°

LPCI N225B

2258

LPCS N2278B

0

LPCI N225A

45
LPCS N227A

Axial Position of a Representative Strainer

Centerline EL 732" 3 25"
Water EL 729" 10 25"

Representative Strainer EL 726' 2 7"
Representative Penetration EL. 724" 2 5"

-
b mvesentatwe Suction Pump EL 718' 2"

Figure 6-2 Location and Elevation of Strainers
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the high containment pressure signal within seconds
after a LOCA. Initially, however, the reactor vessel
pressure exceeds the shut-oft head of both LPCI and
LPCS pumps. During this period of high vessel
pressure, the ECCS operates in minimum flow mode
wherein each of the pumps pump about 10% of the
rated pump flow taken from the suction strainers
and recirculates it back into the suppression pool.
This flow is required to maintain operability of the
ECCS pumps. As the blowdown continues, the
vessel pressure falls below the shut-off head, at
which point the ECCS pumps start pumping higher
quantities of suppression pool water into the reactor
core. Addition of cold suppression pool water to
the reactor core results in rapid reduction in vessel
pressure allowing the design flow ot 25,000 gpm
(94.6 m’/min) into the core. Thus the ECCS flow
rate is a function of time and break size. Flow rate
information for a BWR/4 with a Mark I containment
was obtained for two break sizes from the BWROG
best-estimate analyses [Ref. 6.1]. Figure 6-5 plots
these flow rates as functions of time for LLOCAs
and MLOCAs for the reference plant. As shown in
this tigure, the ECCS flow is less than 2500 gpm (9.5
m’/min) over the initial 50 seconds after a LLOCA
and 500 seconds after a MLOCA? However, the
flow quickly reaches the design flow value of 25,000
gpm (94.6 m'/min) immediately after blowdown.
As a result of this early low ECCS flow, the strainer
pressure losses during the blowdown phase are
expected to be relatively low.

6.2 Model for Loss of ECCS Pumps
for the Reference Plant

As suggested in NUREG-0897, Rev. 1 [Ref 6.2], loss
of ECCS pumps is assumed to occur when the
NPSH g (-0, NPSH, 0 - NPSH, g 0eq) 18 less
than the predicted head loss due to strainer
blockage by insulation debris. Available and
required NPSH values are plant-specific and can be
estimated for a given plant using the methodology
described in Section 3.2.3 of NUREG-0897, Rev. 1
[Ref. 6.2]. Evaluation of NPSH,,, 4. requires
estimation of containment pressure and suppression
pool temperature in accordance with Reg. Guide 1.1
which states that NPSH should be calculated using
atmospheric pressure and the most severe

For breaks £2" the LPCI and LPCS are not needed for core heat
removal unless both RCIC and HPCI fail to mject

NUREG/CR-6224

6-6

suppression pool temperature [Ref. 6.3].

Based on discussions with the reference plant
engineers, the most severe suppression pool
temperature following a LOCA was estimated to be
approximately 180°F for the reference plant.’ Using
this value of 180°F, coupled with frictional loss data
used in the reference plant calculations, the
NPSH,, e Was estimated to be 24 ft of water for
LPCI pumps and 18 ft of water for LPCS pumps.
The NPSH,, .« for these pumps is illustrated in
Figures 6-3 and 6-4, respectively. This provides an
NPSH,,, ... of about 14 ft (4.3 m) of water for the
LPCI pumps and about 17 ft (5.2 m) of water for the
LPCS pumps. In this study, both the LPCI and
LPCS strainers and flow rates were combined
together to form a single strainer of area equal to
the total areas of the individual strainers. The
blockage of the strainer was assumed to produce
pump loss when the predicted head loss was larger
than 14 ft (4.3 m) of water, i.e., pump loss occurred
when:

Af7T = INTori = 14 ft (4.3 m) of water  (6-1)

margin
This present analysis assumed that all of the ECCS
flow (25,000 gpm or 946 m'/min) was lost when the
increase in head loss due to debris buildup on the
strainers was greater than the available NPSH,.....
As demonstrated by flat NPSH curves in Figures 6-3
and 6-4, this assumption is fairly accurate for the
reference plant.

Estimation of the increase in head loss involved two
major components of this study: 1) transient buildup
of debris bed on the strainer and, 2) resultant head
loss across the strainer due to buildup of the debris
cake. The following section describes the respective
models developed.

6.3 Transient Buildup of Debris on
the Strainer Model for the
Reference Plant

Transient buildup of the debris bed on the strainer
surface and the makeup of the bed are strong

Section 6.2.2.2.1 of the reference plant FSAR states that the
suppression pool cooling subsystem would be turned on when
the pool temperature exceeds 170°F. An additional temperature
rise of 10°F was assumed for conservatism
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functions of the quantity of debris approaching the
strainer and the trapping efficiency of the strainer.

6.3.1 Quantity and Type of Debris
Approaching the Strainer

Section 5 summarized the calculational models used
to estimate the quantity and types of debris reaching
the strainer as a function of time. Table 5-1
presented the volume balances of various debris at
the end of the 6 hour run time (i.e., after the pool is
cleared of debris). BLOCKAGE was used to
perform similar calculations for all the welds and
the results are presented in Section 7.

6.3.2 Once-Through Filtering Efficiency
Model

Experiments have suggested that only a fraction of
the debris, especially the particulate debris, are
trapped on the strainer surface to form the debris
cake [Ref. 6.4 and 6.5]. Qualitatively, this fraction
was noted to have been a complex function of the
debris size, debris type, debris cake thickness and
the approach velocity. A series of experiments were
sponsored by NRC [Ref. 6.6] as part of this study to
obtain an upper bound estimate of once-through
filtration efficiency, defined as the fractional mass of
the debris filtered by the debris cake during a single
pass through the cake. A simplified filtering
efficiency model was used to estimate the fraction of
debris filtered by the cake. This model is based on
the following experimental observations:

1. All the fibrous debris reaching the strainer
would be trapped and retained by the strainer,
except for a small quantity of finely destructed
debris (i.e, size classes 1 and 2) that may
escape initially when the debris bed does not
bridge all of the strainer holes. However, this
situation quickly changes, resulting in 100%
filtering efficiency tor the fibrous debris.

2. Only a fraction of the particulate debris
reaching the strainer would be filtered by the
debris cake formed on the strainer surtace. For
the simulated sludge used in the study, this
fraction 1s found to be a strong function of the
debris bed thickness and a weak function of
the approach velocity. As discussed in
Appendices B and E, the maximum once-
through filtration efficiency achieved in the

NUREG/CR-6224

experiments is less than 50% for debris bed
theoretical thicknesses in the range of 1/4" to
2" and for approach velocities in the range of
0.15 ft/s and 0.5 ft/s. For beds thinner than
1/47, the filtration effici-acies would be lower
than 50%, approac’.ing 0% as the theoretical
thickness appre «hes 0 inches.

Figure 6-6 illus' rates the filtration model used in this
study as a tuncaon of bed theoretical thickness.

6.3.3 Quantity and Type of Debris
Trapped on the Strainer

The model developed to estimate the quantities and
types of the material forming the debris cake on the
strainer at time t 1s based on the following
equations:

1 o ~
AL, = [T R Qi d (pe)
: J(¢‘ .

My, = [ €™ CP(0) Q1) di (6-3)
where,
t is time after LOCA (s),
AL, 1s theoretical thickness of the fiber bed
(ft)
A, is strainer surface area (37.62 {t%),

s 1s NUKON'™ as fabricated density

(24 Ibm/ft"),

is fiber filtration efficiency (1.1),

is once-through filtration efficiency at

tume t (expressed vs AL (t) in Fig. 6-6)

C"™ (1) 1s fiber concentration in the pool at time
t (Ibm/ft* of water)

CP{t) is particulate concentration in the pool
at time t (Ibm/ft' of water)

Q(t) is ECCS flow rate at time t (ft’/s; see
Fig. 6-5)

M,,. is total mass of particulates (sludge +

paint chips + drywell particulates)
filtered at the strainer surface (lbm),

vhbl'v

ehin

These equations are further discussed in Appendix
B and are incorporated into BLOCKAGE. Details of
the BLOCKAGE runs are presented in Section 7
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Strainer Blockage
These results were obtained assuming that:

1. The once-through efficiency for particulates and
fibers are given by Figure 6-6 throughout the
accident progression. For particulate debris,
irrespective of their size, a maximum efficiency
of 50% would be achieved depending on the
theoretical fiber bed thickness.

2. 50% of the particulate debris penetrating the
strainer would be retained in the low flow
regions of the reactor and containment systems.
The remaining 50% of the debris wiil be
brought back to the pool by the ECCS flow.

6.4 Pressure Drop due to Debris
Accumulation

The head loss model is another component of the
ECCS strainer blockage study. Due to its
importance, considerable effort was expended to
obtain head loss data for a vanety of fibrous
insulation materials used in PWRs [Ref. 6.7] for USI
A-43. Since 1ssuance of NUREG-0897, which listed
the relevant correlations, additional experiments
were carried out both in the U.S. and in Europe to
measure head loss across the fibrous debris bed
formed on the strainer surface [Ref. 6.6, 6.8, 6.9, 6.10,
6.11, 6.12].

The NRC experiments studied head loss across the
beds formed of NUKON™ fibers and iron oxide
particles ranging from < 1 pm to >300 pm in size.
Scanning Electron Microscope images of the mixed
beds formed in these experiments ar i the visual
observation of the bed formation ard compression
were used in this study to develop a semi-
theoretical head loss model.

