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17 RESULTS SUMMARY

This section provides a summary of the various ESBWR PRA results that, in turn, can be used in
comparison with Safety Goals or regulatory guides.

Based on guidance in draft Regulatory Guide DG-1 145, the key objective of the ESBWR PRA is
to use the available plant design information at the design certification phase and perform PRA
analyses to show that the design meets the following goals:

(1) Core damage frequency (CDF) below 1E-4/yr

(2) Large release frequency (LRF) below 1E-6/yr (with a Conditional Containment Failure
Probability (CCFP) of 0.1 or less)

(3) Frequency of radiation dose of 25 rem at the site boundary below 1E-6/yr

•(4) Overall risks lower than the currently operating BWRs

(5) Assess non-safety functions requiring enhanced regulatory oversight

(6) Assess PRA findings not meeting the previous 5 goals (e.g. single failures that would
prevent meeting any of these goals)

This section includes a summary of the following contributors to the ESBWR risk profile:

* Internal Events PRA - Section 17.1

* External Events Hazards Analysis - Section 17.2

* Low Power and Shutdown PRA - Section 17.3

This section also provides a summary of comparison with the Safety Goals in Section 17.4.

The ESBWR PRA uses the current information available for the ESBWR plant design, Technical
Specifications, and procedures. Component failure data and initiating event frequencies are
based on generic industry data with consideration of the ESBWR design. Given the state of the
ESBWR plant design, the PRA analyses contain conservative elements (e.g., pre-initiator and
post-initiator HEPs; maintenance unavailabilities; component failure rates; flood and fire
initiation, propagation and impacts; ground level release and no evacuation warning assumed in
consequence analysis; etc.). As such, the ESBWR risk profile is judged to be lower than the
current quantitative results summarized here.

17.1 INTERNAL EVENTS PRA

Consistent with the Severe Accident Policy Statement for future plants, a PRA encompassing the
Level 1, Level 2, and Level 3 aspects of internal event hazards at full power is developed for the
ESBWR. Each of these aspects is discussed below.

17.1.1 Level 1 PRA

The Level 1 internal events evaluation quantifies the core damage frequency (CDF) due to
internal event challenges occurring at full power. The Level 1 PRA modeling uses systemic
fault tree logic and accident sequence event tree logic.
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The MAAP code is used to perform the thermal hydraulic analysis of the RPV and containment
to support the determination of functional and systemic success criteria and accident sequence
timings.

The end state of the Level 1 PRA is core damage. Core damage accident categories are defined
according to key accident parameters: RPV status, Containment status, and Reactor Power
Level.

Table 17.1-1 summarizes the full power internal events CDF as a function of accident class.
More details related to CDF and importance factors are available in Sections 7, 11, and 18.

17.1.2 Level 2 PRA

The ESBWR Level 2 PRA is a comprehensive analysis that assesses the key post-core damage
phenomenological and systemic issues and quantifies multiple radionuclide release end states,
including large release frequency.

The post-core damage accident progression is modeled using two types of containment event
trees: Containment Phenomenology Event Trees (CPETs) and Containment System Event Trees
(CSETs). These containment event trees are used to quantify the frequencies of the various
radionuclide release end states.

The MAAP code is used to perform the thermal hydraulic analysis of the core melt progression
and the fission product source term as a function of time and location. These source term
calculations are used to support the characterization of the timing and release magnitude of the
release categories, which is used as input to the Level 3 PRA.

Table 17.1-2 summarizes the full power internal events radionuclide release frequency as a
function of release category. Table 17.1-3 summarizes the source terms for each of the
radionuclide release categories.

Refer to Sections 8 and 9 for additional details.

17.1.3 Level 3 PRA

The Level 3 PRA consequence analysis assesses the public impact and frequency of the
postulated radionuclide releases analyzed in the Level 2 PRA. The MACCS2 code is used to
model and quantify the Level 3 PRA. The Level 2 release frequencies and source term -fractions
summarized in Tables 17.1-2 and 17.1-3 are used as input to the Level 3 analysis.

The end state for the consequence analysis is public risk, as measured by public dose and public
fatalities (acute and latent).

Table 17.1-4 summarizes the key results of the full power internal events Level 3 PRA.

Refer to Section 10 for additional details and results.
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17.2 EXTERNAL EVENT HAZARDS

The ESBWR is in the design stage and therefore, the precise layout and plant location is as yet
unknown. The external hazard analyses are performed recognizing that the goal of the ESBWR
is to design the plant and site such that external hazards are minimized.

The external hazards that are explicitly evaluated to determine their potential impact on risk are:

e Internal floods

* Internal fires

* High winds

* Seismic events

Other external event hazards are judged to be non-significant contributors to the ESBWR risk
profile.

17.2.1 Internal Floods

The current plant design layout is used to define the internal flood challenges, propagation paths,
and associated failures. A simplified bounding probabilistic flooding approach is employed
using general design assumptions to identify potential flooding vulnerabilities. The flooding
analysis addresses flood induced accidents occurring during full power and shutdown
configurations.

The bounding analysis begins by assigning a flood initiation frequency to every flood scenario in
a building that is equal to the entire flood initiation frequency for that building. The core damage
frequency for each flood damage state is obtained via the quantification of the internal event
PRA models. The internal event initiator and associated accident sequence structure that best
represent the flood progression are used to model the flood. The damage caused by the flood is
input into the accident sequence quantification by use of the selected initiator and/or with
modifications to the accident sequence nodal fault trees, as appropriate. Following the accident
sequence quantification, the flood scenario with the highest CDF in each building is used to
represent the flood CDF for that building. The total flood risk is the sum of the CDFs of the
bounding flood scenario for each building.

The internal flooding full power core damage frequency is 3.68E-09 per year, approximately an
order of magnitude less than the internal events CDF. The internal flooding shutdown core
damage frequency is 1.64E-09 per year, over an order of magnitude less than the internal events
CDF.

Given the bounding nature of the analysis, it is judged that internal flood is a non-significant
contributor to the ESBWR risk profile.

Refer to Sections 13 and 18 for more details and results.

17.2.2 Internal Fires

The ESBWR PRA includes an assessment of the contribution of fire induced core damage
events. The current plant layout is used to define the internal fire challenges, fire ignition
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frequencies, propagation paths, and associated failures. The internal fire PRA analysis quantifies
the internal fire event trees using the appropriate system models with systems or trains failed due
to the fire. The analysis is conservatively biased (i.e., bounding). This conservative assessment
is considered biased or bounding due to multiple issues.

Given the current state of the plant design, a bounding approach is used. Some of the key
bounding assumptions are:

* No credit is taken from fire suppression systems or fire brigades

* Fire ignitions are assumed to grow unchecked and disable all equipment in an area

* All fire-induced equipment damage occurs at t=-O

* Hot short effects are included in the quantified model despite the incorporation of a fiber
optic system for instrumentation and control that would preclude such effects

The analysis addresses fire-induced accidents occurring during full power and shutdown
configurations.

The internal fires full power core damage frequency is 1.2 1E-08 per. year. The internal fires
shutdown core damage frequency is 2.32E-08 per year. These results are higher than the internal
events CDF.

Given the bounding nature of the analysis, it is judged that more realistic analysis will reduce the
calculated CDF; however, internal fires are expected to be significant contributors to the
ESBWR risk profile, though less of a significant contributor than at current BWRs.

Refer to Sections 12 and 18 for more details and results.

17.2.3 High Winds

The current plant layout is used to define the high wind response and associated plant failures..
The tornado hazard frequency is based on generic data. The tornado-induced plant impacts are
based on a qualitative evaluation based on ESBWR plant design criteria. The internal events
PRA accident sequence structures and system fault trees and success criteria are used in the
calculation of the tornado CDF. Both at-power and shutdown tornado-induced accident
scenarios are quantified.

The tornado full power core damage frequency is 4.77E- 11 per year. The tornado shutdown core
damage frequency is 8.67E-13 per year. These results are non-significant in comparison to the
internal events CDF. Tornado risk is judged a non-significant contributor to the ESBWR risk
profile.

Refer to Sections 14 and 18 for more details and results.

17.2.4 Seismic Hazard

The ESBWR seismic analysis is a seismic margins assessment (SMA) performed in Section 15
to show that the ESBWR plant and equipment are capable of withstanding an earthquake with a
magnitude at least two times the safe shutdown earthquake. The SMA analysis calculates high
confidence low probability of failure (HCLPF) accelerations for important accident sequences.
No core damage frequencies are calculated as part of the ESBWR PRA seismic analysis.
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The seismic margins analysis shows that no seismic-induced accident sequence has a HCLPF
lower than 0.60g. As such, low magnitude seismic initiating events are not significant
contributors to risk. High magnitude earthquakes, greater than 2 x SSE, are expected to be the
major contributors to the seismic risk profile (this is consistent with past industry seismic PRAs).

Given the low seismic capacity of switchyard components, the majority of seismic events will
result in a LOPP scenario.

The most limiting HCLPF sequences (both 0.62g HCLPF) are seismic-induced loss of DC power
and seismic-induced ATWS due to seismic-induced failure of the fuel channels and seismic-
induced failure of the SLCS tank. Each of these scenarios also involves seismic-induced LOPP.

Seismic risk is highly site specific. However, the ESBWR seismic design is robust, introducing
very low risk, contributors for most feasible sites. Seismic risk is judged to be a non-dominant
contributor to the ESBWR risk profile.

Refer to Sections 15 and 18 for more details and results.
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17.3 LOW POWER AND SHUTDOWN HAZARD

The current plant layout is used to define the shutdown challenges. Like the other aspects of the
PRA, given the status of the ESBWR design, the shutdown risk assessment uses simplified
bounding approaches. The shutdown PRA analysis quantifies the shutdown event trees using the
appropriate system models with systems or trains failed or unavailable as dictated by the fault.
tree models or shutdown schedule.

The internal events shutdown CDF is calculated at 5.56E-09 per year. This result is less than the
internal events CDF. More realistic analysis will further reduce the calculated CDF. Shutdown
CDF is judged a non-significant contributor to the ESBWR risk profile.

Refer to Sections 16 and 18 for more details and results.

17.3-1
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17.4 COMPARISON WITH SAFETY GOALS

17.4.1 Aggregation of Results

It is judged desirable to have the ability to calculate a single risk metric from all hazards and all
modes of operation.

The purposes for computing risk metrics may be conveniently grouped into three categories:

(a) Comparison with safety goals

(b) Risk informed applications with regard to treatment of small changes in risk
metrics (e.g., ACDF, ICCDP)

(c) Prioritization applications either on a relative basis (Maintenance Rule) or
absolute basis (SAMA, a (4))

Interfacing with these purposes are the "criteria" that have been developed, e.g., safety goals or
acceptance guidelines.

The overall safety goals are closely tied to what is perceived as acceptable risk levels.
Acceptance guidelines or surrogate safety goals that appear in Regulatory Guides have been
derived using subjective judgements and include varying levels of conservatisms.

While it is desirable from a variety of risk management perspectives to aggregate the Various risk
contributors into a single risk metric, there are practical resource and technological issues that
prevent meaningful aggregation in all cases. Where aggregation is not performed carefully,
biased risk metrics can result in conservative or non-conservative decision-making. Future
improvements in PRA technology as well as increased resources could mitigate much of the
reasons for not aggregating. However, it is envisioned that not all the technological issues will
be solved and that there will always be cases where aggregation is not prudent.

Internal events PRA models have been developed and used by the NRC and industry for more
than 30 years. In addition, a PRA Standard for internal events is available and endorsed by the
NRC in RG 1.200. The comfort level and confidence in internal events Level 1 exceeds that for
other events for which the experiential evidence is significantly less.

On the other hand, external events have used conservative screening techniques to reduce
resource expenditures at the cost of introducing conservative biases, and currently there are no
endorsed PRA Standards.

There are distinct differences in the level of bias that are currently included in typical (not all)
external events and shutdown PRAs compared with internal events analysis.

By virtue of the conservative biases that are superimposed on the external event and low power
shutdown risk analyses, the risk metrics calculated from these models are unacceptably biased
and not comparable to the internal events PRA model risk metrics.

Therefore, the usefulness of the aggregation of the numerical risk metrics from each of the
applicable hazards and operating modes has significant limitations using current PRA models.

Each PRA contributor is modeled with its own unique set of biases that make the results
conservative, realistic, or non-conservative. By attempting to add these separate contributors
these biases may overwhelm the quantitative characterization. Treating the contributors
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separately allows these biases to be considered and evaluated under the specific constraints of an
application.

The internal events PRA is generally considered to have the lowest bias and most robust risk
profile.

External events and shutdown PRAs are judged to have varying degrees of conservative bias that
may distort the decision-making process. The decision-maker must be informed of the biases in
each of these contributors to adequately support risk-informed decisions.

17.4.2 Comparison with Safety Goals

Based on the above, it is judged appropriate to treat each of the risk profile contributors
separately in comparison to the safety goals.

The results of the full power internal events PRA are compared against the safety goals in Table
17.4-1. As can be seen from Table 17.4-1, the safety goals are met with significant margin.

The full power internal events CDF is greater than three orders of magnitude below the 1E-4/yr
safety goal.

Large early release (LRF) is conservatively defined in this analysis as releases greater than
Technical Specification leakage (i.e., releases greater than release category TSL). Even with this
conservative definition, the full power internal events LRF is greater than three orders of
magnitude below the 1 E-6/yr safety goal.

Section 8.2.1.5 shows that ESBWR containment effectiveness for full power internal events is
0.97, which translates to a 0.03 Conditional Containment Failure Probability (CCFP). This
meets the safety goal of CCFP < 0.1 with significant margin.

Section 10 summarizes the annual exceedance frequency of a radiation dose of 25 rem at the
reactor site boundary (the analysis uses a radius of 0.5 miles as the site boundary). This risk
metric for the full power internal events also meets the safety goal with significant margin.

The external events CDF and internal events shutdown CDF, as discussed in the previous
sections, also individually meet the CDF safety goal. Level 2 and Level 3 results for these risk
contributors are not calculated.

However, based on the conservative approaches to the external events and shutdown analyses as
discussed earlier in this section and the wide margin with which the ESBWR internal events risk
profile meets the safety goals, it is judged that the combined risk profile of internal events,
external events and shutdown events also meets the safety goals.
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Table 17.1-1

Full Power Internal Events CDF Contribution by Accident ClassO')

ACCIDENT CLASSES CDF [/yr] CONTRIBUTION

CDI CD at low RPV pressure and 2.86E-08 97.95%
containment intact

CDIII CD at high RPV pressure with 4.11 E-10 1.41%
containment intact

CDIV CD resulting from failure to insert 1.83E-10 0.63%
negative reactivity in ATWS
conditions

CDV Containment bypassed at the 4.27E-12 0.01%
beginning of the accident

Total 2.92E-08 100.00%

Note:

(1) See Sections 3 and 7 for definitions of parameters in this table and related details.
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Table 17.1-2

Full Power Internal Events Radionuclide Release Category Frequencies°1 )

Radionuclide Release
Source Release Representative Frequency
Term Category MAAP CASE (per year)

1 BOC BOCsd nIN 4E-12

2 BYP T-nINBYP 1E-12

3 CCID T nlN nDCCID 2.9E-11

4 CCIW T_nlN_CCIW 2.9E-10

5 DCH T nDP nlN nDDCH <lE-12

6 EVE T nlN nDEVE 2:5E-10

7 FR T-AT nlN nCHRFR 2.3E-10

8 OPVB T nDP nINVB <IE-12

9 OPW1 T nDP nlN nCHR W1 <lE-12

10 OPW2 T nDP nlN nCHR W2 1.4E-11

11 TSL T-AT nINTSL2x 2.8E-8

Note:

(1) See Section 9 for definition of parameters in this table. Also see related details in Sections 8,
9 and 10.
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Table 17.1-3

Full Power Internal Events Fission Product Release Fractions•1 )

Radionuclide Source Terms (Release Fraction 24 hours after onset of core damage)

Release Category Xe/Kr CsI TeO 2  SrO MoO 2  CsOH BaO La20 3  CeO2  Sb Te 2  U0 2

BOC 1.oE+00 8.5E-01 7.5E-01 1.5E-02 7.2E-02 3.8E-01 1.5E-02 6.1E-04 3.4E-03 1.5E-01 6.1E-03 2.9E-05

BYP 9.7E-01 4.OE-01 1.9E-01 1.6E-02 1.2E-01 3.5E-01 2.9E-02 5.3E-04 3.3E-03 2.4E-01 4.3E-03 2.4E-05

CCID 9.1E-01 6.9E-02 6.8E-02 2.2E-06 4.7E-06 2.8E-02 1.3E-05 1.3E-07 1.OE-06 1.5E-01 1.4E-02 2.3E-07

CCIW 9.1E-01 8.OE-04 5.9E-05 1.4E-06 4.5E-06 7.6E-04 1.1E-06 1.3E-07 7.6E-07 2.6E-03 3.1E-05 7.9E-09

DCH 9.OE-01 4.5E-01 1.2E-01 3.2E-04 2.7E-04 6.2E-02 3.1E-04 3.1E-04 3.2E-04 8.1E-02 1.1E-04 9.6E-08

EVE 8.3E-01 2.5E-02 6.4E-02 1.3E-02 1.1E-04 7.1E-02 5.7E-03 8.2E-04 6.2E-03 2.1E-01 6.8E-03 5.OE-05

FR O.OE+00 O.OE+00 O.OE+00 O.OE+00 O.OE+00 O.OE+00 O.OE+00 O.OE+00 O.OE+00 O.OE+00 O.OE+00 O.OE+00

OPVB 9.1E-01 3.6E-04 8.2E-04 1.4E-04 1.2E-04 .4.9E-03 1.4E-04 1.4E-04 1.4E-04 1.7E-03 2.4E-05 O.OE+00

OPWl 1.9E-01 1.7E-04 2.4E-04 6.OE-07 2.OE-07 5.7E-04 5.8E-07 6.OE-07 6.OE-07 1.3E-02 2.6E-06 O.OE+00

OPW2 O.OE+00 O.OE+00 O.OE+00 O.OE+00 O.OE+00 O.OE+00 O.OE+00 O.OE+00 O.OE+00 O.OE+00 O.OE+00 O.OE+00

TSL 2.OE-03 1.5E-04 9.5E-05 2.1E-06 3.9E-05 5.3E-05 7.7E-06 7.3E-08 2.OE-07 9.9E-05 4.6E-08 1.OE-10

Note:

(1) See Section 9 for definition of parameters in this table. Also see related details in Sections 8, 9 and 10.
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Table 17.1-4

Full Power Internal Events Consequence Analysis Results

24 Hours After 72 Hours After
Onset of Core Onset of Core

Damage Damage
End State (per year) (per year)

Individual Risk() 2.6E- 11 3.7E- 11

(0- 1 Mile)

Societal Risk(2 )

(0 - 10 Mile) 4.8E-12

Radiation Dose Probability at 0.25 Sv(3)
(0 - 0.5 Mile) 2.2E-09 3.LE-09

Notes:

(1) Early fatality risk per year per individual living within 1 mile of the site.

(2) Latent fatality risk per year per individual living within 10 miles of the site.

(3) Annual exceedance frequency of a 0.25 Sv (25 REM) radiation dose at 0.5 miles.
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Table 17.4-1

Safety Goal Comparison Based on Internal Events PRA

ESBWR Full
Power Internal

Events PRA Safety Goal
Goal Results(3 ) Achieved

Core Damage Frequency (CDF) < 1E-4/yr 2.92E-08(') YES

Large Release Frequency (LRF) < 1E-6/yrt 1) 8.0E-10 YES

Conditional Containment Failure Probability (CCFP) < 0.1 0.03 YES

0.25 Sv Radiation Dose at Side Boundary <1E-6/yr 2.2E-09 (24 hrs) YES
3. 1E-09 (72 hrs)

Notes:

(1) Large Release is conservatively definedin this analysis as releases greater than Technical Specification leakage (i.e., releases
greater than release category TSL).

(2) The external events and shutdown PRA results also meet the CDF safety goal. Level 2 and Level 3 results are not calculated for
these aspects of the PRA.

(3) Based on the conservative approaches to the external events and shutdown analyses as discussed earlier in this section and the
wide margin with which the ESBWR internal events risk profile meets the safety goals, it is judged that the combined risk
profile of internal events, external events and shutdown events also meets the safety goals.
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18 PRA INSIGHTS AFFECTING ESBWR DESIGN

18.1 INTRODUCTION

In this section, the results of the full scope PRA are reviewed to determine the important
ESBWR design characteristics that contribute more significantly to the mitigation or prevention
of a particular accident sequence or event scenario.

The ESBWR PRA has been developed in parallel with other ESBWR design activities. There
have also been strong interactions between the two activities. As a consequence, the ESBWR
design has benefited from preliminary results of the PRA. The PRA has provided valuable
feedback to the selection of design alternatives. The result of those design alternative choices is
to maximize the reduction of risk.

The PRA results are reviewed to identify the important features. The PRA results include the
minimal cutsets leading to core damage, as well as importance measures of those components
and systems represented as basic events in the models. These results provide one basis for a
systematic review to identify important features and capabilities. In the majority of cases, cutsets
and importance measures identify "features" at the component level. By reviewing the accident
sequences and cutsets resulting from this detailed evaluation, it is possible to identify those
systems, features and capabilities which are most important in assuring that the ESBWR core
damage frequency is very low. Further insight was gained regarding risk by examining the
Fussell-Vesely and Risk Achievement Worth importance measures of the basic components
contributing to the performance of each system or feature.

This information provides valuable feedback to the selection of design alternatives that maximize
the reduction of risk.

18.1-1
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18.2 IMPORTANT FEATURES FROM LEVEL 1 INTERNAL EVENTS ANALYSES

18.2.1 Summary of Analysis

The ESBWR internal events probabilistic risk assessment (PRA) was performed to assess plant
vulnerability to potential internal accident sequence initiators. The ESBWR Level 1 internal
events PRA is based upon detailed fault tree models of the various plant systems as well as event
trees that define possible progressions and outcomes of each potential accident initiator. These
fault trees and sequence of events are used to estimate the core damage frequency due to each
potential accident sequence.

18.2.2 Key Features

The specific capabilities and features identified as being important to minimize the risk to the
public associated with ESBWR operation are discussed below.

Control Rod Drive (High Pressure Makeup)

The high pressure makeup mode of Control Rod Drive system is able to automatically provide
Reactor Pressure Vessel (RPV) makeup when water level drops to Level 2 so that RPV water
level can be recovered. The design flow of this system mode provides high pressure make-up
redundancy in potential Small Loss of Coolant Accidents and other reactor coolant, pressure
boundary leakage scenarios. This active system provides a first line of defense that prevents the
need to demand the actuation of safety related systems. The provided redundancy of the system
together with the design diversity with respect to those second line safety related systems, even
in the actuation logic, contributes significantly to lowering the risk relevance of Small Loss of
Coolant Accidents as is shown in the Probabilistic Risk Analysis (PRA).

The system also provides the required water makeup to avoid reactor automatic depressurization
as a result of reactor vessel level decrease during plant transients where reactor makeup from the
feedwater system is suddenly and completely lost: loss of feedwater and loss of preferred power.
One or two CRD pumps (depending upon the severity of the RCS leakage) are required in the
PRA to inject water in the High Pressure Makeup mode.

Isolation Condenser

The Isolation Condenser System (ICS) is able to maintain reactor pressure and temperature
within an acceptable range so that Safety/Relief valves will not lift (as a result of pressure rises
following a turbine trip or isolation event with successful scram) and to ensure, jointly with the
CRD system in some transients, as indicated above, that reactor automatic depressurization will
not occur when the reactor becomes isolated during power operations (as a result of reactor
vessel level decrease). The system is a safety related system and has four totally independent
loops. The ICS is in "ready standby" during normal operation at power and is designed to
accommodate a single failure criterion. This is a significant feature of the ESBWR design that
provides full decay heat removal capability in all transients with loss of normal heat sink.

The system shares the passive heat sink of water in the IC/PCC pools with the Passive
Containment Cooling System. The IC/PCC pools provide sufficient water inventory for decay
heat removal beyond 72 hours. The system redundancy, independence and diversity of actuation
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signals contributes significantly to lower the risk of isolation transients as is shown in the
Probabilistic Risk Analysis (PRA).

Fuel and Auxiliary Pools Cooling System (FAPCS)

The low pressure core injection (LPCI) mode of Fuel and Auxiliary Pools Cooling System is
able to provide Reactor Pressure Vessel (RPV) makeup when water level drops within the RPV
and RPV pressure is at or below 0.689 MPa gauge (100 psig). The design flow of this system
mode provides low pressure make-up redundancy in potential Loss of Coolant Accidents and
other transient scenarios when the RPV is depressurized. The system injects water from the
suppression pool and is manually initiated. This active system mode provides a first line of
defense that prevents the necessity to demand the actuation of other safety related injection
systems (Gravity Core Cooling System).

The suppression pool cooling mode is another relevant function of the system that provides a
way to remove decay heat to the ultimate heat sink. This function is actuated automatically upon
receipt of suppression pool high temperature. This active system mode provides a first line of
defense that prevents the necessity to demand the actuation of other safety related cooling
systems (Passive Containment Cooling System) or a backup to this safety related system for
containment heat removal in certain accident or transient scenarios.

The redundancy provided by the FAPCS system together with the design diversity with respect
to those second line safety related systems,, including the actuation logic, contributes
significantly to lower the risk of Loss of Coolant Accidents as is shown in the Probabilistic Risk
Analysis (PRA). .

Reactor Water Cleanup/Shutdown Cooling (RWCU/SDC)

The shutdown cooling mode of the RWCU of ESBWR is able to be aligned at reactor rated
pressure and temperature conditions and continues during the entire shutdown period. The design
of this system mode allows RPV decay heat removal redundancy in all transient scenarios both at
high and low RPV pressure to provide adequate core cooling. This active system mode provides
a first line of defense that prevents the necessity to require the actuation of other containment
heat removal systems.

Depressurization System (DPV)

The Depressurization Valves, part of the Automatic Depressurization System, provide a highly
reliable means of depressurizing the reactor to the Drywell cavity. If the high pressure makeup
function fails, the operators will manually initiate RPV depressurization to allow low pressure
injection using either FAPCS or the Fire Protection System (FPS) in the injection mode.

If manual depressurization does not occur or if FAPCS and FPS .do not sufficiently recover level,
ADS will automatically actuate on RPV water level Li. This permits core cooling with safety
related Gravity Driven Cooling System and containment cooling with Passive Containment
Cooling System, avoids high pressure core melt sequences, and substantially reduces the
calculated CDF. This is a highly reliable safety function with diverse actuation signals.

Gravity Driven Cooling System

The Gravity Driven Cooling System provides emergency core cooling after any' event that
threatens the reactor coolant inventory following RPV depressurization via ADS or the DPVs. It
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also injects sufficient water into the depressurized RPV to keep the fuel covered following a
LOCA. In the event of a severe accident that results in high temperature in the lower drywell
floor, the GDCS supplies water to the Basemat Internal Melt Arrest and Coolability (BiMAC)
device and floods the lower region with the water inventory of the three GDCS pools. The
GDCS does not require external AC electrical power sources or operator intervention for their
actuation. The system redundancy, independence, and diversity of actuation signals contributes
significantly to lowering the risk of RPV depressurization scenarios, as shown in the Probability
Risk Analysis (PRA).

Passive Containment Cooling System

The Passive Containment Cooling System provides core decay heat removal following a Loss-
of-Coolant Accident (LOCA), or actuation of Depressurization Valves, by condensing steam
from the containment and returning it to the vessel via GDCS. This is a passive system designed
with single failure criteria. The system shares the passive heat sink of water in the IC/PCC pools
with the Isolation Condenser System. The IC/PCC pools provide enough water inventory for
decay heat removal beyond 72 hours (automatic valve actuations, on low pool level, are required
to make the entire IC/PCC pool inventory available). The system redundancy, independence and
diversity of actuation signals contributes significantly to lower the risk relevance of IC/PCC pool
makeup function as is shown in the Probabilistic Risk Analysis (PRA).

Prevention of Intersystem LOCA

SECY 90-016 and 93-087 recommend that designers reduce the possibility of a loss of coolant
accident outside containment by designing (to the extent practical) all systems and subsystems
connected to the Reactor Coolant System (RCS) to withstand full RCS pressure. All ESBWR
piping systems, major systems components (pumps and valves), and subsystems connected to the
reactor coolant pressure boundary (RCPB) which extend outside the primary containment
boundary are designed to the extent practicable to an ultimate rupture strength (URS) at least
equal to full RCPB pressure. These design provisions reduce the already low likelihood of an
intersystem loss of coolant accident (ISLOCA).

Reactor Protection System (RPS)

The ESBWR has a highly reliable and diverse CRD scram system incorporating both hydraulic
insert and electric drive capabilities. The control rod drive system utilizes hydraulic pressure as
the principal scram mechanism with electric drive capabilities for backup to the hydraulic scram
capabilities. The hydraulic scram system also includes additional backup scram valves to relieve
scram air header pressure thereby causing the control rods to insert. Redundant and diverse
scram signals are provided from the RPS and Alternate Rod Insertion (ARI) System to the
hydraulic scram mechanisms and the electric drive capability. This redundant and diverse scram
capability significantly reduces. the probability of an ATWS.

Automatic Standby Liquid Control System (SLCS) and Feedwater Pump Trip

The ESBWR has a highly reliable and diverse scram system incorporating both hydraulic and
electric drive capabilities to reduce the probability of an ATWS. In the unlikely event of an
ATWS, the standby liquid control system and feedwater pump trip provide backup reactor
shutdown capability.
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Four Divisions of Safety Related Systems

The ESBWR is designed with four independent and separated divisions of Safety Related
Systems, each containing RPV depressurization capability, low pressure gravity driven coolant
injection (GDCS) and decay heat removal systems. Providing four passive divisions designed
with single failure criteria substantially reduces the calculated CDF for events that require the
actuation of safety related systems. Complete physical separation of electrical and mechanical
divisions is important. Piping of these systems that penetrate containment are designed as
extensions of containment.

Two On-site Diesel Generators (DG)

The ESBWR is designed with two independent and separated diesel generators (DGs), one
dedicated to each of the two first line AC power system buses (RWCU, FAPCS, etc.) and each
capable of powering the complete set of normal safe shutdown loads in its division. This
.configuration provides redundant sources of on-site AC power as added defense against loss of
preferred power events.

Four Divisions of Safety System Logic and Control (SSLC)

The ESBWR is designed with four divisions of self-tested safety system logic and control
(SSLC) instrumentation using two-out-of-four actuation logic. This configuration provides
highly reliable initiation of ESF core cooling and heat removal systems. A four division two-out-
of-four SSLC provides protection against inadvertent actuation in addition to assuring the highly
reliable actuation capability. This redundancy in the SSLC substantially reduces the calculated
CDF for events that require SSLC signals as well as the reduction in unwanted system actuation'
resulting from inadvertent signals due to spurious inputs, surveillance and maintenance errors,
and other causes of single signals.

The ESBWR additionally incorporates a Diverse Protection System that is completely
independent and diverse from SSLC and provides logic signals for.actuation of some significant
safety related systems (DPV, SRV, GDCS, ARI, and SCRAM). This diverse actuation system
minimizes the possibility of common cause failures between the control systems.

In addition, the non-safety digital control systems provide a second diverse means of providing
core and containment cooling via the Plant Investment Protection (PIP) systems. In nearly all
PRA scenarios, instrument and control failures can only cause core damage if all three diverse
digital control systems fail to function. This provides a level of protection that drives the
ESBWR CDF down to a very small value.

Fire Protection System Injection (FPS)

The FPS provides diverse capability to inject water to the reactor through FAPCS and FW lines
in potential Loss of Coolant Accidents and other transient scenarios when the RPV is
depressurized. FPS injection to the RPV is aligned by manual actions. In the event that AC
power is not available, the system has a diesel driven pump with an independent water supply
and all necessary valves can be accessed and operated manually. Additionally, the IC/PCCS
pools have a makeup connection through FAPCS lines for independent long term makeup
capability that is supplied from FPS lines or through a direct comnection to a pump truck. Even
though the FPS is not a first line prevention or mitigation system with respect to core damage, it
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is an important alternative for water makeup in preventing and mitigating severe accidents in the
unlikely event that all other systems are unavailable.

18.2.3 Summary of Key Results

Risk results for the internal events full power PRA are provided in Tables 18-1 and 18-2. Table
18-1 provides a summary of the dominant internal events initiators, and Table 18-2 provides a
summary of risk importance results. Key insights from these results are summarized below.

Key Initiating Events

As can be seen from Table 18-1, the dominant initiating events in the internal events full power
PRA are:

" Loss of Preferred Power (57% contribution to internal events CDF)

" Loss of Feedwater (41% contribution to internal events CDF)

Each of the remaining initiating events individually represent less than 1% of CDF.

Key Operator Actions

The dominant post-initiator operator actions in the internal events full power PRA are:

" Failure to Recognize Need for LP Makeup (72% contribution to internal events CDF)

* Failure to Start Standby RCCW Pump (2% contribution to internal events CDF)

Each of the remaining operator actions individually represent less than 1% of the internal events
CDF.

The dominant recovery action is Failure to Recover Offsite Power. The model includes multiple
LOPP recovery actions fordifferent time phases of the LOPP accident progression, collectively
they contribute approximately 360/o to internal events CDF.

Key Common Cause Failures

The dominant common cause failures in the internal event full power PRA are:

* CCF of 7 Squib Valves in GDCS Lines (43% contribution to internal events CDF)

* CCF of All Squib Valves (43% contribution to internal events CDF)

• CCF of All DC Batteries (1% contribution to internal events CDF)

Each of the remaining CCF events in the PRA individually represent less than 1% of the internal
events CDF.

Key SSCs

The dominant system, structure or component random failures in the internal events full power
PRA are:

* Check Valve #1 in FW Line B Fails to Open (6% contribution to internal events CDF)

* Check Valve #2 in FW Line B Fails to Open (6% contribution to internal events CDF),

* CRD Check Valve F022 Fails to Open (6% contribution to internal events CDF)
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* Diesel Generator A Fails to Run (5% contribution to internal events CDF)

* Diesel Generator B Fails to Run (5% contribution to internal events CDF)
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18.3 IMPORTANT FEATURES FROM SEISMIC ANALYSES

18.3.1 Summary of Analysis

The ESBWR seismic margin analyses are performed to assess plant vulnerability to potential
seismic initiators. The analysis covers both power operation and shutdown conditions.

The seismic margins analysis (SMA) conducted for the ESBWR calculates high confidence low
probability of failure (HCLPF) accelerations for important accident sequences.

The HCLPF acceleration is defined as the 95th percent confidence level that at that acceleration
the seismic-induced failure probability of the structure or component in question is less than 0.05
(5%). HCLPFs for accident sequences are evaluated through use of event trees, and seismic
system analysis is performed with fault trees to determine HCLPFs of systems.

The passive safety systems credited in the analysis have just a few active components (valves),
all with automatic actuation and none with reliance on human actions that might represent a
single failure dominating the overall system reliability. Human actions are required only in the
long term and as such, given; the low likelihood of failure for operator actions with very long
allowable time windows, human action errors do not dominate system failure. As such, random
failures are assumed to be non-significant contributors to seismic risk (consistent with past
industry seismic studies) and are not explicitly included in the analysis.

The seismic margins approach used in this analysis evaluates the capability of the plant and
equipment to withstand a large earthquake of two times the safe shutdown earthquake (2*SSE).
In this analysis, the MIN-MAX method is used to assess the seismic accident sequences. Per the
MIN-MAX method, the overall fragility of a group of inputs combined using OR logic (i.e.,
seismic event tree nodal fault tree) is determined by the lowest (minimum) HCLPF input.
Conversely, per. the MIN-MAX method, the overall fragility of a group of inputs combined using
AND logic (i.e., seismic event tree sequence) is determined by the highest (maximum) HCLPF
input.

A seismic event tree is developed for each operating mode. The event tree top events represent
the operation of passive systems that are necessary to mitigate the consequences of the
seismically induced initiating event and to reach a stable situation in the long term. Each top
event corresponds to a seismic fault tree. These fault trees contain the key components subject to
seismic failure. One of the important ground rules of the seismic margin analysis is that all
similar components in a system always fail together.

The HCLPF value of accident sequences obtained from the min-max analysis shows that no
accident sequence has a HCLPF lower than 0.60 g.

18.3.2 Key Features

Loss of structural integrity of one or more key structures due to a seismic event is modeled as
directly leading to core damage. In this analysis, any one or more of these structural failures are
conservatively presumed to result in core damage. The key structures modeled are the reactor
building, containment, RPV pedestal, RPV supports, and control building. The reactor building
has the lowest seismic capacity of these structures (0.67g HCLPF).
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The structural failure nodal fault tree for the shutdown event trees conservatively includes
additional failures related to reactivity control (fuel assemblies, shroud support, and CRD
housings; the fuel assemblies have the lowest seismic capacity, 0.62g HCLPF).

Only passive safety systems are credited in the seismic analysis. The passive concept means that
these systems do not require AC power supply for their actuation. However, a DC power supply
is required for a number of functions in these systems (PCCS is the only fully passive system).
As such, DC power supply is included in the seismic event tree as a separate top event. The
components modeled in the DC nodal fault tree are the batteries, cable trays that contain the
cables associated with DC distribution, and motor control centers. Failure at the DC power node
is modeled as leading directly to a high pressure core damage scenario because all control is lost,
the isolation condensers fail, and the reactor cannot be depressurized.

The full power seismic event tree requires opening of the safety relief valves to prevent RPV
failure due to overpressure. Failure of the safety relief valves to open is modeled as leading
directly to core damage.

Failure of the scram function is dominated by the seismic capacity of the fuel assemblies (0.62g
HCLPF).

Given failure of the scram function, the Standby Liquid Control (SLCS) system is questioned in
the full power seismic event tree. Failure at the SLCS node is modeled as leading directly to
core damage. The SLCS nodal fault tree is dominated by the seismic capacity of the SLCS tank
(0.62g HCLPF).

The other top events in the seismic event tree address the Isolation Condensers, RPV
depressurization, Gravity Driven Cooling, Passive Containment cooling and Fire Protection
Water injection.

18.3.3 Summary of Key Results

The seismic risk analysis uses a seismic margins approach and does not provide probabilistic
core damage frequency or release frequency information. Key insights from the seismic margins
analysis is provided below in a qualitative manner.

Key Initiating Events

The seismic margins analysis shows that no seismic-induced accident sequence has a HCLPF
lower than 0.60g. As such, low magnitude seismic initiating events are not significant
contributors to risk. High magnitude earthquakes, greater than 2 x SSE, are expected to be the
major contributors to the seismic risk profile (this is consistent with past industry seismic PRAs).

Given the low seismic capacity of switchyard -components, the majority of seismic events will
result in a LOPP scenario.

Key Operator Actions

Based on past industry seismic PRAs, seismic risk is dominated by seismic-induced SSC failures
and not by random SSCs failures or human actions. The passive safety systems credited in the
analysis have just a few active components (valves), all with automatic actuation and none with
reliance on human actions that might represent a single failure dominating the- overall system
reliability. Human actions are required only in the long term and as such, given the low
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likelihood of failure for operator actions with very long allowable time windows, human action
errors are judged to be non-significant contributors to the seismic risk profile.

Key Common Cause Failures

Given that the seismic risk profile will be dominated by LOPP scenarios, the key non-seismic-
induced common cause failures are judged to be:

* CCF of 7 Squib Valves in GDCS Lines

* CCF of All DC Batteries

* CCF of All Diesel Generators to Run

* CCF of All Diesel Generators to Start

Key SSCs

The most limiting HCLPF sequences (both 0.62g HCLPF) are seismic-induced loss of DC power
and seismic-induced ATWS due to seismic-induced failure of the fuel channels and seismic-
induced failure of the SLCS tank. Each of these scenarios also involves seismic-induced LOPP.

18.3-3



NEDO-33201 Rev 1

18.4 IMPORTANT FEATURES FROM FIRE ANALYSES

18.4.1 Summary of Analysis

The fire risk analysis shows that the core damage frequency due to fire is a non-significant
contributor to ESBWR core damage risk. The scope of the analysis includes both at-power and
shutdown fire-induced accident scenarios.

The ESBWR internal fires probabilistic risk assessment is performed per the Fire Vulnerability
Evaluation (FIVE) Methodology developed by the Electric Power Research Institute (EPRI).
The FIVE methodology provides procedures for identifying fire compartments for evaluation
purposes, defining fire ignition frequencies, and performing quantitative analyses of fire risk.

The FIVE methodology involves the following three major steps:

(1) Identification of plant areas

(2) Calculation of fire ignition frequencies

(3) Calculation of fire-induced core damage frequencies

Fire ignition frequencies during power operation are estimated using the FIVE methodology and
data. Fire frequencies for shutdown conditions are estimated using the information included in
RES/OERAB/S02-01 "Fire Events Update of U.S. Operating Experience 1986-1999".

The internal events PRA accident sequence structures and system fault trees and success criteria
are used in the calculation of the fire CDF.

The fire risk analysis is performed using conservative assumptions due, in part, to the status of
the development of the design. The key conservative assumptions are summarized below:

(1) Fire areas are grouped to simplify the analysis.. The fire frequency contributions from all
the fire areas in the group are added together. The analysis assumes the worst effects of
fire on all the equipment and systems located in each group of fire areas. Consequently,
the analysis assumes that any fire in any fire area in the group will cause the worst damage.

(2) In the case of the reactor building, the fire frequencies from certain pumps located in the
building (RWCU and CRD) and the fire frequencies from panels, battery chargers and
batteries are added together despite the fact that these items are located in well-separated
locations inside the building. Fires initiated in these separated locations are highly unlikely
to affect divisional equipment.

(3) The analysis assumes that a fire ignition in any fire area continues to grow unchecked into

a fully-developed fire. The analysis does not take credit for any fire suppression (i.e., self-
extinguishment, installed suppression systems, nor manual fire fighting activities).

(4) The analysis assumes that all fires disable all potentially affected equipment in the area.
The analysis does not take credit for the distance between fire sources and targets.

(5) The analysis assumes that all fire-induced equipment damage occurs at t=O.

(6) Every fire in the reactor building is conservatively assumed to result in an IORV initiating
event. This is conservative because only a few cables in the reactor building could result in
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spurious opening of SRVs. In addition, a specific fire-induced circuit failure would be
required to cause the IORV.

The highest risk important component failure in the at-power internal fires risk analysis, using
the F-V importance measure, is common cause failure of the GDCS squib valves to open. The
highest risk important failure in the shutdown internal fires risk analysis is failure of a fire barrier
separating divisional fire areas in the reactor building (this failure is also a dominant failure in
the at-power fire analysis).

The highest risk important post-initiator operator action failure, using the F-V importance
measure, is failure of the operators to recognize the need to manually align low pressure injection
(e.g., fire protection injection). This is the dominant post-initiator action for both internal fire
accidents initiated at-power and during shutdown.

18.4.2 Key Features

Fire protection is achieved through an adequate balance of:

* Preventing fires from starting

* Detecting fires quickly, suppressing those fires by controlling and extinguishing them
quickly, and limiting their damage; and

* Designing plant safety and safety-related systems so that a fire that starts and burns for
considerable time does not prevent essential plant safety functions.

The plant is divided into separate fire areas, and the redundant cables and equipment are
separated with fire barriers to limit any damage caused. by a fire and to provide a means to ensure
that there is sufficient capacity to perform safety functions in case of fire.

The ESBWR plant design has three-hour fire rated barriers separating:

(1) Safety-related systems from any potential fires in nonsafety-related areas that could affect
their ability to perform their safety function;

(2) Redundant divisions or trains of safety-related systems so that both are not subject to
damage from a single credible fire that could consume everything within the given fire
area; fires within inerted containment during plant operation are not considered credible;

(3) Components within a single safety divisionthat could present a fire hazard to other safety-
related components;

(4) Each remote shutdown panel from the other remote. shutdown panel.

The application of these separation. criteria ensures an adequate independence of each safety
system division, such that a single fire can only affect one safety system division. These criteria
are used in the analysis to support definitions of the major fire areas.

Fires in the Control Room have reduced plant impact due to the ESBWR optical fiber design. A
fire in the Control Room cannot cause, for example, a fire-induced inadvertent opening of an
SRV (i.e., IORV initiating event). If evacuation of the Control Room is required because of the
fire, the plant proceeds to a safe shutdown automatically without the need for operator
intervention. The operators monitor the* shutdown from the remote shutdown panels and can
perform manual actions if necessary automatic actuations fail.
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The dominant fire area is the turbine building, due to the comparatively higher fire ignition
frequency and the resulting damage impact given the turbine building is modeled as a single fire
area. In the other key buildings the different divisions are separated by fire barriers and failure
of a fire barrier is estimated at less than 1% given a fire.

18.4.3 Summary of Key Results

The risk importance results for the internal fires PRA are provided in Tables 18-3 (full power)

and 18-4 (shutdown). Key insights from these results are summarized below.

Key Initiating Events

Full Power Internal Fires PRA

The dominant fire initiating events in the full power internal fires PRA are:

* Fire in Turbine Building (80% contribution to full power fire CDF)

* Fire in Rx Bldg. Division I Zone (6% contribution to full power fire CDF)

* Fire in Rx Bldg. Division II Zone (6% contribution to full power fire CDF)

* Fire in Rx Bldg. Division III Zone (3% contribution to full power fire CDF)

* Fire in Rx Bldg. Division IV Zone (3% contribution to full power fire CDF)

Each of the remaining fire initiating events individually represent less than 1%of the full power
internal fires CDF.

Shutdown Internal Fires PRA

The dominant fire initiating events in the shutdown internal fires PRA are:

* Fire in Rx Bldg. Div. II Zone - Mode 5 (33% contribution to shutdown fire CDF)

* Fire in Rx Bldg. Div. I Zone - Mode 5 (31% contribution to shutdown fire CDF)

* Fire in Rx Bldg. Div. IV Zone - Mode 5 (17% contribution to shutdown fire CDF)

* Fire in Rx Bldg. Div. III Zone - Mode 5 (16% contribution to shutdown fire CDF)

Each of the remaining fire initiating events individually represent less than 1% of the shutdown
fire CDF.