Appendix B provides details on the model
development and theoretical basis. These model
predictions were compared with the experimental
data from the following sources:

1. NRC-sponsored head loss experiments at ARL
as part of USI A-43 study for debris beds
formed of NUKON™ fragments generated by
manual shredding of insulation blankets
[Ref. 6.7].

2. NRC experiments for debris beds formed of
NUKON™ fragments and simulated BWR

NUREG/CR-6224

sludge [Ref. 6.6 and Appendix E).

3. Head Loss data obtained by Performance
Contracting, Inc. (PCI) for debris beds formed
of NUKON™ fragments of various sizes
[Refs. 6.9 and 6.10].

4. Head Loss data obtained by Pennsylvania
Power and Light Company (PP&L) for mixed
(NUKON™ and iron oxide) beds [Ref. 6.4].

The data from these experiments were obtained at
different temperatures ranging from 60°F- 125°F;
different debris bed thicknesses ranging from 0.125”
to 4”; and different velocities ranging from 0.15 ft/s
(0.05 m/s) to 1.5 ft/s (045 m/s). The majority of
this data can be correlated using the following
equation:

3’, “lay 87 (1-8,)" (14571 ¢,) U
e (6-4)
S16) .q | Ay
By e | AL,
where,

a, 1.453x10-* ‘ fl ?ﬂtt:;r/'y‘)
ibm/Mfr* s°

b,  2741x10° l" e
X bm/At? s?

S, is specific surface area (ft'/ft")

" 1s dynamic viscosity (Ibm/s-ft)

U is velocity (ft/s)

AH  is head loss (ft-water)

p is water density (Ibm/ft’)

AL, is the fiber bed theoretical thickness (in)

(obtained from Equation B-2)
AL, is the actual bed thickness (in)
£, is mixed bed porosity

6.4.1 Head Loss Estimate

The head loss model was incorporated in
BLOCKAGE to estimate the resultant head loss for
the debris beds comprised of NUKON™ fibers and
particulate debris. All the estimates were calculated
for the reference plant velocity of 1.5 ft/s at an
assumed suppression pool temperature of 125°F
According to reference plant FSAR, the suppression
pool temperature reaches 125°F immediately after
blowdown. The results are presented in Section 7,



6.5 ECCS Strainer Blockage
Analysis Assumptions and
Limitations

The model developed in this study to estimate the
potential of losing NPSH margin due to ECCS
pump strainer blockage following a LOCA, assumes
that:

) All the ECCS strainers (2 LPCI + 2 LPCS
strainers) can be lumped together to form a
single strainer with the surface area and flow
rate equal to the sum of the individual
strainers. This assumption is reasonable for
the reference plant where the approach
velocities do not vary from strainer to strainer
and the available NPSH margin do not vary
considerably from pump to pump.
Applicability of this assumption to other
plants should be carefully assessed on a plant-
specific basis.

2 The model assumes that the ECCS is lost
when the NPSH margin is lost.

Estimation of the head loss is based on the transient
buildup and makeup of the debris bed on the
strainer which, in turn, are functions of the type,
quantity and the trapping and filtering efficiency.
Given the types and quantities of debris reaching
the strainer, the following simplified model was
used in this study to estimate the fraction of debris
retained by the strainer:

1. All fibrous debris reaching the strainer would
be trapped and retained by the strainer.

2. Only a fraction of the particulate debris
reaching the strainer would be filtered by the
debris bed formed on the strainer surface;
based on scoping experiments described in
Appendix E, the filtration efficiency for
particles is assumed to be only a function of
the debris bed theoretical thickness. An
important limi*tation of this model is that its
predictions are insensitive to the particle size
and incoming concentration; this is a serious
limitation considering that filtration
efficiencies are known to be strong functions
of the particle equivalent diameter.

6-11
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- Based on engineering judgement, it was
assumed that 50% of the particulate debris
penetrating the strainer would be retained in
the reactor and containment systems and
structures; the remaining 50% of the debris
would be brought back to the pool by the
cascading water from the break.

The head loss correlation developed as part of this
study was assumed to be suitable to both fibrous as
well as mixed (fibers and particles) debris beds, and
its predictions have been favorably compared with
experimental data from several sources. The model,
however, has the following limitations:

L The head loss correlation was developed and
validated for debris that are uniformly
distributed on the strainer surface. However,
experiments described in Appendix E have
shown that very thin beds (AL, < 0.125" or
0.318 cm) are characterized by large scale non-
uniformities that resemble partially occupied
strainers. Usage of present correlation to
predict head loss for such thin beds may
overpredict the head loss.

Similarly the model is known to overpredict
head loss across thin beds coupled with high
sludge-to-fiber mass ratios where beds once
again are non-uniform due to damage caused
by large pressure drops associated with such
beds.

3. For mixed beds, the head loss correlation uses
volume averaged particulate-to-fiber mass
ratio to estimate head loss without
considering the spatial distributions (both
vertical and horizontal) within the bed. This
raises questions related to applicability of the
correlation to beds that are expected to be
extremely non-homogeneous (i.e., the
localized fiber-to-particulate composition
varies considerably with bed thickness). At
the present time no experimental data is
available to validate the correlation for such
extremely non-homogeneous beds.
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7.0 BWR ECCS Strainer Blockage Analysis Results

This section presents the results of calculations
performed to estimate the likelihood of loss of ECCS
as a result of LOCA-generated debris. The
calculations utilized the transient strainer blockage
computer code, BLOCKAGE 2.3, developed as part
of this study (see Appendix B). All analysis results
presented are for the base case, the set of conditions
judged to most realistically represent actual accident
canditions for the reference plant. For this set of
conditions, each ot the 345 welds located in the
drywell piping belonging to the normally-
pressurized systems (recirculation system, MSLs,
feed water lines, HPCI steam supply line, and RHR
lines) was evaluated in terms of:

. Estimated break trequency,
. Amount of insulation targeted by the break

iet; ie., the amount of insulation located in the
weld break zone of destruction,

. Amount of insulation dislodged from the
targets and destructed into transportable
form,

. Amount of insulation transported to the

suppression pool and the timing of its
transport, i.e., short-term and long-term
transport,

* Debris transport within the suppression pool
during and after turbulent pool conditions,

. Time-dependent debris bed formation on the
ECCS strainers, and

. Calculation of the resultant strainer head loss
to evaluate whether or not loss of NPSH
margin would occur for that weld break.

The break frequency of those welds that resulted in
strainer head loss exceeding the available NPSH
margin were summed to obtain the overall
frequency for loss of ECCS. The frequency
estimates were then sorted to obtain the contribution
to loss of ECCS NPSH margin frequency by system
and by pipe size. Additional results presented in
this section include head losses, fibrous debris bed
thicknesses, and associated particulate mass
estimates for selected weld breaks as a function of
time.

~2

It should be recogrnized that the models used herein
were recently developed and a verification and
vahidation effort was undertaken to ensure that (1)
each of the models described in Appendix B were
implemented into BLOCKAGE accurately, and (2)
individual model predictions were in agreement
with applicable experimental data (e.g., suppression
pool data and head loss data). In addition the
model has undergone limited peer review

However, it should also be recognized that
considerable engineering judgement, supported by
very limited experimental data, was used to obtain
point-estimates of various key parameters used in
some analyses models (e g, drywell transport
model). Furthermore, the models and key
parameter estimates do not reflect new information
developed after April 1995, It should be noted that
the results presented in this report are specific to the
reference plant, hence caution should be used in
generahzing the analysis results and conclusions
since they may be significantly different for other
FWRs. Finally, results are expressed solely as point
estimates. A detailed uncertainty analysis is beyond
the scope of the present study. However, a limited
parametric study was performed to examine the
impact of varying key parameters over a wide range
on the model predictions. The results of tus
parametric study are summarized in Appendix C,
and major conclusions are presented in Section 7.3.

7.1 Estimated Frequency of Loss

of ECCS NPSH Margin by
System and Pipe Size

Tables 7-1 and D-1 summarize the reference plant
data input tor BLOCKAGE for the base case. Both
the LLOCA and the MLOCA time scales for accident
progression are based on LOCA transient data
provided by the BWROG (see Tables B-1 and B-2).
Tables 7-2 and 7-3 present frequencies for loss of
NPSH margin due to debris blockage by system and
by pipe size, respectively. As evident from these
tables, frequencies for pipe break as well as
frequencies for loss of ECCS NPSH margin are
dominated by weld breaks in the recirculation
piping. This is a direct result of the fact that the
reference plant recirculation piping is constructed of
Type 304 stainless steel which has been found to be
susceptible to IGSCC (see Section 3.2 and Appendix-
A). Also as shown in Table 7-2, almost all breaks
resulted in strainer blockage leading to loss of
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lable 7-1 Reference Plant Data Input to BLOCKAGE for the Base Case (Case A-6)

Time Scales

LLOCA MLOCA

Fibrous Debris Data
Debris Generation Model

Region Description Destruction Factor




lable 7-1 {(cont.) Reference Plant Data Input to BLOCKAGE for the Base Case (Case A-6)

Particulate Debris

Density Size Distribution

Drywell Transport

LLOCA MLOCA
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Fable 7-2 ECCS Strainer Blockage Estimates by System (Base Case)

Pipe Break Frequency for Loss of
No. of Breaks Frequency NPSH Margin
(1/Rx-Year) {1/Rx-Year)

14

System

Head-Loss and Debris Bed
Transient Behavior for the
Representative Welds

7.2.1 Time Dependent Debris Transport
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strainer is assumed to be returned to the suppression pool.