Key Operator Actions

Full Power Internal Fires PRA

The dominant operator actions in the full power internal fires PRA are:

* Failure to Recognize Need for LP Makeup (60% contribution to full power fire CDF)

* Failure to Recognize Need for RPV Depressurization (13% contribution to full power•.fire
CDF)

Each of the remaining operator actions individually represent less than 1% of the full power
internal fires CDF.
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Shutdown Internal Fires PRA

The dominant operator actions in the shutdown internal fires PRA are:

* Failure to Recognize Need for RPV Depressurization (63% contribution to shutdown fire
CDF)

* Failure to Start Condensate Pump D (53% contribution to shutdown fire CDF)

* Failure to Start Feedwater Pump D (44% contribution to shutdown fire CDF)

* Failure to Recognize Need for LP Makeup (2% contribution to shutdown fire CDF)

Each of the remaining operator actions individually represent less than 1% of the shutdown
internal fires CDF.

Key Common Cause Failures

Full Power Internal Fires PRA

The dominant common cause failures in the full power internal fires PRA are:

* CCF of 7 Squib Valves in GDCS Lines (35% contribution to full power fire CDF)

* CCF of All Squib Valves (35% contribution to full power fire CDF)

* CCF of DPVs to Open (1% contribution to full power fire CDF)

Each of the remaining common cause failures in the model individually represent less than 1% of
the full power internal fires CDF.

Shutdown Internal Fires PRA

The dominant common cause failures in the shutdown internal fires PRA are:

* CCF of DPVs to Open (6% contribution to shutdown fire CDF)

* CCF of 7 Squib Valves in GDCS Lines (3% contribution to shutdown fire CDF)

* CCF of All Squib Valves (3% contribution to shutdown fire CDF)

* CCF of 3/4 DTMs of SSLC (1% contribution toshutdown fire CDF)

Each of the remaining common cause failures in the model individually represent less than 1% of
the shutdown internal fires CDF.

Key SSCs

Full Power Internal Fires PRA

The dominant system, structure or component random failures in the full power internal fires
PRA are:

* Reactor Building Fire Barrier Fails (16% contribution to full power fire CDF)

* TCCW HXs Bypass Valve Fails to Regulate (9% contribution to full power fire CDF)

* Check Valve #1 in FW Line B Fails to Open (6% contribution to full power fire CDF)

* Check Valve #2 in FW Line B Fails to Open (6% contribution to full power fire CDF)
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• CRD Check Valve F022 Fails to Open (6% contribution to full power fire CDF)

Shutdown Internal Fires PRA

The dominant system, structure or component random failures in the shutdown internal fires
PRA are:

* Reactor Building Fire Barrier Fails (83% contribution to 'shutdown fire CDF)

* Diesel Fire Pump Injection Hardware Failure (9% contribution shutdown fire CDF)

* Div. 3 EMS Fails to Function (7% contribution to shutdown fire CDF)

* DTM of SSLC Div. 3 Fails to Trip (6% contribution to shutdown fire CDF)

* DTM of SSLC Div. 4 Fails to Trip (6% contribution to shutdown fire CDF)
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18.5 IMPORTANT FEATURES FROM FLOODING ANALYSES

18.5.1 Summary of Analysis

The objective of the ESBWR internal probabilistic flood analysis is to identify and provide a
quantitative assessment of the core damage frequency due to internal flood events. It models
potential flood vulnerabilities, in conjunction with random failures modeled as part of the
internal events PRA. A simplified probabilistic flooding approach is employed using general
design assumptions to identify potential flooding vulnerabilities. The scope of the analysis
includes both at-power and shutdown flood-induced accident scenarios.

The buildings included in the analysis scope are the following:

e Reactor Building

* Control Building

* Fuel Building

" Turbine Building

" Electrical Building

* Service Water Building

" Tunnels and Galleries connected with these buildings.

Floods in the remaining ESBWR buildings are not considered in the study because the flood
water cannot propagate to any of the above buildings.

The frequencies of flood scenarios in these buildings are based on generic information.

The analysis considers aspects that affect flood progression in each building. Depending on the
building and the origin of the flood, the following aspects are considered:

* Automatic flood detection systems

* Automatic systems to terminate flooding

* Watertight doors to prevent the progression of flooding

* Other design or construction characteristics that contribute to minimize the consequences
of flooding

The systems inside each building that could represent a flood source are considered. From these
systems, the building flood source that presents the most critical characteristics for flood
progression and which has the capacity to damage mitigation equipment is chosen.

The highest risk important component failure in the internal floods risk analysis, using the F-V
importance measure, is common cause failure of the GDCS squib valves to open. This is the
dominant component failure for both internal flood accidents initiated at-power and during
shutdown.

The highest risk important post-initiator operator action failure in the at-power internal floods
analysis, using the F-V importance measure, is failure of the operators to align FAPCS in LPCI
mode; however, this failure is a non-significant risk contributor to at-power internal flood risk
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(appearing in less than 1% of the at-power internal flood CDF sequences). The highest risk
important post-initiator operator action failure in the shutdown internal floods analysis is failure
of the operators to recognize the need to manually align low pressure injection (e.g., fire
protection injection).

18.5.2 Key Features

This bounding analysis shows that the contribution of floods to the CDF during power or during
shutdown is not significant to the overall plant CDF.

The plant is divided into separate flood areas, redundant equipment are separated by barriers to
limit flood damage. For example, the reactor building is divided into four quadrants, each
containing a safety division. Flood waters flowing to the basement of the reactor building will
not propagate to the Control Building via the cable galleries due to the design arrangements and
features provided.

The dominant scenario is a CIRC pipe break in the turbine building, due to the comparatively
higher frequency and magnitude of flood sources in the turbine building and the less
compartmentalized nature of the turbine building.

Due to the inherent ESBWR flooding mitigation capability, only a small number of flooding
specific design features are key in the mitigation of significant flood sources, for example:

Using watertight doors in the accesses to tunnels and galleries from the Control and
Reactor Buildings.

" Not locating flood sources with a significant volume of water in theControl Building.

* Locating flood sources in the Electrical Building in such a way that a flood does not
affect key components.

* Limiting the volume of water that the FPS can distribute in the Reactor Building.

" Reducing as much as possible the time interval during which the Drywell atmosphere and
the atmosphere of other buildings are communicated through the hatches.

* Locating an automatic CWS pump trip and valve closure on high water level in the
condenser pit.

While timely operator action can limit potential flood damage, all postulated floods can be
mitigated (from a risk perspective) without operator action.

18.5.3 Summary of Key Results

The risk importance results for the internal flooding PRA are provided in Tables 18-5 (full
power) and 18-6 (shutdown). Key insights from these results are summarized below.

Key Initiating Events

Full Power Internal Flooding PRA

The dominant flood initiating event in the full power internal flooding PRA is a CIRC pipe break
in the turbine building, contributing over 99% to the full power internal flooding CDF.
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Each of the remaining flood initiating events individually represent much less than 1% of the full
power internal flooding CDF.

Shutdown Internal Flooding PRA

The dominant flood initiating events in the shutdown internal flooding PRA are:

* CRD Break in Rx Bldg. - Mode 6 (91% contribution to shutdown flood CDF)

0 FPS Break in Rx Bldg. - Mode 6 (5% contribution to shutdown flood CDF)

* FPS Break in Fuel Bldg. - Mode 6 (4% contribution to shutdown flood CDF)

Each of the remaining flood initiating events individually represent much less than 1% of the
shutdown flood CDF.

Key Operator Actions

Full Power Internal Flooding PRA

Operator actions are non-significant contributors to the full power internal flooding risk profile.
All operator actions in the model individually contribute less than 1% to internal flooding CDF.
The highest risk important post-initiator operator action failure in the full power internal floods
analysis, using the F-V importance measure, is Failure to Align FAPCS in LPCI Mode (0.2%
contribution to full power flooding CDF).

Shutdown Internal Flooding PRA

The dominant operator actions in the shutdown internal flooding PRA are:

" Failure to Recognize Need for LP Makeup (57% contribution to shutdown flood CDF)

" Failure to Align FAPCS in LPCI Mode (6% contribution to shutdown flood CDF)

Each of the remaining operator actions individually represent less than 1% of the shutdown
internal flooding CDF.

Key Common Cause Failures

Full Power Internal Flooding PRA

The dominant common cause failures in the full power internal flooding PRA are:

* CCF of 7 Squib Valves in GDCS Lines (41% contribution to full power flood CDF)

* CCF of All Squib Valves (41% contribution to full power flood CDF)

Each of the remaining common cause failures in the model individually represent less than 1% of
the full power internal flooding CDF.

Shutdown Internal Flooding PRA

The dominant common cause failures in the shutdown internal flooding PRA are:

9 CCF of 7 Squib Valves in GDCS Lines (38% contribution to shutdown flood CDF)

e CCF of All Squib Valves (38% contribution to shutdown flood CDF)

Each of the remaining common cause failures in the model individually represent less than 1% of
the shutdown internal flooding CDF.
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Key SSCs

Full Power Internal Flooding PRA

The dominant system, structure or component random failures in the full power internal flooding
PRA are:

* Check Valve #1 in FW Line B Fails to Open (10% contribution to full power flood CDF)

* Check Valve #2 in FW Line B Fails to Open (10% contribution to full power flood CDF)

* CRD Check Valve F022 Fails to. Open (10% contribution to full power flood CDF)

* GDCS Squib Valve F009A/D/E/H/I/L Spuriously Opens (4% contribution to full power
flood CDF for each valve)

* GDCS Squib Valve F009B/C/F/G/J/K Spuriously Opens (3% contribution to full power
flood CDF for each valve)

Shutdown Internal Flooding PRA

The dominant system, structure or component random failures in the shutdown internal flooding
PRA are:

* Diesel Fire Pump Injection Hardware Failure (9% contribution shutdown flood CDF)

e GDCS Pool B in Maintenance (8% contribution to shutdown flood CDF)

* GDCS Squib Valve FOO9A/D/E/H/I/L Spuriously Opens (5% contribution to shutdown
flood CDF for each valve)

* GDCS Squib Valve F009B/C/F/G/J/K Spuriously Opens (3% contribution to shutdown
flood CDF for each valve)

* GDCS Squib Valve F009A/D/E/H Fails to Operate (2% contribution to shutdown flood
CDF for each valve)
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18.6 IMPORTANT FEATURES FROM SUPPRESSION POOL BYPASS AND EX-
CONTAINMENT LOCA ANALYSES

18.6.1 Summary of Analysis Results

Suppression pool bypass pathways, potential pathways for the release of radioactive material that
do not receive the benefits of suppression pool scrubbing, were evaluated.

Ex-containment LOCAs that bypass the suppression pool were evaluated based on event trees.

18.6.2 Logical Process Used to Select Important Design Features

The bypass fraction was used to verify that bypass paths contribute less than 10% of the total
offsite risk from internal event sequences and therefore do not present an undue offsite risk. The
features that contribute to the prevention or mitigation of containment bypass. were
systematically reviewed to evaluate their specific contribution to containment bypass.

The core cooling features that could prevent or mitigate containment bypass were systematically
reviewed to determine their contribution to total CDF. Those features that would increase the
calculated CDF by more than a factor of 2, whether they failed or were not included in the
design, were identified as important features.

DW-WW Vacuum Breakers

Assuming an event leads to wetwell pressurization, the vacuum breakers would open and then
close thereby isolating the drywell from the wetwell. Failure of a DW-WW vacuum breaker to
close following the assumed event provides a significant bypass from the drywell into the
wetwell airspace. A similar scenario happens if a Vacuum Breaker remains open inadvertently
before a Loss of Cooling Accident. If the Containment Inerting System bleed line is opened as
result of the loss of suppression pool function, due to the vacuum breaker failure, there would be
a direct pathway from the drywell/wetwell to the environment. The consequence of a vacuum
breaker failing to close or inadvertently remaining open was evaluated in the PRA..

Redundant MSIVs

There are four main steamlines (MSL), each with two in-series automatic isolation valves. The
MSIVs are a pneumatic operated, spring close, fail-closed design actuated by redundant
solenoids through two-out-of-four logic. If both MSIVs in any one MSL fail to close there will
be a large bypass pathway from the RPV to the Turbine Building. The potential bypass pathway
is large compared to other potential bypass pathways. Therefore, the failure of two MSIVs to
close in any one steamline would result in a higher consequence from a given postulated event.
Although it is extremely unlikely, it is possible that two MSIVs in the same steamline could fail
to close and, depending on the event, the failure could result in a substantial offsite dose
consequence.

Design and Fabrication of the SRV Discharge Lines

The discharge of the SRVs is piped through the drywell airspace to the suppression pool that is
inside the wetwell. To ensure the integrity of the SRV discharge lines, especially in the wetwell
region, these lines are designed and fabricated to Quality Group C requirements and the welds in
the wetwell region above the surface of the suppression pool are non-destructively examined to
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the requirements of ASME Section III, Class 2. The discharge of the SRVs are piped downward
through the drywell/wetwell vent wall and then emerge into the suppression pool below the pool
surface to minimize potential for bypass of the suppression pool as result of a break in one of
these lines in the wetwell airspace that could result in the rapid pressurization of the containment.

Normally Closed Sample Lines and Drywell Purge Lines

The sample lines and drywell purge lines are normally closed during plant power operation.
Although the valves in the sample and drywell purge lines are normally closed in order to limit
the risk of bypass, if one or more of these lines are open when an event initiates a potential
bypass path can exist. Depending on the event and the size and number of lines open, a
substantial fission product release could result in a significant increase in the consequences of a
given event.

Diverse Reactor Water Cleanup System Isolation Valves

In the event of a break in the RWCU system, it is important that the break be isolated. The
probability of not isolating a RWCU line break outside containment is very low due to inclusion
of three automatic diverse isolation valves (in addition to the a remote manual shutoff valve).
Even though the exposed structures and safety related equipment are designed for the loads and
environment that could follow from an unisolated break, there is some potential for failure.
Further, there is some potential for the operator not properly controlling reactor vessel water
level during the recovery phase.

Several plant features treated in the analysis were judged much less important than those
discussed above. These are noted in the following paragraphs.

Piping dimensions are judged to be less important to suppression pool bypass evaluations than
other features. Design dimensions of the plant such as piping size and length determine the flow
split fraction. While important in the evaluation of suppression pool bypass, the evaluation was
based on conservatively low estimates of bypass path resistance. Consequently these features
were not considered important within the context of the final system design, Only much larger
piping sizes in identified pathways would be of concern, but significant variations are not
considered likely.

The level of water in the suppression pool is co"isidered less important than other features.
Higher suppression pool level tends to increase the amount of flow that passes through a bypass
pathway because of the increased resistance within the suppression pool path, This characteristic
is less important to the results because the flow split fraction varies as the square root of the
differential pressure and thus the suppression pool level. Since the suppression pool water level
is limited by the return line elevation to 1.6 m above the normal level of the suppression pool, the
maximum effect on the bypass fraction is about 10%.

The closing of the turbine bypass valve is considered less important than other features. If the
MSIVs fail to close in one of the steamlines, the turbine bypass valve would normally be.
expected to close in response to the Turbine Pressure Control System after RPV pressure has
reduced below normal operating pressure. Failure of this valve to close is one component of the
definition of the main steamline bypass pathway. The: feature is considered- relatively
unimportant in comparison with the reliability of MSIV closure.
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The instrument check valves are also less important than other features. All instruments which
sense RPV or containment parameters contain inline flow-limiting orifice and excess flow check
valves to limit the release in the event of an instrument line break. However due to their small
line size, even if the check valves fail to prevent excess flow, the total bypass fraction from
instruments would only contribute about 1.5% of the total bypass fraction. Therefore this feature
is considered of lesser importance to the results of the bypass evaluation.

Reliable seating of redundant Feedwater and SLC check is considered to be of lesser importance
than other features that prevent or mitigate suppression pool bypass. Because of the relatively.
large line size, failure of the redundant feedwater check valves can lead to a bypass if a break
occurs in the feedwater, RWCU or FAPCS (LPCI) return lines, both check valves fail to prevent
full reverse flow and core damage occurs. Redundant SLC lines also result in a bypass path if the
check valves fail to prevent reverse flow and a piping failure occurs.
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18.7 IMPORTANT FEATURES FROM TORNADO ANALYSES

18.7.1 Summary of Analysis

The analysis involves the following three major steps:

(1) Tornado hazard frequency

(2) Tornado-induced plant impacts

(3) Calculation of tornado-induced core damage frequencies

The tornado hazard frequency is based on generic data. The tornado-induced plant impacts are
based on a qualitative evaluation based on ESBWR plant design criteria. The internal events
PRA accident sequence structures and system fault trees and success criteria are used in the
calculation of the tornado CDF.

Both at-power and shutdown tornado-induced accident scenarios are quantified.

18.7.2 Key Features

Due to the strength of construction of the ESBWR Category I buildings, the effects of a tornado
strike are limited primarily to long-term LOPP and potential CST failure (this is consistent with
past industry tornado studies).

The following additional ESBWR key features further minimize tornado risk:

* Diesel driven fire protection water injection as an alternative RPV injection method

* 24-hr DC battery life.

18.7.3 Summary of Key Results

The risk importance results for the tornado PRA are provided in Tables 18-7 (full power) and 18-
8 (shutdown). Key insights from these results are summarized below.

Key Operator Actions

Full Power Tornado PRA

The highest risk important post-initiator operator action failure in the full power tornado
analysis, using the F-V importance measure, is Failure to Recognize the Need for LP Makeup
(78% contribution to full power tornado CDF).

All other operator actions in the model individually represent less than 1% of the full power
tornado CDF.

Shutdown Tornado PRA

Operator actions are non-significant contributors to the shutdown tornado risk profile.

Key Common Cause Failures

Full Power Tornado PRA

The dominant common cause failures in the full power tornado PRA are:

* CCF of 7 Squib Valves in GDCS Lines (48% contribution to full power tornado CDF)

18.7-1



NEDO-33201 Rev 1

* CCF of All Squib Valves (48% contribution to full power tornado CDF)

* CCF of All DC Batteries (3% contribution to full power tornado CDF)

Each of the remaining common cause failures in the model individually represent less than 1% of
the full power tornado CDF.

Shutdown Tornado PRA

The dominant common cause failure in the shutdown tornado PRA is CCF of All DC Batteries.

Key SSCs

Full Power Tornado PRA

The dominant system, structure or component random failures in the full power tornado PRA
are:

9 Diesel Generator A Fails to Start (6% contribution to full power tornado CDF)

* Diesel Generator B Fails to Start (6% contribution to full power tornado CDF)

* CB from Transformer A Fails to Open (3% contribution to -full power tornado CDF)

C GB from Transformer B Fails to Open (3% contribution to full power tornado CDF)

Shutdown Tornado PRA

The shutdown tornado risk profile is dominated by common cause failure of the DC batteries.
Random SSC failures are non-significant risk contributors.
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18.8 IMPORTANT FEATURES FROM SHUTDOWN EVENTS ANALYSES

18.8.1 Summary of Analysis

The internal events shutdown analysis evaluates the potential for core damage during shutdown
modes (i.e., Modes 5, 6-Unflooded, and 6-Flooded). The analysis focuses on the following safety
functions:

(1) Decay heat removal

(2) Inventory control

The evaluation encompasses plant operation in shutdown modes and addresses conditions in
which there is fuel in the RPV. It includes all aspects of the NSSS, the containment, and all
systems that support operation of the NSSS and containment.

18.8.2 Key Features

The capabilities and features identified as being important to safety are discussed below. Only
those features with key importance to shutdown PRA are discussed here. Although, most of the
features described in Section 18.2 (important features based on the full power PRA) also
contribute to reducing shutdown CDF.

The highest risk important component failure in the internal events shutdown risk analysis, using
the F-V importance measure, is common cause failure of the DC batteries.

The highest risk important post-initiator operator action failure in the internal -events shutdown
risk analysis, using the F-V importance measure, is failure of the operators to close the DW hatch
during instrument line break scenarios inside containment.

Decay Heat Removal

Isolation Condenser System (ICS). During Mode 5, the ICS is able to maintain reactor pressure
and temperature within an acceptable range so that Safety/Relief valves will not lift (as a result
of pressure increases to lift set-point). The system is a safety related system featuring four totally
independent loops and is designed with a single failure criterion. This is a significant feature of
ESBWR design that provides full decay heat removal capability in all transients with loss of
normal heat sink during Modes 1 through 5. The ICS is not viable during Mode 6 when the RPV
is open. The system shares the passive heat sink of water in the IC/PCC pools with the Passive
Containment Cooling System. The IC/PCC pools provide enough water inventory for decay heat
removal beyond 72 hours. The system redundancy, independence and diversity of actuation
signals greatly reduce the contribution of Mode 5 to shutdown CDF.

Reactor Water Cleanup / Shutdown Cooling System (RWCU/SDC). RWCU/SDC has two trains
in operation during the cooldown phase of shutdown (which is the most critical, as decay heat is
still significant). However, one single train has enough decay heat removal capacity to maintain
reactor pressure vessel temperature within acceptable limits during this phase, as well as other
phases of shutdown. The resulting low frequency of loss of RWCU/SDC initiators contributes to
lowing the ESBWR shutdown CDF due to loss of decay heat removal.

Water inventory in-vessel and in the reactor building upper pools. The large amount of water
stored in the vessel provides a reliable, passive heat sink during all phases of Mode 6, increasing
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• the time margin for operator actions. Once the reactor cavity has been flooded, water inventory
in the reactor building upper pools ,further increases the heat sink capacity, making loss of decay
heat removal core damage accidents during Mode 6-Flooded negligible risk contributors.

Gravity Driven Cooling System .(GDCS). GDCS does not rely upon cooling systems or external
power, making it available to mitigate all. initiating events considered. This system features four
independent and separated divisions designed with single failure criteria, which substantially
reduces the calculated CDF for sequences mitigated by GDCS.

Injection Mode of Fire Protection System (FPS). Although not a passive system, the FPS features
a diesel engine powered pump, allowing it to effectively mitigate Loss of Preferred Power and
Loss of RCCWS/PSWS events, thus contributing to the reduction of shutdown CDF.

Inventory Control

Containment Isolation. Loss of Coolant Accidents outside containment are negligible
contributors to shutdown risk based on a number of ESBWR design features:

" These events can only occur in RWCU/SDC piping, as this is the only system extracting
reactor coolant from containment in Mode 6, the rest of the RPV vessel piping is isolated.
(LOCAs outside containment during Mode 5 are addressed in the at-power PRA.)

" The RWCU/SDC containment penetrations have redundant and automatic power-
operated containment isolation valves that close on signals from the leak detection and
isolation system, and the reactor protection system.

" The leak detection and isolation system, utilizing a two-out-of-four logic; closes the
containment isolation valves on detection of high flow in the ASME Section III Class 1
portion of the RWCU/SDC piping system or on detection of high temperature in the Main
Steam Tunnel. These independent methods provide a diverse means of detecting large
breaks in the RWCU/SDC piping.

" A postulated break in the RWCU/SDC piping system inside the Reactor Building, which
would otherwise allow reactor coolant to flow backwards through main feedwater lines
and to spill into the Reactor Building, is isolated by the redundant RWCU/SDC check
valves even if a single failure of one check valve is assumed.

Reactor Water Cleanup / Shutdown Cooling System (RWCU/SDC). The specific design of
ESBWR significantly reduces the number of potential RPV draindown pathways due to system
misalignment during shutdown conditions. In particular, as compared to Residual Heat Removal
System in current BWRs, the RWCU/SDCS in the ESBWR does not have. the potential for
diverting RPV inventory to the suppression pool through SP suction, return or spray lines. In
addition, the absence of recirculation lines in the ESBWR design further reduces the potential
RPV draining paths.

18.8.3 Summary of Key Results

The risk importance results for the internal events shutdown PRA are provided in Table 18-9.
Key insights from these results are summarized below.

Key Initiating Events

The dominant initiating events in the internal events shutdown PRA are:
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* Instrument Line Break Below TAF - Mode 6, Flooded (42% contribution to internal
events shutdown CDF)

a LOPP - Mode 6, Unflooded (31% contribution to internal events shutdown CDF)

" RWCU/SDC Drain Line Break Below TAF - Mode 6, Flooded (12% contribution to
internal events shutdown CDF)

" Instrument Line Break Below TAF - Mode 6, Unflooded (10% contribution to internal
events shutdown CDF)

* RWCU/SDC Drain Line Break Below TAF - Mode 6, Unflooded (3% contribution to
internal events shutdown CDF)

Each of the remaining initiating events individually represent less than 1% of the internal events
shutdown CDF.

Key Operator Actions

Operator actions are non-significant contributors to shutdown risk. The dominant'post-initiator
operator action in the internal events shutdown PRA is Failure to Recognize Need for LP
Makeup (1% contribution to internal events shutdown CDF).

Each of the remaining post-initiator operator. actions ýindividually represent less than 1% of the
internal events shutdown CDF.

The dominant recovery action is Failure to Recover Offsite Power. The model includes multiple
LOPP recovery actions for different operating modes, collectively they contribute approximately
31% to internal events shutdown CDF.

Key Common Cause Failures

The dominant common cause failure in the internal events shutdown PRA is CCF of All DC
Batteries (1% contribution to internal events shutdown CDF).

Each of the remaining CCF events in the PRA individually represent less than 1% of the internal
events shutdown CDF.

Key SSCs

Random failures of systems, structures or components are not significant contributors to the
internal events shutdown CDF.
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18.9 ESBWR FEATURES TO MITIGATE SEVERE ACCIDENTS

The ESBWR is designed to minimize the potential of a core damage accident. In fact, the
probability of a core damage accident is significantly less than 1 chance in 1 million. This
represents an improvement in severe accident prevention when compared to current plants. In the
extremely unlikely event of a core damage accident, the ESBWR containment is designed with.
specific mitigating capabilities. These capabilities not only mitigate the consequences of a severe
accident but also address uncertainties in severe accident phenomena. The capabilities and
associated severe accident phenomena are discussed below. The severe accident issues addressed
are consistent with the issues discussed in SECY 90-016.

AC-Independent Fire Water Addition System

This Fire Protection System (FPS) and Fuel and Auxiliary Pools Cooling System (FAPCS) not
only play an important role in preventing core damage, but they are the backup source of water
for flooding the lower drywell should the core become damaged and relocate into the
containment (the primary source is the deluge subsystem pipes of the Gravity Driven Cooling

• System). The primary injection path is via LPCI injection, through feedwater and into the reactor
pressure vessel. Flow can also be delivered directly to the drywell through the drywell spray
header. The drywell spray mode of this system not only provides for debris cooling, but it also
directly cools the upper drywell atmosphere and provides scrubbing of airborne fission products.
This system has sufficient capacity to cover the ex-vessel core debris and provide debris cooling
and scrub fission products released as a result of continued core-concrete interactions.

The system operating in the drywell spray mode also reduces the consequences -of a suppression
pool bypass or containment isolation failure. This is due to the fission product removal function
performed by this mode of operation.

The system is sized to optimize the containment pressure response and slow the rate of
containment pressurization.

GDCS Deluge Subsystem

The lower drywell deluge subsystem is included in the ESBWR design to provide primary cavity
flooding in the event of core debris discharge from the reactor vessel. The melting of a fusible
plug actuates the thermally activated squib valves. The system consists of four independent
deluge lines, each is further branched into three lines, located about 4 m below the normal
suppression pool water level discharging into the lower drywell about 1 m above the floor. Only
two of the valves are required to open to remove decay heat energy and the energy from
zirconium-water reaction and allow for quenching of the debris. The passive flooder will not
open until after vessel failure. By flooding after the introduction of core material, the potential
for energetic core-water interactions during debris discharge is minimized. The flooder will
cover the core debris with water providing for debris cooling and scrubbing any fission products
released from the debris due to core-concrete interactions.

Containment Inerting System Bleed Line

The Containment Inerting System Bleed Line has air operated valves mounted on a line that
connects the wetwell airspace to the reactor building HVAC discharge. This system will provide
for a scrubbed release path in the event that pressure in the containment cannot be maintained
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below the structural limit. The path can be opened or closed at pressures up to the ultimate
capability of the containment.

Vessel Depressurization

The ESBWR reactor vessel is designed with a highly reliable depressurization system. The
nitrogen supply and battery capacity are sufficient to allow depressurization after potential IC
failures. This system plays a major role in preventing core damage. However, even in the event
of a severe accident, the RPV depressurization system can prevent the -effects of direct
containment heating (DCH) from high pressure core melt ejection. If the reactor vessel fails at an
elevated pressure, fragmented core debris could be transported into the upper drywell. The
resulting heatup of the upper drywell could pressurize and fail the drywell. The ESBWR has
many different means of depressurizing the vessel, thus reducing the potential for high pressure
core melt ejection.

Inerted Containment

One of the important severe accident consequences is the generation of combustible :gases.
Combustion of these gasses could increase the containment temperature and pressure. The
ESBWR containment is inerted during operation to minimize the impact from the generation of
these gases.

Containment Isolation

The ESBWR containment design strives to minimize. the number of penetrations. This impacts
the severe accident response due to a smaller probability of containment isolation failure. All
lines that originate in the reactor vessel or the containment have dual barrier protection that is
generally obtained by redundant isolation valves. Lines that are considered non-essential in
mitigating an accident isolate automatically in response to diverse isolation signals. Lines which
may be useful in mitigating an accident have means to detect leakage or breaks -and may be
isolated should this occur.

Upgraded Low Pressure Piping

The low pressure piping that could be exposed to RPV pressure is upgraded in the ESBWR
design to withstand RPV rated pressure. This reduces the probability of an interfacing system
LOCA and the severe accident consequences associated with such an event.

Drywell-Wetwell Vacuum Breakers

The ESBWR contains three vacuum breakers that provide positive position indication in the
Control Room. Failure of the vacuum breakers to close as designed can potentially lead to
increased source terms and early containment failure. If the operators have indications that any
of the vacuum breakers has failed or is leaking there is a built-in provision to isolate the failed
component. The vacuum breakers are located high in the- wetwell to reduce potential loads
occurring during pool swell. The analysis in the PRA assumes that the position switch that
provides annunciation in the Control Room can sense a gap between the disk and the seating
surface lower than 1 cm' (0.155 in2). Additionally, the vacuum breakers are tested during
periodic outages to ensure operability. The result of the vacuum breaker design in the ESBWR is
to reduce the potential for suppression pool bypass.
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Overall Containment Performance

The design of the ESBWR containment provides -for holdup and delay for fission product release
should the containment integrity be challenged. The containment design is a low leakage that is
expected to apply to severe accidents. Long term containment pressurization is governed by the
generation of decay heat and non-condensable gases. The primary source of noncondensable gas
generation is metal-water reaction of the zirconium in the core. The containment is designed to
withstand the generation of 100% metal-water reaction of the clad surrounding the fuel. The
ultimate strength capability is important for rapid containment challenges such as direct
containment heating and rapid steam generation. The mitigating systems discussed above ensure
that the decay energy results in steam production. The suppression pool absorbs this energy,
resulting in very slow containment response that ensures ample time for fission product removal.

Basemat Internal Melt Arrest and Coolability Device (BiMAC)

The ESBWR design uses a passively-cooled boundary that is impenetrable by the core debris in
whatever configuration it could possibly exist on the lower drywell (LDW) floor. For ex-vessel
implementation, this boundary is provided by a series of side-by-side inclined pipes, forming a
jacket which can be effectively and passively cooled by natural circulation when subjected to
thermal loading on any portion(s) of it. Water is supplied to this device from the GDCS pools
via a set of squib-valve-activated deludge lines. The timing and flows are such that (a) cooling
becomes available immediately upon actuation, and (b) the chance of flooding the LDW
prematurely, to the extent that this opens up a vulnerability to steam explosions, is very remote.
The jacket is buried inside the concrete basemat and would be called into action only in the event
that some or all of the core debris on top is non-coolable.

Analyses have shown that the containment will not fail by Basemat melt-through or by
overpressurization as long as the BiMAC functions.
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Table 18-1

Important Initiating Events with Internal Events CDF Contributions >0.05%

IE Prob
Initiating Event (IE) [/yr] CDF [/yr] Contribution

T-LOPP: Loss of Preferred Power 4.60E-2 1.67E-08 57.04%

T-FDW: Loss of Feedwater Transient 9.25E-2 1.20E-08 41.09%

ML-L: Medium Liquid LOCA 2.51E-5 2.23E-10 0.76%

T-GEN: General Transient 1.30E+O 1.30E- 10 0.44%

T-IORV: Inadvertent Open Relief Valve Transient 4.60E-2 1.17E-10 0.40%

T-PCS: Transient with PCS Unavailable 3.74E-1 3.70E- 11 0.13%

LL-S-FDWB: Large Steam LOCA in FDW Line B 7.42E-6 2.36E-1 1 0.08%

Total J 2.92E-08 100%
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Table 18-2

Internal Events Full Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Internal Event Full Power
Core Damage Frequency = 2.82E-08

Event Name Probability F-V RAW Description
XXX-XHE-FO-LPMAKEUP 1.61E-01 7.20E-01 4.75 OP:.FAILS TO RECOG. NEED FOR LOW PRESS. MAKEUP (LOCA)

E50-SQV-CF-GDCS7OPEN L.50E-05 4.32E-01 2.88E+04 CCF OF 7 SQUIB VALVES IN GDCS LINES TO OPEN
E50-SQV-CF-OPENALL 1.50E-05 4.32E-01 2.88E+04 CCF Of. ALL SQUIB VALVES TO OPEN
RI I-SYS-FF-NOREC 6.13E-01 3.55E-01 1.22 FAILURE IN OFFSITE POWER RECOVERY

G21-XHE-MH-F334 4.80E-02 2.08E-01 5.13 MISPOSITION OF VALVE F334

C12-XHE-MH-FO13A 4.80E-02 1.80E-01 4.58 MISPOSITION OF , VALVEF3A

C12-XHE-MH-FO13B 4.80E-02 1.80E-01 4.58 MISPOSITION OF VALVE F013A

C1.2-XHE-MH-FO5A 4.80E-02 1.80E-01 4.58 MISPOSITION OF VALVE FOIA

CI2-XHE-MH-FO15B 4.80E-02 1.80E-01 4.58 MISPOSITION OF VALVE F015B

P30-XHE-MH-FO15 4.80E-02 7.94E-02 2.58 MISPOSITION OF VALVE FOIT
B21-UV -CC-FI02B 1.60E-03 6.01E-02 38.55 CHECK VALVE #1 IN FEEDWATER LINE B FAILS TO REOPEN

B21-UV -CC-F103B 1.60E-03 6.0IE-02 38.55 CHECK VALVE #2 IN FEEDWATER LINE B FAILS TO REOPEN

C12-UV -CC-F022 1.60E-03 6.01E-02 38.55 CHECK VALVE F022 FAILS TO OPEN
R21-DG -FR-DGA 5.60E-02 5.42E-02 1.91 DIESEL GENERATOR "A" FAILS TO RUN GIVEN START

R2 1-DG -FR-DGB 5.60E-02 4.84E-02 1.82 DIESEL GENERATOR "B" FAILS TO RUN GIVEN START

C12-XHE-MH-FO18A 1.20E-02 3.60E-02 3.96 MISPOSITION OF VALVE FOI8A

C12-XHE-MH-FO2IA 1.20E-02 3.60E-02 3.96 MISPOSITION OF VALVE F02IA

C12-XHE-MH-FO03B 1.20E-02 2.9 1E-02 3.39 MISPOSITION OF VALVE F003B

CI2-XHE-MH-FO18B 1.20E-02 2.91 E-02 3.39 MISPOSITION OF VALVE F0I8B

CI2-XHE-MH-FO21B 1.20E-02 2.91 E-02 3.39 MISPOSITION OF VALVE F02IB
R21-DG -FS-DGA 1.40E-02 2.60E-02 2.83 DIESEL GENERATOR "A" FAILS TO START

R21-DG -FS-DGB .1.40E-02 2.47E-02 2.74 D/G "B" FAILS TO START AND LOAD

E50-SQV-CO-FO09A 3.50E-03 2.44E-02 7.96 SQUIB DELUGE VALVE F009A SPUR. OPENING [#7]

E50-SQV-CO-FO09D 3.50E-03 2.44E-02 7.96 SQUIB DELUGE VALVE F009D SPUR. OPENING [#7]

E50-SQV-CO-FO09E 3.50E-03 2.44E-02 7.96 SQUIB DELUGE VALVE F009E SPUR. OPENING [#7]
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Table 18-2

Internal Events Full Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Internal Event Full Power
Core Damage Frequency = 2.82E-08

Event Name Probability F-V RAW Description.
E50-SQV-CO-FO09H 3.50E-03 2.44E-02 7.96 SQUIB DELUGE VALVE F009H SPUR. OPENING [#7]

E50-SQV-CO-F0091 3.50E-03 2.44E-02 7.96 SQUIB DELUGE VALVE F0091 SPUR. OPENING [#7]

E50-SQV-CO-FO09L 3.50E-03 2.44E-02 7.96 SQUIB DELUGE VALVE F009L SPUR. OPENING [#7]

P21-XHE-FO-STDBYPUMP 2.69E-01 1.73E-02 1.05 OP. FAILS MAN. ACT. OF STDBY PUMP WHEN AUT. ACTUATION FAIL

E50-SQV-CO-FO09B 3.50E-03 1.69E-02 5.81 SQUIB DELUGE VALVE F009B SPUR. OPENING [#7]

E50-SQV-CO-FO09C 3.50E-03 1.69E-02 5.81 SQUIB DELUGE VALVE F009C SPUR. OPENING [#7]

E50-SQV-CO-FO09F 3.50E-03 1.69E-02 5.81 SQUIB DELUGE VALVE F009F SPUR. OPENING [#7]
E50-SQV-CO-FO09G 3.50E-03 1.69E-02 5.81 SQUIB. DELUGE VALVE F009G SPUR. OPENING [#7]

E50-SQV-CO-FO09J 3.50E-03 1.69E-02 5.81 SQUIB DELUGE VALVE F009J SPUR. OPENING [#7]

E50-SQV-CO-FO09K 3.50E-03 1.69E-02 5.81 SQUIB DELUGE VALVE F009K SPUR. OPENING [#7]

RI I-MCB-CC-XFRMAA2 7.96E-03 1.40E-02 2.74 CIRCUIT BREAKER FROM XFRM-A FAILS TO OPEN

R22-MCB-CC-ILOADI 7.96E-03 1.40E-02 2.74 CIRCUIT BREAKER TO LOAD I FAILS TO OPEN

R22-MCB-CC-I LOAD2 7.96E-03 1.40E-02 2.74 CIRCUIT BREAKER TO LOAD 2 FAILS TO OPEN

R22-MCB-CC-ILOAD3 7.96E-03 1.40E-02 2.74 CIRCUIT BREAKER TO LOAD 3 FAILS TO OPEN

R22-MCB-CC-ILOAD4 7.96E-03 1.40E-02 2.74 CIRCUIT BREAKER TO LOAD 4 FAILS TO OPEN

R22-MCB-CC-ILOADS 7.96E-03 1.40E-02 2.74 CIRCUIT BREAKER TO LOAD 5 FAILS TO OPEN

C12-MOV-CC-FO14A 4.OOE-03 1.34E-02 4.33 MOTOR OPER. VALVE FO14A FAILS TO OPEN

C12-MOV-CC-FO14B 4.OOE-03 1.34E-02 4.33 MOTOR OPER. VALVE F014B FAILS TO OPEN

U43-SYS-FF-LPCI 2.40E-02 1.34E-02 1.55 U43 HARDWARE FAILURES

RI I-MCB-CC-XFRMBB2 7.96E-03 1.33E-02 2.65 CIRCUIT BREAKER FROM XFRM-B FAILS TO OPEN

R22-MCB-CC-2LOAD1 7.96E-03 1.33E-02 2.65 CIRCUIT BREAKER TO LOAD I FAILS TO OPEN

R22-MCB-CC-2LOAD2 7.96E-03 1.33E-02 2.65 CIRCUIT BREAKER TO LOAD 2 FAILS TO OPEN

R22-MCB-CC-2LOAD3 7.96E-03 1.33E-02 2.65 CIRCUIT BREAKER TO LOAD 3 FAILS TO OPEN

R22-MCB-CC-2LOAD4 7.96E-03 1.33E-02 2.65 CIRCUIT BREAKER TO LOAD 4 FAILS TO OPEN

R22-MCB-CC-2LOAD5 7.96E-03I 1.33E-02 2.65 CIRCUIT BREAKER TO LOAD 5 FAILS TO OPEN
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Table 18-2

Internal Events Full Power Importance Measure Report

F-V and RAW Importance Measures Report.
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Internal Event Full Power
, Core Damage Frequency = 2.82E-08
Event Name Probability- F-V RAW Description

RI6-BT -CF-ALLBATT 9.00E-06 1.23E-02 1.37E+03 BATTERY CCF #2

C12-MOV-CC-FO20A 4.OOE-03 1.14E-02 3.84 MOTOR OPER. VALVE F020A FAILS TO OPEN

R2 I-DG -TM-DGA 6.OOE-03 1.05E-02 2.74 STANDBY DIESEL GENERATOR "A" IN MAINTENANCE

E50-SQV-CC-FO02A 3.OOE-0.3 1.04E-02 4.46 SQUIB VALVE FO02A FAILS TO OPERATE

E50-SQV-CC-FO02D 3.OOE-03 .1,04E-02 4.46 SQUIB VALVE F002D FAILS TO OPERATE

E50-SQV-CC-FO02E 3.OOE-03 1.04E-02 4.46 SQUIB VALVE F002E FAILS TO OPERATE

E50-SQV-CC-F002H 3.0OE-03 1.04E-02 4.46 SQUIB VALVE F002H FAILS TO OPERATE

R2 I-DG -TM-DGB 6.OOE-03 9.94E-03 2.65 STANDBY DIESEL GENERATOR "B" IN MAINTENANCE

C12-MOV-CC-FO2OB 4.OOE-03 9.13E-03 3.27 MOTOR OPER. VALVE F020B FAILS TO OPEN

C12-MOV-FC-F020A 3.13E-03 8.80E-03 3.81 FLOW CONTROL A FAILS WIDE OPEN

U43-XHE-FO-LPCIADS 1.61E-02 8.30E-03 1.51 OPERATOR FAILS TO ACTUATE U43 IN LPCI MODE AFTER ADS

RI I-SYS-FF-NOREC24 1.77E-01 8.27E-03 1.04 Conditional Probability that offsite power is recovered within 24 hours

R21 -DG -CR-ALLDG 4.44E-03 7.72E-03 2.73 CCF OF DIESEL GENERATORS TO RUN

R16-BT -TM-R16BTA2 i.OOE-03 7.36E-03 8.35 BATTERY R16-BTA2 IN TEST

R16-BT -TM-Rl6BTB2 L.OOE-03 7.36E-03 8.35 BATTERY R16-BTB2 IN TEST

E50-SYS-FF-MLLOCA 3.79E-01 7.29E-03 1.01 PROBABILITY OF MEDIUM LOCA IN GDCS LINES

R21-DG -CS-ALLDG 8.52E-04 7.08E-03 9.3 CCF OF DIESEL GENERATORS TO START AND LOAD

C 12-MOV-FC-FO20B 3.13E-03 7.04E-03 3.25 FLOW CONTROL B FAILS WIDE OPEN

R21-SYS-FC-FUELDG4 4.OOE-03 6.88E-03 2.71 FUEL OIL STORAGE & TRANSFER SYSTEM FAILURE [#14]

C 12-SYS-TM-TRAINB 3.OOE-03 6.70E-03 3.23 TRAIN B IN MAINTENANCE

C71-SYS-FF-SCRAM 1.OOE-08 6.64E-03 6.58E+05 SCRAM FAILURE

R21-SYS-FC-FUELDG5 4.OOE-03 6.52E-03 2.62 FUEL OIL STORAGE & TRANSFER SYSTEM FAILURE [#14]

G21-ACV-CC-F332 2.OOE-03 6.39E-03 4.19 AOV F332 FAILS TO OPERATE TO NOT DEENERG.POS.