Figure 7-4 Transient Particulate Debris Transport in the Suppression Pool for RCA-J027
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Results

Table 7-3  ECCS Strainer Blockage Estimates by Pipe Diameter (Base Case)
Diafneter No. of Breaks Pipe Break Frequency F"z“;;:ly h?lfarl;:: o
(in) (1/Rx-Year)
(1/Rx-Year)
1 41 2.82E-05 2.82E-05'
1.25 2 2.00E-06 2.00E-06'
2 14 4.60E-06 2.60E-06'
4 26 2.60E-05 2.60E-05
6 24 4 80E-06 4.80E-06
10 104 5.28E-05 5.28E-05
16 18 1.8OE-05 1.80E-05
18 6 1.20E-05 1.20E-06
20 73 1.46E-06 1.46E-06
22 37 7 4E-06 7 40E-05
Overall 345 1.59E-04 1.58E-04

" Loss of ECCS in these cases may not directly impact core cooling function. In the short-term it leads to loss of containment spray
In the long-term it may impact RHR function if the strainers are not equipped with backflush

(<10%) settle on the suppression pool floor, and the
remaining 90% is trapped on the ECCS strainer.
This result is a direct reflection of the low settling
velocities associated with the fibrous debris classes
(see Table B-5). On the other hand, about 50% of
the particulate debris settles to the suppression pool
floor due to the relatively high settling velocities for
these materials. About 33% of the particulates are
trapped on the strainer, forming the debris cake.

The remaining 17% penetrates the debris bed to be
deposited in the low flow regions of the reactor
coolant system or in the drywell.

7.2.2 Debris Bed Buildup on the Strainer
and Resultant Head Loss

Figures 7-5 and 7-6 present debris bed buildup
history for the four representative welds (RCA-J006;
MSB-]021; RCA-J027 and RCB-J028). For all welds
the fiber bed buildup is very slow until the ECCS
flow reaches its maximum. Thereafter, the fiber bed
thickness increases rapidly with time reaching the
respective asymptotes within 2 to 3 flushing cycles.
Similar behavior was also observed for sludge-to-

7-9

fiber make up of the debris cake. Initially, although
the siudge concentration in the pool water
approaching the strainer is at its maximum (see
Figures 7-2 and 7-4), only a small fraction of it is
actually filtered by fiber bed which is very thin (see
Figure 7-5). However, as the bed thickness
increases, more sludge would be filtered by the
debris cake. This results in rapid increase in sludge-
to-fiber mass ratio attaining its maximum value
within the first cycle. Due to a combination of
several factors, the sludge-to-fiber mass ratio
decreases slightly from the maximum and
approaches the asymptotic value. As evident from
this figure, these asymptotic values are strong
functions of the break size, i.e,, the smallest breaks
are associated with largest sludge-to-fiber ratios.

The resultant head loss across the strainer for the
representative welds are plotted in Figures 7-7a and
7-7b. As evident from Figure 7-7a, the NPSH
margin for the reference plant is lost within few
seconds after the ECCS pumps achieve maximum
flow at 50 seconds and 500 seconds, respectively, for
LLOCA (RCA-J006 and MSB-J021), MLOCA (RCA-
J027) and SLOCA (RCB-J028). This sharp rise in
head loss at the ECCS design flow time can be
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Figure 7-5 Time-Dependent Buildup of Fibrous Debris Bed on the Strainer Surface for the Representative Welds
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NPSH Margin is lost at time > tblockage. BLOCKAGE predictions beyond thlockage were
obtained assuming no degradation in pump performance.

Figure 7-6 Temporal Variations of Sludge-to-Fiber Mass Ratios on the Debris Bed for the Representative Welds
{(Long-Term)
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Figure 7-7a

Variation of Head Loss Across the Debris Bed as a Functior: of Time for the Representative Welds
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Figure 7-7b Vanation of Head Loss Across the Debris Bed as a Function of Time for the Representative Welds
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Results

attributed to (1) the increased flow velocity
introduces large pressure drops, and (2) increased
flow also brings larger quantities of debris to the
strainer. Although the NPSH is lost during this
initial stage, BLOCKAGE calculations were
continued for a duration of 6 hours assuming no
degradation in the pump behavior to illustrate the
transient nature of debris buildup. These long-term
head loss characteristics are displayed in Figure
7-7b. Comparison of Figures 7-5 and 7-7 reveals
that the head loss transient nature closely resembles
the fibrous debris buildup in that it increases
rapidly with time and reaches an asymptote within
a few flushing cycles. The comparison also reveals
that although RCA-J006 transports much larger
quantities of fibrous debris to the strainer than RCB-
J028 (8 vs. 0.4 in), the resultant head loss
corresponding to RCA-J006 is only twice as large
{1500 vs. 650 ft-water). This result is mainly
attributable to larger sludge-to-fiber mass ratios
associated with the latter; 7.4 for RCA-J006 vs. 76 for
RCB-J028.

7.3 Parametric Analyses

A series of parametric analyses were performed to
investigate the sensitivity of BLOCKAGE predictions
to variation from the base case values of the
following key model parameters:

Destruction factors for all three regions of
Figure B-4,

Transport factors for all three elevations,
3. Turbulence factors used to model settling
during post high-energy phase,

Pool geometrical parameters (volume and
depth),

ECCS strainer surface area,

ECCS flow rate,

Variation in AP correlations,

Pool temperature,

Debris bed filtranion etficiency,

0. System retention fraction.

NS s o

e 0 28

Table 7-4 presents the base case values for each of
the tactors listed above and the range over which
they were varied. In most cases, the parameter
range was selected to bound the estimates for that
variable. Appendix C presents detailed plots of
variations in selected BLOCKAGE output
parameters (totaling 14) as a function of % change in
each of the parameters listed above. Figures 7-8, 7-9
and 7-10 summarize the results of the parametric
analysis. In these figures, the two most important
output parameters, namely the maximum head loss
(the head loss across the strainer at the end of the
run) and the bleckage time (defined as the time at
which head loss exceeds the reference plant NPSH
margin), are plotted as functions of % change in the
input variable from its base case value for two
representative welds: RCA-J006 (LLOCA) and RCA-

Table 7-4  Input Parameters

Input Parameter Range Intervals Base Case Value
Suppression Pool Volume -50% to +50% 5% 58,900 ft'
Suppression ool Depth -50% to +50% 5% 10 1t
Insulation Destruction Factors -50% to +50% 5% 0.75, 0.6, 0.4 for L/D= 3,5,&7
Drywell Transport Factors -20% to +60% 5% 0.75, 0.5, 0.25 for H, M, &L
Turbulence Factors -100% to +100% 10% 0.5 shortly after blowdown
Particulate Debris Volume -50% to +250% 10% 1.76 ft' (DW), 2.6 ft' (WW)
Strainer Surface Area -50% to +900% 10% (<250%) | 37.62 ft*
Available NPSH Margin -50% to +100% 5% 14 ft-water
ECCS Flow Rate -50% to +50% 5% 25,000 gpm
AP Correlation Multiplier -50% to +200% 10% 1
Suppression Pool Temperature 75°F to 175°F 5F 125°F
Strainer Filtration Efficiency -100% to +100% 10% 0.5 after 1/4 inch cake
System Retention Fraction -100% to +100% 10% 0.5
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J027 (MLOCA). As evident from these figures, in
the range over which the parameters are varied, the
potential for loss of NPSH margin for the reference
plant is most sensitive to: (1) the ECCS flow rate,
(2) the strainer surface area, (3) the filtration
etficiency, and (4) the particulate volume. For
example, reducing the ECCS flow rate to 50% of the
base case value reduced the maximum head liss to
25% ot the base predictions for both RCA-J006 and
RCA-J027. However, this reduced value is still
much larger than the available NPSH margin for the
reference plant and further reduction in ECCS flow
rate is unlikely. Similarly, although substantial
reduction in maximum head loss can be obtained by
decreasing the particulate volume of the filtration

7-1

Results

efficiency, the resulting head losses are still much
larger than the available NPSH margin. The strainer
surface area is the only independent variable which
can reduce the head loss below the available NPSH
margin for the reference plant.

Based on this sensitivity analysis, it was determined
that model results are most sensitive to the strainer
surface area. Figures 7-11 and 7-12 plot sensitivity
of model results to the strainer surface area varied
from the base case value of 37 ft to 370 ft*. As
evident from these figures, for strainer areas larger
than 300 ft' none of the postulated breaks resulted
in loss of NPSH margin.
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Figure 7-8 Maximum Blockage Head Loss for Weld RCA-J006
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8.0 Core Damage Frequency Estimates

To gain additional insights into the potential safety
significance of ECCS NPSH loss, CDF estimates
were generated for blockage-related BWR accident
sequences. This effort was focused on the
development of CDF estimates for the reference
BWR 4/Mark 1 plant. However, a limited effort was
made to expand the CDF analysis to additional
types of BWRs. As will be described in more detail
later, the CDF estimates were limited to LLOCA
initiators that correspond to the DEGB of a primary
system pipe having a diameter 26" (15.2 cm).

A simplified event tree model, representing the
progression and expected outcomes of various
possible LOCA sequences, was used to generate the
CDF estimates. The LOCA initiator frequency was
quantified with data developed in Section 3.2. The
quantification of the various event tree headings
was based on applicable data from Section 7.0, data
from BWR IPEs and other sources. Once the
branches of the event tree were quantified,
blockage-related CDF estimates were generated by
summing the frequencies of the various
blockage-related core damage accident sequences.

8.1 Important Considerations
Related to the Development of
Blockage-Related CDF
Estimates

Blockage-related core damage accidents involve the
failure of ECCS pumps due to: (a) the loss of
NPSH, and (b) the subsequent failure to establish
alternative means for core cooling and containment
protection. There are a number of considerations
involved in estimating the contribution of ECCS
NPSH loss to CDF. Some of the more important
considerations are briefly discussed below.