C12-.MP_-FS-C001 BOIL 2.40E-03 5.3 I E-03 3.21 MOTOR-DRIVEN AUX. OIL PUMP FOR COOIB FAILS TO START

CI2-MPC-FS-C0OOB 2.40E-03 5.3 IE-03 3.21 MOTOR-DRIVEN PUMP COOIB FAILS TO START
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Table 18-2

Internal Events Full Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Internal Event Full Power
Core Damaae Frequency = 2.82E-08

Event Name Probability F-V RAW Description
E50-UV_-OC-FOO3A 1.75E-03 5.2 1E-03 3.97 CHECK VALVE F003A FAILS TO REMAIN OPEN OR PLUG

E50-UV_-OC-FOO3D 1.75E-03 5.2 1E-03 3.97 CHECK VALVE F003D FAILS TO REMAIN OPEN OR PLUG

E50-UV -OC-FOO3E 1.75E-03 5.2 1E-03 3.97 CHECK VALVE F003E FAILS TO REMAIN OPEN OR PLUG

E5O-UV -OC-FOO3H 1.75E-03 5.21 E-03 3.97 CHECK VALVE F003H FAILS TO REMAIN OPEN OR PLUG

B21-UV -CC-F! 02A 1.60E-03 5.02E-03 4.14 CHECK VALVE F-I02A IN FEEDWATER LINE A FAILS TO OPEN

B21-UV -CC-FIO3A 1.60E-03 5.02E-03 4.14 CHECK VALVE F IO3A IN FEEDWATER LINE A FAILS TO OPEN

G21-UV -CC-F333 1.60E-03 5.02E-03 4.14 CHECK VALVE F333 FAILS TO OPEN

C62-VLU-CF-DIDALL 3.12E-05 4.97E-03 160.14 CCF OF VOTER LOGIC UNITS

P22-ACV-FT-BYPASS 2.00.E-03 4.76E-03 3.38 HEAT EXCHANGERS BYPASS.VALVE FAILS TO REGULATE

C12-MP_-FS-COOIAOIL 2.40E-03, 4.15E-03 2.72 MOTOR-DRIVEN AUX. OIL PUMP FOR COOIA FAILS TO RESTART

C12-MPC-FS-COOIA 2.40E-03 4.15E-03 2.72,MOTOR-DRIVEN PUMP COOIA FAILS TO START

P2 I-ACV-FT-F022A 2.OOE-03 3.57E-03 2.78 AIR OPERATED VALVE F022A FAILS TO TRANSFER

P2.1-ACV-FT-F22B 2.OOE-03 3.57E-03 2.78 AIR OPERATED VALVE F022B FAILS TO TRANSFER

P21-ACV-FT-F025A 2.OOE-03 3.57E-03 2.78 AIR OPERATED VALVE F025A FAILS TO TRANSFER

P21-ACV-FT-FO25B 2.OOE-03 3.57E-03 2.78 AIR OPERATED VALVE F025B FAILS TO TRANSFER

R16-BT -TM-RI6BTAI 1.OOE-03 3.44E-03 4.44 BATTERY RI6-BTAI IN TEST

R16-BT -TM-RI6BTBI 1.OOE-03 3.35E-03 4.35 BATTERY RI6-BTBI IN TEST

R16-BT -LP-RI6BTA2 5.OOE-04 3.25E-03 7.5 BATTERY RI 6-BTA2 FAILS TO PROVIDE OUTPUT

RI6-BT -LP-RI6BTB2 5.00E-04 3.25E-03 7.5 BATTERYRI 6-BTB2 FAILS TO PROVIDE OUTPUT

U43-SYS-FF-YARD 2.OOE-03 3.16E-03 2.58 HARDWARE FAILURES IN YARD AREA

13-INV-FC-R,3A2 4.80E-04 3.12E,-03 7.5 INVERTER TO R13-A2 FAILS

RI3-INV-FC-RI3B2 4.80E-04 3.12E-03 7.5 INVERTER TO R13-B2 FAILS

N21-ACV-OC-FO18 1.31 E-03 2.95E-03 3.24 AIR OPERATED VALVE N21-F018 FAILS TO REMAIN OPEN
[J43-XHE-FO-YARD 1.77E-03 2.79E-03 2.57 OPERATOR FAILS TO MAKE UP FROM YARD AREA

R22-RE -FD-IOAI I 8.OOE-04 2.63E-03 4.28 UNDERVOLTAGE RELAY FOR R22-IOAI I FAILS TO OPERATE
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Table 18-2

Internal Events Full Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Internal Event Full Power
.... __Core Damage Frequency = 2.82E-08

Event Name Probability F-V RAW ,. .. Description
XXX-XHE-FO-ICPCCS 1.61E-03 2.57E-03 2.59 OPERATOR FAILS TO RECOGNIZE NEED OF MAKE UP TO IC/PCCS POOLS

R22-RE_-FD-I0A21 8.OOE-04 2.56E-03 4.2 UNDERVOLTAGE RELAY SENSING VOLTAGE ON BUS 10A21 FAILS

B21-LT -CF-NO01ABCD 1.20E-07 2.42E-03 2.02E+04 CCF OF DIVERSIFIED LEVEL 1& 2 TRANSM. 1A/B/C/D

021-UV -TM-F332/333 8.OOE-04 2.32E-03 3.89 MAINTENANCE FOR CV F332 OR CV F333

B32-SYS-TM-ICA 4.16E-02 2.18E-03 1.05 IC "A" UNAVAILABLE [# 7]

C12-MCB-OO-C001B L.00E-03 2.12E-03 3.12 CIRCUIT BREAKER FOR C001B & AUX OIL PMP B FAILS TO CLOSE

H23-EMS-FC-DIVADID 6.00E-04 1.93E-03 4.21 ESSENTIAL MULTIPLEXING SYSTEM DIV A (DID) FAILS TO FUNCTION

E50-STR-CF-SPPLUG 3.75E-04 1.92E-03 6.1 CCF FILTER/STRAINER IN PSP TO PLUG

H23-EMS-FC-DIVBDID 6.00E-04 1.87E-03 4.12 ESSENTIAL MULTIPLEXING SYSTEM DIV B (DID) FAILS TO FUNCTION

B2 I-SQV-CF-DPVOPEN 1.50E-05 1.71E-03 I 15.19 CCF OF DPV'S TO OPEN

XXX-XHE-FO-DEPRESS 1.61E-0I 1.67E-03 1.01 OPERATOR FAILS TO RECOGNIZE NEED OF DEPRESSURIZATION

C12-MCB-OO-C0OIA 1.00E-03 1.63E-03 2.63 CIRCUIT BREAKER FOR COOIA & OIL PUMP A FAILS TO CLOSE

R16-BT -LP-R16BTAI 5.00E-04 1.59E-03 4.17 BATTERY RI6-BTAI FAILS TO PROVIDE OUTPUT

R16-BT -LP-RI6BTBI 5.00E-04 I.54E-03 4.08 BATTERY R16-BTBI FAILS TO PROVIDE OUTPUT

C62-DTM-FC-N IEA 9.OOE-04 1.51 E-03 2.67 DIGITAL TRIP MODULE TRAIN A NO I E FAILS

C62-DTM-FC-NIEB 9.00E-04 1.5 IE-03 2.67 DIGITAL TRIP MODULE TRAIN B NO IE FAILS

RI 3-INV-FC-RI3AI 4.80E-04 1.51 E-03 4.14 INVERTERTO RI 3-Al FAILS

R16-BT_-TM-R16BTA 1.00E-03 1.49E-03 2.49 BATTERY R16-BTA IN TEST

R2I-MCB-OO-DGARI 1A2 1.00E-03 1.49E-03 2.49 CIRCUIT BREAKER FROM DG-A TO RI I -A2 FAILS TO CLOSE

R21-SYS-FC-AIRDG4 .OOE-03 1.49E-03 2.49 AIR STARTING SYSTEM FAILURE [#13]

R13-INV-FC-RI3B.I 4.80E-04 1.47E-03 4.07 INVERTER TO RI3-BI FAILS

32I-XHE-FO-LPCIADS 1.61E-02 1.411E-03 1.09 OPERATOR FAILS TO ALIGN AND ACTUATE FAPCS IN LPCI MODE

R16-BT -TM-RI6BTB L.OOE-03 1.40E-03 2.4 BATTERY RI6-BTB IN TEST

R21-MCB-OO-DGBRI IB2 I.00E-03 1.40E-03 2.4 CIRCUIT BREAKER FROM DG-B TO RI l-B2 FAILS TO CLOSE

,2 I -SYS-FC-AIRDG5 I.00E-03 1.40E-03 2.4 AIR STARTING SYSTEM FAILURE
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Table 18-2

Internal Events Full Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Internal Event Full Power
Core Damage. Frequency = 2.82E-08

Event Name Probability F-V RAW 1. Description
E50-OR_-CF-PLUGALL 7.20E-08 1.36E-03 1.89E+04 CCF OF ALL ORIFICES TO PLUG

RI0-CBU-FC-PRE500KV 7.20E-05 1.32E-03 19.32 500KV TRANSMISSION LINE FAILS

E50-OR -CF-7PLUG 7.00E-08 1.3 1E-03 1.87E+04 CCF OF 7 ORIFICES TO PLUG

R21-MP -CS-FUELTRANS 1.71E-04 1.27E-03 8.41 CCF TO START MOTOR-DRIVEN FUEL TRANSFER PUMPS

C.12-OR -PG-D007A 6.48E-04 1.24E-03 2.91 ORIFICE D007A FAILS TO REMAIN OPEN (PLUG)

C41 -UV -CC-F004A 1.60E-03 1.02E-03 1.64 CHECK VALVE F004A FAILS TO OPEN

C4 I -UV_-CC-F0Q4B 1.60E-03 1.02E-03 1.64 CHECK VALVE F004B FAILS TO OPEN

C41 -UV -CC-F005A 1.60E-03 1.02E-03 1.64 CHECK VALVE F005A FAILS TO OPEN

C41-UV -CC-FO05B 1.60E-03 1.02E-03 1.64 CHECK VALVE F005B FAILS TO OPEN

P21-MP -TM-C002A 2.00E-03 9.13E-04 1.46 PUMP C002A IN MAINTENANCE

P21-MP -TM-C002B 2.OOE-03 9.13E-04 1.46 PUMP C002B IN MAINTENANCE

H23-RMU-FC-ESF!ADID 3.00E-04 8.87E-04 3.95 .ST DIV.A (DID) EsF REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

H23-RMU-FC-ESF2ADID 3.00E-04 8.87E-04 3.95 2ND DIV A (DID):ESF REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION
C 12-.OR-PG-D007B 6.48E-04 8.85E-04 2.37 ORIFICE D007B FAILS TO REMAIN OPEN (PLUG)

H23-RMU-FC-IOAI1 3.00E-04 8.78E-04 3.93 REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

H23-RMU-FC-R102 3.00E-04 8.78E-04 3.93 DTM/TLU 002 OR MUX INTERFACE FAIL TO TRIP (2Y TEST)

H23-RMU-FC-ESFlBDID 3.OOE-04 8.70E-04 3.9 1 ST DIV B (DID) ESF REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

H23-RMU-FC-ESF2BDID 3.OOE-04 8.70E-04 3.9 2ND DIV B (DID). ESF REMOTE MULTIPLEXING UN4IT FAILS TO FUNCTION

H23-RMU-FC-10A21 3.OOE-04 8.61E-04 3.87 REMOTEMULTIPLEXING UNIT FAILS TO FUNCTION

H23-RMU-FC-R101 3.00E-04 8.61E-04 3.87 DTM/TLU 001 OR MUX INTERFACE FAIL TO TRIP (2Y TEST)

B32-ACV-CC-F006B 2.00E-03 8.27E-04 1.41 AIR OPERATED VALVE F006B FAILS TO OP. TO DEENERG. POSIT.

B32-ACV-CC-F006C 2.00E-03 8.27E-04 1.41 AIR OPERATED VALVE F006A FAILS TO OP. TO DEENERG. POSIT.

B32-ACV-CC-F006D 2.OOE-03 8.27E-04 1.41 AIR OPERATED VALVE F006D fIAILS TO OP. TO DEENERG. POSIT.

C41-XHE-FO-OPENF002A 2.69E-01 6.89E-04 1 OPERATOR FAILS TO OPEN VALVE F002A (AFTER INADV.CLOS.) -

C41-XHE-FO-OPENF002B 2.69E-01 6.89E-04 I OPERATOR FAILS TO OPEN VALVE F002B (AFTER INADV.CLOS.)
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Table 18-2

Internal Events Full Power Importance Measure Report

F-V and RAW Importance. Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Internal Event Full Power
... .... __Core Damage Frequency = 2.82E-08

Event Name Probability F-V RAW Description
C41-XHE-MH-FO02A 4.03E-03 6.89E-04 1.17 MISPOSITION OF VALVE F002A

C41-XHE-MH-FO02B 4.03E-03 6.89E-04 1.17 MISPOSITION OF VALVE F002B

C62-DTM-CF-NIEALL 5.50E-05 6.75E-04 13.27 CCF OF DIGITAL TRIP MODULES NO I E

RI I-MCB-CF-69CLOSE 9.29E-05 6.70E-04 8.21 CCF CIRCUIT BREAKERS 6.9 KV TO CLOSE

R16-BT -LP-RI6BTA 5.00E-04 6.67E-04 2.33 BATTERY R16-BTA FAILS TO PROVIDE OUTPUT

R16-BT -LP-RI6BTB 5.OOE-04 6.24E-04 2.25 BATTERY RI6-BTB FAILS TO PROVIDE OUTPUT

P21-MP -FS-COO1A 1.30E-03 5.65E-04 1.43 MOTOR DRIVEN PUMP COOIA FAILS TO START

P21-MP -FS-COO, B 1.30E-03 5.65E-04 1.43 MOTOR-DRI VEN PUMP COO lB FAILS TO START

P21-MP -FS-COO2A 1.30E-03 5.65E-04 1.43 MOTOR-DRIVEN PUMP (ALL TYPES) FAILS TO START

P21-MP_-FS-COO2B 1.30E-03 5.65E-04 1.43 MOTOR-DRIVEN PUMP C002B FAILS TO START

P21-MP -FS-COO3A 1.30E-03 5.65E-04 1.43 MOTOR-DRIVEN PUMP C0003A FAILS TO START

P21-MP -FS-CO03B 1.30E-03 5.65E-04 1.43 MOTOR-DRIVEN PUMP C003B FAILS TO START

N2 I-LT -NO-FWTKA 8.71 E-03 4.93E-04 1.06 LEVEL TRANSMITTER TRAIN A FAILS

N21-LT -NO-FWTKB 8.71E-03 4.93E-04 1.06 LEVEL TRANSMITTER TRAIN B FAILS

N21-LT -NO-FWTKC 8.71 E-03 4.93E-04 1.06 LEVEL TRANSMITTER TRAIN C FAILS

P2 I-MCB-OO-COO I8A .OOE-03 4.29E-04 1.43 CIRCUIT BREAKER OF PUMP COO IA FAILS TO CLOSE

P21-MCB-OO-COOIB 1.OOE-03 4.29E-04 1.43 CIRCUIT BREAKER OF PM COOI B FAILS TO CLOSE

P21-MCB-OO-CO02A B.00E-03 4.29E-04 1.43 MEDIUM VOLTAGE CIRCUIT BREAKER FAILS TO CLOSE

P21 -MCB-OO-C002B I.OOE-03 4.29E-04 1.43 MEDIUM VOLTAGE CIRCUIT BREAKER FAILS TO CLOSE

P21-MCB-OO-CO03A I.00E-03 4.29E-04 .1.43 MEDIUM VOLTAGE CIRCUIT BREAKER FAILS TO CLOSE

P21-MCB-OO-CO03B 1.00E-03 4.29E-04 1.43 MEDIUM VOLTAGE CIRCUIT BREAKER FAILS TO CLOSE

N21-ACV-CC-F023 1.58E-02 4.16E-04 1.03 AIR OPERATED VALVE N2C1C-F023 FAILS TO OPEN

N21-ACV-CC-F026 1.58E-02 4.16E-04 1.03 AIR OPERATED VALVE N21-F026 FAILS TO OPEN

H23-RMU-FC-N038B 3.OOE-04 4.OOE-04 2.33 REMOTE MULTIPLEXING UNIT FAILS.TO FUNCTION

H23-RMU-FC-P2 1N038A 3.OOE-04 4.00E-04 2.33 REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION
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Table 18-2

Internal Events Full Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Internal Event Full Power
Core Damage Frequency = 2.82E-08

Event Name Probability F-V RAW Description
B21-SYS-FF-I/9OPEN 5.85E-02 3.83E-04 1.01 1 OUT OF 9 SRV FAIL TO CLOSE AFTER OPENING

C12-MOV-CF-OPEN 1.78E-04 3.63E-04 3.04 CCF MOV TO OPEN

P5 I-CMP-CR-RUN 1.49E-04 3.05E-04 3.05 CCF OF P51 COMPRESSORS TO RUN

R16-BT -TM-RI6BTI1 I.00E-03 2.60E-04 1.26 BATTERY R16-BTII IN TEST.

H23-EMS-CF-DIDALL 1.80E-06 2.56E-04 143.24 CCF OF ALL DIVISION OF THE EMS

N21-LT -NO-HWA 8.71E-03 2.25E-04 1.03 LEVEL TRANSMITTER TRAIN A FAILS

N21-LT -NO-HWB 8.7 1E-03 2.25E-04 1.03 LEVEL TRANSMITTER TRAIN B FAILS

N2 I -LT -NO-HWC 8.7 1E-03 2.25E-04 1.03 LEVEL TRANSMITTER TRAIN C FAILS

C12-MP -CS-C0OIA/BOIL 2.05E-04 2.11 E-04 2.03 CCF AUX. OIL PUMPS TO START

C12-MPC-CS-C0OIA/B 2.05E-04 2.11 E-04 2.03 CCF PUMPS TO START

P21-MP -CS-TRAINAB 1.95E-04 2.01E-04 2.03 CCF TO START PUMPS TRAINS A AND B

C51-ACT-CF-IPRM 2.98E-04 1.89E-04 1.64 CCF APRM NEUTRON CHANNELS

C51-ACT-CF-SRNM 2.98E-04 IM89E-04 1.64 CCF OF SRNM CORE FLUX CHANNELS

P30-UV -CC-CVO0T 2.00E-04 1.71E-04 1.86 CHECK VALVE CVOIT FAILS TO OPEN

N21 -ACV-CF-MKUPA/B 1.08E-04 1.60E-04 2.48 CCF TO OPERATE AOVs TRAINS A & B

B32-ACV-CF-2ICABCD 1.55E-05 1.34E-04 9.69 CCF TO OPEN 2/4 ACV VALVES TRAINS A,B,C,D

B21-UV -CF-102/3B 4.00E-04 1.29E-04 1.32 CCF OF CHECK VALVES F103B AND FI02B TO CLOSE

H23-RMU-CF-DIDALL 9.OOE-07 1.28E-04 143.24 CCF OF REMOTE MULTIPLEXING UNITS (DID)

RI3-XFL-LP-R13A21 1.92E-05 1.16E-04 7.05 TRANSFORMER FAILS DURING OPERATION

R13-XFL-LP-R13B21 1.92E-05 1.16E-04 7.05 TRANSFORMER FAILS DURING OPERATION

N21 -LT -CF-FWTKNO 4.38E-05 1. 14E-04 3.6 CCF FEEDWATER STORAGE TANK LEVEL TRANSMITTERS

N21-ACV-OC-FO16 1.31E-03 1.07E-04 1.08 AIR OPERATED VALVE N21-F016 FAILS TO REMAIN OPEN

N2I -MOV-CC-F061 3.13E-02 1.07E-04 1 MOTOR OPERATED VALVE N2 1 -F061 FAILS TO OPEN

B32-ACV-CC-FO06A 2.OOE-03 1 .04E-04 1.05 AIR OPERATED VALVE FO06A FAILS TO OP. TO DEENERG. POSIT.
P41-MP -CR-3ALL 1.17E-05 1.03E-04 9.761CCF TO RUN 3 PUMPS TRAINS A AND B

18.9-12



NEDO-33201 Rev 1

Table 18-2

Internal Events Full Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Internal Event Full Power
.. Core Damage Frequency = 2.82E-08

Event Name Probability F-V RAW Description
P41-STR-CF-3ALL 1.07E-05 9.37E-05 9.76 CCF 3 STRAINERS PLUGGED

G21-ACV-CC-F321 2.OOE-03 9.21 E-05 1.05 AOV F321 FAILS TO OPERATE TO NOT DEENERG.POS.

G2 1-ACV-CC-F322 2.OOE-03 9.21 E-05 1.05 AOV F322 FAILS TO OPERATE TO NOT DEENERG.POS.

P51-XHE-FO-STDBYCOMP 1.77E-02 9.08E-05 1.01 OPERATOR FAILS TO ACTUATE STAND-BY COMPRESSOR

C41-SQy-CF-FO03AC 1.50E-04 9.07E-05 1.6 CCF TO OPERATE OF SQUIB VALVES ON SLCS-A
C41-SQV-CF-FO03BD 1.50E-04 9.07E-05 1.6 CCF TO OPERATE OF SQUIB VALVES ON SLCS-B

C51-ACT-CF-APRMSTUCK 2. I OE-07 8.74E-05 417.05 CCF APRM DETECTORS STUCK AT POWER LEVEL

R13-LCB-CO-FR13A21 1.44E-05 8.72E-05 7.05 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-FR13B21 1.44E-05 8.72E-05 7.05 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-R13A2I 1.44E-05 8.72E-05 7.05 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-R13B21 1.44E-05 8.72E-05 7.05 CIRCUIT BREAKER OPENS SPURIOUSLY

RI3-LCB-CO-TORI3A2 I.44E-05 8.72E-05 7.05 CIRCUIT BREAKER TO R13-A2 OPENS SPURIOUSLY

R13-LCB-CO-TORI3B2 1.44E-05 8.72E-05 7.05 CIRCUIT BREAKER TO R1 3-B2 OPENS SPURIOUSLY

R16-LCB-CO-FROMRI6BTA2 1.44E-05 8.72E-05 7.05 CIRCUIT BREAKER FROM R16-BTA2 OPENS SPURIOUSLY

R16-LCB-CO-FROMR16BTB2 1.44E-05 8.72E-05 7.05 CIRCUIT BREAKER FROM RI6-BTB2 OPENS SPURIOUSLY

P5I -ACV-CC-FO08A 2.OOE-03 8.67E-05 1.04 AIR OPERATED VALVE F008A FAILS TO OP. TO DEENERG. POSIT.

P51-ACV-CC-FOIOC 2.OOE-03 8.67E-05 1.04 AOV F010C FAILS TO OPERATE TO NOT DEENERG. POSITION

P52-XHE-FO-IAS/SAS 1.61E-02 8.26E-05 1.01 OPER. FAILS TO REC. NEED FOR MANUAL INTERV. ON IAS/SAS

R16-BT -CF-125NO1E 1.20E-05 8.07E-05 7.75 CCF OF 125 V NO 1 E BATTERIES

RIO-BAC-LP-500KVMAI•N 4.80E-06 7.63E-05 16.9 500 KV MAIN DISTRIBUTION BUS FAILS DURING OPERATION

C62-VLU-CF-N I EALL 3.12E-05 7.44E-05 3.38 CCF OF VOTER LOGIC UNITS

B32-MOV-CF-21CABCD 8.08E-06 7.02E-05 9.69 CCF TO OPEN 2/4 MOV VALVES TRAINS A,B,C,D

P51-CMP-FR-COO1A 2.40E-03 6.15E-05 1.03 MOTOR-DRIVEN AIR COMPRESS. C001A FAILS TO CONT.OPER.

P51-CMP-FS-COOIB 2.00E-02 6.15E-05 1 MOTOR=DRIVEN AIR COMPRESS. COO]B FAILS TO START

C62-DTM-CF-DIDALL 5.50E-05 6.09E-05 2.11 COMMON CAUSE FAILURE 3/4 DTM DID LOGIC
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Table 18-2

Internal Events Full Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Internal Event Full Power
Core Damage Frequency = 2.82E-08

Event Name Probability. F-V RAW Description
P41-FAN-CS-2ALL 7.20E-06 6.07E-05 9.43'CCF TO START 2 FAN UNITS
P21-UV -CC-FOOIA 2.OOE-04 5.76E-05 1.29 1CHECK VALVE FOO IA FAILS TO OPEN

P21-UV -CC-FOOIB 2.OOE-04 5.76E-05 1.29 CHECK VALVE FOOIB FAILS TO OPEN

P21 -UV -CC-F005A 2.00E-04 5.76E-05 1.29 CHECK VALVE F005A FAILS TO OPEN

P21-UV -CC-FOO5B, 2.00E-04 5.76E-05 1.29 CHECK VALVE F005B FAILS TO OPEN

P21 -UV_-CC-F007A 2.OOE-04 5.76E-05 1.29 CHECK VALVE F007A FAILS TO OPEN

P21 -UV_-CC-F007B 2.00E-04 5.76E-05 1.29 CHECK VALVE F007B FAILS TO OPEN

P41-MP_-CS-3ALL 6.26E-06 5.28E-05 9.43 CCF TO START PUMPS TRAINS A AND B

C I2-XHE-FO-LEVEL2 3.22E-02 4.86E-05 1 MANUAL ACTUATION FAILURE

N21-LT -CF-HWNO 4.38E-05 4.82E-05 2.1 CCF HOTWELL LEVEL TRANSMITTERS

E50-SQV-CF-4OPEN' 1.50E-05 4.43E-05 3.95 CCF OF 4 OR MORE SQUIB VALVES TO OPEN

R16-BT -CF-BATTA1BI 1.53E-06 4.43E-05 29.96 BATTERY Al & BI CCF

C 12-MCB-CF-CLOSE 9.29E-05 4.24E-05 1.46 CIRCUIT BREAKER CCF TO CLOSE

RI6-BT_-LP-RI6BTI I 5.OOE-04 3.85E-05 1.08 BATTERY R I6-BT I1 FAILS TO PROVIDE OUTPUT

P51-CMP-CS-START 1.71E-03 3.75E-05 1.02 CCF OF P51 COMPRESSORS TO START

G21 -UV_-CC-F331 1.60E-03 3.36E-05 1.02 CHECK VALVE F33 1FAILS TO OPEN

G21 -UV_-CC-F348 1.60E-03 3.36E-05 1.02 CHECK VALVE F348 FAILS TO OPEN

R13-INV-FC-R1311 4.80E-04 3.36E-05 1.07 INVERTER TO RI 3-11 FAILS

C12-MPC-FR-C001A 5.76E-05 3.17E-05 1.55 MOTOR-DRIVEN PUMP COOIA FAILS TO RUN, GIVEN START

R13-XFL-LP-RI3AI.1 1.92E-05 3.12E-05 2.63 TRANSFORMER FAILS DURING OPERATION

R13-XFL-LP-RI3B1 1 1.92E-05 3.12E-05 2.63 TRANSFORMER FAILS DURING OPERATION

C74-VLU-CF-ALL 3.12E-06 2.71E-05 9.69 CCF OF VOTER LOGIC UNITS

R13-XFL-LP-RI3CI3 1.92E-05 2146E-05 2.28 TRANSFORMER FAILS DURING OPERATION

R13-BAC-LP-R13A2 4.80E-06 2.24E-05 5.66 BUS RI3-A2 FAILS DURING OPERATION

R13-BAC-LP-RI3A21 4.80E-06 2.24E-05 5.66 BUS R13-A2-1 FAILS DURING OPERATION
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Table 18-2

Internal Events Full Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Internal Event Full Power
__Core Damage Frequency = 2.82E-08

Event Name Probability F-V RAW Description
R13-BAC-LP-R13B2 4.80E-06 2.24E-05 5.66 BUS R13-B2 FAILS DURING OPERATION

R13-BAC-LP-R13B21 4.80E-06 2.24E-05 5.66BUS R13-B2-I FAILS DURING OPERATION

R16-BDC-LP-R16A2 4.80E-06 2.24E-05 5.66 DC BUS R13-6-A2 FAILS DURING OPERATION

RI6-BDC-LP-RI6B2 4.80E-06 2.24E-05 5.66 DC BUS RI 6-B2 FAILS DURING OPERATION

R16-BDC-TM-RI6A2 4.80E-06 2.24E-05 5.66 DC BUS RI6-A2 IN MAINTENANCE

R16-BDC-TM-RI6B2 4.80E-06 2.24E-05 5.66 DC BUS RI6-B2 IN MAINTENANCE

U43-XHE-FO-LPCI 1.61E-03 2.20E-05 1.01 OPERATOR FAILS TO ACTUATE U43 IN LPCI MODE

C1 2-MPC-FR-C00IB 5.76E-05 2.12E-05 1.37 MOTOR-DRIVEN PUMP C001B FAILS TO RUN, GIVEN START

R13-LCB-CO-FRI3AI I 1.44E-05 1.80E-05 2.25 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-FRI3BI 1 1.44E-05 1.80E-05 2.25 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-R!3AI I 1.44E-05 1.80E-05 2.25 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-RI3B1I 1.44E-05 1.80E-05 2.25 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-RI6AIRI3AI 1.44E-05 1.80E-05 2.25 CIRCUIT BREAKER FROM R16-AI OPENS SPURIOUSLY

RI 3-LCB-CO-RI6A1RI3A2 1.44E-05 1.80E-05 2.25 CIRCUIT BREAKER FROM RI6-A2 OPENS SPURIOUSLY

R13-LCB-CO-RI6AIRI3B1 1.44E-05 1.80E-05 2.25 CIRCUIT BREAKER FROM R16-BI OPENS SPURIOUSLY

RI 3-LCB-CO-RI 6A IRI 3B2 1.44E-05 1.80E,05 2.25 CIRCUIT BREAKER FROM R16-B2 OPENS SPURIOUSLY

R13-LCB-CO-TORI3AI 1.44E-05 1.80E-05 2.25 CIRCUIT BREAKER TO R13-AI OPENS SPURIOUSLY

R13-LCB-CO-TOR13BI 1.44E-05 1.80E-05 2.25 CIRCUIT BREAKER TO R13-BlI OPENS SPURIOUSLY

R16-LCB-CO-FROMRI6BTAI 1.44E-05 1.80E-05 2.25 CIRCUIT BREAKER FROM R16-BTAI OPENS SPURIOUSLY

RI6-LCB-CO-FROMR16BTBI. 1.44E-05 1.80E-05 2.25 CIRCUIT BREAKER FROM R16-BTBI OPENS SPURIOUSLY

RI 0-SYS-FF-500KV 1.20E-06 1.70E-05 15.17 500KV SWITCHYARD FAILS DURING OPERATION

H23-EMS-CF-ALL •1.80E-06 1.56E-05 9.69 CCF OF ESSENTIAL MULTIPLEXING SYSTEM DIV 1/2/3/4

R16-BT -TM-RI6BT2I 1.001E-03 1.52E-05 1.02 BATTERY R16-BT21 IN.TEST

E50-SQV-CF-EQALLOPEN 3.OOE-05 1.38E-05 1.46 CCF.OF ALL 4 SQUIB VALVES TO OPEN

R16-BT -CF-BATT1l&21 9.50E-07 1.12E-05 12.771BATTERY I I & 21 CCF
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Table 18-2

Internal Events Full Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Internal Event Full Power
Core Damage Frequency = 2.82E-08

Event Name Probability F-V RAW Description
C3 I -VLU-FC-RUNBACK 7.80E-05 9.99E-06 1.13 C3 1 SYSTEM VOTER LOGIC UNIT FAILS

B21-UV -00-102B 7696E-03 8.90E-06 1 CHECK VALVE F 1 02B FAILS TO CLOSE

B21-UV -OO-103B 7.96E-03 8.90E-06 1 CHECK VALVE FI03B FAILS TO CLOSE

RI 3-XFL-LP-RI 3112 1.92E-05 8.54E-06 1.44 TRANSFORMER FAILS DURING OPERATION

R13-XFL-LP-RI3212 1.92E-05 8.54E-06 1.44 TRANSFORMER FAILS DURING OPERATION

C74-DTM-CF-ALL 1.20E-05 7.97E-06 1.66 CCF 3/4 DTM OF SSLC DIV 1/2/3/4

G31-ACV-OO-F3A 2.00E-03 7.97E-06 I AOV F3A FAILS TO CLOSE.

TI 0-XHE-FO-CLOSEIVS 1.77E-02 7.97E-06 1 OPERATOR FAILS TO MANUALLY CLOSE ISOLATION VALVES

P21-MP -FR-C00iA 1.20E-04 7.83E-06 1.07 MOTOR DRIVEN PUMP COOIA FAILS TO RUN

P21-MP -FR-C001B 1.20E-04 7.83E-06 1.07 MOTOR DRIVEN PUMP C0OIB FAILS TO RUN

P21I -MP -FR-C02A I1.20E-04 7.83E-06 1.07 MOTOR-DRIVEN PUMP C002A FAILS TO RUN

P21-MP -FR-CO02B 1.20E-04 7.83E-06 1.07 MOTOR-DRIVEN PUMP C002B FAILS, TO RUN

P21 -MP -FR-CO03A 1.20E-04 7.83E-06 1.07 MOTOR-DRIVEN PUMP C0003A FAILS TO RUN

P21-MP -FR-C003B 1.20E-04 7.83E-06 1.07 MOTOR-DRIVEN PUMP C003B FAILS TO RUN

H23-RMU-CF-ALL 9.00E-07 7.82E-06 9.69 CCF OF REMOTE MULTIPLEXING UNITS TO OPERATE

R16-BT -CF-BATTAIA2 1.53E-06 7.13E-06 5.66 BATTERY AI &-A2 CCF

R16-BT -CF-BATTA1B2 1.53E-06 7.13E-06 5.66 BATTERY AI & B2 CCF

R16-BT,-CF-BATTA2BI 1.53E-06 7.13E-06 5.66BATTERY A2 & BI CCF

RI6-BT -CF-BATTA2B2 1.53E-06 7.13E-06 5.66 BATTERY A2 & B2 CCF

R16-BT -CF-BATTA2C 1.53E-06 7.13E-06 5.66 BATTERY A2 & C CCF

RI6-BT -CF-BATTBIB2 1.53E-06 7.13E-06 5.66BATTERY BI & B2 CCF

R16-BT -CF-BATTB2C 1.53E-06 7.13E-06 5.66 BATTERY B2 & C CCF

R13-LCB-CO-FRI3 112 1.44E-05 6.41E-06 1.44 CIRCUIT BREAKER OPENS SPURIOUSLY

Ri3-LCB-CO-FR13212 I .44E-05 6.41E-061. 1.44 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-RI3112 1.44E-05 6.41E-06 1.44 CIRCUIT BREAKER OPENS SPURIOUSLY
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Table 18-2

Internal Events Full Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Internal Event Full Power
Core Damage_ Frequency = 2.82E-08

Event Name Probability F-V RAW Description
R13-LCB-CO-R13212 1.44E-05 6.41E-06 1.44 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-TOR131I 1 1.44E-05 6.4 1E-06 1.44 CIRCUIT BREAKER TO RI 3-11 OPENS SPURIOUSLY

R13-LCB-CO-TOR1321 1.44E-05 6.41E-06 1.44 CIRCUIT BREAKER TO R13-21 OPENS SPURIOUSLY

C41-SQV-CC-FOR3A 3.00E-03 4.01E-06 I EXPLOSIVE VALVE F003A FAILS TO OPERATE

C41-SQV-CC-FO03B 3.OOE-03 4.01E-06 I EXPLOSIVE VALVE F003B FAILS TO OPERATE

C4I-SQV-CC-FO03C 3100E-03 4.01E-06 1 EXPLOSIVE VALVE F003C FAILS TO OPERATE

C41-SQV-CC-FO03D 3.00E-03 4.01E-06 I EXPLOSIVE VALVE F003D FAILS TO OPERATE

E50-SQV-CF-F002A/2E 3.60E-05 3.78E-06 1.1 CCF OF SQUIB VALVES F002A/ F002E

E50-SQY-CF-FO02D/2H 3.60E-05 3.78E-06 1.1 CCF OF SQUIB VALVES F002D/ F002H

B21-XHE-FO-6OPEN 1.61E-03 3.66E-06 I OPERATOR FAILS TO OPEN 6/10 SRVs

B32-PDT-CF-3ICBHIGH 9.7 1E-06 3.5 1E-06 1.36 CCF 3/4 PDT'S ISOLATION CONDENSER B SPURIOUS ACTUATION

B32-PDT-CF-3ICCHIGH 9.771E-06 3.5 1E-06 1.36 CCF 3/4_PDT'S ISOLATION CONDENSER C SPURIOUS ACTUATION

B32-PDT-CF-31CDHIGH 9.71E-06 3.5 1E-06 1.36 CCF 3/4 PDT'S ISOLATION CONDENSER D SPURIOUS ACTUATION

RI6-BT -LP-RI6BT21 5.00E-04 3.45E-06 1.01 BATTERY DE3BYOO1 FAILS TO PROVIDE OUTPUT
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Table 18-3

Internal Fire Full-Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Fire Full Power
Core Damage Frequency = 1.21E-08/year

Event Name Probability F-V RAW Description
FIRE-TURBINE-BUILD 6.14E-02 8.02E-01 13.26 FIRE IN TURBINE BUILDING

XXX-XHE-FO-LPMAKEUP 1.61E-01 6.01E-01 4.13 OP. FAILS TO RECOG. NEED FOR LOW PRESS. MAKEUP (LOCA)

E50-SQV-CF-GDCS70PEN 1.50E-05 3.45E-01 2.30E+04 CCF OF 7 SQUIB VALVES IN GDCS LINES TO OPEN

E50-SQV-CF-OPENALL 1.50E-05 3.45E-01 2.30E+04 CCF OF ALL SQUIB VALVES TO OPEN

G21-XHE-MH-F334 4.80E-02 2.1OE-01 5.17 MISPOSITION OF VALVE F334

C12-XHE-MH-FO13A 4.80E-02 2.08E-01 5.13 MISPOSITION OF VALVE F013A

C12-XHE-MH-F015A 4.80E-02 2.08E-01 5.13 MISPOSITION OF VALVE FOI5A

El2-XHE-MH-FO13B 4.80E-02 2.07E-01 5.11 MISPOSITION OF VALVE FO13B

E12-XHE-MH-FO15B 4.80E-02 2.07E-01 5.11 MISPOSITION OF VALVE FO15B

P30-XHE-MH-F015 4.80E-02 1.76E-01 4.48 MISPOSITION OF VALVE FOIT

RB-DAMPER 7.43E-03 1.58E-01 22.11 FIRE BARRIER IN REACTOR BUILDING FAILS

XXX-XHE-FO-DEPRESS 1.61E-01 1.31E-01 1.68 OPERATOR FAILS TO RECOGNIZE NEED OF DEPRESSURIZATION

P22-ACV-FT-BYPASS 2.OOE-03 8.67E-02 44.25 HEAT EXCHANGERS BYPASS VALVE FAILS TO REGULATE

B21-UV -CC-FI02B 1.60E-03 6.48E-02 41.48 CHECK VALVE #1 IN FEEDWATER LINE B FAILS TO REOPEN

B21-UV -CC-FI03B 1.60E-03 6.48E-02 41.48 CHECK VALVE #2 IN FEEDWATER LINE B FAILS TO REOPEN

E 12-UV -CC-F022 1.60E-03 6.48E-02 41.48 CHECK VALVE F022 FAILS TO OPEN

FIRE-REACT-BUIL-DIVII 1.45E-02 6.42E-02 5.37 FIRE IN REACTOR BUILDING DIVISION II ZONE

FIRE-REACT-BUIL-DIVI 1.45E-02 6.14E-02 5.17 FIRE IN REACTOR BUILDING DIV I ZONE

N21-ACV-OC-F018 1.31E-03 5.51E-02 42.9 AIR OPERATED VALVE N21-F018 FAILS TO REMAIN OPEN

C12-XHE-MH-FO18A 1.20E-02 4.62E-02 4.8 MISPOSITION OF VALVE FOI8A

012-XHE-MH-F021A 1.20E-02 4.62E-02 4.8 MISPOSITION OF VALVE F021A

E12-XHE-MH-FO03B 1.20E-02 3.79E-02 4.12 MISPOSITION OF VALVE F003B

C12-XHE-MH-FO18B 1.20E-02 3.79E-02 4.12 MISPOSITION OF VALVE FO18B

C12-XHE-MH-FO21B 1.20E-02 3.79E-02 4.12 MISPOSITION OF VALVE F021B
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Table 18-3

Internal Fire Full-Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Fire Full Power
Core Damage Frequency - 1.21E-08/year

Event Name Probability F-V RAW Description
FIRE-REACT-BUIL-DIVIV 1.45E-02 3.2 1E-02 3.18 FIRE IN REACTOR BUILDING DIVISION IV ZONE

FIRE-REACT-BUIL-DIVIII 1.45E-02 2.99E-02 3.03 FIRE IN REACTORBUILDING DIVISION III ZONE

E50-SQV-CO-FO09A 3.50E-03 2.56E-02 8.29 SQUIB DELUGE VALVE F009A SPUR. OPENING [#7]

E50-SQV-CO-FO09D 3.50E-03 2.56E-02 8.29 SQUIB DELUGE VALVE F009D SPUR. OPENING [#7]

E50-SQV-CO-FO09E 3.50E-03 2.56E-02 8.29 SQUIB DELUGE VALVE F009E SPUR. OPENING [#7]

E50-SQV-CO-FO09H 3.50E-03 2.56E-02 8.29 SQUIB DELUGE VALVE F009H SPUR. OPENING [#7]

E50-SQV-CO-F0091 3.50E-03 2.56E-02 8.29 SQUIB DELUGE VALVE F0091 SPUR. OPENING [#7]

E50-SQV-CO-FO09L 3.50E-03 2.56E-02 8.29 SQUIB DELUGE VALVE F009L SPUR. OPENING [#7]

E50-SQV-CO-FO09B 3.50E-03 1.88E-02 6.37 SQUIB DELUGE VALVE F009B SPUR. OPENING [#7]

E50-SQV-CO-FO09C 3.50E-03 1.88E-02 6.37 SQUIB DELUGE VALVE Fo09C SPUR. OPENING [#7]

E50-SQV-CO-FO09F 3.50E-03 i.88E-02 6.37 SQUIB DELUGE VALVE F009F SPUR. OPENING [#7]

E50-SQV-CO-FO09G 3.50E-03 1.88E-02 6.37 SQUIB DELUGE VALVE F009G SPUR. OPENING [#7]

E50-SQV-CO-F009J 3.50E-03 1.88E-02 6.37 SQUIB DELUGE VALVE F009J SPUR. OPENING [#7]

E50-SQV-CO-FO09K 3.50E-03 1.88E-02 6.37 SQUIB DELUGE VALVE F009K SPUR. OPENING [#7]

U43-SYS-FF-LPCI 2.40E-02 1.52E-02 1.62 U43 HARDWARE FAILURES

C12-MOV-CC-F014A 4.00E-03 1.39E-02 4.47 MOTOR OPER. VALVE FO 14A FAILS TO OPEN

ý12-MOV-CC-FOI4B 4.OOE-03 1.39E-02 4.46 MOTOR OPER. VALVE FOI4B FAILS TO OPEN

12-MOV-CC-FO20A 4.OOE-03 1.38E-02 4.43 MOTOR OPER. VALVE F020A FAILS TO OPEN

423-EMS-FC-DIV3 6.OOE-04 1.38E-02 24.05 ESSENTIAL MULTIPLEXING SYSTEM DIV 3 FAILS TO FUNCTION

321-SQV-CF-DPVOPEN 1.50E-05 1.31E-02 873.91 CCF OF DPV'S TO OPEN

C74-DTM-FC-DIV3 6.OOE-04 1.29E-02 22.46 DTM OF SSLC DIV. 3 FAILS TO TRIP

ý74-DTM-FC-DIV4 6.OOE-04 1.29E-02 22.41 DTM OF SSLC DIV. 4 FAILS TO TRIP

423-EMS-FC-DIV4 6.OOE-04 1.29E-02 22.45 ESSENTIAL MULTIPLEXING SYSTEM DIV 4 FAILS TO FUNCTION

P50-SQV-CC-FO02A 3.OOE-03 1.1 4E-02 4.78 SQUIB VALVE F002A FAILS TO OPERATE

ý50-SQV-CC-F002D 3.00E-03 1.14E-02 4.78 SQUIB VALVE F002D FAILS TO OPERATE
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Table 18-3

Internal Fire Full-Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Fire Full Power
Core Damage Frequency = 1.21E-08/year

Event Name Probability F-V RAW Description
E50-SQV-CC-FOO2E 3.OOE-03 .1 14E-02 4.78 SQUIB VALVE F002E FAILS TO OPERATE

E50-SQV-CC-FOO2H 3.OOE-03 1 .14E-02 4.78 SQUIB VALVE F002H FAILS TO OPERATE

C12-MOV-CC-FO2OB 4.OOE-03 1.1 IE-02 3.76 MOTOR OPER. VALVEF020B FAILS TO OPEN

B21-SQV-CC-FOO4B 3.OOE-03 1.07E-02 4.55 EXPLOSIVE VALVE DPV B FAILS TO OPERATE

B21-SQV-CC-FO04D 3.OOE-03 1.07E-02 4.55 EXPLOSIVE VALVE DPV D FAILS TO OPERATE

B21-SQV-CC-FO04F 3.00E-03 1.07E-02 4.55 EXPLOSIVE VALVE DPV F FAILS TO OPERATE

B21-SQV-CC-FO04H 3.OOE-03 I.07E-02 4.55 EXPLOSIVE VALVE DPV H FAILS TO OPERATE

C12-MOV-FC-FO20A 3.13E-03 1.07E-02 4.4 FLOW CONTROL A FAILS WIDE OPEN

B21-SQV-CC-FO04A 3.OOE-03 1.02E-02 4.4 EXPLOSIVE VALVE DPV A FAILS TO OPERATE

B21-SQV-CC-FO04C 3.OOE-03 1.02E-02 4.4 EXPLOSIVE VALVE DPV C FAILS TO OPERATE

B21-SQV-CC-FO04E 3.0OE-03 1.02E-02 4.4 EXPLOSIVE VALVE DPV E FAILS TO OPERATE

B21-SQV-CC-FO04G 3.OOE-03 1.02E-02 4.4 EXPLOSIVE VALVE DPV G FAILS TO OPERATE

C62-DTM-CF-NIEALL 5.50E-05 9.06E-03 165.69 CCF OF DIGITAL TRIP MODULES NO IE

C12-MOV-FC-FO20B 3.13E-03 8.56E-03 3.73 FLOW CONTROL B FAILS WIDE OPEN

C12-SYS-TM-TRAINB 3.OOE-03 8.21E-03 3.73 TRAIN B IN MAINTENANCE

R16-BT -CF-ALLBATT 9.OOE-06 7.39E-03 822.31 BATTERY CCF #2

N21-ACV-CC-F023 1.58E-02 6.86E-03 1.43 AIR OPERATED VALVE N21-F023 FAILS TO OPEN

N21-ACV-CC-F026 1.58E-02 6.77E-03 1.42 AIR OPERATED VALVE N21-F026 FAILS TO OPEN

E50-UV -OC-FOO3A 1.75E-03 6.64E-03 4.79 CHECK VALVE F003A FAILS TO REMAIN OPEN OR PLUG

E5-UV -OC-FOO3D 1,.75E-03 6.64E-03 4.79 CHECK VALVE F003D FAILS TO REMAIN OPEN OR PLUG

E50-UV -OC-FOO3E 1.75E-03 6.64E-03 4.79 CHECK VALVE F003E FAILS TO REMAIN OPEN OR PLUG

E50-UV -OC-FOO3H 1.75E-03 6.64E-03 4.79 CHECK VALVE F003H FAILS TO REMAIN OPEN OR PLUG

CEIU2-MPO-FS-C03IBOIL 2.40E-03 6.54E-03 3.72 MOTOR-DRIVEN AUX. OIL PUMP FOR COOIB FAILS TO START

C12-MPC-FS-COOIB 2.40E-03 6.54E-03 3.72 MOTOR-DRIVEN PUMP COO I B FAILS TO START

C71-SYS-FF-SCRAM 1.OOE-08 6.35E-03 6.33E+05 SCRAM FAILURE
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Table 18-3

Internal Fire Full-Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Fire Full Power.
Core Damage Frequency = 1.21E-08/year

Event Name Probability F-V RAW Description
321-ACV-CC-F332 2.00E-03 6.30E-03 4.14 AOV F332 FAILS TO OPERATE TO NOT DEENERG.POS.