The frequency of a specific core damage accident
sequence 1s directly proportional to the
corresponding initiating event trequency.
Consequently, the LOCA frequency is a very
important consideration in estimating the
frequencies of loss of ECCS NPSH due to strainer
blockage scenarios.

8-1

IS8

The probability of loss of ECCS NPSH represents
the likelthood that, given a LOCA initiator, loss of
pump NPSH would occur. The loss of NPSH
probability is a function of a number of parameters,
including LOCA size, type, and location. The loss
of NPSH probability may be difterent for various
items of ECCS equipment, e.g., RHR pumps versus
LPCS pumps'.

srator Rec 0o
Farly operator recognition of NPSH loss is essential
to prevent affected ECCS pumps from becoming
disabled. Early recognition of strainer blockage
would allow operators to begin recovery actions,
such as back flushing or preparation for the
alignment of alternate core cooling sources.

Av

It available, strainer back flushing could allow
operators to restore the operability of ECCS pumps
following loss of NPSH. However, it 1s imperative
that this action be successfully accomplished prior to
loss of the pumps. At present, there are no means
available at the majority of U.S. plants to perform
strainer flushing operations.

It s of Providi ore C
Depending on the specific circumstances under
which the ECCS becomes disabled, alternative
means of core cooling may be available, In some
instances, it may be possible to manually realign the
suction of certain ECCS pumps to a source of water
outside of containment, such as the CST; in other
instances, it may be possible to use emergency
service water to provide once-through cooling to the
reactor core via a cross connection to the RHR
system. It may also be possible to provide core
cooling via the condensate/feedwater system,
depending on the LOCA size and location.

Containment Protection

The protection of containment integrity may be an
important consideration in loss of ECCS NPSH
accidents, depending upon the accident sequence
and the circumstances involved. The failure of
containment from overpressure could create harsh
environmental conditions that would have the

For the reference plant, the difference in blockage probability
between the RHR and core spray pumps 1s very small
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Core Damage Frequency

potential to disable equipment needed to support
core cooling. In addition, the long-term use of an
external (ex-containment) water source for core
cooling would eventually lead to containment
overfill. However, because of the robust
construction of the containment structure,
containment failure would not be expected to occur
until the overfill condition significantly exceeded the
containment design basis.

Titnd
Timing of various events associated with ECCS
strainer blockage may be an important consideration
in determining whether or not core cooling can be
successfully accomplished. If, for example, loss of
ECCS NPSH would occur very quickly following a
LOCA, there would be very little time for the
operators to establish an alternate cooling mode.

iti ~onsiderations to t
Actions
As previously noted, plant operators will be faced
with attempting various types of recovery actions
during a loss of ECCS NPSH condition. Some
recovery actions may require that ECCS safety
signals or containment isolation signals be bypassed.

8.2 Event Tree Model and CDF
Results

8.2.1 Event Tree Overview

The simplified event tree shown in Figure 8-1 was
developed for estimating CDF contributions from
loss of ECCS NPSH. This event trae was based on

success criteria presented in the IPE for the reference

plant.

The event tree shown in Figure 8-1 represents
potential loss of ECCS NPSH accidents at the
reference plant caused by a LLOCA, specifically the
DEGB of drywell piping with a diameter 26" (15.2
em). A LLOCA of this type was selected as the
initiating event because the results developed in
Section 7.0 of this report predict that DEGB events
involving smaller pipes are less likely to cause loss
of ECCS NPSH. In addition, some portion of
smaller break sizes could be mitigated by the HPCI
or RCIC systems, both of which take their initial
supplies of water from the condensate storage
system. During the time one of these systems is

NUREG/CR-6224

being used, the potential for strainer blockage
would be eliminated by pump suction from the
CST. Once CST levels have dropped sufficiently to
require switchover to the suppression pool, reactor
decay heat levels would be substantially reduced. If
loss of NPSH occurs following switchover, the
reduced decay heat levels would allow operators
additional time for implementing corrective actions.

The following assumptions were made in the
development of the event tree model:

1. Successful mitigation of an accident involving
NPSH loss requires that core cooling be
maintained for a 24-hour period following the
LOCA initiating event. A 24-hour mitigating
system mission time is consistent with IPE
analyses and other commercial reactor PRA
studies.

2. Containment failure will directly cause the
disruption of core cooling, which could create
harsh environmental conditions in the reactor
building and subsequently disable equipment
needed to sustain core cooling. This
conservative assumption was made to simplify
the analysis. Two potential containment
failure modes were considered: (a)
overpressure caused by steam; and (b) overfill
with water. In the first case, containment
venting was assumed to be a viable alternative
to torus cooling in preventing steam-induced
overpressure. In the latter case, containment
overfill could occur if external water sources
were used for long-term core cooling. It was
determined that an overfill condition sufficient
to threaten containment integrity was very
unlikely to occur within the assumed 24-hour
mission time; however, for completeness, the
possibility of containment overfill was
included in the event tree. Containment
overfill was essentially excluded as a potential
contributor to core damage by assigning a low
screening value to the corresponding failure
branch of the event tree, as will be described
shortly.

3. ECCS equipment required for mitigation of the
postulated LLOCA event is aligned to the
suppression pool at the time the accident is
initiated.

4. A loss of NPSH condition sufficient to fail one
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Core Damage Frequency

ECCS pump will fail all ECCS pumps. This
type of modeling simplification is reasonable,
given that previous PRA studies have
demonstrated that common cause failures are
often much more important contributors to
CDF than are various combinations of
independent and/or random failures.

5. The ECCS pumps fail at 10 minutes following
the LOCA initiator. At this point in the
accident, core reflood will have taken place.
This pump failure time was chosen so that
available IPE data could be used to assess
operator recovery actions. Also note that
debris transport phenomena make it unlikely
that pump failure would occur much before 10
minutes following the initiating event.

6. After the ECCS has been lost, no core damage
will occur until the collapsed water level
drops from 2/3 of the core height to a point 2
ft (0.61 m) from the bottom of the active fuel.

7. Regular testing and maintenance is performed
on valves and other equipment whose
operation is required to establish alternative
core cooling paths after the ECCS pumps are
lost.

8. The condensate/feedwater system cannot be
successfully used for alternate core injection.
It was assumed in the reference plant IPE that
limitations on water supply inventories would
preclude use of the condensate/feedwater
system for mitigation of a LLOCA. In
addition, injection from the
condensate/ feedwater system would be
inetfective for some pipe break locations, and
the use of the condensate, feedwater system
would require the availability of offsite
electrical power.

9. While no instrumentation specifically for the
purpose of detecting strainer blockage is
available to operators at the reference plant,
readily available control room pump or system
flow instrumentation may provide some
indication of ECCS pump performance. Farly
detection of pump problems may increase the
likelihood that operators could successfully
establish alternate core cooling and other
mitigating actions. It was not known how
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much advance warning these instruments
could provide regarding pump strainer
blockage conditions; consequently, it was
assumed that operator recognition of strainer
blockage would not appreciably aifect the
accomplishment of required mitigating actions.
10, Because of iming considerations and the
possibility of permanent pump damage
following strainer blockage, no credit was
given to plant operations personnel for the
realignment of ECCS pumps to the CST.

As is shown in Figure 8-1, the event tree includes
functional representations of the LOCA initiating
event, reactivity control, early containment pressure
control, reactor core cooling, and the long-term
protection of containment. Individual event tree
headings represent specific events or actions related
to the corresponding functional requirements. For
example, reactivity control is accomplished with a
successful reactor scram, and early containment
pressure control i1s accomplished with venting froin
the drywell into the suppression pool. Upper
branch lines on the event tree represent success,
while bottom branch lines represent failure.

The functional requirements for reactor core cooling
include: (a) initial establishment of ECCS injection;
(b) status of ECCS NPSH loss; (c) operator
recognition of strainer blockage; (d) restoration of
ECCS pump function by strainer back flushing (if
equipment is available); and (e) initiation of an
alternate water source if back fiushing 1s not
available or 1s not successful. Ev nts associated
with the long-term protection of containment
include the use of torus cooling, or the venting of
containment if torus cooling is unsuccessful. Again,
it was assumed that core cooling would be lost if
containment integrity were compromised.

At the reference plant, adequate core cooling can be
provided through either the LPCS system or the
LPCI mode of the RHR system. According to the
reference plant IPE, successful use of the LPCS
system requires the availability of 1 of 2 redundant
pumps, while successful use of the LPCI mode for
core cooling requires the use of 1 of 4 RHR pumps.
Note that while the normal source of LPCS water is
the suppression pool, suction for this system can
also be taken from CSTs via a normally-closed
manual solation valve. According to the reference
plant IPE, alternate core cooling tor a LLOCA event



can be accomphished by iyection from the RHR
Service Water, Emergency Service Water, or General
Service Water systems. To use any of these service
water systems for core cooling, flow would have to
be establ ed through the RHR-RHRSW cross-
connection.

The RHR system is also used to provide the
preferred means of achieving post-LOCA
containment heat removal. The heat removal
function would be initiated by the operators and
would involve the use of at least one RHR pump to
establish water flow through an RHR heat
exchanger. The RHR heat exchangers would, in
turn, be cooled by the RHR service water system.

As can be seen in the event tree, a single event
heading was used to represent loss of NPSH even
though there are 6 individual ECCS pumps (2 LPCI
pumps and 4 RHR pumps). This single event
heading represents the possibility that common
cause failure of all 6 of these ECCS pumps could
occur. As previously noted, it was assumed that a
ioss of NPSH condition sufficient to fail one ECCS
pump would fail all ECCS pumps.