H23-RMU-FC-DIV3 3.00E-04 6.0IE-03 21.01 REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

H23-RMU-FC-DIV4 3.OOE-04 6.00E-03 20.98 REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

B21-SYS-FF-i/9OPEN 5.85E-02 5.77E-03 1.09 1 OUT OF 9 SRV FAIL TO CLOSE AFTER OPENING

B21-UV -CC-F102A 1.60E-03 5.03E-03 4.14 CHECK VALVE FI02A IN FEEDWATER LINE A FAILS TO OPEN

321-UV_-CC-FI03A 1.60E-03 5.03E-03 4.14 CHECK VALVE F 103A IN FEEDWATER LINE A FAILS TO OPEN

321-UV -CC-F333 1.60E-03 5.03E-03 4.14 CHECK VALVE F333 FAILS TO OPEN

FIRE-NON-DIVISIONAL-REDA 5.57E-02 4.83E-03 1.08 FIRE IN ELECTRICAL BUILDING ZONE A

FIRE-NON-DIVISIONAL-REDB 5.57E-02 4.83E-03 1.08 FIRE IN ELECTRICAL BUILDING ZONE B

ý62-VLU-CF-DIDALL 3.12E-05 4.80E-03 154.82 CCF OF VOTERLOGIC UNITS

EB-DAMPER 7.40E-03 4.08E-03 1.55 FIRE BARRIER IN ELECTRICAL BUILDING FAILS

?5 1 -CMP-CR-RUN I .49E-04 4.08E-03 28.35 CCF ORl P51 COMPRESSORS TO RUN

.I21-LT -NO-FWTKA 8.71E-03 3.89E-03 1.44 LEVEL TRANSMITTER TRAIN A FAILS

•421-LT_-NO-FWTKB 8.71E-03 3.89E-03 1.44 LEVEL TRANSMITTER TRAIN B FAILS

142i-LT_-NO-FWTKC 8.7 1E-03 3.89E-03 1.44 LEVEL TRANSMITTER TRAIN C FAILS

R10-CBU-FC-PRE500KV 7.20E-05 3.62E-03 51.23 500KV TRANSMISSION LINE FAILS

421-LT -NO-HWA 8.71E-03 3.06E-03 1.35 LEVEL TRANSMITTER TRAIN A FAILS

1421-LT -NO-HWB 8.71E-03 3.06E-03 1.35 LEVEL TRANSMITTER TRAIN B FAILS

1;21-LT -NO-HWC 8.71E-03 3.06E-03 1.35 LEVEL TRANSMITTER TRAIN C FAILS

?74-DTM-CF-ALL 1.20E-05 2.62E-03 219.16 CCF 3/4 DTM OF SSLC DIV 1/2/3/4

ý12-MCB-OO-C001B 1.OOE-03 2.59E-03 3.59 CIRCUIT BREAKER FOR COO IB & AUX OIL PMP B FAILS TO CLOSE

321-LT -CF-NOO1ABCD 1.20E-07 2.44E-03 2.03E+04 CCF OF DIVERSIFIED LEVEL 1& 2 TRANSM. IA/B/C/D

321-UV -TM-F332/333 8.00E-04 2.43E-03 4.03 MAINTENANCE FOR CV F332 OR CV F333

q21-ACV-CF-MKUPA/B 1.08E-04 2.18E-03 21.16 CCF TO OPERATE AOVS TRAINS A & B

321-XHE-FO-LPCIADS 1.6 1E-02 i .66E-03 1. 1 OPERATOR FAILS TO ALIGN AND ACTUATE FAPCS IN LPCI MODE
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Table 18-3

Internal Fire Full-Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V= Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Fire Full Power
Core Damage Frequency = 1.21E-08/year

Event Name Probability F-V RAW, Description
E50-STR-CF-SPPLUG 3.75E-04 1.60E-03 5.26 CCF FILTER/STRAINER IN PSP TO PLUG

C74-DTM-FC-DIV2 6.OOE-04 1.55E-03 3.58 DTM OF SSLC DIV. 2 FAILS TO TRIP

H23-EMS-FC-DIV2 6.OOE-04 1.55E-03 3.58 ESSENTIAL MULTIPLEXING SYSTEM DIV 2 FAILS TO FUNCTION

P41-MP -CR-3ALL 1.17E-05 1.53E-03 131.98 CCF TO RUN 3 PUMPS TRAINSAANDB

C74-DTM-FC-DIVI 6.OOE-04 1.48E-03 3.47 DTM OF SSLC DIV. 1 FAILS TO TRIP

H23-EMS-FC-DIVI. 6.00E-04 1.48E-03 3.47 ESSENTIAL MULTIPLEXING SYSTEM DIV I FAILS TO FUNCTION

E50-OR -CF-PLUGALL 7.20E-08 1.45E-03 2.01 E+04 CCF OF ALL ORIFICES TO PLUG

P41-STR-CF-3ALL 1.07E-05, 1.40E-03 131.98 CCF 3 STRAINERS PLUGGED

E50-OR -CF-7PLUG 7.00E-08 1.35E-03 1.93E+04 CCF OF 7 ORIFICES TO PLUG

U43-SYS-FF-YARD 2.00E-03 1.25E-03 1.62 HARDWARE FAILURES IN YARD AREA

U43-XHE-FO-YARD 1.77E-03 1.09E-03 1.61 OPERATOR FAILS TO MAKE UP FROM YARD AREA

C 12-OR_-PG-DOO7A 6.48E-04 1.OOE-03 2.54 ORIFICE D007A FAILS TO REMAIN OPEN (PLUG)

XXX-XHE-FO-ICPCCS 1.61E-03 9.89E-04 1.61 OPERATOR FAILS TO RECOGNIZE NEED OF MAKE UP TO IC/PCCS POOLS

P51-CMP-FR-COO1A 2.40E-03 9.88E-04 1.41 MOTOR-DRIVEN AIR COMPRESS. COOIA FAILS TO CONT.OPER.

P51-CMP-FS-COOIB 2.00E-02 9.88E-04 1.05 MOTOR-DRIVEN AIR COMPRESS. COO I B FAILS TO START

N21-LT -CF-FWTKNO 4.38E-05 9.54E-04 22.77 CCF FEEDWATER STORAGE TANK LEVEL TRANSMITTERS

N21 -ACV-OC-FO16 1.31 E-03 8.96E-04 1.68 AIR OPERATED VALVE N2 1 -FO 16 FAILS TO REMAIN OPEN

N21-MOV-CC-F061 3.13E-02 8.96E-04 1.03 MOTOR OPERATED VALVE N21 -F061 FAILS TO OPEN.

C74-VLU-CF-ALL 3.12E-06 8.39E-04 269.79 CCF OF VOTER LOGIC UNITS

N21-LT -CF-HWNO 4.38E-05 7.57E-04 18.29 CCF HOTWELL LEVEL TRANSMITTERS

P51 -XHE-FO-STDBYCOMP 1.77E-02 7.56E-04 1.04 OPERATOR FAILS TO ACTUATE STAND-BY COMPRESSOR

P41-FAN-CS-2ALL 7.20E-06 7.45E-04 104.39 CCF TO START 2 FAN UNITS

U43-XHE-FO-LPCIADS 1.611E-02 6.68E-04 1.04 OPERATOR FAILS TO ACTUATE U43 IN LPCI MODE AFTER ADS

FIRE-CONTROL-ROOM-TGEN 9.42E-03 6.60E-04 1.07 FIRE IN CONTROLROOM

P51 -ACV-CC-F008A 2.OOE-03 6.55E-04 1.33 AIR OPERATED VALVE F008A FAILS TO OP. TO DEENERG. POSIT.
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Table 18-3

Internal Fire Full-Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Ihiportance Measure; RAW = Risk Achievement Worth Importance Measure)

Fire Full Power
Core Damage Frequency = l.21E-08/vear

Event Name Probability F-V RAW Description
P51-ACV-CC-F010C 2.00E-03 6.55E-04 1.33 AOV FOIOC FAILS TO OPERATE TO NOT DEENERG. POSITION

?12-OR_-PG-D007B 6.48E-04 6.28E-04 1.97 ORIFICE D007B FAILS TO REMAIN OPEN (PLUG)

F123-RMU-FC-DIV2 3.00E-04 5.95E-04 2.98 REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

-123-RMU-FC-DIV1 3.00E-04 5.74E-04 2.91 REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

F?52-XHE-FO-IAS/SAS 1.611E-02 5.55E-04 1.03 OPER. FAILS TO REC. NEED FOR MANUAL INTERV. ON IAS/SAS

?5 1-ACT-CF-APRMSTUCK 2.1 0E-07 5.37E-04 2.56E+03 CCF APRM DETECTORS STUCK AT POWER LEVEL

•41-MP_-CS-3ALL. 6.26E-06 5.19E-04 83.83 CCF TO START PUMPS TRAINS A AND B

•30-UV -CC-CV0IT .2.OOE-04 4.22E-04 3.11 CHECK VALVE CV01T FAILS TO OPEN

Z16-BT -TM-Rl6BT21 1.OOE-03 4.22E-04 1.42 BATTERY R16-BT21 IN TEST

4I23-EMS-CF-ALL 1.80E-06 4.16E-04 232.06 CCF OF ESSENTIAL MULTIPLEXING SYSTEM DIV 1/2/3/4

423-RMU-FC-ESFI 3 3.00E-04 3.7 1E-04 2.23 1ST DIV III ESF REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

4I23-RMU-FC-ESF23 3.OOE-04 3.71E-04 2.23 2ND DIVIII ESF REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

321-LT -NO-NG01C 2.40E-05 3.34E-04 14.93 WIDE RANGE LEVEL TRANSMITTER IC (LEVEL 1&2) FAILS

321-LT_-NO-NOO0D 2.40E-05 3.34E-04 14.93 WIDE RANGE LEVEL TRANSMITTER ID (LEVEL 1&2) FAILS

ý62-VLU-CF-NIEALL 3.12E-05 3.06E-04 10.79 CCF OF VOTER LOGIC UNITS

?12-MOV-CF-OPEN 1.78E-04 2.97E-04 2.67 CCF MOV TO OPEN

-123-EMS-CF-DIDALL 1.80E-06 2.74E-04 153.49 CCF OF ALL DIVISION OF THE EMS

321-XHE-FO-6OPEN 1.61E-03 2.63E-04 1.16 OPERATOR FAILS TO OPEN 6/10 SRVS

J43-XHE-FO-LPCI 1.61E-03 2.63E-04 1.16 OPERATOR FAILS TO ACTUATE U43 IN LPCI MODE

?41-XHE-FO-INISLCS 1.77E-01 2.48E-04 1 OPERATOR FAILS TO MANUALLY INITIATE SLCS (SHORT TIME)

Z10-BAC-LP-500KVMA1N 4.80E-06 2.41 E-04 51.23 500 KV MAIN DISTRIBUTION BUS FAILS DURING OPERATION

Z13-XFL-LP-RI3111 1.92E-05 2.37E-04 13.35 TRANSFORMER FAILS DURING OPERATION

Z13-XFL-LP-R13211 .1.92E-05, 2.37E-04 13.35 TRANSFORMER FAILS DURING OPERATION

;U3-XFL-LP-RI3311 1.92E-05 2.37E-04 13.35 TRANSFORMER FAILS DURING OPERATION

;U3-XFL-LP-RI341I 1.92E-05 2.37E-04 13.35 TRANSFORMER FAILS DURING OPERATION
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Table 18-3

Internal Fire Full-Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Fire Full Power
Core Damage Frequency = 1.21E-08/year

Event Name Probability F-V RAW . Description
R16-BT -LP-RI6BT21 5.OOE-04 1.99E-04 1.4 BATTERY DE3BY0O I FAILS TO PROVIDE OUTPUT

RI1-BAC-LP-RI IB2 4.80E-06 1.93E-04 41.26 BUS RI l-B2 FAILS DURING OPERATION

RI l-BAC-TM-RI I B2 4.80E-06 1.93E-04 41.26 6.9 KV AC BUS RI 1-B2 IN MANTENANCE

H23-RMU-CF-ALL 9.00E-07 1.85E-04 206.21 CCF OF REMOTE MULTIPLEXING UNITS TO OPERATE

B21-OR_-PG-0IA 1.44E-05 1.62E-04 12.23 ORIFICE INSTR. LINE IA FAILS TO REMAIN OPEN (PLUG)

B21-OR -PG-01B 1.44E-05 1.62E-04 12.23 ORIFICE INSTR. LINE lB FAILS TO REMAIN OPEN (PLUG)

B21-OR_-PG-0 IC 1.44E-05 1.62E-04 12.23 ORIFICE INSTR. LINE IC FAILS TO REMAIN OPEN (PLUG)

B21-OR -PG-0ID 1.44E-05 1.62E-04 12.23 ORIFICE INSTR. LINE I D FAILS TO REMAIN OPEN (PLUG)

R13-LCB-CO-FRI31 11 1.44E-05 1.62E-04 12.23 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-FRI3211 1.44E-05 1.62E-04 12.23 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-FR1331 I I .44E-05 1.62E-04 12.23 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-FR13411 i.44E-05 1.62E-04 12.23 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-RI311 I *44E-05 1.62E-04 12.23 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-R13211 1.44E-05 1.62E-04 12.23 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-RI3311 1.44E-05 1.62E-04 12.23 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-R1341I 1.44E-05 1.62E-04 12.23 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-TORI311 1.44E-05 1.62E-04 12.23 CIRCUIT BREAKER TO R13-11 OPENS SPURIOUSLY

R13-LCB-CO-T0R1321 1.44E-05 1.62E-04 12.23 CIRCUIT BREAKER TO R 13-21 OPENS SPURIOUSLY

R13-LCB-CO-TOR1331 1.44E-05 1.62E-04 12.23 CIRCUIT BREAKER TO R13-31 OPENS SPURIOUSLY

R13-LCB-CO-TOR1341 1.44E-05 1.62E-04 12.23 CIRCUIT BREAKER TO R13-41 OPENS SPURIOUSLY

B32-SYS-TM-ICA 4.16E-02 1.53E-04 I IC "A" UNAVAILABLE [# 7]

H23-RMU-CF-DIDALL 9.OOE-07 1.37E-04 153.49 CCF.OF REMOTE MULTIPLEXING UNITS (DID)

R13-XFL-LP-RI3CI3 1.92E'05 1.32E-04 7.89 TRANSFORMER FAILS DURING OPERATION

C62-DTM-CF-DIDALL 5.50E-05 1.28E-04 3.32 COMMON CAUSE FAILURE 3/4 DTM DID LOGIC

R13-LCB-CO-FRI3CI3 1.44E-05 9.93E-05 7.89 CIRCUIT BREAKER OPENS SPURIOUSLY
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Table 18-3

Internal Fire Full-Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Fire Full Power
Core Damage Frequency = 1.21E-08/year

Event Name Probability F-V RAW Description
RI3-LCB-CO-R13C13 1.44E-05 9.93E-05 7.89 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-TOR13C 1.44E-05 9.93E-05 7.89 CIRCUIT BREAKER TO R13-C OPENS SPURIOUSLY

P22-HX -PG-BOOA 5.28E-05 9.78E-05 .2.85 HEAT EXCHANGER A FAILS

P22-XHE-FO-HXB 2.69E-01 9.78E-05 I OPERATOR FAILS TO ALIGN HX B

P5I-ACV-CF-OPEN 1.35E-05 9.31E-05 7.89 CCF OF AOV TO OPEN

N2 I-ACV-TM-F026 8.OOE-04 8.74E-05 1.11 VALVE N2 1 -F026 UNAVAILABLE DUE TO TEST OR MAINTENANCE

RI I-MCB-CO-B2B3 1.20E-05 8.28E-05 7.89 CIRCUIT BREAKER FROM RI 1-B2 OPENS SPURIOUSLY

G21-ACV-CC-F321 2.OOE-03 6.75E-05 1.03 AOV F321 FAILS TO OPERATE TO NOT DEENERG.POS.

G21-ACV-CC-F322 2.OOE-03 6.75E-05 1.03 AOV F322 FAILS TO OPERATE TO NOT DEENERG.POS.

RI 0-SYS-FF-500KV 1.20E-06 6.03E-05 51.24 500KV SWITCHYARD FAILS DURING OPERATION

C41-XHE-MH-FO02A 4.03E-03 5.89E-05 1.01 MISPOSITION OF VALVE F002A

C41-XHE-MH-F002B 4.03E-03 5.89E-05 1.01 MISPOSITION OF VALVE F002B

C41-UV -CC-FO04A 1.60E-03 5.30E-05 1.03 CHECK VALVE F004A FAILS TO OPEN

C4 I -UV -CC-FO04B 1.60E-03 5.30E-05 1.03 CHECK VALVE F004B FAILS TO OPEN

C4 I-UV_-CC-FOQ5A 1.60E-03 5.30E-05 1.03 CHECK VALVE F005A FAILS TO OPEN

C41-UV -CC-FOO5B 1.60E-03 5.30E-05 1.03 CHECK VALVE F005B FAILS TO OPEN

B32-ACV-CC-FO06B 2.O0E-03 5.11 E-05 1.03 AIR OPERATED VALVE F006B FAILS TO OP. TO DEENERG. POSIT.

B32-ACV-CC-FO06C 2.OOE-03 5.11 E-05 1.03 AIR OPERATPED VALVE F006A FAILS TO OP. TO*DEENERG. POSIT.

B32-ACV-CC-FO06D 2.OOE-03 5.1 iE-05 1.03 AIR OPERATED VALVE F006D FAILS TO OP. TO DEENERG. POSIT.

C12-MPC-FR-COO1A 5.76E-05 5.1 OE-05 1.88 MOTOR-DRIVEN PUMP COO] A FAILS TO RUN, GIVEN START

R13-BAC-LP-RI311 4.80E-06 4.57E-05 10.51 BUS R13-31 FAILS DURING OPERATION

R13-BAC-LP-R13111 4.80E-06 4.57E-05 10.51 BUSR13-11-1 FAILS DURING OPERATION

R13-BAC-LP-R1321 4.80E-06 4.57E-05 10.51 BUS R13-21 FAILS DURING OPERATION

R13-BAC-LP-RI3211 4.80E-06 4.57E-05 10.51 BUS R13-21-1 FAILS DURING OPERATION

R13-BAC-LP-RI331 4.80E-06 4.57E-05 10.51 BUS R13-31 FAILS DURING OPERATION
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Table 18-3'

Internal Fire Full-Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Fire Full Power
Core Damage Frequency = 1.21E-08/year

Event Name Probability F-V RAW Description
RI3-BAC-LP-R133 1 .4.80E-06 4.57E-05 10.51 BUS R13-31-1 FAILS DURING OPERATION

R13-BAC-LP-R1341 4.80E-06 4.57E-05 10.51 BUS R13-41 FAILS DURING OPERATION

R13-BAC-LP-R13411 4.80E-06 4.57E-05 10.51 BUS R13-41-1 FAILS DURING OPERATION

012-XHE-FO-LEVEL2 3.22E-02 4.35E-05 1 MANUAL ACTUATION FAILURE

051-ACT-CF-IPRM 2.98E-04 4.26E-05 1.14 CCF APRM NEUTRON CHANNELS

E50-SQV-CF-4OPEN 1.50E-05 4.24E-05 3.83 CCF OF 4 OR MORE SQUIB VALVES TO OPEN

B32-ACV-CF-2ICABCD 1.55E-05 3.65E-05 3.36 CCF TO OPEN 2/4 ACV VALVES TRAINS A,B,C,D

Cl2-MPC-FR-COOIB 5.76E-05 3.40E-05 1.59 MOTOR-DRIVEN PUMP C001B. FAILS TO RUN, GIVEN START

C41-XHE-FO-OPENF002A 2.69E-01 2.74E-05 1 OPERATOR FAILS TO OPEN VALVE F002A (AFTER INADV.CLOS.)

C41-XHE-FO-OPENF002B 2.69E-0I 2.74E-05 1 OPERATOR FAILS TO OPEN VALVE F002B (AFTER INADV.CLOS.)

C72-VLU-CF-DPSALL 3.12E-06 1.79E-05 6.74 CCF OF VOTER LOGIC UNITS

C41-SYS-FF-MAKEUP 1.00E-01 1.78E-05 I INVENTORY MAKE-UP BORATION FAILURE

FIRE-CONTROL-BUILD-TGEN- 2.76E-03 1.1 0E-05 I FIRE IN CONTROL BUILDING DIV I ZONE
DIVII

RI0-XFH-TM-XFRMA 1.00E-04 8.3 IE-06 1.08 TRANSFORMER XFRM-A IN MAINTENANCE

R10-XFH-TM-XFRMB 1.00E-04 8.3 1E-06 1.08 TRANSFORMER XFRM-B IN MAINTENANCE
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Table 18-4

Internal Fire Shutdown Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Fire Shutdown
Core Damage Frequency = 2.32E-08/year

Event Name Probability F-V RAW Description
RB-DAMPER 7.40E-03 8.29E-01 112.15 IRE BARRIER IN REACTOR BUILDING FAILS

XXX-XHE-FO-DEPRESS 1.61E-01 6.34E-01 4.3 OPERATOR FAILS TO RECOGNIZE NEED OF DEPRESSURIZATION

N21-XHE-FO-CONDPUMPD 2.69E-01 5.30E-01 2.44 OPERATOR FAILS TO START CONDENSATE PUMP D

N21-XHE-FO-FWPUMPD 2.69E-01 4.38E-01 2.19 OPERATOR FAILS TO START FEEDWATER PUMP D

FIRE-REACT-BUILD-DIVII-M5 1 .12E-03 3.32E-01 295.87 FIRE-REACT-BUILD-DIVII-M5

FIRE-REACT-BUILD-DIVI-M5 1 .12E-03 3.11 E-01 276.79 FIRE-REACT-BUILD-DIVI-M5

G21-XHE-M}H-F334 4.80E-02 2.11E-01 5.18 MISPOSITION OF VALVE F334
FIRE-REACT-BUILD-DIVIV- 1.12E-03 1.73E-01 154.82 FIRE-REACT-BUILD-DIVIV-M5
M5
FIRE-RE'ACT"-BU'ILD-DIVIII -
MU 1.1 2E-03 1.56E-01 139.77 FIRE-REACT-BUILD-DIVIII-M5
M5 4.80E_02 9.88E_02 29_____OVL FO3
C12-XHE'MH-F013A 4.80E-02 9.88E-02 2.96 MISPOSITION OF VALVE FOI3A

CP2-XHE-MH-FO15A 4.80E-02 9.88E-02 2.96 MISPOSITION OF VALVE FOIA
P30-XHE-MH-F015 4.80E-02 9.24E-02 2.83 MISPOSITIO)N OF VALVE F01T

U43-SYS-FF-LPCI 2.40E-02 8.95E-02 4.64 U43 HARDWARE FAILURES

C12-XHE-M-FO13B 4.80E-02 8.65E-02 2.71 MISPOSITION OF VALVE FOI.3B

CI2-XHE-MH-F013B 4.80E-02 8.65E-02 2.71 MISPOSITION OF VALVE FOI5B
H23-EMS-FC-DIV3 6.OOE-04 7.02E-02 117.99 ESSENTIAL MULTIPLEXING SYSTEM DIV 3 FAILS TO FUNCTION

B21-SQV-CF-DPVOPEN 1.50E-05 6.39E-02 4.26E+03 CCF OF DPV'S TO OPEN

C74-DTM-FC-DIV3 6.OOE-04 6.34E-02 106.6 DTM OF SSLC DIV. 3 FAILS TO TRIP

C74-DTM-FC-DIV4 6.OOE-04 6.29E-02 105.72 DTM OF SSLC DIV. 4 FAILS TO TRIP

H23-EMS-FC-DIV4 6.OOE-04 6.29E-02 105.72 ESSENTIAL MULTIPLEXING SYSTEM DIV 4 FAILS TO FUNCTION

B2 I -SQV-CC-F004B 3.OOE-03 5.20E-02 18.29 EXPLOSIVE VALVE DPV B FAILS TO OPERATE

B21-SQV-CC-FO04F 3.OOE-03 5.20E-02 18.29 XPLOSIVE VALVE DPV F FAILS TO OPERATE

B21 -SQV-CC-FO04D 3.OOE-03 5.13E-02 18.06 EXPLOSIVE VALVE DPV D FAILS TO OPERATE
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Table 18-4

Internal Fire Shutdown Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Fire Shutdown
Core Damage Frequency = 2.32E-08/year

Event Name Probability F-V RAW Description

B21-SQV-CC-FO04H 3.OOE-03 5.13E-02 18.06 EXPLOSIVE VALVE DPV H FAILS TO OPERATE

B21-SQV-CC-F004C 3.00E-03 4.96E-02 17.49 EXPLOSIVE VALVE DPV C FAILS TO OPERATE

B21-SQV-CC-FO04G 3.00E-03 4.96E-02 17.49 EXPLOSIVE VALVE DPV G FAILS TO OPERATE

B21-SQV-CC-FO04A 3.00E-03 4.89E-02 17.26 EXPLOSIVE VALVE DPV A FAILS TO OPERATE

B21-SQV-CC-FO04E 3.00E-03 4.89E-02 17.26 EXPLOSIVE VALVE DPV E FAILS TO OPERATE

E50-SQV-CF-GDCS7OPEN 1.50E-05 3.34E-02 2.22E+03 CCF OF 7 SQUIB VALVES IN GDCS LINES TO OPEN

E50-SQV-CF-OPENALL 1.50E-05 3.34E-02 2.22E+03 CCF OF ALL SQUIB VALVES TO OPEN

H23-RMU-FC-DIV3 3.00E-04 3.'14E-02 105.73 REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

H23-RMU-FC-DIV4 3.OOE-04 3.12E-02 104.92 REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

XXX-XHE-FO-LPMAKEUP 1.61E-01 2.34E-02 1.12 OP. FAILS TORECOG. NEED FOR LOW PRESS. MAKEUP (LOCA)

C12-XHE-MH-F018A 1.20E-02 2.31E-02 2.9 MISPOSITION OF VALVE F018A

C12-XHE-MH-F021A 1.20E-02 2.3 1E-02 2.9 MISPOSITION OF VALVE F021A
C12-XHE-MH-F003B 1.20E-02 2.04E-02 2.68 MISPOSITION OF VALVE FO03B

C12-XHE-MH-F018B 1.20E-02 2.04E-02 2.68 MISPOSITION OF VALVE FOI8B

C12-XHE-MH-F021B 1.20E-02 2.04E-02 2.68 MISPOSITION OF VALVE F021B

EB-DAMPER 7.40E-03 1.67E-02 3.24 FIRE BARRIER IN ELECTRICAL BUILDING FAILS

C74-DTM-CF-ALL 1.20E-05 1.33E-02 1.11E+03 CCF 3/4 DTM OF SSLC DIVt/2/3/4

H23-EMS-FC-DIV1 6.00E-04 1.32E-02 22.94 ESSENTIAL MULTIPLEXING SYSTEM DIV I FAILS TO FUNCTION

H23-EMS-FC-DIV2 6.OOE-04 1.28E-02 22.26 ESSENTIAL MULTIPLEXING SYSTEM DIV 2 FAILS TO FUNCTION

C74-DTM-FC-DIVI 6.00E-04 1.17E-02 20.48 DTM OF SSLC DIV. I FAILS TO TRIP

C74-DTM-FC-DIV2 6.00E-04 1.13E-02 19.81 DTM OF SSLC DIV. 2 FAILS TO TRIP

XX-XHE-FO-RPVLDE 1.61E-02 9.5 IE-03 1.58 OP. FAILS TO RECOG. OR CHECK THE RPV DECREASING LEVEL
FIRE-NON-DIVISIONAL- 5.54E-04 8.38E-03 16.12 FIRE-NON-DIVISIONAL-REDB-M6
REDB-7M6
IRE-NON-DIVISIONAL- 5.45E-04 8.25E-03 16.12 IRE-NON-DIVISIONAL-REDA-M6

REDA-M6 I I I
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Table 18-4

Internal Fire Shutdown Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Fire Shutdown
Core Damage Frequency = 2.32E-08/year

Event Name Probability F-V RAW Description
C12-MOV-CC-FO14A 4.00E-03 7.10E-03 2.77 MOTOR OPER. VALVE FO14A FAILS TO OPEN

C12-MOV-CC-FO20A 4.00E-03 7.06E-03 2.76 MOTOR OPER. VALVE F020A FAILS TO OPEN

G2 I-ACV-CC-F332 2.OOE-03 6.93E-03 4.46 AOV F332 FAILS TO OPERATE TO NOT DEENERG.POS.

C12-MOV-CC-FO14B 4.OOE-03 6.41E-03 2.6 MOTOR OPER. VALVE FO14B FAILS TO OPEN

C12-MOV-CC-FO20B 4.OOE-03 6.37E-03 2.59 MOTOR OPER. VALVE F(20B FAILS TO OPEN

C12-MOV-FC-FO20A 3.13E-03 5.48E-03 2.75 FLOW CONTROL A FAILS WIDE OPEN

H23-RMU-FC-DIVI 3.00E-04 5.42E-03 19.06 REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

B21-UV_-CC-FIO2B 1.60E-03 5.40E-03 4.37 CHECK VALVE #1 IN FEEDWATER LINE B FAILS TO REOPEN

B21-UV -CC-F 103B 1.60E-03 5.40E-03 4.37 CHECK VALVE #2 IN FEEDWATER LINE B FAILS TO REOPEN

C12-UV -CC-F022 1.60E-03 5.40E-03 4.37 CHECK VALVE F022 FAILS TO OPEN

B2 I -UV -CC-F 102A 1.60E-03 5.29E-03 4.3 CHECK VALVE Fl 02A IN FEEDWATER LINE A FAILS TO OPEN

B21-UV -CC-F103A 1.60E-03 5.29E-03 4.3 CHECK VALVE F103A IN FEEDWATER LINE A FAILS TO OPEN

G21-UV -CC-F333 1.60E-03 5.29E-03 4.3 CHECK VALVE F333 FAILS TO OPEN

H23-RMU-FC-DIV2 3.00E-04 5.27E-03 18.58 REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

C12-MOV-FC-F020B 3.13E-03 4.98E-03 2.59 FLOW CONTROL B FAILS WIDE OPEN

U43-XHE-FO-LPCI 1.611E-03 4.87E-03 4.02 OPERATOR FAILS TO ACTUATE U43 IN LPCI MODE

B21-XHE-FO:6OPEN 1.61E-03 4.72E-03 3.93 OPERATOR FAILS TO OPEN 6/10 SRVS

C12-SYS-TM-TRAINB 3.OOE-03 4.70E-03 2.56 TRAIN B IN MAINTENANCE

C51-ACT-CF-APRMSTUCK 2.1OE-07 3.95E-03 1.88E+04 CCF APRM DETECTORS STUCK AT POWER LEVEL

C12-MP -FS-COO1BOIL 2.40E-03 3.76E-03 2.56 MOTOR-DRIVEN AUX. OIL PUMP FOR C0O1B FAILS TO START

C12-MPC-FS-COO1B 2.40E-03 3.76E-03 2.56 MOTOR-DRIVEN PUMP CO01B FAILS TO START

H23-RMU-FC-ESF13 3.OOE-04 3.48E-03 12.59 1 ST DIV III ESF REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

H23-RMU-FC-ESF23 3.OOE-04 3.48E-03 12.59 2ND DIVIII ESF REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

C74-VLU-CF-ALL 3.12E-06 3.46E-03 1. 1 IE+03 CCF OF VOTER LOGIC UNITS

R16-BT--CF-ALLBATT 9.OOE-06 3.35E-03 373.65 ATTERY CCF #2
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Table 18-4

Internal Fire Shutdown Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure).

Fire Shutdown
Core Damage Frequency = 2.32E-08/year

Event Name Probability F-V RAW Description
FIRE-REACT-BUILD-DIVIII- 2.80E-04 2.59E-03 10.23 FIRE-REACT-BUILD-DIVIII-M6

FIRE-REACT-BUILD-DIVIV-
R C -2.80E-04 2.59E-03 10.23 FIRE-REACT-BUILD-DIVIV-M6

M6B21-LT-NO-N001_C_2.40E-05_2.3__E-03_97.42_WIDERANGELEVELTANSMTTER_1C_(LEVELl&2)_FAIL
B21-LT_-NO-N001DC 2.40E-05 2.31E-03 97.42 WIDE RANGE LEVEL TRANSMITTER IC (LEVEL 1&2) FAILS

B21-LT -NO-NF3213D 2.40E-05 2.3 1E-03 97.05 WIDE RANGE LEVEL TRANSMITTER IC D (LEVEL &2) FAILS
G21-UV -TM-F332/333 8.00E-04 2.29E-03 3.86 MAINTENANCE FOR CV F332 OR CV F333
P22-ACV-FT-BYPASS 2.OOE-03 2.2 1 E-03 2.1 HEAT EXCHANGERS BYPASS VALVE FAILS TO REGULATE
H23-EMS-CF-ALL I.80E-06 1.97E-03 1.10E+03 CCF OF ESSENTIAL MULTIPLEXING SYSTEM DIV 1/2/3/4

FIRE-CONTROL-ROOM-M6 9.43E-05 1.96E-03 21.8 FIRE-CONTROL-ROOM-M6

FIRE-REACT-BUILD-DIVII-M6 2.80E-04 1.95E-03 7.96 FIRE-REACT-BUILD-DIVII-M6

FIRE-REACT-BUILD-DIVI-M6 2.80E-04 1.95E-03 7.96 FIRE-REACT-BUILD-DIVI-M6

RI3-XFL-LP-RI3311 1.92E-05 1.94E-03 101.92 TRANSFORMER FAILS DURING OPERATION

R13-XFL-LP-R13411 1.92E-05 1.82E-03 95.89 TRANSFORMER FAILS DURING OPERATION

R13-XFL-LP-RI31 11 1.92E-05 1.76E-03 92.68 TRANSFORMER FAILS DURING OPERATION

R13-XFL-LP-R13211 1.92E-05 1.64E-03 86.65 TRANSFORMER FAILS DURING OPERATION
E50-MP -TM-POOLB 1.00E-02 1.53E-03 1.15 GDCS POOL B IN MAINTENANCE

C12-MCB-OO-CO01B 1.00E-03 1.52E-03 2.52 CIRCUIT BREAKER FOR COOIB & AUX OIL PMP B FAILS TO CLOSE

R13-LCB-CO-FR13311 1.44E-05 1.45E-03 101.46 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-RI3311 1.44E-05 1.45E-03 101.46 CIRCUIT BREAKER OPENS SPURIOUSLY

RI3-LCB-CO-TOR1311 1.44E-05 1.45E-03 101.46 CIRCUIT BREAKER TO RI 3-11 OPENS SPURIOUSLY
R13-LCB-CO-TOR1331 1.44E-05 1.45E-03 101.46 CIRCUIT BREAKER TO R13-31 OPENS SPURIOUSLY

B21-ORL-PG-OIC 1.44E-05 1.36E-03 95.43 ORIFICE INSTR. LINE IC FAILS TO REMAIN OPEN (PLUG)

B21-OR_-PG-01D 1.44E-05 1.36E-03 95.43 ORIFICE INSTR. LINE ID FAILS TO REMAIN OPEN (PLUG)

R13-LCB-CO-FRP3411 1.44E-05 1.36E-03 95.43 CIRCUIT BREAKER OPENS. SPURIOUSLY

R13-LCB-CO-R1341I 1.44E-05 1.36E-03 95.43 CIRCUIT BREAKER OPENS SPURIOUSLY
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Table 18-4

Internal Fire Shutdown Importance MeaSure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Fire Shutdown
_ __ .Core Damage Frequency = 2.32E-08/year

Event Name Probability F-V RAW Description
R13-LCB-CO-TOR1321 1.44E-05 1.36E-03 95.43 CIRCUIT BREAKER TO R13-21 OPENS SPURIOUSLY

R13-LCB-CO-TOR1341 1.44E-05 1.36E-03 95.43 CIRCUIT BREAKER TO R13-41 OPENS SPURIOUSLY

R13-LCB-CO-FRI31 11 1.44E-05 1.31E-03 92.22 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-RI3111 1.44E-05 1.31E-03 92.22 CIRCUIT BREAKER OPENS SPURIOUSLY

N21 -ACV-OC-F0 18 1.31 E-03 1.27E-03 1.97 AIR OPERATED VALVE N2 1 -FO 18 FAILS TO REMAIN OPEN
B21-OR -PG-01A 1.44E-05 1.23E-03 86.19 ORIFICE INSTR. LINE I A FAILS TO REMAIN OPEN (PLUG)

B21-OR -PG-01B 1.44E-05 1..23E-03 86.19 ORIFICE INSTR. LINE I B FAILS TO REMAIN OPEN (PLUG)

RI3-LCB-CO-FRI3211 1.44E-05 1.23E-03 86.19 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-RI3211 1.44E-05 1.23E-03 86.19 CIRCUIT BREAKER OPENS SPURIOUSLY

E50-SQV-CO-F009A 3.50E-03 1.06E-03 1.3 SQUIB DELUGE VALVE F009A SPUR. OPENING [#7]

E50-SQV-CO-FO09E 3.50E-03 1.06E-03 1.3 SQUIB DELUGE VALVE F009E SPUR. OPENING [#7]

E50-SQV-CO-F0091 3.50E-03 1.06E-03 1.3 SQUIB DELUGE VALVE F0091 SPUR. OPENING [#7]

C12-OR_-PG-D007A 6.48E-04 9.66E-04 2.49 ORIFICE D007A FAILSTO REMAIN OPEN (PLUG)

C12-OR_-PG-D007B 6.48E-04 9.24E-04 2.43 ORIFICE D007B.FAILS TO REMAIN OPEN (PLUG)
H23-RMU-CF-ALL 9.00E-07 8.96E-04 996.18 CCF OF REMOTE MULTIPLEXING UNITS TO OPERATE

H23-EMS-FC-DPSDIV3 6.OOE-04 8.72E-04 2.45 ESSENTIAL MULTIPLEXING SYSTEM DPS DIV 3 FAILS TO FUNCTION

H23-EMS-FC-DPSDIV4 6.OOE-04 8.72E-04 2.45 ESSENTIAL MULTIPLEXING SYSTEM DPS DIV 4 FAILS TO FUNCTION

U43-XHE-FO-LPCIADS 1.61E-02 8.60E-04 1.05 OPERATOR FAILS TO ACTUATE U43 IN LPCI MODE AFTER ADS

C72-DTM-FC-DPSDIV3 6.OOE-04 8.39E-04 2.4 TM OF DPS DIV. 3 FAILS TO TRIP

C72-DTM-FC-DPSDIV4 6.OOE-04 8.39E-04 2.4 DTM OF DPS DIV. 4 FAILS TO TRIP

B21-SQV-CF-FO04AB 3.60E-05 8.29E-04 24.03 CCF OF DPV A ANDIB TO OPEN

B21-SQV-CF-F004AD 3.60E-05 8.29E-04 24.03 CCF OF DPV A AND D TO OPEN

B21-SQV-CF-F004AF 3.60E-05 8.29E-04 24.03 CCF OF DPV A AND F TO OPEN

B21-SQV-CF-F004AH 3.60E-05 8.29E-04 24.03 CCF OF DPV A AND H TO OPEN

B21-SQV-CF-FO04BC 3.60E-05 8.29E-04 24.03 CCF OF DPV B AND C TO OPEN
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Table 18-4

Internal Fire Shutdown Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Fire Shutdown
. Core Damage Frequency = 2.32E-08/year

Event Name Probability F-V RAW - Description
B21-SQV-CF-FO04BE 3.60E-05 8.29E-04 24.03 CCF OF DPV B AND E TO OPEN

B21-SQV-CF-FO04BG 3.60E-05 8.29E-04 24.03 CCF OF DPV B AND G TO OPEN

B21-SQV-CF-FO04CD 3.60E-05 8.29E-04 24.03 CCF OF DPV C AND D TO OPEN

B21-SQV-CF-F004CF 3.60E-05 8.29E-04 24.03 CCF OF DPV C AND F TO OPEN

B21-SQV-CF-FO04CH 3.60E-05 8.29E-04 24.03 CCF OF DPV C AND H TO OPEN

B21-SQV-CF-F004DE 3.60E-05 8.29E-04 24.03 CCF OF DPV D AND E TO OPEN

B21 -SQV-CF-FO04DG 3.60E-05 8.29E-04 24.03 CCF OF DPV D AND G TO OPEN

B21-SQV-CF-FO04EF 3.60E-05 8.29E-04 24.03 CCF OF DPV E AND F TO OPEN

B21-SQV-CF-FO04EH 3.60E-05 8.29E-04 24.03 CCF OF DPV E AND H TO OPEN

B21-SQV-CF-FO04FG 3.60E-05 8.29E-04 24.03 CCF OF DPV F AND G TO OPEN

B21-SQV-CF-FO04GH 3.60E-05 8.29E-04 24.03 CCF OF DPV G AND H TO OPEN

E50-SQV-CO-FO09B 3.50E-03 8.19E-04 1.23 SQUIB DELUGE VALVE F009B SPUR. OPENING [#7]

E50-SQV-CO-FO09C 3.50E-03 8.19E-04 1.23 SQUIB DELUGE VALVE F009C SPUR. OPENING [#7]

E50-SQV-CO-F009F 3.50E-03 8.19E-04 1.23 SQUIB DELUGE VALVE F009F SPUR. OPENING [#7],

E50-SQV-CO-F009G 3.50E-03 8.19E-04 1.23 SQUIB DELUGE VALVE F009G SPUR. OPENING [#7]

E50-SQV-CO-FO09J 3.50E-03 8.19E-04 1.23 SQUIB DELUGE VALVE F009J SPUR. OPENING [#7]

E50-SQV-CO-FO09K 3.50E-03 8.19E-04 1.23 SQUIB DELUGE VALVE F009K SPUR. OPENING [#7]

E50-SQV-CO-FO09D 3.50E-03 8.06E-04 1.23 SQUIB DELUGE VALVE F009D SPUR. OPENING [#7]

E50-SQV-CO-FO09H 3.50E-03 8.06E-04 1.23 SQUIB DELUGE VALVE F009H SPUR. OPENING [#7]

E50-SQV-CO-FO09L 3.50E-03 8.06E-04 1.23 SQUIB DELUGE VALVE F009L SPUR. OPENING [#7]

H23-EMS-FC-DIVCN1E 6.OOE-04 4.97E-04 1.83 ESSENTIAL MULTIPLEXING SYSTEM DIV C (NIE) FAILS TO FUNCTION

C62-VLU-CF-DIDALL 3.12E-05 4.44E-04 15.24 CCF OF VOTER LOGIC UNITS

C72-VLU-CF-DPSALL 3.12E-06 4.38E-04 141.33 CCF OF VOTER LOGIC UNITS
R13-BAC-LP-R1311 4.80E-06 4.31E-04 90.71 BUS R13-31 FAILS DURING OPERATION

R13-BAC-LP-R1321 4.80E-06 4.31E-04 90.71 BUS R13-21 FAILS DURING OPERATION
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Table 18-4

Internal Fire Shutdown Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Fire Shutdown
Core Damage Frequency = 2.32E-08/year

Event Name Probability F-V RAW Description
RI 3-BAC-LP-RI331 4.80E-06 4.31 E-04 90.71 BUS RI 3-31 FAILS DURING. OPERATION
R13-BAC-LP-RI3311 4.80E-06 4.31E-04 90.71 BUS R13-31-1 FAILS DURING OPERATION

R13-BAC-LP-RI341 4.80E-06 4.31E-04 90.71 BUS R13-41 FAILS DURING OPERATION

R13-BAC-LP-RI3411 4.80E-06 4.31E-04 90.71 BUS R13-41-1 FAILS DURING OPERATION

B21-SQV-CF-F004BD 3.60E-05 4.28E-04 12.89 CF OF DPV B AND D TO OPEN

B21-SQV-CF-FO04BF 3.60E-05 4.28E-04 12.89 CCF OF DPV B AND F TO OPEN

B21 -SQV-CF-FO.4BH 3.60E-05 4.28E-04 12.89 CCF OF DPV B AND H TO OPEN

B21-SQV-CF-FO04DF 3.60E-05 4.28E-04 12.89 CCF OF DPV D AND F TO OPEN
B21-SQV-CF-FO04DH 3.60E-05 4.28E-04 12189 CCF OF DPV D AND H TO OPEN

B21-SQV-CF-FO04FH 3.60E-05 4.28E-04 12.89 CCF OF DPV F AND H TO OPEN
E50-XHE-FO-GDCS I.61E-03 4.20E-04 1.26 OPERATOR FAILS TO ACTUATE GDCS

H23-RMU-FC-DPSDIV3 3.00E-04 4.1 IE-04 2.37 REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION
H23-RMU-FC-DPSDIV4 3.00E-04 4.11 E-04 2.37 REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION
B21-SQV-CF-F004AC 3.60E-05 4.01E-04 12.14 CCF OF DPV A AND C TO OPEN

B2 I-SQV-CF-F004AE 3.60E-05 4.01E-04 12.14 CCF OF DPV A AND E TO OPEN

B21-SQV-CF-F004AG 3.60E-05 4.01E-04 12.14 CF OF DPV A AND G TO OPEN

321-SQV-CF-F004CE 3.60E-05 4.01E-04 12.14 CCF OF DPV.C AND E TO OPEN

B21-SQV-CF-FO04CG 3.60E-05 4.01E-04 12.14 CCF OF DPV C AND G TO OPEN

B21-SQV-CF-F004EG 3.60E-05 4.01E-04 12.14 CCF OF DPV E AND G TO OPEN

R13-BAC-LP-R13111 4.80E-06 3.86E-04 81.47 BUS R13-11-1 FAILS DURING OPERATION
R13-BAC-LP-R132-11 4.80E-06 3.86E-04 81.47 BUS R13-21-1 FAILS DURING OPERATION

E50-SQV-CC-FO02A " 3.00E-03 3.41 E-04 1.11 SQUIB VALVE F002A FAILS TO OPERATE

E50-SQV-CC-F002D 3.00E-03 3.4 1E-04 1.11 ]SQUIB VALVE F002D FAILS TO OPERATE

E50-SQV-CC-F002E 3.OOE-03 3.4 1E-04 1.11 SQUIB VALVE F002E FAILS TO OPERATE

E50-SQV-CC-F00E2H 3.00E-03 3.41 E-04 1.11 SQUIB VALVE F002H FAILS TO OPERATE

18.9-33



NEDO-33201 Rev 1

Table 18-4

Internal Fire Shutdown Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure).

Fire Shutdown
Core Damnae Frequency = 2.32E-08/year

.. Event Name Probability F-V RAW - Description
C12-MOV-CF-OPEN 1.78E-04 3.40E-04 2.9 1 CCF MOV TO OPEN

C12-XHE-FO-LEVEL2 3.22E-02 3.07E-04 1.01 MANUAL ACTUATION FAILURE
B21-LT -NO-NOOIB 2.40E-05 2.96E-04 13.35 WIDE RANGE LEVEL TRANSMITTER lB (LEVEL I&2) FAILS
B21-LT -NO-NOOIA 2.40E-05 2.79E-04 12.61 WIDE RANGE LEVEL TRANSMITTER 1 A (LEVEL 1 &2) FAILS

G21-UV -OC-F331 2.16E-04 2.49E-04 2.15 CHECK VALVE F331 FAILS TO CLOSE

-123-RMU-FC-ESF14 3.00E-04 2.23E-04 1.74 1ST DIV IV ESF REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION
H23-RMU-FC-ESF24 3.00E-04 2.23E-04 1.74 2ND DIVIII ESF REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

B21-SRV-CF-6OPEN 1.90E-04 2.20E-04 2.15 CCF TO OPEN 6 SRVS
H23-EMS-CF-DPSALL 1.80E-06 2.12E-04 118.75 CCF OF ESSENTIAL MULTIPLEXING SYSTEM DIV 1/2/3/4

C62-DTM-CF-NIEALL 5.50E-05 1.83E-04 4.33 CCF OF DIGITAL TRIP MODULES NO 1E
P54-CPV-CF-CONTROL 1.57E-04 1.811E-04 2.15 CCF OF PRESSURECONTROL VALVES FAILURES

P30-UV -CC-CVOIT 2.00E-04 1.79E-04 1.89 CHECK VALVECV0 IT FAILS TO OPEN
R10-CBU-FC-PRES00KV 7.20E-05 1.36E-04 2.89 500KV TRANSMISSION LINE FAILS

B21 -SQV-CF-F004ABC 9.00E-06 1.34E-04 15.88 CCF OF DPV A,B & C TO OPEN

B21-SQV-CF-F004ABD 9.OOE-06 1.34E-04 15.88 CCF OF DPV AB & D TO OPEN

B21-SQV-CF-FO04ABE 9.00E-06 1.34E-04 15.88 CCF OF DPV A,B & E TO OPEN

B21-SQV-CF-F004ABF 9.00E-06 1.34E-04 15.88 CCF OF DPV A,B & F TO OPEN

B21-SQV-CF-F004ABG 9.00E-06 1.34E-04 15.88 CCF OF DPV A,B & G TO OPEN
B21-SQV-CF-FO04ABH 9.00E-06 1.34E-04 15.88 CCF OF DPV A,B & H TO OPEN

B21-SQV-CF-F004ACD 9.00E-06 1.34E-04 15.88 CCF OF DPV A,C & D TO OPEN

221 -SQV-CF-FO04ACF 9.00E-06 1.34E-04 15.88 CCF OF DPV A,C & F TO OPEN
B21-SQV-CF-F004ACH 9.OOE-06 1.34E-04 15.88 CCF OF DPV A,C & H TO OPEN

B21-SQV-CF-FO04ADE 9.OOE-06 1.34E-04 15.88 CCF OF DPV A,D & E TO OPEN
B21 -SQV-CF-F004ADF 9.0OE-06 1.34E-04 15.88 CCF OF DPV A,D & F TO OPEN

221-SQV-CF-FO04ADG 9.00E-06 1.34E-04 15.88 CF OF DPV A,D & G TO OPEN
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Table 18-4

Internal Fire Shutdown Importance Measure. Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Fire Shutdown
Core Damage Frequency = 2.32E-08/year

Event Name Probability F-V RAW . Description
B221-SQV-CF-FO04ADH 9.OOE-06 1.34E-04 15.88 CF OF DPV A,D & H TO OPEN

B21-SQV-CF-FO04AEF 9.OOE-06 1.34E-04 15.88 CCF OF DPV A,E & F TO OPEN

B21-SQV-CF-FO04AEH 9.OOE-06 1.34E-04 15.88 CCF OF DPV A,E & H TO OPEN
B21-SQV-CF-FO04AFG 9.OOE-06 1.34E-04 15.88 CCF OF DPVA,F & GTQ OPEN
B21-SQV-CF-FO04AFH 9.OOE-06 1.34E-04 15.88 CCF OF DPV A,F & H TO OPEN

B21-SQV-CF-FO04AGH 9.OOE-06 1.34E-04 15.88 CCF OF DPV A,G &H TO OPEN

B21-SQV-CF-FO04BCD 9.OOE-06 1.34E-04 15.88 CCF OF DPV B,C & D TO OPEN

B21-SQV-CF-FO04BCE 9.OOE-06 1.34E-04 15.88 CCF OF DPV B,C & E TO OPEN

B21-SQV-CF-FO04BCF 9.OOE-06 1.34E-04 15.88 CCF OF DPV B,C & F TO OPEN

B21-SQV-CF-FO04BCG 9.00E-06 1.34E-04 15.88 CCF OF DPV B,C & G TO OPEN

B2 1-SQV-CF-FO04BCH 9.OOE-06 1.34E-04 15.88 CCF.OF DPV B,C & H TO OPEN

B2 I-SQV-CF-FO04BDE 9.OOE-06 1.34E-04 15.88 CCF OF DPV B,D & E TO OPEN

B21-SQV-CF-FO04BDG 9.OOE-06 1.34E-04 15.88 CCF OF DPV B,D & G TO OPEN

B21 -SQV-CF-FO04BEF 9.OOE-06 1.34E-04 15.88 CCF OF DPV B,E & F TO OPEN

B21-SQV-CF-.FO4BEG 9.OOE-06 1.34E-04 15.88 CCF OF DPV B,E & G TO OPEN
B21-SQV-CF-FO04BEH 9.OOE-06 1.34E-04 15.88 CCF OF DPV B,E & H TO OPEN

B21-SQV-CF-FO04BFG 9.OOE-06 1.34E-04 15.88 CCF OF DPV B,F & G TO OPEN

B21-SQV-CF-FO04BGH 9.OOE-06 1.34E-04 15.88 CCF OF DPV B,G & H TO OPEN

B21-SQV-CF-FO04CDE 9.OOE-06 1.34E-04 15.88 CCF OF DPV C,D & E TO OPEN

B21-SQV-CF-FO04CDF 9.OOE-06 1.34E-04 15.88 CCF OF DPV C,D & F TO OPEN

B21-SQV-CF-FO04CDG 9.OOE-06 1.34E-04 15.88 CCF OF DPV C,D & G TO OPEN

B21-SQV-CF-FO04CDH 9.OOE-06 1.34E-04 15.88 CCF OF DPV C,D & H TO OPEN
B21-SQV-CF-FO04CEF 9.OOE-06 1.34E-04 15.88 CCF OF DPV C,E & F TO OPEN

B21-SQV-CF-F004CEH 9.OOE-06 1.34E-04 15.88 CCF OF DPV C,E & H TO OPEN
B21-SQV-CF-FO04CFG 9.00E-06 1.34E-04 15.88 CCF OF DPV C,F & G TO OPEN
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Table 18-4

Internal Fire Shutdown Importance Measure Report

F-V and RAW Importance Measures Report
(F-V Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure).

Fire Shutdown
Core Damage Frequencv = 2.32E-08/vear

Event Name Probability F-V RAW Description
B2 1 I-SQV-CF-FO04CFH 9.00E-06 1.34E-04 15.88 CCF OF DPV C,F & H TO OPEN
B2 1-SQV-CF-F004CGH 9.OOE-06 1.34E-04 15.88 CCF OF DPV C,G & H TO OPEN
B21-SQV-CF-F004DEF 9.OOE-06 1.34E-04 15.88 CCF OF DPV D,E & F TO OPEN
B2 1 -SQ VCF-FOO4DEG 9.OOE-06 1.34E-04 15.88 CCF OF DPV D,E & G TO OPEN
B21-SQV-CF-FO04DEH 9.OOE-06 1.34E-04 15.88 CCF OF DPV D,E & H TO OPEN
B21-SQV-CF-F004DFG 9.OOE-06 1.34E-04 15.88 CCF OF DPV D,F & G TO OPEN
B21-SQV-CF-FO04DGH 9.00E-06 1.34E-04 15.88 CCF OF DPV D,G & H TO OPEN

B21-SQV-CF-FO04EFG 9.OOE-06 1.34E-04 15.88 CCF OF DPV E,F & G TO OPEN
B2 I-SQV-CF-FO04EFH 9.OOE-06 1.34E-04 15.88 CCF OF DPV E,F & H TO OPEN
B21-SQV-CF-FO04EGH 9.0OE-06 1.34E-04 15.88 CCF OF DPV E,G & H TO OPEN
B21-SQV-CF-FO04FGH 9.00E-06 1.34E-04 15.88 CCF OF DPV F,G & H TO OPEN
R13-XFL-LP-RI31F12 1.92E-05 1.16E-04 7.03 TRANSFORMER FAILS DURING OPERATION
R13-XFL-LP-RI3312 1.92E-05 1.16E-04 7.03 TRANSFORMER FAILS DURING OPERATION
N2R -MPF-FS-COOI3A 4.90E-0I 1.15E-04 I MOTOR DRIVEN FDWTR PUMP A FAILS TO RUN, GIVEN START
N21-MPF-FS-COO1B 4.70E-01 1.15E-04 I MOTOR DRIVEN FDWTR PUMP B FAILS TO RUN, GIVEN START
N21-MPF-FS-COO1C 4.70E-01 1.15E-04 I MOTOR DRIVEN FDWTR PUMP C FAILS TO RUN, GIVEN START
P54-PS -CO-PS001 I. 19E-04 1.1OE-04 1.92 PRESSURE SWITCH PSOO1 .(PTOO1) OPERATES SPURIOUSLY
H23-RMU-FC-ESFICNIE 3.OOE-04 1.04E-04 1.35 1ST DIV C (NIE) ESF REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION
H23-RMU-FC-ESF2CNIE 3.OOE-04 1.04E-04 1.35 2ND DIV C (N I E) ESF REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

C72-DTM-FC-DPSDIVI 6. OOE-04 8.93E-05 1.15 DTM OF DPS DIV. I FAILS TO TRIP
C72-DTM-FC-DPSDIV2 6.OOE-04 8.93E-05 1.15 DTM OF DPV DIV. 2 FAILS TO TRIP

H23-EMS-FC-DPSDIVI 6.00E-04 8.93E-05 1.15 SSENTIAL MULTIPLEXING SYSTEM DPS DIV 1 FAILS TO FUNCTION
H23-EMS-FC-DPSDIV2 6.00E-04 8.93E-05 1. 15 ESSENTIAL MULTIPLEXING SYSTEM DPS DIV 2 FAILS TO FUNCTION
R23-LCB-CO-FRID3112 1.44E-05 8.70E-05 7.031 CIRCUIT BREAKER OPENS SPURIOUSLY
R13-LCB-CO-FRI3312 1.44E-05 8.70E-05 7.03 CIRCUIT BREAKER OPENS SPURIOUSLY
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Table 18-4

Internal Fire Shutdown Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Fire Shutdown
S .Core Damage Frequency = 2.32E-08/year

Event Name Probability F-V RAW .. Description
R13-LCB-CO-R13112 1.44E-05 8.70E-05 7.03 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-R13312 1.44E-05 8.70E-05 7.03 CIRCUIT BREAKER OPENS SPURIOUSLY

N21 -ACV-CC-F023 1.58E-02 8.68E-05 1.01 AIR OPERATED VALVE N21-F023 FAILS TO OPEN
N21-ACV-CC-F026 1.58E-02 8.68E-05 1.01 AIR OPERATED VALVE N21-F026 FAILS TO OPEN
H23-RMU-CF-DPSALL 9.00E-07 8.16E-05 91.7 CCF OF REMOTE MULTIPLEXING UNITS TO OPERATE

B21-SQV-CF-FO04ACE 9.00E-06 6.70E-05 8.44 CCF OF DPV A,C & E TO OPEN

B21-SQV-CF-F004ACG 9.OOE-06 6.70E-05 8.44 CCF OF DPV A,C & G TO OPEN
B21-SQV-CF-FO04AEG 9.OOE-06 6.70E-05 8.44 CCF OF DPV AE & G TO OPEN

B21-SQV-CF-FO04BDF 9.OOE-06 6.70E-05 8.44 CCF OF DPV B,D & F TO OPEN
B21-SQV-CF-FO04BDH 9.00E-06 6.70E-05 8.44 CCF OF DPV B,D & H TO OPEN
B21-SQV-CF-FO04BFH 9.OOE-06 6.70E-05 8.44 CCF OF DPV B,F & H TO OPEN

B21-SQV-CF-FO04CEG 9.OOE-06 6.70E-05 8.44 CCF OF DPV C,E & G TO OPEN
B21-SQV-CF-FO04DFH 9.00E-06 6.70E-05 8.44 CCF OF DPV D,F & H TO OPEN
E50-UV -OC-FO,3A 1.75E-03 6.42E-05 1.04 CHECK VALVE F003A FAILS TO REMAIN OPEN OR PLUG
E50-UV -OC-FO03D 1.75E-03 6.42E-05 1.04 CHECK VALVE F003D FAILS TO REMAIN OPEN OR PLUG
E50-UV -OC-FO03E 1.75E-03 6.42E-05 1.04 CHECK VALVE F003E FAILS TO REMAIN OPEN OR PLUG
E50-UV -OC-FO03H 1 .75E-03 6.42E-05 1.04 CHECK VALVE F003H FAILS TO REMAIN OPEN OR PLUG
B21-LT -CF-NOOIA/B/C/D 1.20E-07 6.03E-05 503.69 CCF OF DIVERSIFIED LEVEL I & 2 TRANSM. 1OA/B/C/D
N21-MPF-FS-COO1D 2.OOE-03 5.76E-05 1.03 MOTOR-DRIVEN FEEDWATER PUMP D FAILS TO RESTART
N21-MPF-TM-COO1D 2.OOE-03 5.76E-05 1.03 FEEDWATER PUMP BRANCH D IN MAINTENANCE
B21-LT -CF-NOO1ABCD 1.20E-07 4.20E-05 350.99 CCF OF DIVERSIFIED LEVEL 1& 2 TRANSM. IA/B/C/D
P51-CMP-CR-RUN 1.49E-04 4.13E-05 1.28 CCF OF P51 COMPRESSORS TO RUN
FIRE-NON-DIVISIONAL- 2.20E-03 3.39E-05 1.02 FIRE-NON-DIVISIONAL-REDA-M5
REDA-M5 I___ ___ ____________________________
FIRE-NON-DIVISIONAL- 2.20E-03 3.39E-05 1.02 IRE-NON-DIVISIONAL-REDB-M5
REDB-M5 I I IF
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Table 18-4

Internal Fire Shutdown Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Fire Shutdown
Core Damage Frequency = 2.32E-08/year

Event Name Probability F-V RAW Description
E50-OR -CF-PLUGALL 7.20E-08 2.52E-05 350.99 CCF OF ALL ORIFICES TO PLUG

U43-SYS-FF-YARD 2.OOE-03 2.52E-05 1.01 HARDWARE FAILURES IN YARD AREA

E50-OR -CF-7PLUG 7.OOE-08 2.45E-05 351.02 CCF OF 7 ORIFICES TO PLUG

R13-INV-FC-R1311 4.80E-04 2.34E-05 1.05 INVERTER TO RI3-11 FAILS

R13-INV-FC-RI321 4.80E-04 2.34E-05 1.05 INVERTER TO R13-21 FAILS

R13-INV-FC-R1331 4.80E-04 2.34E-05 1105 INVERTER TO R13-31 FAILS

R13-INV-FC-R1341 4.80E-04 2.34E-05 1.05 INVERTER TO R1 3-41 FAILS

RI3-SEL-FT-A31RI311 7.88E-04 2.34E-05 1.03 AUTOMATIC SELECTOR FAILS TO TRANSFER

RI3-SEL-FT-B31R1321 7.88E-04 2.34E-05 1.03 AUTOMATIC SELECTOR FAILS TO TRANSFER

R13-SEL-FT-C31R1331 7.88E-04 2.34E-05 1.03 AUTOMATIC SE FAILS TO TRANSFER

R13-SEL-FT-D31Ri341 7.88E-04 2.34E-05 1.03 AUTOMATIC SELECTOR FAILS TO TRANSFER

U43-XHE-FO-YARD 1.77E-03 2.23E-05 1.01 OPERATOR FAILS TO MAKE UP FROM YARD AREA

XXX-XHE-FO-ICPCCS 1.61E-03 2.03E-05 1.01 OPERATOR FAILS TO RECOGNIZE NEED OF MAKE UP TO IC/PCCS POOLS

P51-ACV-CC-FO08A 2.OOE-03 1.17E-05 1.01 AIR OPERATED VALVE F008A FAILS TO OP. TO DEENERG. POSIT.

P51-ACV-CC-FI0OC 2.00E-03 1.17E-05 1.01 AOV F010C FAILS TO OPERATE TO NOT DEENERG. POSITION

B21-LT -NO-DPSWRC 2.40E-05 1.11 E-05 1.46 PS WIDE RANGE LEVEL TRANSMITTER C (LEVEL 1&2) FAILS

B21-LT -NO-DPSWRD 2.40E-05 1. 11 E-05 1.46 PS WIDE RANGE LEVEL TRANSMITTER D (LEVEL 1&2) FAILS

FIRE-CONTROL-ROOM-M5 3.80E-04 1.06E-05 1.03 FIRE-CONTROL-ROOM-M5
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Table 18-5

Internal Flooding Full-Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Flooding Full Power
_Core Damage Frequency = 3.68E-09

Event Name Probability F-V RAW Description
FLOOD-TB-ALL-POWER 2.80E-02 9.97E-01 35.59 FLOOD IN TURBINE BUILDING DUE TO BREAK IN CIRC SYSTEM

E50-SQV-CF-GDCS7OPEN 1.50E-05 4.13E-01 2.75E+04 CCF OF 7 SQUIB VALVES IN GDCS LINES TO OPEN

E50-SQV-CF-OPENALL 1.50E-05 4.13E-01 2.75E+04 CCF OF ALL SQUIB VALVES TO OPEN

C12-XHE-MH-F013A 4.80E-02 2.90E-01 6.76 MISPOSITION OF VALVE F013A

C12-XHE-MH-FO13B 4.80E-02 2.90E-01 6.76 MISPOSITION OF VALVE FO13B

C12-XHE-MH-FOI5A 4.80E-02 2.90E-01 6.76 MISPOSITION OF VALVE FO15A

C12-XHE-MH-F015B 4.80E-02 2.90E-01 6.76 MISPOSITION OF VALVE FO15B

321-XHE-MH-F334 4.80E-02 2.17E-01 5.29 MISPOSITION OF VALVE F334

B21-UV -CC-FI02B 1.60E-03 9.67E-02 61.41 CHECK VALVE #1 IN FEEDWATER LINE B FAILS TO REOPEN

B21-UV -CC-Fl 03B 1.60E-03 9.67E-02 61.41 CHECK VALVE #2 IN FEEDWATER LINE B FAILS TO REOPEN

CI2-UV_-CC-F022 1.60E-03 9.67E-02 61.41 CHECK VALVE F022 FAILS TO OPEN

E50-SQV-CO-FO09A 3.50E-03 3.69E-02 11.52 SQUIB DELUGE VALVE F009A SPUR. OPENING [#7]

E50-SQV-CO-FO09D 3.50E-03 3.69E-02 11.52 SQUIB DELUGE VALVE F009D SPUR. OPENING [#7]

E50-SQV-CO-FO09E 3.50E-03 3.69E-02 11.52 SQUIB DELUGE VALVE F009E SPUR. OPENING [#7]

E50-SQV-CO-FO09H 3.50E-03 3.69E-02 11.52 SQUIB DELUGE VALVE F009H SPUR. OPENING [#7]

E50-SQV-CO-F0091 3.50E-03 3.69E-02 11.52 SQUIB DELUGE VALVE F0091 SPUR. OPENING [#7]

E50-SQV-CO-FO09L 3.50E-03 3.69E-02 11.52 SQUIB DELUGE VALVE FO09L SPUR. OPENING [#7]

C12-XHE-MH-FO18A 1.20E-02 3.52E-02 3.89 MISPOSITION OF VALVE FO18A

C12-XHE-MH-FO21A 1.20E-02 3.52E-02 3.89 MISPOSITION OF VALVE F021A

E50-SQV-CO-FO09B 3.50E-03 2.7 1E-02 8.73 SQUIB DELUGE VALVE F009B SPUR. OPENING [#7]

E50-SQV-CO-FO09C. 3.50E-03 2.71E-02 8.73 SQUIB DELUGE VALVE F009C SPUR. OPENING [#7]

250-SQV-CO-F009F 3.50E-03 2.7 1E-02 8.73 SQUIB DELUGE VALVE F009F SPUR. OPENING [#7]

E50-SQV-CO-FO09G 3.50E-03 2.71E-02 8.73 SQUIB DELUGE VALVE F009G SPUR. OPENING [#7]

E50-SQV-CO-F009J 3.50E-03 2.7 1E-02 8.73 SQUIB DELUGE VALVE F009J SPUR. OPENING [#7]
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Table 18-5

Internal Flooding Full-Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure).

Flooding Full Power
Core Damage Frequency = 3.68E-09

Event Name Probability F-V RAW Description
E50-SQV-CO-FO09K 3.50E-03 2.71 E-02 8.73 SQUIB DELUGE VALVE F009K SPUR. OPENING [#7]

C12-MOV-CC-F014A 4.OOE-03 2.33E-02 6.8 MOTOR OPER. VALVE FO14A FAILS TO OPEN

C12-MOV-CC-F014B 4.OOE-03 2.33E-02 6.8 MOTOR OPER. VALVE F014B FAILS TO OPEN

C12-XHE-MH-FO03B 1.20E-02 2.16E-02 2.78 MISPOSITION OF VALVE F003B

C12-XHE-MH-FO18B 1.20E-02 2.16E-02 2.78 MISPOSITION OF VALVE FO18B

C12-XHE-MH-FO21B 1.20E-02 2.16E-02 2.78 MISPOSITION OF VALVE F02IB

E50-SQV-CC-FO02A 3.00E-03 1.61E-02 6.36 SQUIB VALVE F002A FAILS TO OPERATE

E50-SQV-CC-FO02D 3.OOE-03 1.611E-02 6.36 SQUIB VALVE F002D FAILS TO OPERATE

E50-SQV-CC-F002E 3.00E-03 1.61E-02 .6.36 SQUIB VALVE F002E FAILS TO OPE .RATE

E50-SQV-CC-FO02H 3.00E-03 1.611E-02 6.36 SQUIB VALVE F002H FAILS TO OPERATE

C12-MOV-CC-F020A 4.00E-03 1.04E-02 3.59 MOTOR OPER. VALVE F020A FAILS TO OPEN

E50-UV -OC-F003A i .75E-03 9.42E-03 6.37 CHECK VALVE F003A FAILS TO REMAIN OPEN OR PLUG

E50-UV -OC-FOO3D 1.75E-03 9.42E-03 6.37 CHECK VALVE F003D FAILS TO REMAIN OPEN OR PLUG

E50-UV -OC-F003E 1.75E-03 9.42E-03 6.37 CHECK VALVE F003E FAILS TO REMAIN OPEN OR PLUG

E50-UV -OC-F003H 1 .75E-03 9.42E-03 637 CHECK VALVE F003H FAILS TO REMAIN OPEN OR PLUG

C62-VLU-CF-DIDALL 3.12E-05 8.71E-03 280.03 CCF OF VOTER LOGIC UNITS

C12-MOV-FC-F020A 3.13E-03 8.12E-03 3.59 FLOW CONTROL A FAILS WIDE OPEN

221-ACV-CC-F3327 2.00E-03 7.47E-03 4.73 AOV F332 FAILS TO OPERATE TO NOT DEENERG.POS.

C12-MOV-CC-FO20B 4.00E-03 6.35E-03 2.58 MOTOR OPER. VALVE F020B FAILS TO OPEN

B2 I-UV -CC-F 102A 1.60E-03 5.94E-03 4.71 CHECK VALVE F102A IN FEEDWATER LINE A FAILS TO OPEN

B21-UV_-CC-FI03A 1.60E-03 5.94E-03 4.71 CHECK VALVE F103A IN FEEDWATER LINE A FAILS TO OPEN

G21-UV -CC-F333 1.60E-03 5.94E-03 4.71 CHECK VALVE F333 FAILS TO OPEN

C12-MOV-FC'-F020B 3.13E-03 4.94E-03 2.58 FLOW CONTROL B FAILS WIDE OPEN

012-SYS-TM-TRAINB 3.OOE-03 4.75E-03 2.58 TRAIN B IN MAINTENANCE

E50-STR-CF-SPPLUG 3.75E-04 4.36E-03 12.59 CCF FILTER/STRAINER IN PSP TO PLUG
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Table 18-5

Internal Flooding Full-Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Flooding Full Power
_ Core Damage Frequency = 3.68E-09

Event Name Probability F-V RAW Description
12-MP -FS-C0O1BOIL 2.40E-03 3.76E-03 2.56 MOTOR-DRIVEN AUX. OIL PUMP FOR CO0IB FAILS TO START

212-MPC-FS-C0OIB 2.40E-03 3.76E-03 2.56 MOTOR-DRIVEN PUMP COO1B FAILS TO START

Z71-SYS-FF-SCRAM 1.OOE-08 3.35E-03 3.35E+05 SCRAM FAILURE

321-LT -CF-N0OIABCD 1.20E-07 3.16E-03 2.63E+04 CCF OF DIVERSIFIED LEVEL I& 2 TRANSM. I A/B/C/D

321 -UV -TM-F332/333 8.00E-04 2.94E-03 4.67 MAINTENANCE FOR CV F332 OR CV F333

321-XHE-FO-LPCIADS 1.61E-02. 2.30E-03 1.14 OPERATOR FAILS TO ALIGN AND ACTUATE FAPCS IN LPCI MODE

J43-SYS-FF-LPCI 2.40E-02 2.08E-03 1.08 U43 HARDWARE FAILURES

E50-OR -CF-PLUGALL 7.20E-08 1.85E-03 2.57E+04 CCF OF ALL ORIFICES TO PLUG

E50-OR -CF-7PLUG 7.00E-08 1.80E-03 2;57E+04 CCF OF 7 ORIFICES TO PLUG

212-OR_-PG-D007A. 6.48E-04 1.60E-03 3.47 ORIFICE D007A FAILS TO REMAIN OPEN (PLUG)

P30-XHE-MH-F015 . 4.80E-02 1.59E-03 1.03 MISPOSITIONOF VALVE FOIT

41 -xHE-Fo-INISLCS 1.77E-01 1.54E-03 1.01 OPERATOR FAILS TO MANUALLY INITIATE SLCS (SHORT TIME)

Z12-MCB-OO-C0OIB 1.00E-03 1.53E-03 2.53 CIRCUIT BREAKER FOR COO1B & AUX OIL PMP B FAILS TO CLOSE

J43-XHE-FO-LPCIADS 1.61E-02 1.38E-03 1.08 OPERATOR FAILS TO ACTUATE U43 IN LPCI MODE AFTER ADS

212-OR -PG-D007B 6.48E-04 9.59E-04 2.48 ORIFICE D007B FAILS TO REMAIN OPEN (PLUG)

241 -SYS-FF-MAKEUP 1.OOE-01 8.68E-04 1.01 INVENTORY MAKE-UP BORATION FAILURE

212-MOV-CF-OPEN 1.78E-04 6.92E-04 4.89 CCF MOV TO OPEN

Z41-UV_-CC-F004A 1.60E-03 4.49E-04 1.28 CHECK VALVE F004A FAILS TO OPEN

Z41 -UV_ CC-F004B 1.60E-03 4.49E-04 1.28 CHECK VALVE F004B FAILS TO OPEN

241-UV -CC-F005A 1.60E-03 4.49E-04 1.28 CHECK VALVE F005A FAILS TO OPEN

241-UV_-CC-F005B 1.60E-03 4.49E-04 1.28 CHECK VALVE F005B FAILS TO OPEN

E123-EMS-CF-DIDALL 1.80E-06 4. 1OE-04 228.67 CCF OF ALL DIVISION OF THE EMS

1421-LT -NO-FWTKA 8.7 1E-03 3.74E-04 1.04 LEVEL TRANSMITTER TRAIN A FAILS

,121-LT_-NO-FWTKB 8.71E-03 3.74E-04 1.04 LEVEL TRANSMITTER TRAIN B FAILS

4I21-LT -NO-FWTKC 8.7 1E-03 3.74E-04 1.04 LEVEL TRANSMITTER TRAIN C FAILS
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Table 18-5

Internal Flooding Full-Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Flooding Full Power
__ Core Damage Frequency = 3.68E-09

Event Name Probability F-V RAW Description
P22-ACV-FT-BYPASS 2.00E-03 3.68E-04 1.18 HEAT EXCHANGERS BYPASS VALVE FAILS TO REGULATE

FLOOD-RB-RWCU-POWER 3.40E-03 3.24E-04 1.09 FLOOD IN REACTOR BUILDING DUE TO BREAK IN RWCU SYSTEM

C62-DTM-CF-NI1EALL 5.50E-05 3.18E-04 6.77 CCF OF DIGITAL TRIP MODULES NO IE

C41-XHE-FO-OPENFOI02A 2.69E-01 3.04E-04 I OPERATOR FAILS, TO OPEN VALVE F002A (AFTER INADV.CLOS.)

C4 I -XHE-FO-OPENFO02B 2.69E-01 3.04E-04 I OPERATOR FAILS TO OPEN VALVE F002B (AFTER INADV.CLOS.)

C41-XHE-MH-F002A 4.03E-03 3.04E-04 1.08 MISPOSITION OF VALVE F002A

C41-XHE-MH-F002B 4.03E-03 3.04E-04 1.08 MISPOSITION OF VALVE F002B

C51-ACT-CF-IPRM 2.98E-04 3.02E-04 2.01 CCF APRM NEUTRON CHANNELS

C5 I-ACT-CF-SRNM 2.98E-04 3.02E-04 2.01 CCF OF SRNM CORE FLUX CHANNELS

B21-SYS-FF-1/9OPEN 5.85E-02 2.66E-04 I I OUT OF 9 SRV FAIL TO CLOSE AFTER OPENING

321-ACV-CC-F321 2.OOE-03 2.56E-04 1.13 AOV F321 FAILS TO OPERATE TO NOT DEENERG.POS.

321-ACV-CC-F322 2.OOE-03 2.56E-04 1. 13 AOV F322 FAILS TO OPERATE TO NOT DEENERG.POS.

331 -ACV-OO-F3A 2.OOE-03 2.47E-04 1.12 AOV F3A FAILS TO CLOSE

N21-ACV-OC-F018 1.31E-03 2.42E-04 1.18 AIR OPERATED VALVE N21-F018 FAILS TO REMAIN OPEN

rI0-XHE-FO-CLOSEIVS 1.77E-02 2.12E-04 1.01 OPERATOR FAILS TO MANUALLY CLOSE ISOLATION VALVES

H23-RMU-CF-DIDALL 9.OOE-07 2.05E-04 228.7 CCF OF REMOTE MULTIPLEXING UNITS (DID)

321 -UV -CC-F331 1.60E-03 2.04E-04 1.13 CHECK VALVE F331 FAILS TO OPEN

321 -UV -CC-F348 1 .60E-03 2.04E-04 1.13 CHECK VALVE F348 FAILS TO OPEN

C74-DTM-CF-ALL 1.20E-05 1.56E-04 13.97 CCF 3/4 DTM OF SSLC DIVI/2/3/4

321 -STR-CF-SPPLUG 1.011E-03 1.30E-04 1.13 CCF FILTER/STRAINER IN PSP TO PLUG

E50-SQV-CF-4OPEN 1.50E-05 1.25E-04 9.33 CCF OF 4 OR MORE SQUIB VALVES TO OPEN

C12-MPC-FR-COOIA 5.76E-05 1.20E-04 3.08 MOTOR-DRIVEN PUMP COO1A FAILS TO RUN, GIVEN START

3 1 -ACV-OO-FOO6A 2.OOE-03 1. 11 E-04 1.06 NOV F006A FAILS TO OPERATE TO DEENER. POSITION.

G31-MOV-OO-FO05A 4.OOE-03 1.11 E-04 1.03 MOTOR OPER. VALVE F005A FAILS TO CLOSE

N21-LT -CF-FWTKNO 4.38E-05 1.OOE-04 3.28 CCF FEEDWATER STORAGE TANK LEVEL TRANSMITTERS
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Table 18-5

Internal Flooding Full-Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Flooding Full Power
Core Damage Frequency = 3.68E-09

Event Name Probability F-V RAW Description
?12-XHE-FO-LEVEL2 3.22E-02 9.86E-05 1 MANUAL ACTUATION FAILURE

S121-ACV-OC-F016 1.31E-03 9.39E-05 1.07 AIR OPERATED VALVE N21-F016 FAILS TO REMAIN OPEN

ý421-MOV-CC-F061 3.13E-02 9.39E-05 1 MOTOR OPERATED VALVE N21-F061 FAILS TO OPEN

1i21-ACV-TM-F321/F322 8.00E-04 8.84E-05 1.11 AOVs F321 OR F322 IN MAINTENANCE OR TEST

?62-DTM-CF-DIDALL 5.50E-05 8.44E-05 2.53 COMMON CAUSE FAILURE 3/4 DTM DID LOGIC

Z12-MPC-FR-COO1B 5.76E-05 8.10E-05 *.2.4 MOTOR-DRIVEN PUMP COO IB FAILS TO RUN, GIVEN START

Z31-VLU-FC-RUNBACK 7.80E-05 7.91E-05 2.01 C31 SYSTEM VOTER LOGIC UNIT FAILS

?62-VLU-CF-NIEALL 3.12E-05 7.13E-05 3.28 CCF OF VOTER LOGIC UNITS

R10-CBU-FC-PRE500KV 7.20E-05 3.71E-05 1.51 500KV TRANSMISSION LINE FAILS

?,16-BT -CF:ALLBATT 9.OOE-06 3.71E-05 5.11 BATTERY CCF #2

F123-EMS-FC-DIVADID 6.00E-04 3.52E-05 1.06 ESSENTIAL MULTIPLEXING SYSTEM DIV A (DID) FAILS TO FUNCTION

Z62-DTM-FC-NIEA 9.OOE-04 2.77E-05 1.03 DIGITAL TRIP MODULE TRAIN A NO lE FAILS

ý62-DTM-FC-NIEB 9.00E-04 2.77E-05 1.03 DIGITAL TRIP MODULE TRAIN B NO 1E FAILS

Z62-DTM-FC-NIEC 9.00E-04 2.77E-05 1.03 DIGITAL TRIP MODULE TRAIN C NO I E FAILS

FLOOD-RB-CRD-POWER .3.40E-03 2.65E-05 1.01 FLOOD IN REACTOR BUILDING DUE TO BREAK IN CRD SYSTEM

F! 1-SYS-FF-OPEN 5.69E-02 2.65E--05 1 ALL OVERPRESSURE PROTECTION VALVES FAIL TO OPEN

KXX-XHE-FO-DEPRESS 1.61E-01 2.65E-05 1 OPERATOR FAILS TO RECOGNIZE NEED OF DEPRESSURIZATION

Z74-VLU-CF-ALL 3.12E-06 2.62E-05 9.39 CCF OF VOTER LOGIC UNITS

KXX-XHE-FO-ICPCCS 1.61E-03 2.61E-05 1.02 OPERATOR FAILS TO RECOGNIZE NEED OF MAKE UP TO IC/PCCS POOLS

?12-XFL-LP-Rl2A202A 1.92E-05 2.53E-05 2.32 TRANSFORMER TO R12-A2-02AFAILS TO OPERATE

W13-XFL-LP-R13A12 1.92E-05 2.53E-05 2.32 TRANSFORMER FAILS DURING OPERATION

Z12-LCB-CO-A2R12A202A 1.44E-05 1.91E-05 2.32 CIRCUIT BREAKER IN R12-A2-02A OPENS SPURIOUSLY

,I2-LCB-CO-FA2RI2A202A 1.44E-05 1.911E-05 2.32 CIRCUIT BREAKER FROM BUS RI 1-A2 OPENS SPURIOUSLY

,.13-LCB-CO-FR13A12 1.44E-05 1.91 E-05 2.32 CIRCUIT BREAKER OPENS SPURIOUSLY

113-LCB-CO-R13A12 1.44E-05 1.91 E-05 2.32 CIRCUIT BREAKER OPENS SPURIOUSLY
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Table 18-5

Internal Flooding Full-Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Flooding Full Power
Core Damage Frequency = 3.68E-09

Event Name Probability F-V RAW Description
R13-LCB-CO-TOR13AI 1.44E-05 1.91E-05 2.32 CIRCUIT BREAKER TO R13-Al OPENS SPURIOUSLY

RI2-XFL-LP-R12B202B 1.92E-05 1.69E-05 1.88 TRANSFORMER TO R12-B2-02B FAILS TO OPERATE

R13-XFL-LP-R13B12 1.92E-05 1.69E-05 1.88 TRANSFORMER FAILS DURING OPERATION

H23-EMS-CF-ALL 1.80E-06 1.i5 E-05 9.39 CCF OF ESSENTIAL MULTIPLEXING SYSTEM DIV 1/2/3/4

C72-DTM-CF-DPSALL 1.20E-05 1.42E-05 2.18 CCF 3/4 DTM OF DPS DIV 1/2/3/4

R12-LCB-CO-B2R1 2B202B 1.44E-05 1.28E-05 1.88 CIRCUIT BREAKER IN RI 2-B2-02B OPENS SPURIOUSLY

R12-LCB-CO-FB2RI 2B202B 1.44E-05 i.28E-05 1.88 CIRCUIT BREAKER FROM BUS R1 l-B2 OPENS SPURIOUSLY

R13-LCB-CO-FR13BI2 1.44E-05 1.28E-05 1.88 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-R13B12 1.44E-05 1.28E-05 1.88 CIRCUIT BREAKER OPENS SPURIOUSLY

RI3-LCB-CO-TOR13BI 1.44E-05 1.28E-05 1.88 CIRCUIT BREAKER TO kl3-BI OPENS SPURIOUSLY

H23-RMU-FC-ESFIADID 3.00E-04 1.23E-05 1.04 1ST DIV A (DID) ESF REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

H23-RMU-FC-ESF2ADID 3.00E-04 1.23E-05 1.04 2ND DIV A (DID) ESF REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

U43-SYS-FF-YARD 2.00E-03 9.87E-06 1 HARDWARE FAILURES IN YARD AREA

B32-MOV-CF-F72HADOPEN 2.00E-04 9.09E-06 1.05 CCF VALVES F72HA AND D TO OPEN

B32-MOV-CF-F72HBCOPEN 2.00E-04 9.09E-06 1.05 CCF VALVES F72HB AND C TO OPEN

E50-LT -CF-N005ABCLOW 2.40E-07 8.79E-06 37.61 CCF 2/3 LEVEL TRANSMITTERS E50-N005A/B/C LOW

U43-XHE-FO-YARD 1.77E-03 8.73E-06 1 OPERATOR FAILS TO MAKE UP FROM YARD AREA

RI1-BAC-TM-RI 1B2 4.80E-06 8.43E-06 2.76 6.9 KV AC BUS RI1 -B2 IN MANTENANCE

XXX-POL-RP-IC/PCC 3.00E-07 8.37E-06 28.89 LOSS. OF IC/PCC POOL WATER DUE TO BREAK DURING ACCIDENT

G31-XHE-FO-MIBOC 5.32E-04 7.88E-06 1.01 OPERATOR FAILS IN MANUAL ISOLATION AFTER BOC IN RWCU

H23-RMU-CF-ALL 9.00E-07 4.75E-06 6.25 CCF OF REMOTE MULTIPLEXING UNITS TO OPERATE
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Table 18-6

Internal Flooding Shutdown Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Flooding Shutdown
Core Damage Frequency = 1.64E-09

Event Name Probability F-V RAW Description

E 9.09E-0FLOOD DURING SHUTDOWN IN THE REACTOR BUILDING DUE TO BREAK IN CRDFLOOD-RB-CRD-PB6 1.44E-04 DURINGE-0MODE1E+0• • ~~DURING MODE 6....

XXX-XHE-FO-LPMAKEUP 1.61E-O1 5.72E-01 3.98 OP. FAILS TO RECOG. NEED FOR LOW PRESS. MAKEUP (LOCA)

E50-SQV-CF-GDCS7OPEN 1.50E-05 3.78E-01 2;52E+04 CCF OF 7 SQUIB VALVES IN GDCS LINES TO OPEN

E50-SQV-CF-OPENALL 1.50E-05 3.78E-01 2.52E+04 CCF OF ALL SQUIB VALVES TO OPEN

021-XHE-MH-F334 4.80E-02 •1.70E-01 4.38 MISPOSITION OF VALVE F334

U43-SYS-FF-LPCI 2.40E-02 8.52E-02 4.46 U543 HARDWARE FAILURES

E50-MP_-TM-POOLB 1.00E-02 7.85E-02 8.77 GDCS POOL B IN MAINTENANCE

U43-XHE-FO-LPCIADS 1.61E-02 5.71 E-02 4.49 OPERATOR FAILS TO ACTUATE U43 IN LPCI MODE AFTER ADS

FLOOD-RB-U43-PB6 1.44E-04 5.3 1E-02 369.79 FLOOD DURING SHUTDOWN IN THE REACTOR BUILDING DUE TO BREAK IN FPS

E50-SQV-CO-FO09A 3.50E-03 5.23E-02 15.92 SQUIB DELUGE VALVE F009A SPUR. OPENING [#7]

E50-SQV-CO-F009D 3.50E-03 5.23E-02 15.92 SQUIB DELUGE VALVE F009D SPUR. OPENING [#7]

E50-SQV-CO-FO09E 3.50E-03 5.23E-02 15.92 SQUIB DELUGE VALVE F009E SPUR. OPENING [#7]

E50-SQV-CO-FO09H 3.50E-03 5.23E-02 15.92 SQUIB DELUGE VALVE F009H SPUR. OPENING [#7]

E50-SQV-CO-F0091 3.50E-03 5.23E-02 15.92 SQUIB DELUGE VALVE F0091 SPUR. OPENING [#7]

E50-SQV-CO-FO09L 3.50E-03 5.23E-02 15.92 SQUIB DELUGE VALVE F009L SPUR. OPENING [#7]

FLOOD-FB-U43-PB6 1.08E-04 3.82E-02 354.88 FLOOD DURING SHUTDOWN IN THE FUEL BUILDING DUE TO BREAK IN FPS

C12-XHE-MH-FO13A 4.80E-02 2.74E-02 1.54 MISPOSITION OF VALVE FOI3A

C12-XHE-MH-FO13B 4.80E-02 2.74E-02 1.54 MISPOSITION OF VALVE F01I3B

Ci2-XHE-MH-FO15A 4.80E-02 2.74E-02 1.54 MISPOSITION OF VALVE FOI5A

CI2-XHE-MH-FO15B 4.80E-02 2.74E-02 1.54 MISPOSITION OF VALVE FOI5B

E50-SQV-CO-FO09B 3.50E-03 2.54E-02 8.23 SQUIB DELUGE VALVE F009B SPUR. OPENING [#7]

E50-SQV-CO-FO09C 3.50E-03 2.54E-02 8.23 SQUIB DELUGE VALVE F009C SPUR. OPENING [#7]

E50-SQV-CO-FO09F 3.50E-03 2.54E-02 8.23 SQUIB DELUGE VALVE F009F SPUR. OPENING [#7]

E50-SQV-CO-FO09G 3.50E-03 2.54E-02 8.23 SQUIB DELUGE VALVE F009G SPUR. OPENING [#7]
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Table 18-6

Internal Flooding Shutdown Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Flooding Shutdown
Core Damaize Freauencv = 1.64E-09

Event Name Probability F-V RAW Description
E50-SQV-CO-FO09J 3.50E-03 2.54E-02 8.23 SQUIB DELUGE VALVEF009J SPUR. OPENING [#7]

E50-SQV-CO-FO09K 3.50E-03 2.54E-02 8.23 SQUIB DELUGE VALVE F009K SPUR. OPENING [#7]

E50-SQV-CC-FO02A 3.OOE-03 2.29E-02 8.61 SQUIB VALVE F002A FAILS TO OPERATE

E50-SQV-CC-FO02D 3.0OE-03 2.29E-02 8.61 SQUIB VALVE `002D FAILS TO OPERATE

E50-SQV-CC-FO02E 3.OOE-03 2.29E-02 8.61 SQUIB VALVE F002E FAILS TO OPERATE

E50-SQV-CC-FO02H 3.OOE-03 2.29E-02 8.61 SQUIB VALVE F002H FAILS TO OPERATE

E50-UV_-OC-F003A 1.75E-03 1.30E-02 8.39 CHECK VALVE F003A FAILS TO REMAIN OPEN OR PLUG

E50-UV_-OC-FO03D 1.75E-.03 1.30E-02 8.39 CHECK VALVE F003D FAILS TO REMAIN OPEN OR PLUG

E50-UV -OC-FO03E 1.75E-03 1.30E-02 8.39 CHECK VALVE F003E FAILS TO REMAIN OPEN OR PLUG

E50-UV -OC-FO03H 1.75E-03 1.30E-02 8.39 CHECK VALVE F003H FAILS TO REMAIN OPEN OR PLUG

B21-UV -CC-FI02B 1.60E-03 8.26E-03 6.16 CHECK VALVE #1 IN FEEDWATER LINE B FAILS TO REOPEN

B21-UV -CC-Fl03B 1.60E-03 8.26E-03 6.16 CHECK VALVE #2 IN FEEDWATER LINE B FAILS TO REOPEN

C12-UV -CC-F022 1.60E-03 8.26E-03 6.16 CHECK VALVE F022 FAILS TO OPEN

B21-UV -CC-F102B 1.60E-03 8.26E-03 6.16 CHECK VALVE #1 IN FEEDWATER LINE B FAILS TO REOPEN

B21-UV -CC-F103B 1.60E-03 8.26E-03 6:16 CHECK VALVE #2 IN FEEDWATER LINE B FAILS TO REOPEN

C 12-UV -CC-F022 1.60E-03 8.26E-03 6.16 CHECK VALVE F022 FAILS TO OPEN

G21:-ACV-CC-F332 2.OOE-03 6.79E-03 4.38 AOV F332 FAILS TO OPERATE TO NOT DEENERG.POS.