The event tree also includes the possibility that
operators would recognize pump degradations or
failures that result from strainer blockage. While no
instrumentation specifically for the purpose of
detecting strainer blockage is available to operators
at the reference plant, readily available control room
pump or system flow instrumentation may provide
some indication of ECCS pump performance. It was
not known how much advance warning these
instruments could provide regarding pump strainer
blockage conditions; consequently, it was assumed
that operator recognition of strainer blockage would
not appreciably affect the accomplishment of
required mitigating actions.

Nevertheless, for completeness, the event tree
includes the possibility of using back flushing to
restore the operation of pumps degraded or disabled
because of strainer blockage. While it is recognized
that there are currently no back flushing capabilities
at the reference plant, the lack of back flush
capability was accounted for in the event tree
quantification.

If loss of NPSH causes failure of ECCS pumps,
operators have the option of using an alternative
means of re-establishing core cooling with service
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water systems via the RHR-RHRSW cross-
connection. Information from the BWROG [Ref. 8.1]
after the LOCA initiator (as has been assumed),

25 minutes would be available for operator action to
restore a source of core cooling before core damage
would occur.

The event tree displayved in Figure 8-1 contains a
total of 11 accident sequences postulated to lead to
core damage. Seven of these 11 sequences
(specitically, sequences CD-2 through CD-8) involve
loss of NPSH. The remaining four core damage
sequences (CD-1 and CD-7 through CD-9) are
independent of NPSH considerations and were
neglected in the subsequent analysis to estimate
strainer blockage CDF contributions.

8.2.2 Event Tree Quantification

In order to quantify the seven accident sequences of
interest, it was first necessary to quantify the
individual event tree branches. The quantification
of these individual branches for the base case is
displayed in Figure 8-1 and described in more detail
in the following paragraphs.

The LOCA initiating event frequency, which is the
first event tree heading, was quantified by using the
pipe break estimates generated via the methodology
described in Section 3.2. The LOCA initiator value
of 1E-04 /Rx-yr was calculated from data in

Table 3-6 by summing break frequencies for pipes
having a diameter 26" (15.2 ecm). The second, third,
and fourth event headings represent, in order,
reactor scram, vapor suppression of containment,
and initiation of ECCS. Failure to achieve success in
any of these three categories would result in an
accident sequence unrelated to loss of NPSH (CD-9,
CD-10, or CD-11). Screening value estimates were
used to show that corresponding success paths
could be approximated with probabilities of 1.0.

The fifth event tree heading, avoidance of ECCS
NPSH loss, was quantified from data presented in
Section 7.0. For the DEGB pipe breaks considered
(26" or 15.2 cm), the probability of ECCS NPSH loss
is predicted to be essentially equal to 1.0.
Conversely, avoidance of NPSH loss has a
probability <<1. This estimate of NPSH loss
probability is reflected on the event tree.

NUREG/CR-6224
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The sixth event tree heading represents operator
recognition of strainer blockage via the use of
existing pump/system flow instrumentation. For
the purpose of this preliminary analysis, screening
values of 0.2 and 0.8 were used for success and
failure, respectively. However, the quantification ot
this particular event does not impact the overall
CDF estimate for NPSH loss. This situation exists
because (1) the reference plant does not have a back
flushing capability, and (2) it was assumed that
operator recognition of strainer ' “age would not
appreciably affect the subse juent accomplishment of
required mitigating actions For completeness, the
seventh event tree heading -epresents the possibility
that ECCS NPSH loss coulc be removed by a back
flushing procedure. Failur » to perform back
flushing was assigned a pt bability of 1.0 as there is
currently no means of accor vlishing this mitigating
action.

The eighth event tree heading repres .nts the
unavailability of alternate core couung due to
operator error’. In quantifying the probability for
operator error, assumptions were made regarding
the time available for such actions. If ECCS
injection 1s lost at 10 minutes after a LOCA initiator,
25 minutes are available for operator action to
restore a source of core cooling [Ref. 8.1]. Also, the
reference plant IPE contains a human factors
analysis relevant to the use of service water injection
via the RHR-RHRSW cross tie following a LLOCA.
The IPE assumes that operator diagnosis and
required actions for establishing an alternate
injection source must be performed within

10 minutes. This human factors analysis predicts a
probability of 0.25 that an operator failure would
occur. This failure probability was subsequently
used in the event tree as shown in Figure 8-1. This
probability is somewhat conservative given that 25
minutes rather than 10 minutes are available for
operator action, but it was the only documented
reference plant-specific human factors data for this
action. Note that the quantification of the
alternative injection flow event was assumed to be
independent of operator recognition of strainer
blockage conditions.

The last three event tree headings represent actions

“Equipment failures were not explicitly included in this event
because operator error was assumed to dominate the alternate
core cooling unavailability
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that pertain to the long-term protection of
containment. The first of these three
containment-related events involves the
establishment of torus cooling via the RHR system.
As indicated in the event tree, the use of torus
cooling is not possible if pump NPSH loss has
occurred and has not been reversed with back
flushing. The quantification of this event represents
a screening value estimate for RHR equipment
reliability, as human factors data in the reference
plant IPE predict the probabulity of operator failure
to be very small (1E-06). If torus cooling cannot be
established, the operators can take remote-manual
actions to vent containment via torus vent paths,
Failure to perform this action was assigned a
probability of 2.2E-03 based on data provided in the
reference plant IPE. The last event tree heading
represents operator action to avoid overfilling the
containment with water. Operator action is a
concern if water sources external to containment are
being used to sustain core cooling (alternate water
injection via the RHR-RHRSW cross-connection).
However, as previously stated, it was determined
that an overfill condition sufficient to threaten
containment integrity was very unlikely to occur
withiti the assumed 24-hour mission time.
Consequently, containment overfill was essentially
excluded as a potential contributor to core damage
by assigning a low screening value of 1E-04 to the
corresponding failure branch ot the event tree.

8.2.3 Accident Sequence Results

As previously noted, there are 7 core damage
sequences related to NPSH loss that can potentially
contribute to core damage. These sequences, CD-2
through CD-8, together with corresponding
point-estimate frequency estimates, are shaded in
the right-hand portion of Figure 8-1. Note that all 7
of these core damage sequences involve successful
reactor scram, early containment vapor suppression,
and ECCS initiation. In addition, all of these
sequences involve a subsequent common cause
NTSH loss that affects the ECCS (LPCS and RHR)
pumps.

As can be seen in Figure 8-1, sequence C-2
includes successful operator recognition of strainer
blockage, combined with successful back flushing of
strainers to restore operation of the ECCS pumps.
However, following back flush operation, torus
cooling is not established and operators
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subsequently fail to protect the integrity of the
containment structure by venting. As a result, the
ECCS 1s postulated to fail and core damage results.
Because there is currently no means for operators to
perform the required back flushing operation, this
sequence frequency is zero

Sequences CD-3, CD4, and CD-5 involve successful
operator recognition of strainer blockage coupled
with failure to use a back flushing operation to
restore the operability of the ECCS pumps. In
sequence CD-3, operators successfully establish an
alternate yjection source for core cooling. Though
torus cooling cannot be established because the RHR
pump NPSH remains lost, operators are successful
In maintaining containment structure integrity by
manually venting. Even though subsequent
containment overfill is postulated to lead to core
damage, this situation was considered to be very
unlikely during the 24-hour mitigating system
mission time. Consequently, the frequency estimate
for sequence CD-3 is negligible.

In sequence CD-4, an alternate injection source for
core cooling is successfully established, but torus
cooling cannot be established because the RHR
pump NPSH remains lost. The integrity of
containment is lost because the operators are
unsuccessful in manually venting containment.
Consequently, core cooling 1s postulated to be lost.
This sequence was estimated to have a point-value
frequency of 3.3E-08/Rx-yr. Sequence CD-5
involves the failure to establish an alternate injection
source following loss of the ECCS pumps to strainer
blockage. The point-value of this sequence was
estimated to be 5.0E-06/Rx-yr.

Sequences CD-6, CD-7, and CD-8 involve the failure
of the operator to recognize strainer blockage, while
loss of the ECCS pump NPSH eventually causes
core cooling to fail. In sequence CD-6, operators
successfully establish an alternate injection source
for core cooling. Though torus cooling cannot be
established because the RHR pump NPSH remains
lost, operators are successful in maintaining the
containment structure integrity by manually venting.
Again, even though subsequent containment overfill
is postulated to lead to core damage, this situation
was considered to be very unlikely during the
24-hour mitigating system mission time.
Consequently, the frequency estimate for this
sequence 1s also negligible.

Core Damage Frequency

In sequence CD-7, an alternate injection source for
core cooling is successfully established, but torus
cooling cannot be established because the RHR
pump NPSH remains lost. The integrity of
containment is lost because the operators are
unsuccessful in manually venting containment.
Consequently, core cooling 1s postulated to be lost.
This sequence was estimated to have a point-value
frequency of 1.3E-07/Rx-yr. Sequence CD-8
involves the failure of the operators to establish an
alternate injection source following loss of the ECCS
pumps to NPSH loss. The point-value of this
sequence was estimated to be 2.0E-05/Rx-yr.

As is shown in Figure 8-1, the sum of the
point-value frequency estimates for the 7 core
damage sequences involving NPSH loss ts
25E-05/Rx-yr. The two dominant sequences, CD-5
and CD-8, involve the failure of operators to
establish alternative core cooling following the loss
of ECCS. Together, these two sequences represent
approximately 99% of the total NPSH loss CDF
estimate. The point-value CDF estimate related to
ECCS NPSH loss for the reference plant,
25E-05/Rx-yr, is over 3 times the overall plant CDF
of 7.8E-06/Rx-yr estimated in the reference plant
IPE.