E50-STR-CF-SPPLUG 3.75E-04 6.38E-03 17.97 CCF FILTER/STRAINER IN PSP TO PLUG

C51-ACT-CF-APRMSTUCK 2.1OE-07 5.20E-03 2.47E+04 CCF APRM DETECTORS STUCK AT POWER LEVEL

B21-UV -CC-F102A 1.60E-03 4.72E-03 3.95 CHECK VALVE FI02A IN FEEDWATER LINE A FAILS TO OPEN

B21-UV -CC-F103A 1.60E-03 4.72E-03 3.95 CHECK VALVE F103A IN FEEDWATER LINE A FAILS TO OPEN

G21-UV -CC-F333 1.60E-03 4.72E-03 3.95 CHECK VALVE F333 FAILS TO OPEN

B21-UV -CC-F102A 1.60E-03 4.72E-03 3.95 CHECK VALVE FI 02A IN FEEDWATER LINE A FAILS TO OPEN

B21-UV -CC-F103A 1.60E-03 4.72E-03 3.95 CHECK VALVE F103A IN FEEDWATER LINE A FAILS TO OPEN

B21-LT -CF-NOOIABCD 1.20E-07 2.97E-03 2.47E+04 CCF OF DIVERSIFIED LEVEL 1& 2 TRANSM. IA/B/C/D
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Table 18-6

Internal Flooding Shutdown Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Flooding Shutdown
.__ __ Core Damage Frequency = 1.64E-09

Event Name Probability F-V RAW Description
B21-LT_-CF-N001ABCD 1.20E-07 2.97E-03 .,2.47E+04 CCF OF DIVERSIFIED LEVEL 1& 2 TRANSM. 1A/B/C/D

C12-XHE-MH-F018A 1.20E-02 2.91E-03 1.24 IISPOSITION OF VALVE F018A

C12-XHE-MH-FO21A 1.20E-02 2.91E-03 1.24 MISPOSITION OF VALVE F021A

G21-UV -TM-F332/333 8.00&E04 2.30E-03 3.87 MAINTENANCE FOR CV F332 OR CV F333

C12-MOV-CC-FO14A 4.OOE-03 1.85E-03 1.46 MOTOR OPER. VALVE FOI4A FAILS TO OPEN

C12-MOV-CC-FO14B 4.OOE-03 1.85E-03 1.46 MOTOR OPER. VALVE FO14B FAILS TO OPEN

C12-MOV-CC-FO14A 4.00E-03 1.85E-03 1.46 MOTOR OPER. VALVE FOI4A FAILS TO OPEN

C12-MOV-CC-F014B 4:00E-03 1.85E-03 1.46 MOTOR OPER. VALVE FOI4B FAILS TO OPEN

E50-OR_-CF-PLUGALL 7.20E-08 1.78E-03 2.47E+04 CCF OF ALL ORIFICES TO PLUG

C12-XHE-MH-FO03B 1.20E-02 1.76E-03 1.14 MISPOSITION OF VALVE F003B

C12-XHE-MH-F018B 1.20E-02 1.76E-03 1. 14 MISP.OSITION OF VALVE FOI8B

C12-XHE-MH-FO21B 1.20E-02 1.76E-03 1. 14 MISPOSITION OF VALVE F02 lB

C12-XHE-MH-FO03B 1.20E-02 1.76E-03 1.141MISPOSITION OF VALVE F003B

E50-OR -CF-7PLUG 7.OOE-08 1.73E-03 2.47E+04 CCF OF 7 ORIFICES TO PLUG

C1 2-MOV-CC-FO20A 4.OOE-03 9.41 E-04 1.23 MOTOR OPER. VALVE F020A FAILS TO OPEN

C1 2-MOV-CC-FO20A 4.06E-03 9.41E-04 1.23 MOTOR OPER. VALVE F020A FAILS TO OPEN

C12-MOV-CF-OPEN 1.78E-04 8.2 1E-04 5.62 CCF MOV TO OPEN

CI2-MOV-CF-OPEN 1.78E-04 812 IE-04 5.62 CCF MOV TO OPEN

P30-XHE-MH-F015 4.80E-02 7.68E-04 1.02 MISPOSITION OF VALVE FOIT

C12-MOV-FC-F020A 3.13E-03 7.36E-04 1.23 FLOW CONTROL A FAILS WIDE OPEN

C 12-MOV-FC-FO20A 3.13E-03 7.36E-04 1.23 FLOW CONTROL A FAILS WIDE OPEN

Cl 2-MOV-CC-FO20B 4.06E-03 5.75E-04 1.14 MOTOR OPER. VALVE F020B FAILS TO OPEN

C12-MOV-CC-FO20B 4.OOE-03 5.75E-04 1.14 MOTOR OPER. VALVE.F020B FAILS TO OPEN

G21 -UV -OC-F331 2.16E-04 5.70E-04 3.64 CHECK VALVE F331 FAILS TO CLOSE

C12-MOV-FC-FO20B 3.13E-03 4.50E-04 1.14 FLOW CONTROL B FAILS WIDE OPEN
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Table 18-6

Internal Flooding Shutdown Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Flooding Shutdown
_Core Damage Frequency = 1.64E-09

Event Name Probability F-V RAW Description
C12-MOV-FC-FO20B 3.13E-03 4.50E-04 1.14 FLOW CONTROL B FAILS WIDE OPEN

P22-ACV-FT-BYPASS 2.OOE-03 4.44E-04 1.22 HEAT EXCHANGERS BYPASS VALVE FAILS TO REGULATE

CI2-SYS-TM-TRAINB 3.OOE-03 4.32E-04 1.14 TRAIN B IN MAINTENANCE

C12-SYS-TM-TRAINB 3.OOE-03 4.32E-04 1.14 I1RAIN B IN MAINTENANCE

C12-MP -FS-COO1BOIL 2.40E-03 3.45E-04 1.14 MOTOR-DRIVEN AUX. OIL PUMP FOR COO1B FAILS TO START

C12-MPC-FS-COO1B 2.40E-03 3.45E-04 1.14 OTOR-DRIVEN PUMP COOIB FAILS TO START

C12-MP_-FS-COO1BOIL 2.40E-03 3.45E-04 1.14 MOTOR-DRIVEN AUX. OIL PUMP FOR COO1B FAILS TO START

C12-MPC-FS-COO1B 2.40E-03 3.45E-04 1.14 MOTOR-DRIVEN PUMP COOIB FAILS TO START

N21-ACV-OC-F018 1.31E-03 2.91E-04 1.22 AR OPERATED VALVE N21-F018 FAILS TO REMAIN OPEN

C62-DTM-CF-NIEALL 5.50E-05 2.54E-04 5.62 CCF OF DIGITAL TRIP MODULES NO 1E

C62-VLU-CF-DIDALL 3.12E-05 2.27E-04 8.26 CCF OF VOTER LOGIC UNITS

E50-SQV-CF-FO02A/2E 3.60E-05 1.66E-04 5.61 CCF OF SQUIB VALVES F002A/ F002E

E50-SQV-CF-FO02D/2H 3.60E-05 1.66E-04 5.61 CCF OF SQUIB VALVES F002D/ F002H

R10-CBU-FC-PRE500KV 7.20E-05 1.57E-04 3.18 500KV TRANSMISSION LINE FAILS

R16-BT_-CF-ALLBATT 9.00E-06 1.57E-04 18.41 BATTERY CCF #2

E50-SQV-CF-4OPEN 1.50E-05 1.30E-04 9.64 CCF OF 4 OR MORE SQUIB VALVES TO OPEN

C12-MCB-OO-COOIB 1.OOE-03 1.11 E-04 1.11 CIRCUIT BREAKER FOR COO1B & AUX OIL PMP B FAILS TO CLOSE

C12-MCB-00-COO1B 1.00E-03 1.11E-04 1.11 CIRCUIT BREAKER FOR COO 1B & AUX OIL PMP B FAILS TO CLOSE

C 12-OR_-PG-DOO7A 6.48E-04 1.08E-04 1. i7 ORIFICE DO07A FAILS TO REMAIN OPEN (PLUG)

C 12-OR_:PG-D007A 6.48E-04 1.08E-04 1.17 ORIFICE D007A FAILS TO REMAIN OPEN (PLUG)

T1O-XHE-FO-CLOSEIVS 1.77E-02 1.02E-04 1.01 OPERATOR FAILS TO MANUALLY CLOSE ISOLATION VALVES

G31-ACV-OO-F3A 2.OOE-03 9.73E-05 1.05 AOV F3A FAILS TO CLOSE

E50-SQV-CF-EQALLOPEN 3.OOE-05 9.59E-05 4.18 CCF OF ALL 4 SQUIB VALVES TO OPEN

C74-DTM-CF-ALL 1.20E-05 8.79E-05 8.3 CCF 3/4 DTM OF SSLC DIVI/2/3/4

FLOOD-RB-CRD-PB5 5.80E-04 8.08E-05 1.14 FLOOD DURING SHUTDOWN IN THE REACTOR BUILDING DUE TO BREAK IN CR]
_ __ _DURING MODE 5
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Table 18-6

Internal Flooding Shutdown Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure).

Flooding Shutdown
Core Damage Frequency = 1.64E-09

Event Name Probability F-V RAW Description
CI2-OR_-PG-DO07B 6.48E-04 7.22E-05 1.11 ORIFICE D007B FAILS TO REMAIN OPEN (PLUG)

C12-OR_-PG-DO07B 6.48E-04 7.22E-05 1.11 ORIFICE D007B FAILS TO REMAIN OPEN (PLUG)

P41-MP -CR-3ALL 1.17E-05 5.43E-05 5.62 CCF TO RUN 3 PUMPS TRAINS A AND B

B32-ACV-CF-2ICABCD 1.55E-05 5.32E-05 4.42 CCF TO OPEN 2/4 ACV VALVES TRAINS A,BC,D

B32-ACV-CF-2ICABCD 1.55E-05 5.32E-05 4.42 CCF TO OPEN 2/4 ACV VALVES TRAINS A,B,C,D

P41-STR-CF-3ALL I.07E-05 4.94E-05 5.61 CCF 3 STRAINERS PLUGGED

B21-SQV-CF-DPVOPEN 1.50E-05 4.04E-05 3.69 CCF OF DPV'S TO OPEN

B2 I -SQV-CF-DPVOPEN 1.50E-05 4.04E-05 3.69 CCF OF DPV'S TO OPEN

P41-FAN-CS-2ALL 7.20E-06 3.34E-05 5.62 CCF TO START 2 FAN UNITS

P5I -CMP-CR-RUN 1.49E-04 3.31E-05 1.22 CCF OF PS5 COMPRESSORS TO RUN

P21-MP_-CS-5ALL 6.50E-06 3.01E-05 5.61 CCF TO START PUMPS DIVISIONS A AND B

P41-MP -CS-3ALL 6.26E-06 2.90E-05 5.62 CCF TO START PUMPS TRAINS A AND B

B32-MOV-CF-21CABCD 8.08E-06 2.77E-05 4.42 CCF TO OPEN 2/4 MOV VALVES TRAINS A,B,C,D

B32-MOV-CF-21CABCD 8.08E-06 2.77E-05 4.42 CCF TO OPEN 2/4 MOV VALVES TRAINS A,B,C,D

E50-OR_-PG-D00IA 1.44E-05 2.16E-05 2.48 ORIFICE.001A FAILS TO REMAIN OPEN (PLUG) [# 5]

E50-OR_-PG-D00ID 1.44E-05 2.16E-05 2.48 ORIFICE O01D FAILS TO REMAIN OPEN (PLUG) [# 5]

E50-OR -PG-DOOIE 1.44E-05 2.16E-05 2.48 ORIFICE 001E FAILS TO REMAIN OPEN (PLUG) [# 5]

E50-OR -PG-DOOIH 1.44E-05 2.16E-05 2.48 ORIFICE 001H FAILS TO REMAIN OPEN (PLUG) [# 5]

XXX-XHE-FO-DEPRESS 1.61E-01 2.02E-05 1 OPERATOR FAILS TO RECOGNIZE NEED OF DEPRESSURIZATION

H23-EMS-FC-DIVADID 6.00E-04 1.65E-05 1.03 ESSENTIAL MULTIPLEXING SYSTEM DIV A (DID) FAILS TO FUNCTION

C74-VLU-CF-ALL 3.12E-06 1.44E-05 5.57 CCF OF VOTER LOGIC UNITS

G3 I-ACV-OO-FO06A 2.00E-03 1. 15E-05 1.01 NOV F006A FAILS TO OPERATE TO DEENER. POSITION.

G3 I-MOV-OO-FO05A 4.OOE-03 1.1 5E-05 1 MOTOR OPER. VALVE F005A FAILS TO CLOSE

18.9-49



NEDO-33201 Rev I

Table 18-7

Tornado Full-Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Tornado Full Power
Core Damage Frequency = 4.77E-11

Event Name Probability F-V RAW Description
TORNADO-FP 2.77E-05 1.00E+00 3.61 E+04 LOSS OF OFFSITE POWER DUE TO TORNADO

XXX-XHE-FO-LPMAKEUP 1.61E-01 7.82E-01 5.07 OP. FAILS TO RECOG. NEED FOR LOW PRESS. MAKEUP (LOCA)

E50-SQV-CF-GDCS7OPEN 1.50E-05 4.84E-01 3.23E+04 CCF OF 7 SQUIB VALVES IN GDCS LINES TO OPEN

E50-SQV-CF-OPENALL 1.50E-05 4.84E-0 1 3.23E+04 CCF OF ALL SQUIB VALVES TO OPEN

G21-XHE-MH-F334 4.80E-02 1.86E-01 4.7 MISPOSITION OF VALVE F334

R21-DG -FS-DGA 1.40E-02 5.81E-02 5.09 DIESEL GENERATOR "A" FAILS TO START

R21-DG -FS-DGB 1.40E-02 5.81E-02 5.09 D/G "B" FAILSTO START AND LOAD

C12-XHE-MH-F003B 1.20E-02 4.98E-02 5.1 MISPOSITION OF VALVE F003B

C12-XHE-MH-FO18A 1.20E-02 .4.98E-02 5.1 MISPOSITION OF VALVE F018A

C12-XHE-MH-FO18B 1.20E-02 4.98E-02 5.1 MISPOSITION OF VALVE FOI8B

C12-XHE-MH-F021A 1.20E-02 4.98E-02 5.1 MISPOSITION OF VALVE F021A

C12-XHE-MH-F021B 1.20E-02 4.98E-02 5.1 MISPOSITION OF VALVE F021B

RI 1-MCB-CC-XFRMAA2 7.96E-03 3.30E-02 5.12 CIRCUIT BREAKER FROM XFRM-A FAILS TO OPEN

RI I-MCB-CC-XFRMBB2 7.96E-03 3.30E-02 5.12 CIRCUIT BREAKER FROM XFRM-B FAILS TO OPEN

R22-MCB-CC- ILOAD I 7.96E-03 3.30E-02 5.12 CIRCUIT BREAKER TO LOAD 1 FAILS TO OPEN

R22-MCB-CC-ILOAD2 7.96E-03 3.30E-02 5.12 CIRCUIT BREAKER TO LOAD 2 FAILS TO OPEN

R22-MCB-CC-ILOAD3 7.96E-03 3.30E-02 5.12 CIRCUIT BREAKER TO LOAD 3 FAILS TO OPEN

R22-MCB-CC-ILOAD4 7.96E-03 3.30E&02 5.12 CIRCUIT BREAKER TO LOAD 4 FAILS TO OPEN

R22-MCB-CC-ILOAD5 7.96E703 3.30E-02 5.12 CIRCUIT BREAKER TO LOAD 5 FAILS TO OPEN

R22-MCB-CC-2LOADI 7.96E-03 3.30E-02 5.12 CIRCUIT BREAKER TO LOAD 1 FAILS TO OPEN

R22-MCB-CC-2LOAD2 7.96E-03 3.30E-02 5.12 CIRCUIT BREAKER TO LOAD 2 FAILS TO OPEN

R22-MCB-CC-2LOAD3 7.96E-03 3.30E-02 5.12 CIRCUIT BREAKER TO LOAD 3 FAILS TO OPEN

R22-MCB-CC-2LOAD4 7.96E-03 3.30E-02 5.12 CIRCUIT BREAKER TO LOAD 4 FAILS TO OPEN

R22-MCB-CC-2LOAD5 7.96E-03 3.30E-02 5.12 CIRCUIT BREAKER TO LOAD 5 FAILS TO OPEN
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Table 18-7

Tornado Full-Power Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure).

Tornado Full Power
Core Dama ge Frequency = 4.77E-11

Event Name Probability F-V RAW Description
R16-BT_-CF-ALLBATT 9.OOE-06 3.2 1E-02 3.56E+03 BATTERY CCF #2

R21 -DG_-TM-DGA 6.OOE-03 2.49E-02 5.13 STANDBY DIESEL GENERATOR "A" IN MAINTENANCE

R21-DG -TM-DGB 6.OOE-03 2.49E-02 5.13 STANDBY DIESEL GENERATOR "B" IN MAINTENANCE

:12-XHE-MH-FO13A 4.80E-02 1.47E-02 1.29 MISPOSITION OF VALVE F013A

Z12-XHE-MH-F013B 4.80E-02 1..47E-02 1.29 MISPOSITION OF VALVE F013B

Z12-XHE-MH.FO15A 4.80E-02 1.47E-02 1.29 MISPOSITION OF VALVE FOI5A

ý12-XHE-MH-F015B . 4.80E-02 1.47E-02 1.29 MISPOSITION OF VALVE FOI5B

C12-MOV-CC-FO20A 4.OOE-03 1.28E-02 4.19 MOTOR OPER; VALVE F020A FAILS TO OPEN

CI2-MOV:CC-FO20B 4.OOE-03 1.28E-02 4.19 MOTOR OPER. VALVE F020B FAILS TO OPEN

R1-SYS-FC-FUELDG4 4.OOE-03 1.28E-02 4.19 FUEL OIL STORAGE & TRANSFER SYSTEM FAILURE [#14]

R21-SYS-FC-FUELDG5 4.OOE-03 1.28E-02 4.19 FUEL OIL STORAGE & TRANSFER SYSTEM FAILURE [#14]

J43-SYS-FF-YARD 2.OOE-03 1.19E-02 6.95 HARDWARE FAILURES IN YARD AREA

J43-XHE-FO-YARD 1 .77E-03 1.06E-02 6.95 OPERATOR.FAILS TO MAKE UP FROM YARD AREA

12:MOV-FC-FO20A 3.13E-03 1.OOE-02 4.19 FLOW CONTROL A FAILS WIDE OPEN

12-MOV-FC-FO20B 3.13E-03 1.OOE-02 4.19 FLOW CONTROL B FAILS WIDE OPEN

12-SYS-TM-TRAINB 3.OOE-03 9.60E-03 4.19 TRAIN B IN MAINTENANCE

KXX-XHE-FO-ICPCCS 1.61E-03 9.60E-03 6.95 OPERATOR FAILS TO RECOGNIZE NEED OF MAKE UP TO IC/PCCS POOLS

12-MP -FS-COOIAOIL 2.40E-03 7.68E-03 4.19 MOTOR-DRIVEN AUX. OIL PUMP FOR COO I A FAILS TO RESTART

12-MP -FS-COOIBOIL 2.40E-03 7.68E-03 4.19 MOTOR-DRIVEN AUX. OIL PUMP FOR COO1B FAILS TO START

ý12-MPC-FS-COOIA 2.40E-03 7.68E-03 4.19 MOTOR-DRIVEN PUMP COO IA FAILS TO START

12-MPC-FS-COO1B 2.40E-03 7.68E-03 4.19 MOTOR-DRIVEN PUMP COO l B FAILS TO START

321-UV -CC-F 102B 1.60E-03 5.12E-03 4.19 CHECK VALVE #1 IN FEEDWATER LINE B FAILS TO REOPEN

321-UV -CC-FI03B 1.60E-03 5.12E-03 4.19 CHECK VALVE #2 IN FEEDWATER LINE B FAILS TO REOPEN

Il12-UV. -CC-F022 1.66E-93 5.12E-03 4.19 CHECK VALVE F022 FAILS TO OPEN
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Table 18-8

Tornado Shutdown Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Tornado Shutdown
Core Damage Frequency = 8.67E-13

Event Name Probability F-V RAW Description
RI6-BT_-CF-ALLBATT 9.OOE-06 1.00E+00 1. 11E+05 BATTERY CCF #2

TORNADO-SH6 9.63E-08 i.1ooE+oo 1.04E+07 OSS OF OFFISTE POWER DURING SHUTDOWN DUE TO TORNADO
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Table 18-9

Shutdown PRA Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Shutdown PRA
Core Damage Frequency = 5.56E-09

Event Name Probability F-V RAW, Description
SH-RLOC2 1.OOE-02 5.26E-01 53.1 FAILURE TO CLOSE DRYWELL HATCHES (INSTR. LINES BREAK)

SH-LBTAF2F 2.35E-07 4.22E-01 1.80E+06 LOCA BELOW TAF (MODE 6, FLOODED), VALUE FOR INSTRUMENT LINES

SH-LOPP6 6.49E-04 3.14E-01 485.17 LOSS OF PREFERRED POWER (MODE 6, UNFLOODED)

RI1-SYS-FF-NORS6 2.82E-01 3.03E-01 1.77 FAILURE IN OFFSITE POWER RECOVERY (MODE 6)

R16-BT -CF-ALLBATT 9.0QE-06 3.03E-01 3.37E+04 BATTERY CCF #2

SH-RLOCI 1.00E-0I 1.51E-01 2.36 FAILURE TO CLOSE DRYWELL HATCHES (RWCU DRAINLINES BREAK)

SH-LBTAFIF 6.73E-09 1.21E-01 1.80E+07 LOCA BELOW TAF (MODE 6, FLOODED), VALUE FOR RWCU/SDC DRAINLINES

SH-LBTAF2 5.78E-08 1.04E-01 I 1.80E+06 LOCA BELOW TAF (MODE 6, UNFLOODED), VALUE FOR INSTRUMENT LINES

SH-LBTAF 1 1.65E-09 2.97E-02 1.80E+07 LOCA BELOW TAF (MODE 6, UNFLOODED), VALUE FOR RWCU/SDC DRAINLINES

XXX-XHE-FO-LPMAKEUP 1.61E-01 1.46E-02 1.08 OP. FAILS TO RECOG. NEED FOR LOW PRESS. MAKEUP (LOCA)

E50-SQV-CF-GDCS7OPEN 1.50E-05 9.44E-03 629.95 CCF OF 7 SQUIB VALVES IN GDCS LINES TO OPEN

E50-SQV-CF-OPENALL 1.50E-05 9.44E-03 629.95 CCF OF ALL SQUIB VALVES TO OPEN

11 -SYS-FF-NORS5 3.OOE-01 7.22E-03 1.02 FAILURE IN OFFSITE POWER RECOVERY (MODE 5)

SH-LOPP5 2.62E-03 7.22E-03 3.75 LOSS OF PREFERRED POWER (MODE 5)

G21-XHE-MH-F334 4.80E-02 3.84E-03 1.08 MISPOSITION OF VALVE F334

P21-XHE-FO-STDBYPUMP 2.69E-01 2.58E-03 1.01 OP. FAILS MAN. ACT. OF STDBY PUMP WHEN AUT. ACTUATION FAIL

U43-SYS-FF-YARD 2.00E-03 2.54E-03 2.27 HARDWARE FAILURES IN YARD AREA

U43-XHE-FO-YARD 1.77E-03 2.25E-03 2.27 OPERATOR FAILS TO MAKE UP FROM YARD AREA

XXX-XHE-FO-ICPCCS 1.61E-03 2.05E-03 2.27 OPERATOR FAILS TO RECOGNIZE NEED OF MAKE UP TO IC/PCCS POOLS

21-DG -FR-DGB 5.60E-02 1.99E-03 1.03 DIESEL GENERATOR "B" FAILS TO RUN GIVEN START

,21-DG_-FR-DGA 5.60E-02 1.97E-03 1.03 DIESEL GENERATOR "A" FAILS TO RUN GIVEN START

P21-ACV-FT-F022A 2.OOE-03 1.65E-03 1.82 AIR OPERATED VALVE F022A FAILS TO TRANSFER

?21-ACV-FT-F022B 2.OOE-03 1.65E-03 1.82 AIR OPERATED VALVE F022B FAILS TO TRANSFER

?21-ACV-FT-F025A 2.OOE-03 :1.65E-03 1.82 AIR OPERATED VALVE F025A FAILS TO TRANSFER
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Table 18-9

Shutdown PRA Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Shutdown PRA
Core Damage Frequency = 5.56E-09

Event Name Probability F-V RAW - Description
P21-ACV-FT-F025B 2.OOE-03 1.65E-03 1.82 AIR OPERATED VALVE F025B FAILS TO TRANSFER

R21-DG_-CR-ALLDG 4.44E-03 I. 19E-03 1.27 CCF OF DIESEL GENERATORS TO RUN

SH-RC6 2.18E-01 9.85E-04 1 FAILURE IN RCCWS/PSWS RECOVERY (MODE 6, UNFLOODED)

SH-SW6 3.25E-06 9.85E-04 303.87 LOSS OF RCCWS/PSWS (MODE 6, UNFLOODED)

C62-DTM-FC-NI EA 9.OOE-04 7.04E-04 1.78 DIGITAL TRIP MODULE TRAIN A NO 1E FAILS

C62-DTM-FC-N1EB 9.00E-04 7.04E-04 1.78 DIGITAL TRIP MODULE TRAIN B NO 1E FAILS

E50-MP -TM-POOLB 1.00E-02 5.77E-04 1.06 GDCS POOL B IN MAINTENANCE

U43-SYS-FF-LPCI 2.40E-02 4.90E-04 1.02 U43 HARDWARE FAILURES

R21-DG_-FS-DGA 1.40E-02 4.06E-04 1.03 DIESEL GENERATOR "A" FAILS TO START

R21-DG -FS-DGB 1.40E-02 4.06E-04 1.03 D/G "B" FAILS TO START AND LOAD

R16-BT -TM-R16BTA2 1.00E-03 4.03E-04 1.4 BATTERY R16-BTA2 IN TEST

R16-BT -TM-R16BTB2 1.00E-03 4.03E-04 1.4 BATTERY RI6-BTB2 IN TEST

G31-XHE-FO-SDC 1.77E-02 3.57E-04 1.02 OPERATOR FAILS TO ACTUATE SDC MODE

B32-SYS-TM-ICA 4.16E-02 3.17E-04 1.01 IC "A" UNAVAILABLE [# 7]

U43-XHE-FO-LPCIADS 1.61E-02 3.16E-04 1.02 OPERATOR FAILS TO ACTUATE U43 IN LPCI MODE AFTER ADS

SH-RW5 2.29E-01 2.69E-04 1 FAILURE IN RWCU/SDC RECOVERY (MODE 5)

SH-RWCU5 7.38E-05 2.69E-04 4.64 LOSS OF BOTH RWCU/SDCS TRAINS (MODE 5)

P30-XHE-MH-F015 4.80E-02 2.25E-04 1 MISPOSITION OF VALVE FO0T

H123-RMU-FC-N38B 3.OOE-04 2.19E3-04 1.73 REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

H23-RMU-FC-P21N038A 3.00E-04 2.19E-04 1.73 REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

R21-DG_-CS-ALLDG 8.52E-04 2. 10E04 1.25 CCF OF DIESEL GENERATORS TO START AND LOAD

RP 1-MCB-CC-XFRMAA2 7.96E-03 2.06E-04 1.03 CIRCUIT BREAKER FROM XFRM-A FAILS TO OPEN

R11-MCB-CC-XFRMBB2 7.96E-03 2.06E-04 1.03 CIRCUIT BREAKER FROM XFRM-B FAILS TO OPEN

R16-BT -TM-Rl6BTA1 1.00E-03[ 2.06E-04 1.21 BATTERY R16-BTAI IN TEST

R16-BT_-TM-R16BTBI 1.00E-03 2.06E-04 1.21 BATTERY R16-BTB1 IN TEST
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Table 18-9

Shutdown PRA Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure).

Shutdown PRA
Core Damage Frequency = 5.56E-09

Event Name Probability F-V RAW -Description
R22-MCB-CC- I LOAD I 7.96E-03 2.06E-04 1.03 CIRCUIT BREAKER TO LOAD 1 FAILS TO OPEN

R22-MCB-CC-ILOAD2 7.96E-03 2.06E-04 1.03 CIRCUIT BREAKER TO LOAD 2 FAILS TO OPEN

22-MCB-CC-ILOAD3 7.96E-03 2.06E-04 .1.0.3 CIRCUIT BREAKER TO LOAD 3 FAILS TO OPEN

R22-MCB-CC-ILOAD4 7.96E-03 2.06E-04 1.03 CIRCUIT BREAKER TO LOAD 4 FAILS TO OPEN

R22-MCB-CC-ILOADS 7.96E-03 2.06E-04 1.03 CIRCUIT BREAKER TO LOAD 5 FAILS TO OPEN

R22-MCB-CC-2LOAD5 7.96E-03 2.06E-04 1.03 CIRCUIT BREAKER TO LOAD I FAILS TO OPEN

R22-MCB-CC-2LOAD2 7.96E-03 2.06E-04 1.03 CIRCUIT BREAKER TO LOAD 2 FAILS TO OPEN

R22-MCB-CC-2LOAD3 7.96E-03 2.06E-04 1.03 CIRCUIT BREAKER TO LOAD 3 FAILS TO OPEN

R22-MCB-CC-2LOAD4 7.96E-03 2.06E-04 1.03 CIRCUIT BREAKER TO LOAD 4 FAILS TO OPEN

R22-MCB-CC-2LOAD5 7.96E-03 2.06E-04 1.03 CIRCUIT BREAKER TO LOAD 5 FAILS TO OPEN

R16-BT -LP-RI6BTA2 5.OOE-04 2.01E-04 1.4 BATTERY RI6-BTA2 FAILS TO PROVIDE OUTPUT

R16-BT -LP-RI6BTB2 5.OOE-04 2.01iE-04 1.4 BATTERY R16-BTB2 FAILS TO PROVIDE OUTPUT

RI 3-INV-FC-RI3A2 4.80E-04 1.93E-04 1.4 INVERTER TO R13-A2 FAILS

R13-1NV-FC-RI3B2 4.80E-04 1.93E-04 1.4 INVERTER TO R13-B2 FAILS

R22-RE -FD- 1OA I 1 8.OOE-04 1.64E-04 1.21 UNDERVOLTAGE RELAY FOR R22-1OA 11 FAILS TO OPERATE

R22-RE -FD- I 0A21 8.00E-04 1.64E-04 1.21 UNDERVOLTAGE RELAY SENSING VOLTAGE ON BUS I 0A21 FAILS

E50-SQV-CO-FO09A 3.50E-03 1.57E-04 1.04 SQUIB DELUGE VALVE F009A SPUR. OPENING [#7]

E50-SQV-CO-FO09D 3.50E-03 1.57E-04 1.04 SQUIB DELUGE VALVE F009D SPUR. OPENING [#7]

E50-SQV-CO-FO09E 3.50E-03 1.57E-04 1.04 SQUIB DELUGE VALVE F009E SPUR. OPENING [#7]

E50-SQV-CO-FO09H 3.50E-03 1.57E-04 1.04 SQUIB DELUGE VALVE F009H SPUR. OPENING [#7]

E50-SQV-CO-F0091 3.50E-03 1.57E-04 1.04 SQUIB DELUGE VALVE F0091 SPUR. OPENING [#7]

E50-SQV-CO-FO09L 3.50E-03 1.57E-04 1.04 SQUIB DELUGEIVALVE F009L SPUR. OPENING [#7]

R21-DG_-TM-DGA 6.OOE-03 1.55E-04 1.03 STANDBY DIESEL GENERATOR "A" IN MAINTENANCE

R21-DG -TM-DGB 6.OOE-03 1.55E-04 1.03 STANDBY DIESEL GENERATOR "B" IN MAINTENANCE

C12-XHE-MH-F013A 4.80E-02 1.48E-04 I MISPOSITION OF VALVE FO13A
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Table 18-9

Shutdown PRA Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Shutdown PRA.
Core Damage Frequency = 5.56E-09

Event Name Probability F-V RAW Description
_12-XHE-MH-F013B 4.80E-02 1.48E-04 I MISPOSITION OF VALVE FO01_3B
Z12-XHE-MH-FO15A 4.80E-02 1.48E-04 I MISPOSITION OF VALVE FO15A

12-XHE-MH-FO15B 4.80E-02 1.48E-04 I MISPOSITION OF VALVE F015B

?21-MP -CS-TRAINAB 1.95E-04 1.43E-04 1.73 CCF TO START PUMPS TRAINS A AND B

F123-EMS-FC-DIVADID 6.00E-04 1.23E-04 1.21 ESSENTIAL MULTIPLEXING SYSTEM DIV A (DID) FAILS TO FUNCTION

H23-EMS-FC-DIVBDID 6.OOE-04 1.23E-04 1.21 ESSENTIAL MULTIPLEXING SYSTEM DIV B (DID) FAILS TO FUNCTION

332-ACV-CC-F006B 2.00E-03 1.21E-04 1.06 AIR OPERATED VALVE F006B FAILS TO OP. TO DEENERG. POSIT.

332-ACV-CC-FO06C .2.OE-03 1.2113-04 1.06 AIR OPERATED VALVE F006A FAILS TO OP. TO DEENERG. POSIT.

332-ACV-CC-F006D 2.00E-03 1.21E-04 1.06 AIR OPERATED VALVE F006D FAILS TO OP. TO DEENERG. POSIT.

3H-LGDCS 3.20E-09 1.17E-04 3.65E+04 LOCA IN GDCS LINE (MODE 6, UNFLOODED)

?62-VLU-CF-DIDALL 3.12E-05 1.09E-04 4.5 CCF OF VOTER LOGIC UNITS

321-UV_-CC-F102B 1.60E-03 1.06E-04 1.07 CHECK VALVE #1 IN FEEDWATER LINE B FAILS TO REOPEN

B2 I-UV -CC-Fl 03B 1.60E-03 1.06E-04 1.07 CHECK VALVE #2 IN FEEDWATER LINE B FAILS TO REOPEN

E50-STR-CF-SPPLUG 3.75E-04 1.03E-04 1.27 CCF FILTER/STRAINER IN PSP TO PLUG

R,16-BT -LP-RI6BTAI 5.OOE-04 1.03E-04 1.21 BATTERY R16-BTA1 FAILS TO PROVIDE OUTPUT

?16-BT -LP-R16BTBI 5.OOE-04 1.03E-04 1.21 BATTERY R16-BTBI FAILS TO PROVIDE OUTPUT

RI3-INV-FC-Rl3AI 4.80E-04 9.87E-05 1.21 INVERTER TO R13-Al FAILS

R13-INV-FC-R13BI 4.80E-04 9.87E-05 1.21 INVERTER TO Rl3-BI FAILS

B21-UV -CC-Fl02A 1.60E-03 9.50E-05 1.06 CHECK VALVE FI 02A IN FEEDWATER LINE A FAILS TO OPEN

B21-UV -CC-FI03A 1.60E-03 9.50E-05 1.06 CHECK VALVE FI03A IN FEEDWATER LINE A FAILS TO OPEN

[Z21-SYS-FC-FUELDG4 4.0OE-03 9.50E-05 1.02 FUEL OIL STORAGE & TRANSFER SYSTEM FAILURE [#!4]

R21-SYS-FC-FUELDG5 4.00E-03 9.50E-05 1.02 FUEL OIL STORAGE & TRANSFER SYSTEM FAILURE [#14]

3121-ACV-CC-F332 2.OOE-03 9.15E-05 1.05 AOV F332 FAILS TO OPERATE TO NOT DEENERG.POS.

RIO-CBU-FC-PRE500KV 7.20E-05 7.76E-05 2.08 500KV TRANSMISSION LINE FAILS

321-UV -CC-F333 1.60E-03 7.29E-05 1.05 CHECK VALVE F333 FAILS TO OPEN
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Table 18-9

Shutdown PRA Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure).

Shutdown PRA
Core Damage Frequency = 5.56E-09

Event Name Probability F-V RAW Description
C5 I-ACT-CF-APRMSTUCK 2.1 OE-07 6.09E-05 290.53 CCF APRM DETECTORS STUCK AT POWER LEVEL

H23-RMU-FC-IOAI 1 3.OOE-04 5.90E-05 1.2 REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

H23-RMU-FC-I 0A21 3.00E-04 5.90E-05 1.2 REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

H23-RMU-FC-ESFIADID 3.00E-04 5.90E-05 1.2 1ST DIVA (DID) ESF REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

H23-RMU-FC-ESFIBDID 3.00E-04 5.90E-05 1.2 1 ST DIV B (DID) ESF REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

H23-RMU-FC-ESF2ADID 3.OOE-04 5.90E-05 1.2 2ND DIV A (DID) ESF REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

H23-RMjU-FC-ESF2BDID 3.00E-04 5.90E-05 1.2 2ND DIV B (DID) ESF REMOTE MULTIPLEXING UNIT FAILS TO FUNCTION

H23-RMU-FC-R101 3.00E-04 5.90E-05 1.2 DTM!TLU 001 OR MUX INTERFACE FAIL TO TRIP (2Y TEST)

H23-RMU-FC-R102 3.00E-04 5.90E-05 1.2 DTM/TLU 002 OR MUX INTERFACE FAIL TO TRIP (2Y TEST)

t50-SQV-CC-FO02A 3.00E-03 5.48E-05 1.02 SQUIB VALVE F002A FAILS TO OPERATE

E50-SQV-CC-FO02D 3.00E-03 5.48E-05 1.02 SQUIB VALVE F002D FAILS TO OPERATE

E50-SQV-CC-F002E 3.00E-03 5.48E-05 1.02 SQUIB VALVE F002E FAILS TO OPERATE

E50-SQV-CC-FO02H 3,00E-03 5.48E-05 1.02 SQUIB VALVE F002H FAILS TO OPERATE

C12-UV -CC-F022 1.60E-03 5.12E-05 1.03 CHECK VALVE F022 FAILS TO OPEN

C 12-XHE-MH-FO03B 1.20E-02 4.11 E-05 I MISPOSITION OF VALVE F003B

C12-XHE-MH-FO18A 1.20E-02 4.1 IE-05 1 MISPOSITION OF VALVE FOI8A

C12-XHE-MH-F018B 1.20E-02 4.1 IE-05 I MISPOSITION OF VALVE FOI8B

C12-XHE-MH-F021A 1.20E-02 4.1 IE-05 I MISPOSITION OF VALVE F021A

C12-XHE-MH-F021B 1.20E-02 4.1 IE-05 1 MISPOSITION OF VALVE F02IB

C62-DTM-CF-NIEALL 5.50E-05 4.02E-05 1.73 CCF OF DIGITAL TRIP MODULES NO IE

R21-MP -CS-FUELTRANS 1.7 iE-04 3.93E-05 1.23 CCF TO START MOTOR-DRIVEN FUEL TRANSFER PUMPS

P21-ACV-CF-F022/25A 5.00E-05 3.66E-05 1.73 CCF VALV ACV F022A/F025A TRAIN A

P21-ACV-CF-F022/25B 5.00E-05 3.66E-05 1.73 CCF VALV ACV F022B/FO25B TRAIN B

SH-LOTHER 4.45E-08 3.28E-05 738.19 LOCA OTHER THAN FW OR GDCS (MODE 6, UNFLOODED)

P41-MP_-CS-2ALL 4.29E-05 3.14E-05 1.73 CCF TO START 2 PUMPS TRAINS A AND B
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Table 18-9

Shutdown PRA Importance Measure Report

F-V and RAW Impoirtance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Shutdown PRA
Core Damage Frequency = 5.56E-09

Event Name Probability F-V RAW . Description
B21-LT -CF-N001ABCD 1.20E-07 2.94E-05 245.77 CCF OF DIVERSIFIED LEVEL 1& 2 TRANSM. IA/B/C/D

E50-UV_-OC-FOO3A 1.75E-03 2.78E-05 1.02 CHECK VALVE F003A FAILS TO REMAIN OPEN OR PLUG

E50-UV_-OC-FO03D 1.75E-03 2.78E-05 1.02 CHECK VALVE F003D FAILS TO REMAIN OPEN OR PLUG

E50-UV_-OC-FOO3E 1.75E-03 2.78E-05 1.02 CHECK VALVE F003E FAILS TO REMAIN OPEN OR PLUG

E50-UV_-OC-FOO3H 1.75E-03 2.78E-05 1.02 CHECK VALVE F003H FAILS TO REMAIN OPEN OR PLUG

P21-MP -TM-COO2A 2.OOE-03 2.76E-05 1.01 PUMP C002A IN MAINTENANCE

P21-MP -TM-C002B 2.00E-03 2.76E-05 1.01 PUMP C002B IN MAINTENANCE

G21-UV -TM-F332/333 8.OOE-04 2.23E-05 1.03 MAINTENANCE FOR CVF332 OR CV F333

B32-ACV-CF-2ICABCD 1.55E-05 *1.97E-05 2.27 CCF TO OPEN 2/4 ACV VALVES TRAINS A,B,C,D

II1-MCB-CF-69CLOSE 9.29E-05 1.92E-05 1.21 CCF CIRCUIT BREAKERS 6.9 KV TO CLOSE

P52-CMP-CS-COO1AB 1.71E-03 1.70E-05 1.01 CCF TO START COMPRESSORS LINES 1 & 2

B32-ACV-CC-FO06A 2.OOE-03 1.53E-05 1.01 AIR OPERATED VALVE F006A FAILS TO OP. TO DEENERG. POSIT.

P21-MP_-FS-COOIA 1.30E-03 1.16E-05 1.01 MOTOR DRIVEN PUMP COOIA FAILS TO START

P21-MP -FS-COO1B 1.30E-03 1.16E-05 1.01 MOTOR-DRIVEN PUMP COO1B FAILS TO START

P21-MP_-FS..COO2A 1.30E-03 1.16E-05 1.01 MOTOR-DRIVEN PUMP (ALL TYPES) FAILS TO START

P21-MP -FS-COO2B 1.30E-03 1.16E-05 1.01 MOTOR-DRIVEN PUMP C002B FAILS TO START

P21-MP -FS-CO03A 1.30E-03 1.16E-05 1.01 MOTOR-DRIVEN PUMP C0003A FAILS TO START

P21-MP_-FS-CO03B 1.30E-03 1.16E-05 1.01 MOTOR-DRIVEN PUMP C003B FAILS TO START

E50-OR -CF-PLUGALL 7.20E-08 1.09E-05 151.77 CCF OF ALL ORIFICES TO PLUG

RI3-XFL-LP-RI 3A21 1.92E-05 1.09E-05 1.56 TRANSFORMER FAILS DURING OPERATION

R13-XFL-LP-Ri 3B21 1.92E-05 1.09E-05 1.56 TRANSFORMER FAILS DURING OPERATION

E50-OR_-CF-7PLUG 7.00E-08 1.05E-05 151.51 CCF OF 7 ORIFICES TO PLUG

B32-MOV-CF-2ICABCD 8.08E-06 1.03E-05 2.27 CCF TO OPEN 2/4 MOV VALVES TRAINS A,B,C,D

SH-LFWA 2.50E-09 1.02E-05 4.03E+03 LOCA IN FW-A (MODE 6, UNFLOODED)

P21-MP_-CR-TRAINAB 1.80E-05 1.01E-05 1.56 CCF TO RUN PUMPS TRAINS A AND B
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Table 18-9

Shutdown PRA Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Shutdown PRA
Core Damage FreQuency = 5.56E-09

Event Name Probability F-V RAW Description
P21-MCB-OO-COOIA 1.0E-03 8.94E-06 1.01 CIRCUIT BREAKER OF PUMP COOIA FAILS TO CLOSE

P21-MCB-OO-COOIB 1.OOE-03 8.94E-06 1.01 CIRCUIT BREAKER OF PM C001B FAILS TO CLOSE

121-MCB-OO-COO2A 1.OOE-03 8.94E-06 1.01 MEDIUM VOLTAGE CIRCUIT BREAKER FAILS TO CLOSE

12 1 -MCB-OO-COO2B 1.OOE-03 8.94E-06 1.01 MEDIUM VOLTAGE CIRCUIT BREAKER FAILS TO CLOSE

P21-MCB-OO-C003A 1.00E-03 8.94E-06 1.01 MEDIUM VOLTAGE CIRCUIT BREAKER FAILS TO CLOSE

P21-MCB-OO-C003B 1.00E-03 8.94E-06 1.01 MEDIUM VOLTAGE CIRCUIT BREAKER FAILS TO CLOSE

R16-BT -TM-Rl6BTA 1.00E-03 8.94E-06 1.01 BATTERY RI6-BTA IN TEST

R16-BT -TM-RI6BTB I.00E-03 8.94E-06 1.01 BATTERY R16-BTB IN TEST

R2 I-MCB-OO-DGARI 1A2 1.OOE-03 8.94E-06 1.01 CIRCUIT BREAKER FROM DG-A TO RI I -A2 FAILS TO CLOSE

R21-MCB-OO-DGBRI lB2 I.OOE-03 8.94E-06 1.01 CIRCUIT BREAKER FROM DG-B TO RI 1-B2 FAILS TO CLOSE

R2 I -SYS-FC-AIRDG4 1.OOE-03 8.94E-06 1.01 AIR STARTING SYSTEM FAILURE [#13]

R21-SYS-FC-AIRDG5 1.OOE-03 8.94E-06 1.01 AIR STARTING SYSTEM FAILURE

P52-CMP-FS-COO1A 2.OOE-02 8.54E-06 I MOTOR-DRIVEN AIR COMPRESS. COO IA FAILS TO START

P52-CMP-FS-COOIB 2.00E-02 8.54E-06 I MOTOR-DRIVEN AIR COMPRESS. COO lB FAILS TO START

R13-LCB-CO-FR13A21 1.44E-05 8.14E-06 1.56 CIRCUIT BREAKER OPENS SPURIOUSLY

RI3-LCB-CO-FR13B21 1.44E-05 8.14E-06 1.56 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-R13A21 1.44E-05 8.14E-06 1.56 CIRCUIT BREAKER OPENS SPURIOUSLY

R13-LCB-CO-R13B2I 1.44E-05 8.14E-06 1.56 CIRCUIT-BREAKER OPENS SPURIOUSLY,

R13-LCB-CO-TOR13IA2 1.44E-05 8.14E-06 1.56 CIRCUIT BREAKER TO R13-A2 OPENS SPURIOUSLY

R13-LCB-CO-TOR13B2 1.44E-05 8.14E-06 1.56 CIRCUIT BREAKER TO R13-B2 OPENS SPURIOUSLY

G3 I-MOV-CC-FOO9B 4.OOE-03 7.18E-06 1 MOTOR OPER. VALVE F009B FAILS TO OPEN

G31-MOV-CC-FO20B 4.OOE-03 7.18E-06 I MOTOR OPER. VALVE F020B FAILS TO OPEN

G3 I -MOV-CC-FO3OB 4.OOE-03 7.18E-06 1 AIR OPER. VALVE F030B FAILS TO OPEN

P21 -MOV-CC-F039B 4.OOE-03 7.18E-06 I MOTOR OPERATED VALVE P21 -F039B FAILS TO OPEN

P21-MOV-CC-FO40B 4.OOE-03 7.18E-06 I MOTOR OPERATED VALVE P21 -F040B FAILS TO OPEN.
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Table 18-9

Shutdown PRA Importance Measure Report

F-V and RAW Importance Measures Report
(F-V = Fussell-Vesely Importance Measure; RAW = Risk Achievement Worth Importance Measure)

Shutdown PRA.
__ Core Damage Frequency = 5.56E-09

Event Name Probability F-V RAW Description
P52-XHE-FO-IAS/SAS 1.61E-02 6.86E-06 I OPER. FAILS TO REC. NEED FOR MANUAL INTERV. ON IAS/SAS

H23-EMS-CF-DIDALL 1.80E-06 6.3 1E-06 4.5 CCF OF ALL DIVISION OF THE EMS

P41-STR-CF-2ALL 1.07E-05 6.07E-06 1.56 CCF 2 STRAINERS PLUGGED

R21-MP -CR-FUELTRANS 3.72E-05 5.91E-06 1.16 CCF TO RUN MOTOR-DRIVEN FUEL TRANSFER PUMPS

R10-BAC-LP-500KVMAIN 4.80E-06 5.07E-06 2.05 500 KV MAIN DISTRIBUTION BUS FAILS DURING OPERATION

P21-TT -NO-N038B 8.40E-06 4.79E-06 1.57 TEMPERATURE XMTR FAILS TO RESPOND TO CHANGE IN TEMPERATURE

P21-TT_-NO-P21N038A 8.40E-06 4.79E-06 1.57 TEMPERATURE XMTR FAILS TO RESPOND TO CHANGE IN TEMPERATURE

C12-MOV-CC-F020A 4.00E-03 4.47E-06 I MOTOR OPER. VALVE F020A FAILS TO OPEN

C12-MOV-CC-F020B 4.OOE-03 4.47E-06 1 MOTOR OPER. VALVE F020B FAILS TO OPEN

R16-BT -LP-R16BTA 5.00E-04 4.47E-06 1.01 BATTERY R16-BTA FAILS TO PROVIDE OUTPUT

R16-BT -LP-R16BTB 5.00E-04 4.47E-06 1.01 BATTERY R16-BTB FAILS TO PROVIDE OUTPUT

C74-VLU-CF-ALL 3.12E-06 3.99E-06 2.27 CCF OF VOTER LOGIC UNITS

H23-EMS-CF-ALL 1.80E-06 2.3 1E-06 2.27 CCF OF ESSENTIAL MULTIPLEXING SYSTEM DIV 1/2/3/4

C1 2-MOV-FC-FO20A 3.13E-03 1.96E-06 I FLOW CONTROL A FAILS WIDE OPEN

C 12-MOV-FC-FO20B 3.13E-03 1.96E-06 1 FLOW CONTROL B FAILS WIDE OPEN

C12-SYS-TM-TRAINB 3.00E-031 1.88E-06 I TRAIN B IN MAINTENANCE
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19 RELIABILITY AND MAINTAINABILITY

19.1 INTRODUCTION

In this section, the results of the PRA are reviewed to determine the appropriatereliability and
maintenance actions to be considered throughout the life of an ESBWR plant so that the PRA
remains an adequate basis for quantifying plant safety. These actions comprise a part of the
plant's reliability assurance program (RAP).

The PRA models at this point in the design phase do not contain specific component logic or
reliability data, and may contain conservative values. As the design of the ESBWR becomes
finalized, the PRA models will be updated accordingly, and thus will be capable of providing the
level of insights that are required for determining operation, maintenance and monitoring
activities for the COL applicant to consider.

To determine the appropriate reliability and maintenance-related activities that should be
considered to assure that plant safety is maintained as operation proceeds, the results of PRA and
other analyses are reviewed. The objective of the review is to determine the relative importance
of prevention and mitigation features of the ESBWR in satisfying the key PRA goals related to
*core damage frequency (CDF) and frequency of offsite release. Also considered are the initiating
events that have a significant impact on CDF. This review allows the most important plant
features to be identified.

The level 1 PRA evaluates accident sequences from initiating events and failures of. safety
functions that lead to core damage. An assessment is performed for operating conditions and
shutdown conditions. The external events analysis considers events whose cause is external to
systems associated with normal plant operations, including internal flooding, fire, high winds,
and seismic events. The seismic events were analyzed using a seismic margins approach that
provided qualitative conclusions on the ability of ESBWR SSCs to cope with seismic events.
The other external events are quantified using the level 1 PRA model. Basic events representing
component failures are identified as risk-significant if their importance values for Risk
Achievement Worth (RAW) were greater than or equal to 2.0, or Fussell-Vesely Importance
(FVI) were greater than or equal to 0.005. The results are summarized in Table 19.2-1.

The level 2 PRA analyzes the plant response to severe accidents and offsite release of fission
products. The analysis includes the evaluation of severe accident phenomena and fission product
source terms, and containment integrity strategies including pressure suppression, decay heat
removal, and hydrogen generation.

In Subsection 19.5, the individual features identified in Subsections 19.2 through 19.4 are
reviewed to determine appropriate maintenance and surveillance actions, including
implementation in the Reliability Assurance Program (RAP). The objective of the RAP is to
ensure safe and reliable design and operation of the ESBWR, consistent with the NRC-
established PRA safety goals, by using PRA insights during the design phase to establish risk-
based design, operation, maintenance and performance monitoring practices. The process used
to determine dominant failure modes is based on the standard PRA modeling practices, e.g.,
dominant accident sequences, importance analyses and insights. Phase 2 of the D-RAP will
identify key assumptions regarding any operation, maintenance and monitoring activities that the

19.1-1



NEDO-33201 Rev 1

COL applicant will consider in developing the O-RAP to assure that such SSCs can be expected
to operate throughout plant life with reliable performance that is consistent with the PRA.
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19.2 RISK FROM INTERNAL EVENTS

To determine which plant structures, systems and components (SSCs) are the most important
with respect to CDF, the Level 1 analysis results are analyzed. The SSCs are listed in order of
Fussell-Vesely (FV) importance, as calculated by the CAFTA code. A second criterion for
selecting SSCs is to consider those SSCs with high "risk achievement worth", or the increase in
CDF if that SSC always fails. The identified SSCs are grouped by similarity of the functions
performed. Basic events representing component failures are identified as risk-significant if their
importance values for Risk Achievement Worth (RAW) are greater than or equal to 2.0, or
Fussell-Vesely Importance (FVI) are greater than or equal to .005. The results are listed in
Table 19.2-1.

The Level 2 analysis evaluates the offsite release of fission products following core damage.
Those analyses related to the consequences of core damage were reviewed, including source
term sensitivity studies, deterministic analysis of plant performance, and containment event trees.
Those systems that would be important with regard to mitigating a core damage event were
considered as potentially risk-significant SSCs.

19.2.1 Significant Core Damage Sequences

The internal events CDF is 2.92x10-8 per year.. The sequence with the highest core damage
frequency is a Loss of Preferred Power event. This sequence includes a loss of preferred power,
failure of two CRD pumps to maintain RPV water level above level 1.5, RPV depressurizes
successfully, and low-pressure injection is unavailable. This Class I accident sequence has a
frequency of 1.67x 10.8 per year, and represents 57% of total CDF.

The sequence with the next highest frequency is a Loss of Feedwater transient with human errors
involving mispositioning of injection valves, successful depressurization, common cause failure
of the GDCS squib valves, and a failure of the operator to recognize the need for manually
aligning injection. This is also a Class I accident sequence, and has a frequency of 1.20x 1 08 per
year, which represents 41% of total CDF.

The dominant initiating events in the internal events full power PRA are:

" Loss of Preferred Power (57% contribution to internal events CDF)

" Loss of Feedwater (41% contribution to internal events CDF)

Each of the remaining initiating events individually represents less than 1% of CDF.

The dominant post-initiator operator actions in the internal events full power PRA are:
* Failure to Recognize Need for LP Makeup (72% contribution to internal events CDF)

* Failure to Start Standby RCCW Pump (2% contribution to internal events CDF)

Each of the remaining operator actions individually represents less than 1% of the internal events
CDF.

The dominant recovery action is Failure to Recover Offsite Power. The model includes multiple
LOPP recovery actions for different time phases of the LOPP accident progression; collectively
they contribute approximately 36% to internal events CDF.
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The dominant common cause failures in the internal event full power PRA are:

* CCF of 7 Squib Valves, in GDCS Lines (43% contribution to internal events CDF)

* CCF of All Squib Valves (43% contribution to internal events CDF)

* CCF of All DC Batteries (1% contribution to internal events CDF)

Each of the remaining CCF events in the PRA individually represents less than 1% of the
internal events CDF.

Important assumptions from the internal events analyses are as follows:

* An alarm located within the control room alerts the operator if the battery connection
switch is inadvertently left open after test or maintenance.

* The opening -of five SRVs is sufficient for reactor depressurization to allow the low
pressure system injection if these systems are available. Either the FAPCS or the Fire
Protection System (FPS), in the injection mode, has the capability to successfully perform
the coolant makeup function for both the short and long term.

.19.2.2 Significant Large Release Sequences

The frequency of a given release category for each initiator is found by quantifying the
Containment Phenomena Event Tree (CPET) or Containment Systems Event Tree (CSET) path
ending with that release category. To provide the total probability of a release category for all
initiators,, the CPET is evaluated for each entry event and the probabilities for the failure paths
are summed. The remaining fraction is quantified through the CSET logic, and once again the
failure paths are summed.

There are two non-negligible paths resulting in a release from the CPET, steam explosion in the
lower drywell (representing -about 1% of CDF) and failure of the BiMAC thermal barrier
(representing about 1% of CDF). These issues are associated with passive components, and
would be addressed in the RAP program through inspections. Steam explosions are caused by
breaks in pipes connected to the vessel below Level 3 and by breaks in feedwater lines. BiMAC
thermal barrier failures are significant because the failure probability was artificially increased to
account for uncertainty in the reliability of the first of a kind devise.

The CSET deals with the performance of containment systems, which are better suited for
controls in the RAP program. The most likely CSET end state is associated with leakage from an
intact containment (representing about 97% of CDF) and is not considered a large release in the
ESBWR PRA. Controlled, filtered venting is the next most likely release category (representing
about 1% of CDF), but with a release frequency two orders of magnitude lower than the leakage
category. Release categories associated with containment failure or bypass are several orders of
magnitude less likely than the dominant leakage from intact containment release category.

The large release frequency (LRF) for internal events is estimated to be l x 10-9 per year.

Because of the passive nature of the ESBWR containment systems, there are no operator actions
required to support the containment response to a severe accident in the 24-hour period after
onset of core damage. The containment isolation system, vacuum breakers, and PCCS do not
require operator action to initiate or function.
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The design of the ESBWR containment provides for holdup and delay for fission product release
should the containment integrity be challenged. The containment design is a low leakage that is
expected to apply to severe accidents. Long-term containment pressurization is governed by the
generation of decay heat and non-condensable gases. The primary source of noncondensable gas
generation is metal-water reaction of the zirconium in the core. The containment is designed to
withstand the generation of 100% metal-water reaction of the clad surrounding the fuel. The
ultimate strength capability is important for rapid containment challenges such as direct
containment heating and rapid steam generation.

The mitigating systems listed below ensure that the decay energy results in steam production.
The suppression pool absorbs this energy, resulting in very slow containment response that
ensures ample time for fission product removal. These systems are considered to be important
relative to containment and are discussed further in Table 19.5-1.

* AC-Independent Fire Water Addition System

* GDCS Deluge Subsystem

* Containment Inerting System Bleed Line

* Vessel Depressurization

* Inerted Containment

" Containment Isolation

* Upgraded Low:Pressure Piping

* Drywell-Wetwell Vacuum Breakers

* Basemat Internal Melt Arrest and Coolability Device (BiMAC)

Important assumptions from the level 2 analyses are as follows:

Operator guidance for the use of the suppression chamber vent to prevent containment
overpressurization has not been developed. For modeling purposes, it was assumed that
venting would occur only if containment pressure reached 90% of the ultimate pressure
capability.

19.2.3. Summary of Important Results and Insights

The results of the PRA analysis demonstrate that the ESBWR is designed with redundant
accident prevention and mitigation features that result in CDF and LRF values significantly
lower than those of the current generation of light water reactors.

Relative to the very low internal events CDF:

" The dominant initiating events in the internal events analysis for full power operation are
a Loss of Preferred Power and a Loss of Feedwater.

* The dominant post-initiator operator actions in the internal events full power PRA the
Failure to Recognize Need for LP Makeup.

* The dominant recovery action is Failure to Recover Offsite Power.
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* The dominant common cause failures in the internal event full power PRA are of the
GDCS Squib valves.

The largest accident class contributor is Class I, which involves core damage events occurring at
low RPV pressures with the containment initially intact.

Because of the passive nature of the ESBWR containment systems, there are no operator actions
required to support the containment response to a severe accident in the 24 hour period after
onset of core damage.

The important results and insights are summarized in Table 19.5-1.
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19.3 RISK FROM EXTERNAL EVENTS

19.3.1 Evaluation of External Event Fire

19.3.1.1 Significant Core Damage Sequences

The Fire PRA is a bounding analysis that incorporates several conservative assumptions. Fires
are conservatively assumed to propagate unsuppressed in each fire area and damage all functions
in the fire. area. The analysis assumes that a fire ignition in any fire area continues to grow
unchecked into a fully developed fire, and does not account for the amount of combustible
material present, or for the distance between fire sources and targets. Due to the bounding
approach that was used, it is inappropriate to directly compare CDF value (1.21x1O-8 per year)
from this Fire PRA relative to the internal events PRA. Instead, the qualitative insights from the
Fire PRA are considered in the following discussion.

The dominant fire initiating events in the full power internal fires PRA are:

" Fire in Turbine Building (80% contribution to full power fire CDF)

* Fire in Rx Bldg. Division I Zone (6% contribution to full power fire CDF)

* Fire in Rx Bldg. Division II Zone (6% contribution to full power fire CDF)

" Fire in Rx Bldg. Division III Zone (3% contribution to full power fire CDF)

• Fire in Rx Bldg. Division IV Zone (3% contribution to full power fire CDF)

Each of the remaining fire initiating events individually represents less than 1% of the full power
internal fires CDF.

The dominant operator actions in the full power internal fires PRA are:

* Failure to Recognize Need for LP Makeup (60% contribution to full power fire CDF)

" Failure to Recognize Need for RPV Depressurization (13% contribution to full power fire
CDF)

Each of the remaining operator actions individually represents less than 1% of the full power
internal fires CDF.

The dominant common cause failures in the full power internal fires PRA are:

• CCF of 7 Squib Valves in GDCS Lines (35% contribution to full power fire CDF)

0 CCF of All Squib Valves (35% contribution to full power fire CDF)

* CCF of DPVs to Open (1% contribution to full power fire CDF)

Each of the remaining common cause failures in the model individually represents less than 1%
of the full power internal fires CDF.

The dominant system, structure or component random failures in the full power internal fires
PRA are:

* Reactor Building Fire Barrier Fails (16% contribution to full power fire CDF)
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" TCCW HXs Bypass Valve Fails to Regulate (9% contribution to full power fire CDF)

* Check Valve #1 in FW Line B Fails to Open (6% contribution to full power fire CDF)

" Check Valve #2 in FW Line B Fails to Open (6% contribution to full power fire CDF)

" CRD Check Valve F022 Fails to Open (6% contribution to full power fire CDF)

Important assumptions from the fire analysis are as follows:

The analysis of fires in the control room assumes that the fire forces control room evacuation; as
such, no credit is given to manual actuations that must be performed from within the control
room. However, it is assumed that automatic signals are not affected because they are generated
in panels located outside the control room.

Recovery of the actuation of certain systems is credited due to the existence of remote shutdown
panels located outside the control room. However, the operators are not required to perform any
actions at the remote shutdown panels; the plant proceeds to a safe shutdown without the need
for operator intervention. If automatic actuations fail, the operators may manually perform the
necessary actuations from the remote shutdown panels.

19.3.1.2 Significant Large Release Sequences

Due to the bounding method that was used to calculate the fire core damage frequency, it was
considered to be unnecessary to extrapolate large release frequency calculations.

19.3.1.3 Summary of Important Results and Insights

The main conclusion that can be drawn from the ESBWR probabilistic internal fires analysis is
that the risk from internal fires, is acceptably low. The estimated core damage frequency for each
of the analyzed scenarios even when using a conservative analysis is lower than the internal
events CDF.

The ESBWR is inherently safe with respect to internal fire events. All potential fires have been
analyzed and it has been shown that the plant can be safely shut down at low risk to plant
personnel and the general public.

The important results and insights are summarized in Table 19.5-1.

19.3.2 Evaluation of External Event Flood

19.3.2.1 Significant Core Damage Sequences

The flood CDF is 3.68x10 9 per year for full power. The dominant flood initiating event in the
full power internal flooding PRA is a Circulating Water System pipe break in the turbine
building, contributing over 99% to the full power internal flooding CDF.

Operator actions are non-significant contributors to the full power internal flooding risk profile.
All operator actions in the model individually contribute less than 1% to internal flooding CDF.
The highest risk important post-initiator operator action failure in the full power internal floods
analysis, using the F-V importance measure, is Failure to Align FAPCS in LPCI Mode (0.2%
contribution to full power flooding CDF).
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The dominant common cause failures in the full power internal flooding PRA are:

* CCF of 7 Squib Valves in GDCS Lines (41% contribution to full power flood CDF)

* CCF of All Squib Valves (41% contribution to full power flood CDF)

Each of the remaining common cause failures in the model individually represents less than 1%
of the full power internal flooding CDF.

In the original development of the fire PRA, the only significant flood risk in the Control
Building was represented by the presence of Fire Protection System pipes. To address this, a
design requirement was implemented so that the FPS pipes and firehose stations are located in
the stairwells. It is also assumed that the plant design directs the flood water out of the building
to a dewatering pit, and that this system has sufficient capacity to remove the water flow
resulting from an FPS pipe break. In addition, it is assumed that the stairwell doors
communicating with the cabinet areas are watertight.

19.3.2.2 Signijficant Large Release Sequences

Due to the low CDF value, flood-induced external events were not analyzed for large release
frequency.

19.3.2.3 Summary of Important Results and Insights

The ESBWR, due to its basic layout and safety design features, is inherently capable of
mitigating potential internal flooding. Safety system redundancy and physical separation
providing protection from flooding by large water sources, along with alternate safe shutdown
features in buildings separated from flooding of safety systems, provide the ESBWR significant
flooding mitigation capability.

The important results and insights are summarized in Table 19.5-1.

19.3.3 Evaluation of External Event High Wind

19.3.3.1 Significant Core Damage Sequences

The total core damage frequency for both at-power and shutdown conditions is 4.86x 10" per
year (4.77x10l1 per year at-power and 8.67x101 3 per year during shutdown). The ESBWR high
wind analysis explicitly quantifies accident sequences initiated by tornado winds. Straight winds
are lesser velocity winds that pose minimal challenges to the plant design. Hurricane winds are
very site specific and are not specifically analyzed in this analysis. This frequency is
insignificant in comparison to the internal events result and the core damage frequency goal.

Relative insights from this analysis pertain to the Condensate storage tank and condenser, which
are assumed to be vulnerable to tornado effects and no credit is taken for either one. In addition,
the power conversion and feedwater systems are assumed, unavailable due to loss of offsite
power.
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19.3.3.2 Significant Large Release Sequences

Due to the low CDF value and the fact that high winds do not affect containment operability as
they would in conventional light water reactors, high wind-induced external events were not
analyzed for large release frequency.

19.3.3.3 Summary of Important Results and Insights

The main conclusion that can be drawn from the ESBWR tornado risk analysis is that the risk
from tornado strikes on the plant is acceptably low. The estimated core damage frequency (both
at-power and shutdown conditions) from tornadoes is 4.86x10:1 per year. The ESBWR is
inherently safe with respect to tornado events and the plant can be safely shut down at low risk to
plant personnel and the general public.

19.3.4 Evaluation of External Event Seismic

A Seismic Margins Approach was used to derive seismic vulnerability insights. Therefore, there
is no CDF calculation.

The primary containment and the Reactor Building are the Category I structures in the design
certification scope with the lowest values of HCLPF, but because both have HCLPF greater than
1.1 no special RAP activities are deemed necessary for these structures. Other SSCs identified by
the seismic analysis as being important are as follows:

* The motor control centers of the emergency DC distribution System

* The heat exchangers of the Passive Containment Cooling System and the Isolation
Condenser System

* The Fuel Assemblies and Hydraulic Control Units

* The SLC tank of the Standby Liquid Control System

* The diesel-driven pump of the Fire Water System

No accident sequence has a HCLPF lower than 0.60 g. As such, the ESBWR plant and
equipment are shown to be capable of withstanding an earthquake with a magnitude at least two
times the safe shutdown earthquake.

19.3.4.1 Summary of Important Results and Insights

The ESBWR seismic margins HCLPF accident sequence analysis highlights the following key
insights regarding the seismic capability of the ESBWR:

(1) The ESBWR is inherently capable of safe shutdown in response to strong magnitude
earthquakes.

(2) The most significant HCLPF sequences (both 0.62g HCLPF) are seismic-induced loss of
DC power and seismic-induced ATWS due to seismic-induced failure of the fuel channels
and seismic-induced failure of the SLC tank.
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19.4 EVALUATION OF OTHER MODES OF OPERATION - SHUTDOWN

19.4.1 Evaluation of Shutdown Mode

19.4.1.1 Significant Core Damage Sequences

The internal events shutdown CDF is estimated at 5.56x10 9 per year. The dominant initiating
events in the internal events shutdown PRA are:

* Instrument Line Break Below TAF - Mode 6, Flooded (42% contribution to internal

events shutdown CDF)

0 LOPP - Mode 6, Unflooded (31% contribution to internal events shutdown CDF)

* RWCU/SDC Drain Line Break Below TAF - Mode 6, Flooded (12% contribution to
internal events shutdown CDF)

* Instrument Line Break Below TAF - Mode 6, Unflooded (10% contribution to internal
events shutdown CDF)

* RWCU/SDC Drain Line Break Below TAF - Mode 6, Unflooded (3% contribution to
internal events shutdown CDF)

Each of the remaining initiating events individually represents less than 1% of the internal events
shutdown CDF.

The fire CDF for shutdown is conservatively estimated at 2.32x10-8 per year. Like the internal
events Fire PRA, the shutdown Fire PRA is a bounding analysis that incorporates several
conservative assumptions. Fires are conservatively assumed to propagate unsuppressed in each
fire area and damage all functions in the fire area. The analysis assumes that a fire ignition in any
fire area continues to grow unchecked into a fully developed fire, and does not account for the
amount of combustible material present, or for the distance between fire sources and targets.
Due to the bounding approach that was used, it is inappropriate to directly compare CDF value
from the shutdown Fire PRA relative .to the other CDF values. Dominant fire initiating events in
the shutdown internal fires PRA are:

* Fire in Rx Bldg. Div. II Zone - Mode 5 (33% contribution to shutdown fire CDF)

* Fire in Rx Bldg. Div. I Zone - Mode 5 (31% contribution to shutdown fire CDF)

* Fire in Rx Bldg. Div. IV Zone - Mode 5 (17% contribution to shutdown fire CDF)

* Fire in Rx Bldg. Div. III Zone - Mode 5 (16% contribution to shutdown fire CDF)

Each of the remaining fire initiating events individually represents less than 1% of the shutdown
fire CDF.

The flooding CDF during shutdown is estimated to be 1.64x10-9 per year. Dominant flood
initiating events in the shutdown internal flooding PRA are:

* CRD Break in Rx Bldg. - Mode 6 (91% contribution to shutdown flood CDF)

* FPS Break in Rx Bldg. - Mode 6 (5% contribution to shutdown flood CDF)
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* FPS Break in Fuel Bldg. - Mode 6 (4% contribution to shutdown flood CDF)

Each of the remaining flood initiating events individually represents much less than 1% of the
shutdown flood CDF.

Shutdown risks due to high winds are estimated to be 9x1I01 3 per year and are therefore
negligible.

Operator actions are non-significant contributors to internal events shutdown risk. The dominant
post-initiator operator action in the internal events shutdown PRA is Failure to Recognize Need
for LP Makeup (1% contribution to internal events shutdown CDF).

The dominant operator actions in the shutdown internal fires. PRA are:

* Failure to Recognize Need for RPV Depressurization

* Failure to Start Condensate or Feedwater Pump

The dominant operator actions in the shutdown internal flooding PRA are:

* Failure to Recognize Need for LP Makeup (57% contribution to shutdown flood CDF)

* Failure to Align FAPCS in LPCI Mode (6% contribution to shutdown flood CDF)

Each of the remaining operator actions individually represents less than 1% of the shutdown
internal flooding CDF.

The dominant common cause failure in the internal events shutdown PRA is CCF of All DC
Batteries (1% contribution to internal events shutdown CDF).

The dominant common cause failures in the shutdown internal fires PRA are:

* CCF of DPVs to Open (6% contribution to shutdown fire CDF)

* CCF of 7 Squib Valves in GDCS Lines (3% contribution to shutdown fire CDF)

* CCF of All Squib Valves (3% contribution to shutdown fire CDF)

* CCF of 3/4 DTMs of SSLC (1% contribution to shutdown fire CDF)

Each of the remaining common cause failures in the model individually represents less than 1%
of the shutdown internal fires CDF.

The dominant common cause failures in the shutdown internal flooding PRA are:

" CCF of 7 Squib Valves in GDCS Lines (38% contribution to shutdown flood CDF)

" CCF of All Squib Valves (38% contribution to shutdown flood CDF)

Each of the remaining common cause failures in the model individually represents less than 1%
of the shutdown internal flooding CDF.

Random failures of systems, structures or components are not significant contributors to the
internal events shutdown CDF.
The dominant system, structure or component random failures in the shutdown internal fires
PRA are:

* Reactor Building Fire Barrier Fails (83% contribution to shutdown fire CDF)
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* Diesel Fire Pump Injection Hardware Failure (9% contribution shutdown fire CDF)

* Div. 3 EMS Fails to Function (7% contribution to shutdown fire CDF)

" DTM of SSLC Div. 3 Fails to Trip (6% contribution to shutdown fire CDF)

" DTM of SSLC Div. 4 Fails to Trip (6% contribution to shutdown fire CDF)]

The dominant system, structure or component random failures in the shutdown internal flooding
PRA are:

" Diesel Fire Pump Injection Hardware Failure (9% contribution shutdown flood CDF)

* GDCS Pool B in Maintenance (8% contribution to shutdown flood CDF)

* GDCS Squib Valve F009A/D/E/H/IIL Spuriously Opens (5% contribution to shutdown
flood CDF for each valve)

* GDCS Squib Valve FOO9B/C/F/G/J/K Spuriously Opens (3% contribution to shutdown
flood CDF for each valve)

e GDCS Squib Valve F009A/D/EiH Fails to Operate (2% contribution to shutdown flood

CDF for each valve)

Important design assumptions in the shutdown analysis are as follows:

Compared to Residual Heat Removal System in current BWRs, the RWCU/SDCS in the
ESBWR does not have the potential for diverting RPV inventory to the suppression pool through
the SP suction, return, or spray lines.

The arrangement for preventing, vessel draining through back-seating of the control rod drive
mechanism (CRDM) is the same as the one used in the current BWRs and in the ABWR.
Therefore, the ESBWR design does not introduce a new challenge to vessel inventory relative to
CRDMs.

It is assumed that both RWCU/SDCS trains are running, because the time periods in which only
one is running occurs when the reactor well is flooded. Consequently, failure of one of the trains
.is not considered an initiating event.

Any break above L3 does not constitute an initiating event, as RWCU/SDC will continue to
ensure normal core cooling.

19.4.1.2 Significant Large Release Sequences

All evaluated shutdown core damage events are assumed to result in a large release because of
the potential for the containment being open during the outage. CCFP is not affected because the
containment is not being used as a mitigating system during shutdown.

19.4.1.3 Summary of Important Results and Insights

The dominant initiating events during shutdown are events involving line breaks or loss of
preferred power. In general, the time to diagnose and react to shutdown initiating events is much
longer than full power operations due to the reduced temperature and pressure conditions. The
highest risk important post-initiator operator action failure in the internal events shutdown risk
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analysis, using the F-V importance measure, is failure of the operators to close the DW hatch
during instrument line break scenarios inside containment.

The important results and insights are summarized in Table 19.5-1.
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19.5 RELIABILITY AND MAINTAINABILITY ACTIONS

Actions relative to the reliability and maintainability of ESBWR SSCs are identified and
controlled in a Reliability Assurance Program (RAP). The objective of a RAP is to ensure that
the reliability of the plant SSCs is maintained to levels at or above those assumed in the PRA.
This is accomplished by analyzing the PRA results and other risk important insights to determine
the appropriate reliability and maintenance actions to be considered throughout the life of an
ESBWR plant so that the PRA remains an adequate basis for quantifying plant safety.

The PRA models in the design phase lack much of the specific component details, logic, and
reliability data, and, in some cases, contain conservative values. As the design of the ESBWR
becomes finalized, the PRA models will be revised to include the specific information on
components, logic, and human interface, and thus will be capable of providing the level of
insights that are required for determining operation, maintenance and monitoring activities for
the COL applicant to consider. These activities will ultimately be controlled in accordance with
the Maintenance Rule program, 10 CFR 50.65, through the identification of risk-significant
SSCs, appropriate performance monitoring criteria, and the assessment of as-operated plant risk.
In addition, risk-significant SSCs are identified during the COL application process in the Design
Control Document, Section 17.4, "Design Reliability Assurance Program." The Design
Reliability Assurance Program (D-RAP) is the first stage of the process and applies to reliability
assurance activities that occur before the initial fuel load. In the second stage, the Operational
RAP (O-RAP), the activities developed in the D-RAP are used to develop reliability and
maintainability actions for the operating life of the plant.

At this point in the design phase, general PRA results and insights are assembled in order to
identify risk-significance systems and functions that should be maintained in the RAP.

In Table 19.5-1, the risk-significant features identified in Subsections 19.2 through 19.4 are
compiled. Some are identified as insights and design requirements that are controlled by the
design process. Other items are insights on operations that are covered in operator training and
operating procedures. In addition, several items involve component performance. These items
are identified as RAP items in the last column on the table.
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Table 19.2-1

Importance Analysis Results

SSC BASIS COMMENTS

B21 Nuclear Boiler System

SQUIB VALVE F004A,B,C,D,E,F,G,H RAW, FV, CCF The Depressurization Valves (DPVs)
automatically actuate to reduce reactor
vessel pressure so that passive Gravity
Driven Cooling injection may be used to
maintain reactor vessel level.

CHECK VALVE F102A,B FV, RAW Check Valves in Feedwater lines prevent
CHECK VALVE F103A,B FV, RAW backflow during loss of Feedwater

scenarios.

C 12 Control Rod Drive System

CRD PUMP 1A,B FV, RAW Control Rod Drive Pumps provide high
pressure makeup to the reactor vessel.

MOV FO14A,B FV, RAW MOVs provide flow control to allow
MOV F020A,B FV, RAW CRD injection into the reactor vessel.

C51 Neutron Monitoring

APRM CCF For ATWS mitigation, ADS has an
automatic inhibit of the automatic ADS
initiation. Automatic initiation of ADS
is inhibited after there is a coincident
low reactor water level signal and an
average power range monitors (APRMs)
ATWS permissive signal (i.e., APRM
signal above a specified setpoint.) The
same inhibit condition applies to GDCS
function.

C62, C74 Instrumentation, Logic and Control

Voter Logic Unit Train A,B RAW, CCF The Voter Logic trains in each division
are redundant but not independent
modules. Each of the redundant pairs of
VLUs receives the trip status from the
Digital Trip Modules in all four divisions
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SSC BASIS COMMENTS

and performs 2-out-of-4 and 3-out-of-4
logic to determine the actuation status
for each system function.

E50 Gravity Driven Cooling System

SQUIB VALVE F002A,BC,D,E,F,G,H FV, RAW, CCF Injection mode squib valves
automatically actuate on ECCS signals.

CHECK VALVE F003A,B,C,D,E,F,G,H FV, RAW, CCF Check valves in the injection lines
prevent backflow from the reactor vessel
into the GDCS pools during the time
when GDCS injection squib valves have
actuated on low reactor vessel level and
reactor vessel is depressurizing, but
pressure is higher that drywell pressure.

G21 Fuel and, Auxiliary Pool Cooling System

AOV F332 FV, RAW A FAPCS line discharges water to
RWCU/SDC which sends it to the

CHECK VALVE F33 1, F333 FV, RAW feedwater system to be injected into the
RPV when the FAPCS operates in the
LPCI mode. This line is provided with
an air-operated gate valve, F332, and an
air-operated testable check valve, F333,
downstream of it.

H23 Remote Multiplexing Units

RMUs FV, RAW, CCF The RMUs in each division are
redundant but not independent modules.

N21 Condensate and Feedwater System

AOV F018 FV, RAW Condensate discharge valve and Hotwell
AOV F023, F026 FV, RAW makeup valves are necessary for

condensate and feedwater operation.

P21 Reactor Component Cooling Water System
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AOV F022A,B RAW The flow rate for each heat exchanger
AOV F025AB- RAW train is regulated by the bypass valves

(P21 -F022A/B) and the exchanger
discharge valves (P21-F025A/B). Both
valves are pneumatic. The flow through
these valves regulates the temperature of
the cold leg water supply temperature.

P41 Service Water System.

PUMPS CCF Service Water Pumps supply cooling
water to RCCW and TCCW.

FANS CCF Cooling Tower Fans provide heat
removal for service water.

RIO 500kV

Transmission Line RAW Loss of incoming transmission lines
results in loss of preferred power
scenario.

R 11 Transformers

Breakers for Transformers FV, RAW The 13.8kV and 6.9kV power
distribution system receives power from
the unit auxiliary transformers. During.
normal power operation, the unit
auxiliary switchgear buses receive power
from the main generator through the
generator breaker and the unit auxiliary
transformers. If the main generator trips,
the low voltage generator breaker opens
and power to the unit auxiliary
transformers is backfed from the normal
preferred power (utility power grid).

R13 Uninterruptible AC Power Supply System

Buses RAW The safety-related Uninterruptible Power
Breakers RAW Supply consists of four divisions.

Division 1 and 2 include two separate
units. One unit supplies 120 V single-
phase power and the other unit supplies
480 V AC three-phase power. Divisions
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3 and 4 supply 480 V AC three-phase
power. Each unit has two power
supplies. The main source is from 250
VDC. The auxiliary source is through a
voltage regulatory transformer supplied

by 480 VAC.

R16 DC POWER

Batteries FV, RAW The safety related DC distribution
system is arranged in four divisional
class 1E 250V DC power supplies. Each
DC train consists of a battery, battery
charger, and DC distribution panels.
Divisions 1 and 2 have two separate DC
systems. One of the systems has a
battery sized to provide power for a 24-
hour period. The other system has a
battery sized to provide power for a
72-hour period.

R21 Diesel Generator

Diesel Generators RAW, FV, CCF Alternate AC power supply for loss of
preferred power scenarios.

R22 AC Power

Breakers RAW, FV 480 V AC circuit breaker protection.
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Table 19.5-1

Important Results and Insights

Findings Comments RAP
1) Internal events
a) The sequence with the highest core Reliability of offsite power sources cannot be
damage frequency is Loss of Preferred completely controlled by the plant. However, to
Power event assure that plant equipment does not contribute to

power losses, inspection of switchyard equipment X
should be performed periodically in accordance with
the RAP.

b) The next highest frequency stems from Insights that are covered in operator training and
a Loss of Feedwater transient with human operating procedures.
errors involving mispositioning of
injection valves, successful
depressurization, common cause failure
of the GDCS squib valves, and a failure
of the operator to recognize the need for
manually aligning injection.
c) The dominant post-initiator operator Insights that are covered in operator training and
action in the internal events full power operating procedures.
PRA is Failure to Recognize Need for
Low Pressure Makeup
d) The dominant recovery action is Insights that are covered in operator training and
Failure to Recover Offsite Power operating procedures.
e) The dominant common cause failures The GDCS squib valve pyrotechnic charges shall be
in the internal event full power PRA are: replaced during refueling in accordance with the
" CCF of 7 Squib Valves in GDCS Lines RAP. X
" CCF of All Squib Valves

fJ An alarm located within the control Insights that are covered in operator training and
room alerts the operator if the battery operating procedures.
connection switch is inadvertently left
open after test or maintenance.
g) The opening of five SRVs is sufficient Design requirement
for reactor depressurization to allow the
low pressure system injection
h) The most likely release category is General PRA Insight
associated with leakage from an intact
containment.
i) There are no operator actions required General PRA Insight
to support the containment response to a
severe accident in the 24 hour period after
onset of core damage.
j) Important functions for containment The AC-independent Firewater System flow and
integrity and severe accident response: flow monitoring instrumentation from the fire
AC-Independent Fire Water Addition protection system (FPS) to the FAPCS main loop
System should be tested in the RAP.

All fire protection and FAPCS piping which forms X
the AC Independent Firewater System should be
tested in the RAP to ensure that it is structurally

I intact and properly supported.
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Findings Comments RAP
k) Important functions for containment Reliability of the Deluge Squib valves and actuation
integrity and severe accident response: logic are in the RAP.
GDCS Deluge Subsystem. In order to
ensure a dry cavity at the time of vessel
failure, it is important to prevent
premature or spurious actuation of the X
passive deluge valves at temperatures less
than 533 K (500 'F) or under differential
pressures associated with reactor
blowdown and pool hydrodynamic loads.
1) Important functions for containment Containment Air-operated valves (AOVs) in series
integrity and severe accident response: of bleed line performing containment isolating
Containment Inerting System Bleed Line. function should be maintained in the RAP like other
If the containment bleed valves are open containment isolation valves. During preoperational
and one of the vacuum breakers has not testing andeach refueling outage, each valve should
closed there would be a direct pathway be exercised. Local and control room indications
from the drywell to the wetwell and to the should be tested. A flow test should be conducted
environment, as part of the refueling activities to assure that there X

are no obstructions in the pressure relief path.
Special training in operator actions to understand
how and in which conditions venting function will
be performed should be included in the emergency
procedures and in the plant training program.

m) Important functions for containment Insights that are covered in operator training and
integrity and severe accident response: operating procedures.
Vessel Depressurization. The nitrogen
supply and battery capacity are sufficient
to allow depressurization after potential
IC failures.

n) Important functions for containment Design Requirement
integrity and severe accident response:
Inerted Containment

o) Important functions for containment Tested in accordance with Tech Spec Surveillance
integrity and severe accident response: Requirements
Containment Isolation

p) Important functions for containment Design Requirement
integrity and severe accident response:
Upgraded Low Pressure Piping

q) Important functions for containment The failures of these vacuum breakers (VB) to close
integrity and severe accident response: can be kept to an acceptably low probability if they X
Drywell-Wetwell Vacuum Breakers are incorporated into the RAP.
r) Important functions for containment Inspection of the high-temperature actuation
integrity and severe accident response: function, and structural integrity of the BiMAC
Basemat Internal Melt Arrest and structure should be in the RAP. X
Coolability Device (BiMAC)
s) Operator guidance for the use of the Insights that are covered in operator training and
suppression chamber vent to prevent operating procedures.
containment overpressurization has not
been developed
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Findings Comments RAP
t) The Safety Relief Valves (SRVs) and Failures of depressurization (DPVs) and safety relief
Depressurization Valves (DPVs) valves (SRVs) can be kept to an acceptably low
automatically actuate to reduce reactor probability if they are included in the RAP and Tech
vessel pressure so that passive Gravity Specs. X
Driven Cooling injection may be used to
maintain reactor vessel level.
u) Check Valves in Feedwater lines Design requirement
prevent backflow during loss of
Feedwater scenarios.
v) Control Rod Drive Pumps provide Testing to be in accordance with technical
high pressure makeup to the reactor specifications associated with the control rod drives.
vessel.
w) CRD MOVs provide flow control to Testing to be in accordance with technical
allow CRD injection into the reactor specifications associated with the control rod drives.
vessel.

x) For ATWS mitigation, ADS has an Testing to be in accordance with technical
automatic inhibit of the automatic ADS specifications.
initiation. Automatic initiation of ADS is
inhibited after there is a coincident low
reactor water level signal and an average
power range monitor (APRM) ATWS X
permissive signal (i.e., APRM signal
above a specified setpoint.) The same
inhibit condition applies to GDCS
function.
y) The Voter Logic trains in each division The group of component types with the highest FV
are redundant but not independent importance in the Level 1 analysis are common
modules. cause failure of scram related I&C components.