The conditional probability of core damage
following a LLOCA was calculated to be 0.25 by
dividing the CDF estimate (2.5E-05/Rx-yr) by the
LLOCA initiator frequency (1E-04/Rx-yr). In other
words, given a LLOCA initiator, core damage from
ECCS NPSH loss is estimated to occur 25% of the
time at the reference plant.

8.3 CDF Parametric Analysis

This section describes the resuits of a CDF
parametric analysis. In the first portion of this
parametric analysis, quantification changes were
made to the reference plant event tree to evaluate
the impact on the base case CDF. In the second
portion of the parametric study, extrapolations of
the reference plant analysis were made to generate
CDF estimates for other BWRs, including

BWR 4/Mark 1 designs and other BWR types. In
the third and final portion of the parametric
analysis, a scoping study was performed to estimate
the potential benefits of possible "back-fits” for
mitigation of NPSH loss conditions.

NUREG/CR-6224
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8.3.1 Parametric Analysis for Reference
Plant CDF

Reterence plant base case results previously
described demonstrated that the dominant
contributor to blockage-related CDF is the failure to
establish an alternate core cooling source, In
particular, the two accident sequences with this
failure accounted for approximately 99% of the base
case CDF, Because of the significance of alternate
care cooling, it was decided to focus the reference
plant CDF parametric analysis on the quantification
of the alternate core cooling unavailability.

The BWROG has provided estimates of the
unavailability of alternate core cooling following an
ECCS NPSH loss condition. In an analysis
described in Reference 8.1, the estimated alternate
core cooling unavailability was 0.04 for a reference
BWR 4/Mark 1 BWR. This unavailability number
was derived from an operator response evaluation
that assumed failure of all ECCS pumps at

10 minutes after LOCA initiation. Using
deterministic calculations, 1t was concluded that
operators would subsequently have 25 minutes to
establish alternate core cooling in order to prevent
core damage. In another study related to ECCS
NPSH loss [Ref. 8.2], a higher screening value of
0.10 was assumed for the unavailability of alternate
core cooling. To most effectively generate bounding
estimates from the parametric analysis, the value of
0.04 was used for alternate core cooling
unavailability. As is shown in Figure 8-2, the
point-value CDF generated with this modified
unavailability number is 4. 2E-06/Rx-yr. In
comparison, the point-estimate for CDF in the base
case was 2.5E-05/Rx-yr. The CDF estimate of
4.2E-06/Rx-yr is over half of the overall CDF of

7 8E-06/Rx-yr estimated in the reference plant IPE.

The CDF estimate obtained with the Reference 8.1
unavailability data was used to re-calculate the
conditional probability of core damage related to
NPSH loss. By dividing the modified CDF estimate
of 4.2E-06/Rx-yr with the LLOCA initiator
frequency (1E-04/Rx-yr), the corresponding
conditional probability was determined to be 0.04.
By contrast, the base case model predicted that core
damage related to NPSH loss would occur
approximately 25% of the time following a LLOCA.

NUREG/CR-6224
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8.3.2 Extrapolation of the Reference Plant
Results to Other BWRs

The contribution of NPSH loss to BWR CDF may
vary significantly among plants because of
differences in design and accident mitigation
features. However, to tacilitate a preliminary
assessment of potential CDF contributions of NPSH
loss at other BWRs, results from the reference plant
event tree model were extrapolated to other plants.
These extrapolations are described below.

The major portion of the extrapolation process was
focused on other BWR 4/Mark | plants. In
extrapolating the results to other BWR 4/Mark |
plants, previously calculated conditional probability
estimates for post-LOCA core damage related to
NPSH loss at the reference plant were used. These
conditional probability estimates were subsequently
multiplied by LLOCA frequercy estimates extracted
from IPE studies of several othe: BWR 4/Mark |
plants to estimate corresponding CLFs related to
NPSH loss. These CDFs were in turn compared to
overall CDF estimates included in the respective
[PEs. The results of the extrapolations are presented
in Table 8-1, together with results from the present
analysis. Note that two different CDF conditional
probability values were used, specifically the 0.25
value associated with the base case and the lower
value of 0.04 derived from the parametric analysis
using Reference 8.1 core cooling unavailability data.

CDF estimates related to ECCS NPSH loss given in
Table 8-1 reveal that in several cases, point estimates
for blockage-related CDF exceed overall CDF values
predicted by IPE stuches. Even with the use of
unavailability data for alternate core cooling, the
blockage-related CDF for plant no. 3 exceeds the
corresponding IPE overall CDF. It can also be seen
from Table 8-1 that IPE predictions of LLOCA CDF
contributions are two or more orders of magnitude
smaller than the corresponding IPE estimates of
overall plant CDF. Caution should be used in
drawing conclusions based on the data in Table 8-1.
It was assumed that all of the BWR 4/Mark | plants
in this table are similar in design to the reference
plant, including the characteristics and transport
rates of insulation. However, the reference plant
has the smallest strainer areas of any BWR, resulting
in the largest strainer pressure drops for a given
amount of blockage material.
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l'able 8-1 Estimates of CDF Contributions from ECCS NPSH Loss at BWR 4/Mark 1 Plants

Estimated CDF Contrib. from
CDF NPSH Loss Contrib. of
Calculated (per Rx-yr) Large LOCA
in IPE Base Case Parametric to IPE CDI
(per Rx-yr) Resulis Analysis (per Rx-yr)
(0.25 ACCUY) (0.04 ACCU?)

Large
Plant LOCA Freq
{(per Rx-yr)

SE-08  CDF fron

NPSH loss




8.4 European Approach for
Addressing Potential
Accidents Involving ECCS
NPSH Loss
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Table 8-2 Comparison of Event Tree Break Point Probabilities Used in European and Base Case Event

Trees

Probability of Success

Base Case European Approach
Avo'd Core Spray/RHR Pump NPSH Loss <<l 0.8
Operator Recognizes Strainer Blockage 0.2 09
Operator Restores Operation of Core 0 0.8

Spray /RHR Pumps with Backflushing

and uncertainties. While this study was limited to
LLOCA initiating events related to pipe ruptures,
there may be significant contributors to CDF from
other types of LOCAs, such as smaller size pipe
breaks. There are also uncertainties in the
quantification of various events, including the
initiating event frequency, the probability of losing
pump NPSH, and the probability of establishing
timely alternative core cooling following an ECCS
pump failure. In extrapolating the reference plant
results to other BWRSs, it was assumed that such
pertinent plant features as insulation characteristics
and transport rates were similar to those of the
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reference plant. This assumption may have limited
validity, however, because no uncertainty analysis
has been performed, and 1t is not possible to
interpret the statistical significance of the point
value CDF estimates.

As noted in Reference 8.3, the analysis did not
address poscible dependencies between consecutive
operator actions. **hile such an analysis was not
done, it is believed that this analysis has correctly
identified the unavailability of alternate core cooling
as the major contributor to CDF related to NPSH
loss for the reference plant.
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This appendix provides break frequency estimates of
pipe welds in the reactor coolant piping of the
reference BWR 4/Mark 1 plant. The break
frequencies were generated for the purpose of
estimating ECCS unavailability caused by blockage
of BWR suppression pool suction strainers following
a LOCA.

A.1 Background

As noted in NUREG/CR-4792 [Ref. A.1], older BWR
plants, particularly those with a Mark I containment
design, have recirculation piping that has been
found to be susceptible to IGSCC. The susceptible
(sensitized) Type 304 stainless steel piping used in
the reference plant and some other Mark 1 BWRs
can experience IGSCC as the result of significant
tensile stress caused by the normal welding practice
and a corrosive environment. If susceptible piping
has not been replaced with resistant materials, stress
improvement can be accomplished on weldments
already installed by the induction heating stress
improvement process, or by the mechanical stress
improvement process. For piping with more than 2
years of operation, stress improvement is considered
to be lesseffective, because cracking may already be
present. If the oxygen levels in the primary coolant
are reduced by implementing hydrogen water
chemistry, stress corrosion cracking of even
sensitized material will be reduced. Another
potential mitigation scheme is an augmented
inspection schedule.

NUREG-0313, Rev. 2 [Ref. A.2] lists the following
austenitic materials considered to be adequately
resistant to sensitization by welding:

1, Low carbon wrought austenitic steel. These
include 3041, 304NG, 316NG, 347NG, and
similar types.

r

Low carbon weld metal of type 3081 and
similar grades with a minimum of 7.5% ferrite
as deposited. This may also be used as a
cladding on the inside of the pipe.

3. Cast austenitic stainless steel with less than
0.035% carbon and a minimum of 7.5% ferrite.

4. Inconel 82 nickel base weld metal.
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A.2 Review of General Approaches
to Quantification of Weld
Breaks

A number of various types of reactor equipment
items are normally considered in a reactor
probabilistic safety assessment, for example pumps,
valves, motors, diesels, switchgear, instrumentation,
and piping. Of the reactor equipment items
considered in these types of analyses, piping and
associated welds are generally among the most
difficult to treat in regard to failure quantification.
This situation exists because of the scarcity of
incidents involving actual pipe failures and the
difficulties associated with developing detailed
ana.ytical predictive models. The following
subsections briefly discuss general methods that
could be used to address pipe/weld break
frequencies, and their respective advantages and
disadvantages.

A.2.1 Operational Data

As was noted above, there is a scarcity of actual
pipe failure events that can be applied to the
quantification of reactor pipe breaks. For example,
there have been no BWR recirculation system pipe
breaks that have occurred te date. Actual pipe
breaks of significant size have been limited to non-
LOCA sensitive systems,

It is important to recognize that the limited available
data are not sufficiently detailed to provide insight
into specific expected break locations and time-
dependent vanability in equipment failure
frequency. On the other hand, limited data can in
some cases be used as general benchmarks of
‘reasonableness”.

Bayesian statistical techniques, such as those
discussed in NUREG/CR-4407 [Ref. A.3], have been
used to address the issue of very limited operational
experience. For a situation involving no failures,
these techniques can be used estimate a failure rate
by dividing an assigned numerator ("assumed
number of failures”) by the population in v tich no
breaks have actually occurred. This numerator is
typically in the range of approximately 0.2 to 1.
These techniques are not ideal, in that they may not
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be able to adequately account for phenomena that
are strongly dependent on aging (such as corrosion
effects).

A.2.2 Analytical Methods

Probabilistic structural methods can be used to
estimate pipe break frequencies. These types of
analytical methods can address possible material
flaws, material properties, and loadings. An
example of this type of analysis is the LLNL
analysis presented in NUREG/CR-4792 [Ref. A.1].

In using an analytical approach, it is imperative that
the dominant failure causes are adequately
addressed. Because of the complexities and
assumptions used in the required models, the
analytical approach can be expected to have rather
large uncertainties. On the other hand, insights
obtained from these calculations can be used to
predict specific phenomena of interest, for example
pipe locations having the highest probability of
break and the progression of aging-related
phenomena. In addition, analytical methods can be
effective in evaluating the relative behavior of
different types of materials.

A.2.3 Expert Judgment

Systematic procedures have been developed as
described in NUREG-1150, Vol. 1 [Ref. A.4] and
NUREG/CR-4550, Vol. 2 [Ref. A.5] to conduct
expert elicitations that can be used to predict
equipment failure rates. In general, the use of
expert judgment is recommended only in situations
where a) an issue has a significant impact on risk
and /or uncertainty, and b) other sources or means
of generating data are not available.

A.24 Combined Approach

Under some circumstances, it may to usetul to
combine operational and analytically-derived data to
estimate pipe failure rates. In a combined approach,
it may be possible to account for detailed
phenomena in a deterministic model, while at the
same time using operational data to judge the
reasonableness of the predicted failure rates.

NUREG/CR-6224

A.3 BWR Weld Break Frequency
Estimates

In making a decision on an approach to quantify
BWR weld break frequencies for later use in
estimating ECCS unavailability due to debris
blockage, particular attention was given to recently
published cautionary information in CRTD-Vol. 20-2
[Ref. A 6] that contains ASME-sponsored work
related to risk-based inspection guidelines for light
water reactor components. In particular, page 15 of
Reference A.6 notes that conservative design
practices have made it very unlikely that pipe
failures would occur for a number of anticipated
maodes of failure, including excessive elastic or
plastic deformation, brittle fracture, stress
rupture/creep deformation (inelastic), and plastic
instability. This document goes on to state that "it is
generally believed within the nuclear industry that
other causes not addressed in design, by ASME
BPVC' calculations or otherwise, are most likely to
cause structural failures. Two common examnples
are intergranular stress corrosion cracking of
stainless steel piping and erosion-corrosion wall
thinning of carbon steel piping.”

A.3.1 Approach Used to Estimate Weld
Break Frequencies

Given the ASME cautionary note above about
potential 1GSCC degradation and the relative lack of
suitable historical data for pipe failures, an
analytical approach was selected as the foundation
for generating pipe weld break frequency estimates.
The analytical model chosen for this study was
developed by the LLNL and is described in detail in
NUREG/CR-4792 [Ref. A.1]. The LLNL model was
chosen because it is comprehensive in nature. As
will be discussed in more detail below, the LLNL
model addressed both indirect and direct causes of
weld breaks, including IGSCC. While the LLNL
analysis was gen:rally conservative, areas of
conservatism weare identified so that future
refinements to the break frequency data can be
made.

‘Boiler and Pressure Vessel Code



A311 Brief Description of LLNL Analysis

Method

The LLNL analysis comtined probabilistic and
deterministic techniques to estimate the chances that
weld breaks will occur in reactor coolant piping at a
BWR 4/Mark I plant. The following categories of
weld breaks were considered by LLNL:

1. Breaks due to direct causes, specifically:

a) Crack growth at welded )oints relate{
to the combined effects of thermal,
pressure, seismic, and other loads, nd

b) Crack growth at welded joints reli.ted
to IGSCC.

2. Breaks due to indirect causes, specifically the
seismically-incuced failure of equipment,
including piping and component supports,
that could lead to the break of a reactor
coolant pipe.

The LLNL analysis considered three major piping
systems: the recirculation, main steam and
feedwater systems. However, the evaluation of
IGSCC effects was limited to the recirculation
system. Also, note that the main objective of the
IGSCC analysis was to compare relative behavior of
different types of recirculation piping materials.
Typical layouts of a BWR 4/Mark I plant
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recirculation, main steam, and feedwater systems are
shown in Figures A-1, A-2, and A-3.

The LLNL analysis provides results both in terms of
‘leaks” and DEGBs. As will be explained later in
Section A.3.2, it was assumed that of these two
break categories, only the DEGBs would be of
concern for later use in the debris blockage analysis.
Table A-1 summarizes probability data extracted
from Tables 3.2 and 3.6 in the LLNL analysis for
DEGBs related to direct causes, exclusive of IGSCC
effects. Note that the LLNL results have been
converted to frequencies, assuming a 40 yr plant
lifetime.

To address potential IGSCC effects, it is useful to
consider the data contained in Figure A-4. This
figure presents the cumulative system probability
that a BWR 4/Mark I recirculation loop made from
30455 and a (fictitious) 316NG replacement loop
with the same configuration will experience a DEGB
given IGSCC effects. This figure is reproduced from
Figure 49(a) in the LLNL analysis. Note that LLNL
has not provided a corresponding uncertainty
analysis for these results. Over a 40 year plant
lifetime, these probability data predict that a
recirculation loop made from 3045S will experience
a DEGB event with a frequency of approximately
5E-04/yr. In contrast, the fictitious 316NG
replacement loop was predicted to fail with a

Table A-1  Frequencies for Directly-Caus=d DEGBs, Exclusive of IGSCC Effects’

DEGB Frequency (1/yr)

Uncertainty Distribution Percentiles

10% 50% 90% L

Estimate
Recirculation Loop’ 38E-11
Main Steam Line’ 5E-15 3E-13 1.4E-10 2.5E-13
Feedwater Line’ 1.1E-14 1.5E-12 1.2E-09 1E-12
Notes
1 Data extracted from Tables 3.2 and 36 of NURBG/CRA792 Vol | (Ref A1)
2 Uncertainty distribution data not given for existing recirculation piping
1 IGSCC disregarded in evaluation of man steam and feetwater systems because carbon steel PIPIng 5 used
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frequency of approximately 4E-05/yr. These data
indicate that the susceptible (30455) material is over
10 times more likely to experience a DEGB over a 40
yr plant life than the resistant (316NG) material.
Table A-2 expresses the data in terms of total DEGB
frequency of the recirculation system based on a
total of two recirculation loops.

the next most significant category, namely breaks
caused by indirect means.

The LLNL study also presented the IGSCC DEGB
frequency data in terms of specific weld categories.
As is shown in Figure A-5, about 80% of the
postulated 304SS recirculation piping DEGBs were

Table A-2  Frequencies for IGSCC-Caused DEGBs to Recirculation Piping'

Material DEGB Frequency (1/yr.) Point Estimate
Susceptible (304SS) ~1E-03*

Resistant (316NG) ~8E-05"

Notes

1 Data extracted from Figure A4 of this report which has been reproduced from Fig. 4 %(a). Vol | of NUREG/CR-4792 (Ref A 1)

2 DEGB frequency = -5E-04/yr per loop over 40-year plant life. Given a total of 2 loops, net DEGB trequency = 1E08/yr

3 DEGB frequency = - 4E-05/yr. per loop over 40-year plant life. Given a total of 2 loops, net DEGB frequency = -BE-08/yr

Data pertaining to breaks caused by indirect means
are summarized in Table A-3. Again, these data
were extracted from the LLNL analysis. Based on a
review of the information presented in Tables A-1,
A-2, and A-3, it was noted that the overwhelming
contribution to the overall frequency of DEGB
LOCA events at the reference BWR4/Mark 1 plant is
predicted to be due to IGSCC effects on recirculation
piping. Even in the case of resistant material
(316NG), the IGSCC-induced DEGB frequencies are
approximately an order of magnitude higher than

associated with 12" (30.5 cm) riser welds, while
about 20% of the 30455 DEGBs were associated with
4" (10.2 cm) bypass line welds. The header, 22"
(55.9 em), discharge, 28" (71.1 cm), and suction, 28"
(71.1 ecm) welds were each judged to contribute less
than 10% to the recirculation loop DEGB frequency,
based on the statistical accuracy of the LLNL
calculations. Failure data for a proposed 316NG
replacement recirculation loop having no bypass
piping are also displayed in Figure A-5,

Table A-3  Frequencies for Indirectly-Caused DEGBs to Reactor Coolant Piping'

DEGB Frequency (1/yr.)
Uncertainty Distribution Percentiles

Cause 10% 50% 90%
Major Containment or Reactor Pressure Vessel Support Fails 5.1E-10 1.9E-07 2.8E-06
Failure of “Intermediate” Pipe Supports’ - - 5.0E-06
Notes

Diata extracted from NUREG/CR-4792 (Ref. A1), p 5-14 of Vol | and p. 56 of Vol 4
2. Conservatively includes snubber relief valve fallures and sesmic hazard curve truncation level of 5 times Safe Shutdown Earthquake (55E)

NUREG/CR-6224
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Failure data extracted from Table A-2 and

to predict growth rates and times-to-initiation.

Figure A-5 were used to generate 1GSCC DEGB It is conservative to extrapolate the "harsh”
frequencies on a per-weld basis for the categories of laboratory data to the relatively benign
susceptible (304SS) recirculation loop material. As conditions that exist in reactor facilities.
shown in Table A-4, these calculations were made

by multiplying the overall recirculation DEGB 3 The failure probability is very sensitive to the
frequency estimate from Table A-2 by the fractional type of residual stress assumed in the
contributions given in Figure A-5, and subsequently analysis. Consequently, plant-to-plant
dividing by the number of welds in a given experiences could vary significantly

category. The number of welds in a given category depending on residual stresses that remain

were obtained from the LLNL report.

following pipe assembly welding and "fit up”.
Worst case stress assumptions were used in

A.3.2 Limitations of the LLNL Analysis the analysis.

There were a number of limitations associated with 4. The analysis did not give credit for actions to
the LLNL analysis. Because of the overwhelming mitigate the effects of IGSCC, specifically
contribution of IGSCC to the predicted weld break in-service inspections, weld overlay, or IHSI,

frequencies, efforts were focused on identifying the
most significant limitations associated with the

In addition, the analysis did not address the
mitigating effects of corrosion control

IGSCC portion of the analysis. Some of the programs.
limitations of the LLNL IGSCC analysis that were

identified in this study include:

1.

5. The main objective of the analysis was to
compare the behavior of different types of
materials to IGSCC. This emphasis may

Certain local phenomena were not considered - s A
in the LLNL analysis, for example the effect mtrodl:ce additional uncertainties m.the
of coolant flow velocity on possible flushing absolute value of the break frequencies.
of impurities that otherwise could aggravate _ :
the susceptibility to IGSCC. 6. There were discrepancies between the LLNL
predictions and a field test done at a BWR
The mode! used "harsh” laboratory conditions site. As noted in NUREG/CR-5486 [Ref. A.7],
Table A-4 Frequencies for IGSCC-Caused DEGBs to Recirculation Welds in Susceptible Materiai
(304SS)
Weld Category Total Welds Fractional Contribution Weld DEGB Frequency
in Category' to Overall DEGB* Point Estimate’
4" (10.2 cm) Bypass 20 0.2 (0.2) x (1E-03/yr)/20=1E-05/yr
12" (30.5 em) Riser 40 08 (0.8) x (1E-03/yr)/40=2E-05/yr
22"-28" (55.9 cm - 71.1 ¢m) 42 <0.10 <(0.10) x (1E-03/yr)/42, ~2.E-06/yr
(header discharge, suction)
N"'('\
i Total welds in both rectreulation loops for plant used in the LINL study
Data extracted from Figure A-2 of this report which has been reproduced from Figure 4.11(b), Vol 1 of NUREC/CR-4T92 (Ref A1)
3 (1E03/yt) frequency used in caleulations was extracted from Figure A.1 of this report which has been reproduced from Figure 4. 11(a), Vol | of

NUREBG/CR-472 (Ref A1)
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these discrepancies most likely are the result
of field variations in various pertinent
phenomena and analytical assumptions

needed to model these phenomena. However,

it is important to note that both the LLNL
analysis and field results give highest priority
to riser and bypass welds.

7. Pipe breaks caused by water hammer or a
projectile from pump failures were not
considered.

8. The analysis did not consider scenarios that
involved 1GSCC-weakened piping coupled
with other pipe challenges (i.e., water
hammer, setsmic events).

A.3.3 Recommended Weld Break
Frequency Data

The IGSCC-induced DEGB data were used as a
starting point in deriving estimates of weld break
frequencies for use in the debris blockage analysis.
In using the LLNL predictions of IGSCC-induced
DEGB frequency for this analysis, adjustments were
made to give credit for in-service inspection
activities. Subsection A.3.3.1 discusses the
assumptions made in the use and refinement of the
LLNL IGSCC data. Subsection A.3.3.2 presents
point estimates of the weld frequencies.

A331 Assumptions Made in the Use and
Refinement of LLNL Data

In applying the LLNL data to this study, several
assumptions were made. The first set of
assumptions listed below applies to the recirculation
system piping, while the second set of assumptions
applies to the carbon steel piping used in other
primary systems, for example the main steam and
feedwater systems.

Assumptions Pertinent to Recirculation System

1. Of the two categories of breaks evaluated in
the LLNL analysis (leaks and DEGBs), only
breaks in the DEGB category were considered.
It was assumed that the predicted breaks in
the “leak” category would either represent

Appendix A

mathematically- predicted flaws that do not
actually pass coolant, or would only allow the
passage of coolant at a rate less than needed
for ECCS actuation. If either of these two
conditions were to exist, sump blockage
would not be of concern.

3 The recirculation system piping material for
the reference plant is 3045S.

3 Only one IGSCC mitigating action would be
in place, namely an in-service inspection
program. In adjusting the data for an
in-service inspection program, use was made
of a discussion of risk-based inspection
activities contained in CRTD-Vol. 20-2
[Ref. A.6]. In particular, it was noted on p. 81
of CRTD-Vol. 20-2 [Ref. A 6] that “a high level
of inspection can significantly reduce the
failure probabilities of BWR piping systems
(by a factor of 10 or more)." Supporting data
and analyses are contained in Table 2-12 of
this reference. For the purpose of this
analysis, it was decided that the LLNL
frequency estimates would be reduced by a
factor of 10 to account for an aggressive
in-service inspection. The effect of this
in-service inspection adjustment is to lower
the 30455 DEGB frequency within about 25%
of weld break frequencies predicted for the
non-susceptible material (316NG). This
situation is illustrated in Figure A-4. Because
the adjustments for in-service inspection bring
the predicted weld break frequencies of the
30455 material close to break frequencies
predicted by LLNL for IGSCC-resistant
material, it was judged that additional credit
for other mitigating actions, such as IHSI or
HWC, was not warranted.

Assumptions Pertinent to Other Major Primary
Systems

1. As was the case for recirculation system
piping, only breaks in the DEGB category
were considered.

- Carbon steel was assumed to be the material
of interest.
3. It was assumed that weld break frequencies

NUREG/CR-6224



Appendix A

for other major primary systems, such as
main steam and feedwater, would be in the
same range as weld break frequencies
generated for the recirculation system. It is
recognized that the carbon steel used in these
other systems is not susceptible to IGSCC
effects. However, this assumption was
judged to be reasonable because of
information contained in the ASME
cautionary note previously summarized in
Section A.3. Epecifically, this note states that
erosion-corrosion wall thinning of carbon steel
also represents a potential cause of pipe
failure that has not been included in design or
calculations. Because erosion-corrosion of
carbon steel has not been explicitly addressed
through design, is was judged that
corresponding weld break frequencies could
be in the same range 2s the weld break
frequencies of IGSCC-susceptible material.
The frequency estimate used for
non-recirculation weld breaks corresponds to
weld break frequencies used for the 22"
(55.9 cm) 30458 recirculation system welds.
As will be seen shortly, the weld break
frequency for this category of recirculation
system welds is an order of magnitude less
than weld break frequencies used for other
portions of the recirculation system.

A.33.2 Recommended Frequency Estimates

for Weld Breaks

By using the LLNL IGSCC data for the DEGB
category and the assumptions discussed above in
Subsection A.3.3.1, estimates for weld break
frequencies were generated. The recommended
frequency estimates are given in Table A-5. The

data in Table A-5 were generated by applying the
in-service inspection reduction factor of 10 discussed
above to the LLNL IGSCC DEGB data presented
earlier in Table A-4. As noted in Table A-5, the
welds associated with piping in other primary
systems were assumed to have the same break
frequencies as the 22°-28" (559 cm - 71.1 cm)
recirculation welds.

It is important to recognize that there are large
uncertainties associated with the recommended
point-value frequency estimates. Because an
uncertainty analysis has not been performed, it is
not possible to further interpret the statistical
significance of the point-value estimates given in
Table A-5.

A4 Summary and Conclusions

This study has used results from an analytical
approach to estimate the failure frequency of DEGB
weld breaks at the NUREG/CR-6224 reference plant.
The analysis focused on effects related to 1GSCC, as
this phenomena appeared to be the dominant
mechanism involved in weld breaks for the
susceptible material of interest (30455). An
adjustment was made to the data to account for in-
service inspection activities. Consideration of other
mitigating mechanisms, for example aggressive
corrosion control, was not evaluated. It is important
to recognize that an uncertainty analysis was not
performed. Consequently, it is not possible to
interpret the statistical significance of the point-
value estimates. It is also important to note that
future studies may identify other important weld
break phenomena that have not been included in
this analysis.

Table A-5 Recommended Weld Break Frequency Estimates

Pipe Category Per Weld

DEGB Frequency (1/yr) - Point Estimate

12" ( 30.5 em) Recirculation (304SS)
22 - 28" (55.9 - 71.1 em) Recirculation (3045S)

Other Primary Systems’

2E-06'
2E-07"
2E-07

1 ¢m) recirculation system welds

Notes

1 Derived by reducing Table A-4 data by a failure of 10 to account for in-service inspection

2 Welds assumed to have same failure frequency as 22-28 (559 - 71
NUREG/CR-6224
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