Common-cause miscalibration of redundant system
sensor and transmitters, and of RPV Level and
pressure sensors, and common-cause failure (CCF) X
of digital trip modules (DTMs), will have acceptable
probabilities if adequate administrative controls are
exercised within the RAP.

z) The RMUs in each division are See response to item aa above
redundant but not independent modules.
aa) GDCS Injection mode squib valves The GDCS squib valve pyrotechnic charges shall be
automatically actuate on ECCS signals. replaced during refueling in accordance with the X

RAP.
ab) Check valves in the injection lines The testable GDCS check valves shall be tested
prevent backflow from the reactor vessel periodically to ensure the disk readiness to function,
into the GDCS pools during the time both to open, if required, and to close in case of
when GDCS injection squib valves have spurious opening of the squib valves. During
actuated on low reactor vessel level and refueling, an inspection of the strainers of the GDCS X
reactor vessel is depressurizing, but equalizing lines connected to the suppression pool
pressure is higher that drywell pressure. shall be performed to prevent potential undetected

obstructions.
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Findings Comments RAP
ac) An FAPCS line discharges water to Testing of the FAPCS line to RWCU/SDC should
RWCU/SDC which sends it to the be included in the RAP.
feedwater system to be injected into the
RPV when the FAPCS operates in the X
LPCI mode. This line is provided with an
air-operated gate valve, F332, and an air-
operated testable check valve, F333,
downstream of it.
ad) Long-term makeup to FAPCS The flow capacity of both the AC-driven and the
provided through dedicated Fire direct diesel-driven fire pumps should be tested and
Protection System lines, the FAPCS non~safety-related which must operate

to provide flow to the vessel, or to the IC/PCC
makeup, should be manually opened and closed in
accordance with the RAP.

ae) Condensate discharge valve and These valves should be tested in accordance with
Hotwell makeup valves are necessary for the RAP.
condensate and feedwater operation.
af) The flow rate for each heat exchanger These valves should be tested in accordance with
train is regulated by the bypass valves the RAP.
(P21-FO22A/B) and the exchanger
discharge valves (P21-F025A/B). Both X
valves are pneumatic. The flow through
these valves regulates the temperature of
the cold leg water supply temperature.
ag) Service Water Pumps supply cooling These pumps and fans should be tested in
water to RCCW and TCCW. Cooling accordance with the RAP.
Tower Fans provide heat removal for X
service water.
ah) Loss of incoming transmission lines Reliability of offsite power sources cannot be
results in loss of preferred power completely controlled by the plant. However, to
scenario. The 13.8kV and 6.9kV power assure that plant equipment does not contribute to
distribution system receives power from power losses, inspection of switchyard equipment
the unit auxiliary transformers. During should be performed periodically in accordance with
normal power operation, the unit the RAP.
auxiliary switchgear buses, receive power
from the main generator through the X
generator breaker and the unit auxiliary
transformers. If the main generator trips,
the low voltage generator breaker opens
and power to the unit auxiliary
transformers is backfed from the normal
preferred power (utility power grid).
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Findings Comments RAP
ai) The safety-related Uninterruptible AC Uninterruptible power supplies will receive
Power Supply consists of four divisions, periodic checks in accordance with plant Technical
Division 1 and 2 include two separate Specifications; it was concluded that no additional
units. One unit supplies. 120 V single- reliability and maintenance actions are needed.
phase power and the other unit supplies
480 V AC three-phase power. Divisions 3
and 4 supply 480 V AC three-phase X
power. Each unit has two power supplies.
The main source is from 250 VDC. The
auxiliary source is through a voltage
regulatory transformer supplied by 480
VAC.
aj) The safety related DC distribution Station emergency batteries receive periodic checks
system is arranged in four divisional class in accordance with plant Technical Specifications.
1 E 250V DC power supplies, These checks are adequate to ensure that the

batteries will have the reliability assumed in safety X
analyses and that the possibility of common cause
failures is minimized.

ak) Diesel Generators Maintenance for the emergency diesel generators is
expected to be performed in accordance with site
procedures and the manufacturer's
recommendations. Surveillance testing is required in X
accordance with manufacturer recommendations
and best industry practices.

al) The IC and PCC System perform a The RAP activities are aimed at ensuring by
very significant passive function in the periodical testing and more extensively during
transient and accident conditions. refueling that the components' reliabilities are
Additionally, redundant motor operated maintained as required. Checking of heat exchanger
valves interconnecting reactor well pool performance requirements should also be X
with IC/PCC pools to extend water performed.
inventory from 24 to 72 hours have been
identified as significant components.
2) Fires
a) The dominant fire initiating events in Fire barriers, including penetrations, are tested in
the full power internal fires PRA is: Fire accordance with fire protection requirements. The
in Turbine Building Smoke Removal System should be operated

periodically to demonstrate that it is able to maintain
a negative pressure in a room with a fire so that X
probability of propagation of fire and/or smoke to
other rooms is low.

b)ý The dominant operator action in the Operating procedures and training
full power internal fires PRA is Failure to
Recognize Need for LP Makeup

c) The dominant common cause failures See response to item 1 e above
in the full power internal fires PRA are:
" CCF of 7 Squib Valves in GDCS Lines

(35% contribution to full power fire X
CDF)

" CCF of All Squib Valves (35%
contribution to full power fire CDF)

19.5-10



NEDO-33201 Rev 1

Findings Comments RAP
d) Recovery of the actuation of certain The remote shutdown panel should be tested
systems is credited due to the existence of periodically to show that it can perform its functions
remote shutdown panels located outside that will lead to safe shutdown. Operators should be
the control room If automatic actuations trained and instructed in the use of controls in the
fail, the operators may manually perform remote shutdown panels. Instruction should be X
the necessary actuations from the remote prepared to decide in which condition the control
shutdown panels. room must be evacuated.

3) Flood
a) The dominant flood initiating event in Periodically, room water barriers should be
the full power internal flooding PRA is a inspected to ensure that they will prevent the spread
Circulating Water System pipe break in of flooding; room drain lines should be checked to
the turbine building, ensure no blockage exists; CIRC isolation valves

(MOVs) should be stroke tested (normally
accomplished by switching from one pump to the
standby pump in a given loop); the ability of CIRC
pump circuit breakers to trip upon receipt of a trip
signal should be demonstrated; and level sensors in
the turbine building must be periodically tested to

I show their functionality.
4) High Winds
a) The main conclusion that can be drawn 'Site response procedures will address actions to take
from the ESBWR tornado risk analysis is for high winds. No additional controls are
that the risk from tornado strikes on the warranted.
plant is acceptably low.

5) Seismic
a) The most significant HCLPF No maintenance activities other than those already
sequences (both 0.62g HCLPF) are associated with the in-service surveillance of the
seismic-induced loss of DC power and seismic instruments are needed for seismic events.
seismic-induced ATWS due to seismic- The seismic instrumentation program is designed to
induced failure of the fuel channels and provide information on the input ground motion and
seismic-induced failure of the SLC tank. resultant responses of representative Category I

structures and equipment in the event a strong
enough earthquake occurs to activate the seismic
instrumentation. If the earthquake exceeds the X
operating basis earthquake (OBE) threshold, the
plant is shut down, and a detailed post-earthquake
evaluation is undertaken. When it is determined that
plant structures and equipment were not damaged,
the plant can be safely restarted on the basis of
seismic considerations.

6) Shutdown
a) The dominant initiating events in the Piping integrity is assured by the in-service
internal events shutdown PRA are: inspection and testing programs.
- Instrument Line Break Below TAF -
Mode 6, Flooded (42% contribution to Given the high contribution of LOPP to shutdoWn
internal events shutdown CDF) PRA, inspection and testing of AC-independent fire
-LOPP - Mode 6, Unflooded (31% protection system in vessel injection mode should
contribution to internal events shutdown be included in RAP. However, because of the
CDF) importance of manual alignment, lining up the

- RWCU/SDC Drain Line Break Below firewater should be specifically included in the
TAF - Mode 6, Flooded (12% training programs to assure that the system benefits
contribution to internal events shutdown are obtained. Specific procedures have to be
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CDF) developed by the COL applicant to align the Fire
Instrument Line Break Below TAF - Protection System (FPS) for vessel injection or
Mode 6, Unflooded (10% contribution IC/PCC makeup.
to internal events shutdown CDF)

b) The dominant flood initiating event in Piping integrity is assured by the in-service
the shutdown internal flooding PRA is: inspection and testing programs.
CRD Break in Rx Bldg. - Mode 6 (91% X
contribution to shutdown flood- CDF)
c) The dominant operator action in the Insights that are covered in operator training and
shutdown internal fires PRA is: operating procedures.
Failure to Recognize Need for RPV
Depressurization (63% contribution to
shutdown fire CDF)
d) The dominant operator action in the Insights that are covered in operator training and
shutdown internal flooding PRA is: operating procedures.
Failure to Recognize Need for LP
Makeup (57% contribution to shutdown
flood CDF
e) It is assumed that both RWCU/SDCS Insights that are covered in operator training and
trains are running, because the time operating procedures.
periods in which only one is running
occurs when the reactor well is flooded.
Consequently, failure of one of the trains
is not considered an initiating event.
f) The greatest contribution, to shutdown The analysis of loss of reactor coolant inventory
risk comes from breaks in lines connected control function during mode 5 performed within
to the vessel below TAF that occur in the shutdown PRA clearly underscores the
mode 5. In this mode, the lower drywell importance of keeping the lower drywell personnel
equipment hatch or personnel hatch is and equipment hatches closed as long as possible. It
likely tobe open to facilitate work in the is therefore recommended that the l6wer drywell
lower drywell. Although the frequency hatches (equipment and personnel) remain open
of these events is very low, 6 x 10-7 per only when personnel are working inside the lower
refueling outage, there is only one drywell, and not left open otherwise. Whenever the
method for mitigation. This accident can hatches are open, procedures shall require personnel X
only be terminated by closing the hatches. to be available and in close proximity to the hatches,

with the purpose of providing fast closure of the
containment in the case of a water leak. Also,
Maintenance procedures requiring entry into the
lower drywell should specify that in case of an RPV
draining event, personnel must close these hatches
before leaving the area.

g) The GDCS is of importance to For this reason and considering the brief residence
shutdown risk, especially the squib time in this mode of operation, carrying out
valves. The shutdown PRA points out maintenance on GDCS components during mode 5
the high contribution of the mode 5 with when reactor cavity has not been flooded should be
reactor cavity not flooded to shutdown restricted in accordance with 10 CFR 50.65 (a)(4),
risk. i.e., Maintenance Rule, controls.

h) Relative insights from the shutdown Fire barriers are inspected and maintained in
Fire PRA assume the proper functioning accordance with Fire Protection Program
of fire barriers to prevent propagation of procedures. X
fires to adjacent zones.
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20 REGULATORY TREATMENT OF NON-SAFETY SYSTEMS (RTNSS)

20.1 INTRODUCTION

20.1.1 Background

The ESBWR plant design uses passive safety systems to supply safety injection water and
provide core and containment cooling. As the ESBWR relies on passive safety systems to
perform the, design-basis, safety-related functions of reactor inventory control and decay heat
removal, different portions of the passive systems also provide certain defense-in-depth backup
to the primary passive features. For example, while the Isolation Condenser System (ICS) is the
primary safety-related heat removal and inventory control feature in a non-loss-of-coolant
transient, the automatic depressurization system (ADS), together with the Gravity Driven
Cooling System .(GDCS), provide safety-related, defense-in depth backup. All active systems
requiring AC power to operate are designated as non-safety related.

The ALWR Utility Requirements Document (URD) for passive plants, issued by the Electric
Power Research Institute, recommends that the plant designer specifically define the active
systems relied upon for defense-in-depth. Passive systems are able to perform their safety
functions for 72 hours after an initiating event. After 72 hours, non-safety or active systems may
be required to replenish the passive systems or to perform core and containment heat removal
.duties directly. The ESBWR includes active systems that provide defense-in-depth capabilities
for reactor coolant system makeup and decay heat removal. These active systems are the first
line of defense in reducing challenges to the passive systems in the event of transients or plant
upsets. In general, these systems are designated as non-safety related.

SECY-94-084, "Policy and Technical Issues Associated with the Regulatory Treatment of Non-
Safety Systems in Passive Plant Designs," outlines a process that includes the use of both
probabilistic and deterministic criteria to achieve the following objectives:

* Determine whether regulatory oversight for certain non-safety related systems is needed,

" Identify risk important SSCs for regulatory oversight (if it is determined that regulatory
oversight is needed)

" Decide on an appropriate level of regulatory oversight for the various identified SSCs

commensurate with their risk importance.

The following SECY-94-084 criteria are applied to the JESBWR design to determine the systems
that are candidates for RTNSS consideration:.

A. SSC functions relied upon to meet beyond design basis deterministic NRC performance
requirements such as 10 CFR 50.62 for anticipated transient without scram (ATWS)
mitigation and 10 CFR 50.63 for station blackout (SBO).

B. SSC functions relied upon to resolve long-term safety (beyond 72 hours) and to address
• seismic events.

C. SSC functions relied upon under power-operating and shutdown conditions to meet the
NRC's safety goal guidelines of a core damage frequency (CDF) of less than 1.OE-4 per
reactor year and large release frequency (LRF) of less than 1.OE-6 per reactor year.
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D. SSC functions needed to meet the containment performance goal (SECY-93-087, Issue
I.J), including containment bypass (SECY-93-087, Issue II.G), during severe accidents.

E. SSC functions relied upon to prevent significant adverse systems interactions.

20.1.2 Systematic Approach

Sections 20.2 through 20.6 of this report address Criteria A through E above by systematically
identifying non-safety systems that are potential candidates for regulatory oversight.

Criteria A, B, D and E are assessed using deterministic methods, including an assessment of
containment performance. Any outliers identified in this process are noted as candidates for
RTNSS and are further analyzed in Section 20.7.

Criterion C is assessed probabilistically, by quantitative and qualitative methods based on
information derived from the baseline PRA and also a focused PRA. The baseline PRA (NEDO-
33201) is a comprehensive analysis that is being performed in conjunction with the design phase
of the ESBWR. It provides an integrated assessment of the ESBWR design in response to
transient and accident conditions; identifies areas where further improvement can reduce risk in
the design and operational phases; and quantifies the risk estimates to assess the capability of the
ESBWR design to meet the NRC safety. goals of CDF less than 1 E-4 per year and LRF less than
1 E-6 per year. In addition, a focused PRA was developed to evaluate the whether existing
passive systems were adequate to meet the NRC safety goals without the capability of non safety
related active systems. If the probabilistic analyses determine that the NRC Safety Goals cannot
be met without certain non-safety systems, they are identified as candidates SSCs for RTNSS.

Each candidate system is analyzed in Section 20.7 to determine whether or not it should be
considered for regulatory oversight in accordance with the RTNSS process. Section 20.8
provides the basis for an appropriate level of regulatory oversight for the final list of SSCs that
are considered to be RTNSS.
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20.2 CRITERION A: BEYOND DESIGN BASIS EVENTS ASSESSMENT

20.2.1 ATWS Assessment

ATWS events are described in Section 15.5.4 of the DCD. Based upon the results of the
analyses, the proposed design for the ESBWR is satisfactory for mitigating the consequences of
an ATWS. All performance requirements specified in Subsection 15.5.4.3.2 are met. The
Standby Liquid Control (SLC) system, used to mitigate an ATWS event, is classified as safety-
related. Therefore, the SLC system is not a candidate for regulatory oversight in accordance
with RTNSS Criterion A.

20.2.2 Station Blackout Assessment

Response to an SBO event is analyzed in Section 15.5.5 of the DCD. The analysis demonstrates
that reactor water level is maintained above the top of active fuel. With operation of PCCS, the
containment and suppression pool pressures and temperatures are maintained within their design
limits. Therefore, the integrity for containment is maintained. Each acceptance criterion in
Subsection 15.5.5.1 is met. The ESBWR is designed to successfully mitigate an SBO event to
meet the requirements of 10 CFR 50.63.

In summary, there are no AC Power systems needed to address SBO issues and therefore, there
are no candidates for regulatory oversight based on Criterion A.
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20.3 CRITERION B: LONG-TERM SAFETY ASSESSMENT

20.3.1 Actions Required Beyond 72 Hours

One function that requires manual actions, to maintain the plant in a safe shutdown condition
after 72 hours is the need to provide makeup water to the upper containment pools, i.e., Passive
Containment Cooling (PCC), Isolation Condenser (IC), and Spent Fuel pools. This has been
addressed in the plant design by including permanently installed piping in the Fuel and Auxiliary
Pool Cooling System (FAPCS), which connects directly to the site Fire Protection System (FPS).
This connection enables the pools to be filled witli water from FPS, which has access to enough
water on-site to provide makeup water to extend the cooling period from 72 hours through 7
days.

FPS has one motor-driven and two diesel driven pumps, and is classified as non-safety related
but is designed so that portions of the system remain operable following a seismic event. These
portions include the diesel driven pump in the Fire Protection Enclosure (FPE), the water supply,
the suction pipe from the water supply to the pump, one of the supply pipes from the FPE to the
Reactor Building, and the connections to the FAPCS. Therefore, RTNSS Criterion B applies to
selected portions of the ESBWR fire protection system.

There are other long-term manual actions required to maintain plant support systems such as
establishing long-term room cooling, and maintaining AC and DC power. These actions are
considered to be routine recovery tasks that do not require special hardware and do not meet
Criterion B.

20.3.2 Criterion B: Seismic Assessment

The seismic margins analysis in Section 15 of NEDO-33201 assesses the seismic ruggedness of
plant systems, both safety-related and non safety-related. The conclusion is that no accident
sequence has a HCLPF lower than 0.60 g, which is twice the magnitude of the safe shutdown
earthquake (SSE).

Therefore, there are no RTNSS candidates due to seismic events.
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20.4 CRITERION C: PRA MITIGATING SYSTEMS ASSESSMENT

20.4.1 Focused PRA Sensitivity Study

A sensitivity study was performed which used a focused PRA to evaluate the whether the passive
systems alone were adequate to meet the NRC safety goals of CDF less than 1 E-4 per year and
LRF less than 1 E-6 per year. If non-safety related systems were needed to reduce CDF or LRF
results to meet the safety goals, they would be candidates for additional regulatory oversight.

The focused PRA retained the same initiating event frequencies as the baseline PRA, and set the
failure probabilities of non-safety related systems to TRUE, i.e., failed, while safety related
system failure probabilities remained unchanged. The PRA model was revised using the
systems shown in Table 20.4-1. As the table shows, only safety systems were credited. The
CDF for this case is 8.13 E-6/year, which is lower than the NRC safety goal.

The results of the internal events PRA were evaluated in containment event trees to calculate an
LRF value for the focused PRA of 4.2 E-7/year, which is also lower than the NRC safety goal.
Approximately 80% of the LRF contribution is associated with steam explosions caused by a
high water level in the lower drywell at the time of vessel failure. In the baseline PRA, no Class
III scenarios had high water in the lower drywell. In the focused PRA, however, some cutsets
did result in high water level in the lower drywell. These cutsets were conservatively treated as
containment failure scenarios. Further discussion on containment performance is provided in
Section 20.5.

The Sensitivity of non-safety systems to Shutdown risk is also considered to be negligible.
Insights from the baseline Shutdown results indicate that the dominant risk contributor is a
LOCA in an instrument line located below the top of active fuel. LOCAs during shutdown are
mitigated by passive GDCS injection. The other major contributions from loss of shutdown
cooling and loss of preferred power are less significant and, therefore, would not be expected to
identify any non-safety systems as candidates for regulatory oversight.

The conclusion is that the NRC safety goals are met without the need for active safety systems.
Therefore, there are no additional candidates for RTNSS from the Focused PRA.

20.4.2 Assessment of Non-Safety Systems on External Events

The risk impact of non-safety systems relative to external events, at power and during shutdown,
has a negligible effect on the CDF and LRF goals. The following insights support this
conclusion:

20.4.2.1 Fire

The Fire PRA is a bounding analysis that incorporates several conservative assumptions. Fires
are conservatively assumed to propagate unsuppressed in each fire area and damage all functions
in the fire area. The analysis assumes that a fire ignition in any fire area continues to grow
unchecked into a fully developed fire, and does not account for the amount of combustible
material present, or for the distance between fire sources and targets.
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Due to the bounding approach that was used, it is inappropriate to directly compare CDF or LRF
values from this Fire PRA relative to the Focused PRA. Instead, the qualitative insights from the
Fire PRA are considered in the RTNSS process.

The ESBWR probabilistic internal fire analysis highlights the following key insights regarding
the fire mitigation capability of the ESBWR:

(1) The ESBWR, due to its basic layout and safety design features, is inherently capable of
mitigating potential internal fires. Safety system redundancy and physical separation by fire
barriers ensure that, in all cases, a single fire limits damage to a single safety system
division. Fire propagation to neighboring areas presents a relatively minor risk
contribution due to fire barriers.

(2) Fires in the control room are assumed to affect the execution of human actions from there.
One feature relevant to the design is that a fire in the control room does not affect the
automatic actuations of the safety systems. Additionally, the existence of remote shutdown
panels allows the opportunity to perform manual actuations for failed automatic actuations
that may occur.

The separation, redundancy, fire protection and suppression features built into the design result
in CDF and LRF risks due to internal fires are not significant. Although the effects of non-safety
systems are not specifically addressed in the fire scoping analysis due to the conservative
bounding methods that were used, they do not play a significant role in mitigation because fire
separation typically results in one division of SSCs being damaged while the safety functions
from the remaining divisions are intact and capable of achieving safe shutdown conditions.

20.4.2.2 Flood

Due to the inherent ESBWR flooding mitigation capability, some flooding specific design
features are key in the mitigation of significant flood sources. Although not highly risk
significant, the shutdown flooding analysis identified the need to be .able to close the Lower
Drywell hatches following a flooding event.

Separation, barriers and redundancy features built into the ESBWR plant design ensure that the
CDF and LRF risks due to internal floods are not significant. Although the effects of non-safety
systems are not specifically addressed in the flooding analysis due to the conservative screening
methods that were used, they do not play a significant role in mitigation because separation
typically results in one division of SSCs being damaged while the safety functions from the
remaining divisions are intact and capable of achieving safe shutdown conditions.

20.4.2.3 Wind

The conclusion from the ESBWR tornado risk analysis is that the risk from tornado strikes on the
plant is acceptably low. The effect of high winds on the Focused PRA is bounded by a loss of
offsite power with the plant safety systems available, and is thus negligible with respect to CDF
and LRF.

20.4.2.4 Seismic

The ESBWR plant and equipment are capable of withstanding an earthquake with a magnitude at
least two times the safe shutdown earthquake (SSE). No accident sequence has a HCLPF lower
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than 0.60 g. In addition, only passive safety systems are credited in the seismic event tree. In
addition, FPS is classified as non-safety related but is designed so that the diesel driven pump in
the Fire Protection Enclosure (FPE), the water supply, the suction pipe from the water supply to
the pump, one of the supply pipes from the FPE to the Reactor Building, and the connections to
the FAPCS remain operable following a seismic event. There are no seismic-related candidates
for RTNSS consideration.

20.4.3 Assessment of Uncertainties

Some non-safety SSCs are considered for regulatory oversight because of uncertainties inherent
in their passive safety functions. An evaluation of these types of uncertainties, such as squib
valves, is provided in Chapter I 1 of NEDO-33201. No SSCs were identified in Chapter 11 as
candidates for RTNSS.

There are uncertainties in the design of Basemat-Internal Melt Arrest and Coolability System
(BiMAC) system, and this is addressed in the discussion on containment event trees in Section 8
ofNEDO-33201. Therefore, the BiMAC system is a candidate for RTNSS.

20.4.4 Criterion C: PRA Initiating Events Assessment

The At-Power and Shutdown PRA models were reviewed to determine whether non-safety SSCs
could have a significant effect on the estimated frequency of events. The following screening
criteria were imposed on the at-power and shutdown initiating events:

(1) Could these non'safety SSCs significantly contribute to the occurrence of an initiating
event?

(2), Do these non-safety SSCs have a significant impact on CDF and LRF?

If the answer to both of these questions is "Yes", then the non-safety SSC is a candidate for
regulatory oversight. The results are discussed below and are summarized in Table 20.4-2.

20.4.4.1 At-Power Generic Transients

Initiating events that are considered Generic Transients are described in Chapter 2 of NEDO-
33201. Because several initiating events in this group are caused by the failures of non-safety
SSCs, screening question 1 in Table 20.4-2 is answered "Yes." However, the Generic Transient
contributes less than 1% to CDF and LRF (NEDO-33201 Section 7.2). Therefore, there ate no
specific non-safety systems that have a significant effect on risk, and there are no candidates for
regulatory oversight from this category.

20.4.4.2 At-Power Transient with Loss of Feedwater

The initiating events in this group begin with a prompt and total loss of feedwater and require the
success of other mitigating systems for reactor vessel level control. The SSCs related to
feedwater and condensate are non-safety related, and thus Question 1 is answered "Yes." The
loss of feedwater has a significant effect on CDF and LRF (NEDO-33201 Section 7.2).
Therefore, the feedwater and condensate systems will be analyzed in Section 20.7 as potential
candidates for regulatory oversight.
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20.4.4.3 At-Power Loss of Preferred Power

Loss of Preferred Power (LOPP) occurs as a result of severe weather, grid failures, or switchyard
faults. Loss of preferred power causes a plant trip and a loss of feedwater, with longer-term
effects on other mitigating functions requiring AC power. The associated SSCs that comprise
the onsite AC power distribution system are non-safety related, and thus, Question 1 is answered
"Yes." LOPP is a significant contributor to CDF and LRF (NEDO-33201 Section 7.2).
Therefore, the AC power system will be analyzed in Section 20.7 as a potential candidate for
regulatory oversight.

20.4.4.4 At-Power LOCA

Loss of coolant accidents are initiated by piping leaks, valve leaks, breaks, or inadvertent
opening of relief valves. LOCAs are postulated to initiate in non-safety systems, such as
RWCU/SDC and Main Steam. However, general design considerations require that all piping
and components within the reactor coolant pressure boundary be safety-related. The RWCU and
Main Steam piping have redundant isolation valves that automatically close on a LOCA signal.

Safety/Relief Valves are safety-related, therefore, a loss of coolant accident due to an inadvertent
opening of a Safety/Relief Valve is not a candidate for regulatory oversight.

There are no candidates for regulatory oversight from this category.

20.4.4.5 Shutdown Loss of Preferred Power

The causes and effects of the loss of preferred (i.e., offsite) power initiating event during
shutdown are similar to at-power conditions, which were discussed previously.

20.4.4.6 Loss of Shutdown Cooling

The decay heat removal function during all shutdown modes of operation is provided by the
Reactor Water Cleanup/Shutdown Cooling System (RWCU/SDCS) operating in shutdown
cooling mode. In mode 5 with the reactor well flooded, the Fuel and Auxiliary Pools Cooling
System (FAPCS) may be used as an alternative.

If the reactor well is flooded, the risk associated with loss of decay heat removal is negligible
because the large amount of water stored above the core assures long-term core cooling.

In modes 4 and 5 with the reactor well unflooded, it is assumed that both RWCU/SDCS trains
are in service and that one train is sufficient to remove decay heat while, keeping the reactor
coolant from boiling. Therefore, if one RWCU pump were to trip in this configuration, it would
not initiate a loss of shutdown cooling event, and Question 1 is answered "No."

There are no candidates for regulatory oversight from this category.

20.4.4.7 Shutdown LOCA

The frequency of these events is expected to be lower than at full power, due to the reduced
vessel pressure and temperature. Also, control rods are fully inserted, and the reduced pressure
and temperature of the reactor coolant, along with the lower decay heat level allow for longer
times available for recovery actions.
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Breaks outside containment can be originated only in RWCU/SDCS or FAPCS piping, because
these are the only systems that remove reactor coolant from the containment in during shutdown.
The rest of the RPV vessel piping is isolated. The RWCU/SDCS and FAPCS containment
penetrations have redundant and automatic power-operated containment isolation valves that
close on signals from the leak detection and isolation system and the reactor protection system.

There are no candidates for regulatory oversight from this category.

20.4.5 Mitigating Systems Summary

The safety goals for CDF and LRF are met with the Focused PRA models. However, due to the
considerations of uncertainty, the following system is a candidate for regulatory oversight:

* BiMAC System

The assessment of the importance of non-safety SSCs with respect to initiating events is
summarized in Table 20.4-2. Based on the assessment of initiating events, the following SSCs
are candidates for regulatory oversight:

• Feedwater System

* Condensate System

* AC Power - Offsite Power Distribution System
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20.5. CRITERION D: CONTAINMENT PERFORMANCE ASSESSMENT

The containment performance goal in SECY-93-087, Issue I.J is addressed in detail in NEDO-
33201 Section 8.2, "Frequency of Overpressure and Bypass Release Categories," and Section
8.3, "Containment Performance Against Overpressure."

The containment bypass issue from SECY-93-087, Issue II.G, during severe accidents is
concerned with potential sources of steam bypassing the suppression pool and failure of heat
exchanger tubes in passive containment cooling systems. These concerns are addressed in the
Design Control Document. Section 6.2.1.1.5 addresses the steam bypass of the suppression
pool. Section 6.2.2.,3 addresses the design of the Passive Containment Cooling Heat Exchanger
tubes. The Criterion D safety concerns are addressed in the ESBWR design, and no additional
RTNSS related effort is needed.
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20.6 CRITERION E: ASSESSMENT OF SIGNIFICANT ADVERSE INTERACTIONS

20.6.1 Background

The concerns about adverse system interactions were addressed for currently operating reactors
as NRC Unresolved Safety Issue, Item A-17: SYSTEMS INTERACTIONS IN NUCLEAR
POWER PLANTS. Item A-17 acknowledged that systems interactions are usually well
recognized and, therefore, are accounted for in the evaluation of plant safety by designers and in
plant safety assessments. The concern was that there was the potential for unrecognized subtle
dependencies among SSCs to be unidentified, and that they could possibly lead to safety-
significant events. The term used to describe these unrecognized, subtle dependencies is adverse
systems interactions (ASIs). The NRC did not recommend that licensees conduct broad
searches specifically to identify all ASIs because such searches had not proved to be cost-
effective in the past, and there was no guarantee after such studies that all ASIs had been
uncovered.

20.6.2 Systematic Approach

The purpose of this analysis is to systematically evaluate adverse interactions between the active
and passive systems in the design phase of the ESBWR certification process. For the purpose of
this analysis, an adverse systems interaction exists if the action or condition of an active,
interfacing system causes a loss of safety function of a passive safety system. A systematic
process will be used to analyze specific features and actions that are designed to prevent
postulated adverse interactions, while taking into consideration the extensive operating
experience that has been used in the current design criteria to prevent adverse systems
interactions.

Many protection provisions are already included in the design of the ECCS passive safety
systems. Protection is afforded against missiles, pipe whip and flooding. Also accounted for in
the design are thermal stresses, loadings from a LOCA, and seismic effects. The ECCS passive
systems are protected against the effects of piping failures up to and including the design basis
event LOCA.

The passive safety systems of the ESBWR are presented below. Active systems that interact
with the passive systems are identified, followed. by an evaluation of potential adverse
interactions. Only non safety-related systems are analyzed further as RTNSS candidates.

20.6.3 Gravity Driven Cooling System (GDCS)

20.6.3.1 Design Features

GDCS provides flow to the annulus region of the reactor through dedicated nozzles. It provides
gravity-driven flow from three separate water pools located within the drywell at an elevation
above the active core region. It also provides water flow from the suppression pool to meet long-
term post-LOCA core cooling requirements. The system provides these flows by gravity forces
alone once the reactor pressure is reduced to containment pressure.

All piping connected with the RPV is classified as Safety-Related, Seismic Category I. The
electrical design of the GDCS is classified as Class 1E. GDCS is protected against the effects of
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pipe whip, which might result from piping failures up to and including the design basis event
LOCA. This protection is provided by separation, pipe whip restraints, energy-absorbing
materials or by providing structural barriers.

20.6.3.2 System Interfaces

Containment, DC Power, Fuel and Auxiliary Pools Cooling System (FAPCS), Suppression Pool,
Passive Containment Cooling System (PCCS)

20.6.3.3 Analysis of Potential Adverse System Interactions

Squib valve and deluge valve initiation circuitry are powered by divisionally separated, safety-
related, 250 VDC. To minimize the probability of common mode failure, the deluge valve
pyrotechnic booster material is different from the booster material in the other GDCS squib
valves. The pyrotechnic charge for the deluge valve is qualified for the severe accident
environment in which it must operate.

The following GDCS indications are reported in the control room:

* Status of the locked-open maintenance valves;

* Status of the squib-actuated valves;

* GDCS pools and suppression pool level indication;

" Position of each GDCS check valve;

" Suppression pool high and low level alarm;

* GDCS pools high and low level alarms; and

" Squib valve continuity alarms.

The Fuel and Auxiliary Pools Cooling System (FAPCS) is used to cool the GDCS pools during
normal operations. Inadvertent actuation of pool cooling does not adversely affect the function
of GDCS. A manifold of four motor operated valves is attached to each end of the FAPCS
Cooling and Cleanup trains. These manifolds are used to connect the FAPCS train with one of
the two pairs of suction and discharge piping loops to establish the desired flow path during
FAPCS operation. One loop is used for the Spent Fuel Pool and auxiliary pools, and the other
loop for the GDCS pools and suppression pool and for injecting water to drywell spray sparger
and reactor vessel via RWCU/SDC and feedwater pipes. The use of manifolds with proper valve
alignment and separate suction-discharge piping loops allows operation of one train independent
of the other train to permit on-line maintenance or dual mode operation using separate trains if
necessary. It also prevents inadvertent draining of the pool, or mixing of contaminated water in
the Spent Fuel Pool with cleaner water in other pools. The power operated containment isolation
valves on the GDCS. pool suction and return lines automatically close, if open, upon receipt of a
containment isolation signal from the Leak Detection and Isolation System (LD&IS.)

Inadvertent actuation of the Lower Drywell Deluge squib valves that supply the BiMAC system
would adversely affect the GDCS injection function by emptying the GDCS pools. In this case,
the Deluge squib valves and actuation logic are safety-related, and the probability of an
inadvertent actuation is extremely low.
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Existing -design features of GDCS and its supporting systems are adequate to ensure that
potential adverse systems interactions are not significant.

20.6.4 Automatic Depressurization System (ADS)

20.6.4.1 Design Features

The depressurization function is accomplished through the use of safety/relief valves (SRVs) and
depressurization valves (DPVs). Supporting systems for ADS include the instrumentation, logic,
control and motive power sources. The instrumentation and logic power is obtained from
corresponding divisional uninterruptible and ICP 120 VAC power sources; either source can
support ADS operation. The actual SRV solenoid and DPV squib initiator power is supplied by
the corresponding divisional 250 VDC batteries. The motive power for the electrically operated
pneumatic pilot solenoid valves on the SRVs is from accumulators located near the SRVs, which
are supplied with nitrogen by the High Pressure Nitrogen Supply System.

2,0.6.4.2 System Interfaces

Main Steam, Containment, Suppression Pool, DC Power, HPNS

20.6.4.3 Analysis of Potential Adverse System Interactions

DC Power supplies the SRV solenoids and the DPV squib valves. Two squibs singly or jointly,
actuate a booster, which actuates the shearing plunger. The squibs are initiated by either one or
both of two battery-powered independent firing circuits. The firing of one initiator-booster is
adequate to activate the plunger. The valve design and initiator-booster design is such that there
is substantial thermal margin between operating temperature and the self-ignition point of the
initiator-booster.

Nitrogen accumulators provide driving force for the pneumatic pilot solenoid ADS valves. The
High Pressure Nitrogen Supply System (HPNSS) distributes clean, dry, oil-free nitrogen gas to
the Containment Inerting System (CIS). Upstream pressure control valves modulate the CIS
nitrogen supply to provide the required nitrogen supply pressure* to the nitrogen loads. If CIS
fails to maintain the required nitrogen supply pressure, HPNSS provides uninterrupted nitrogen
gas supply from the nitrogen storage bottles. When the nitrogen gas pressure in the main header
drops below the set pressure, the manifold isolation valve automatically opens to provide
nitrogen gas from the storage bottles to all nitrogen loads. One bottle rack train and one
pressure-reducing station are utilized to maintain design nitrogen supply as required. The
nitrogen bottle station valves and manifold isolation valve on one train are kept open, while the
standby train bottle station valves and manifold isolation valves are kept closed. The HPNSS
bottled nitrogen normally remains on standby, through an isolation valve located upstream of the
pressure reducing station. During low nitrogen supply pressure in the main supply header, the
isolation valve automatically opens to allow nitrogen gas supply from the HPNSS nitrogen
bottles to all system loads.

The design features of ADS and its supporting systems are adequate to ensure that potential
adverse systems interactions are not significant.
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20.6.5 Isolation Condenser System (ICS)

20.6.5.1 Design Features

The ICS provides additional liquid inventory to the RPV upon opening of the condensate return
valves to initiate the system. The IC system also provides the reactor with initial
depressurization before ADS is required, in event of loss of feed water, such that the ADS can
take place from a lower water level.

Each IC is located in a'subcompartment of the Isolation Condenser/Passive Containment Cooling
(IC/PCC) pool, and all pool subcompartments communicate at their lower ends to enable full
utilization of the collective water inventory, independent of the operational status of any given
IC train. A valve is provided at the bottom of each IC/PCC pool subcompartment that can be
closed so the subcompartment can be emptied of water to allow IC maintenance. Pool water can
heat up to about 101°C (214'F); steam that is formed, being non-radioactive and having a slight
positive pressure relative to station ambient, vents from the steam space above each IC segment
where it is released to the atmosphere through large-diameter discharge vents. A moisture
separator is installed at the entrance to the discharge vent lines to preclude excessive moisture
carryover. IC/PCC pool makeup clean water supply for replenishing level during normal plant
operation is provided from FAPCS. A safety-related independent FAPCS makeup line is
provided to provide emergency makeup water into the IC/PCC pool from piping connections
located in the reactor yard.

A purge line is provided to assure that, during normal plant operation (IC system standby
conditions), the excess of hydrogen from radiolytic decomposition or air from the feedwater does
not accumulate in the IC steam supply line, thus assuring that the IC tubes are not be blanketed
with non-condensables when the system is first started.

On the condensate return piping just upstream of the reactor entry point is a loop seal and two
valves in parallel: (1) a condensate return valve (motor operated, fail as-is), and, (2) a condensate
return bypass valve (nitrogen piston operated, fail open). These two valves are closed during
normal station power operations. Because the steam supply line valves are normally open,
condensate forms in the IC and develops a level up to the steam distributor, above the upper
headers. To start an IC into operation, the motor-operated condensate return valve or condensate
return bypass valve is opened, whereupon the standing condensate drains into the reactor and the
steam-water interface in the IC tube bundle moves downward below the lower headers to a point
in the main condensate return line. The fail-open nitrogen piston-operated condensate return
bypass valve opens if the DC power is lost.

20.6.5.2 System Interfaces

Main Steam, Containment, Suppression Pool, FAPCS, DC Power, Radiation Monitoring

20.6.5.3 Analysis of Potential Adverse System Interactions

The ICS and Passive Containment Cooling System (PCCS) pools have two local panel-mounted,
safety-related level transmitters. Both transmitter signals are indicated on the safety-related
displays and sent through the gateways for non safety-related display and alarms. Both signals
are validated and used to control the valve in the makeup water supply line to the IC/PCCS pool.
The FAPCS IC/PCCS pools cooling and cleanup subsystem pump is automatically tripped on
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low water level in IC/PCCS pools. Water level in the skimmer surge tanks is maintained by
automatic open/closure of the makeup water supply isolation valve. Water level in the IC/PCCS
pools is maintained by automatic open/closure of the makeup water supply isolation valve.

Four radiation monitors are provided in the IC/PCC pool steam atmospheric exhaust passages for
each IC train. They are shielded from all radiation sources other than the steam flow in the
exhaust passages for a specific IC train. The radiation monitors are used to detect IC train
leakage outside the containment. Detection of a low-level leak results in alarms to the operator.
At high radiation levels, isolation of the leaking isolation condenser occurs automatically by
closure of steam supply and condensate return line isolation valves.

Four sets of differential pressure instrumentation are located on the IC steam line and another
four sets on the condensate return line inside the drywell. Detection of excessive flow beyond
operational flow rates in the steam supply line or in the condensate return line (2/4 signals)
results in alarms to the operator, plus automatic isolation of both steam supply and condensate
return lines.

The design features, of ICS and its supporting systems are adequate to ensure that potential
adverse systems interactions are not significant.

20.6.6 Standby Liquid Control System (SLCS)

20.6.6.1 Design Features

SLCS provides a diverse backup capability for reactor shutdown, independent of normal reactor
shutdown with control rods. It also provides makeup water to the RPV to mitigate the
consequences of a LOCA.

20.6.6.2 System Interfaces

Control Building, Containment, DC Power

20.6.6.3 Analysis of Potential Adverse System Interactions

Electrical heating of the accumulator tank and the injection line is not necessary because the
saturation temperature of the solution is less than 15.5 0C (60'F) and the equipment room
temperature is maintained above that value at all times when SLCS injection is required to be
operable.

The design features of SLCS and its supporting systems are adequate to ensure that potential
adverse systems interactions are not significant.

20.6.7 Passive Containment Cooling System (PCCS)

20.6.7.1 Design Features

PCCS removes., the core decay heat rejected to the containment after a LOCA. It provides
containment cooling for a minimum of 72 hours post-LOCA, with containment pressure never
exceeding its design pressure limit, and with the Isolation Condenser/Passive Containment
Cooling (IC/PCC) pool inventory not being replenished.
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20.6.7.2 System Interfaces

Containment, FAPCS, ICS, Suppression Pool

20.6. 7.3 Analysis of Potential Adverse System Interactions

Due to their similar passive designs and physical arrangements, PCCS and ICS have similar
considerations for potential adverse interactions. - In addition, PCCS is dependent on successful
operation of the drywell to wetwell vacuum breakers, Which are safety-related.

20.6.8 Adverse Systems Interactions SUmmary

A systematic approach was used to identify and analyze potential adverse effects that active
systems may impose upon passive safety systems. Overall, the design features incorporated into
the ESBWR utilize extensive operating experience, standards and regulations to provide
adequate protective measures against the potential for adverse systems interactions. Therefore,
there are no candidates for RTNSS identified based on the potential for adverse systems
interactions.
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20.7 SELECTION OF IMPORTANT NON-SAFETY SYSTEMS

The following non-safety systems were determined to be candidates for regulatory oversight.

20.7.1 Fire Protection Makeup to Upper Containment Pools

The FPS makeup to the upper containment pools should be considered for regulatory oversight in
accordance with Criterion B, long-term actions, i.e., actions required beyond 72 hours to ensure
safe shutdown conditions. The FPS is classified as non-safety related but is designed so that
portions of the system remain operable following a seismic event. These portions include the
diesel driven pump in the Fire Protection Enclosure (FPE), the water supply, the suction pipe
from the water supply to the pump, one of the supply pipes from the FPE to the Reactor
Building, and the connections-to the FAPCS.

20.7.2 Basemat-Internal Melt Arrest and Coolability System (BiMAC)

The BiMAC function has been developed to a conceptual level, with several design details that
are not yet finalized. These details are needed to justify the target failure probability of 1 E-3.
BiMAC plays an important role in mitigating core melt scenarios, therefore, it is a candidate for
RTNSS consideration.

20.7.3 Feedwater and Condensate Systems

These systems, were found to have a significant effect on CDF and LRF relative to the loss of
Feedwater initiating event. However, several features in the advanced design of the new
generation feedwater level control system add significant reliability and thus, a lower failure
probability for loss of feedwater initiating events. It is single failure proof, and thus, a controller
failure is. much less likely to occur in the ESBWR than in current generation reactors. In
addition, there is added protection not available in the current reactors, such as a FW runback, an
automatic scram and closure signals to the high pressure makeup (CRD) flow control valves on a
high reactor water level signal (Level 8), and trip of the FW pumps on reactor water Level 9.

The dominant contributor to a total loss of feedwater is a loss of control power to the feedwater
controllers. Only a total and immediate loss of all feedwater flow is included in the Loss of
Feedwater initiating event category. A controller failure that results in reduced feedwater flow is
considered a generic transient, which is much less significant than a complete loss of feedwater.
These features are not explicitly modeled in the level 1 PRA, but instead are represented by the
conservatively assigned initiating event frequency, which is based on the operating experience of
current reactors (typically with conventional feedwater control systems.)

Therefore, due to the conservative treatment of the condensate and feedwater systems in the level
1 PRA, their risk significance does not warrant additional regulatory oversight.

20.7.4 AC Power System

Loss of preferred power is a significant contributor to CDF and LRF for at-power and shutdown
risk. The dominating risk contributions to the loss of offsite power during operating and
shutdown conditions are from the loss of incoming AC power from the utility grid and
transformer faults. Both the grid and the transformers would typically be owned and operated by
the COL utility, but they would be maintained by an internal transmission organization that is not
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controlled by the site organization. Consequently, the appropriate controls for maintaining grid
and transformer reliability would be handled by the transmission organization. The other SSCs
that prevent a loss of offsite power, such as substations, breakers, and motor control centers are
much less risk-significant, due to the passive safety features of the ESBWR. In summary, the
SSCs within the site organization's control for preventing a loss of offsite power initiating event
are not risk significant, and there are no candidates for RTNSS that warrant additional regulatory
oversight.

20.7-2
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20.8 PROPOSED REGULATORY OVERSIGHT

Section 20.7 summarizes the candidates for RTNSS consideration that were identified in the
preceding analysis. In this section, each RTNSS candidate is evaluated to determine its relative
risk significance, whether regulatory oversight is prudent, and a proposed method of regulatory
oversight.

20.8.1 Risk Significance

The Level 1 PRA results consist of minimal cutsets leading to core damage, as well as
importance measures of those components and systems represented as basic events in the models
(i.e., internal events, external events, and shutdown models.) The Level 2 PRA results are
measured relative to the large release frequency. These results provide the basis for a systematic
review to identify important features and capabilities. In most cases, cutsets and importance
measures identify functions at the component level. By reviewing the accident sequences
resulting from this detailed evaluation, it is possible to identify those systems, features and
functions which are most important in assuring that the ESBWR CDF and LRF are very low.

In addition, some qualitative assessment is necessary to prioritize candidate issues dealing with
seismic events, and long-term actions, i.e., beyond the 24-hour success cutoff for normal CDF
calculations.

If the quantitative and qualitative analyses determine an RTNSS candidate to be significant to
public health and safety (i.e., if needed to meet the NRC safety goals) then a Technical
Specification Limiting Condition for Operation should be established for the system/component,
in accordance with 10 CFR 50.36.

If a candidate is less significant, then reliability and availability controls should be assigned in
accordance with the Reliability Assurance Program.

20.8.2 Fire Protection Makeup to Upper Containment Pools

FPS makeup to the upper containment pools is a candidate for regulatory oversight in accordance
with Criterion B, actions that are required beyond 72 hours to ensure safe shutdown conditions.
This function does not affect the level 1 PRA results, which terminate after 24 hours, nor does it
measurably affect the LRF. Therefore, the relative risk significance is low.

The proposed level of regulatory oversight is to include the FPS makeup function and related
components within the Reliability Assurance Program.

20.8.3 Basemat-Internal Melt Arrest and Coolability System (BiMAC)

BiMAC functions during severe accidents, and thus has no effect on the level 1 PRA. The
inclusion of the BiMAC in the ESBWR design provides an engineered method to assure good
heat transfer between a debris bed and cooling water. By flooding the lower drywell after the
introduction of core material, the potential for energetic fuel-coolant interaction is minimized.
Covering core debris with water provides scrubbing of fission products released from the debris
and cools the corium, thus limiting potential core-concrete interaction (CCI). The BiMAC
provides additional assurance of debris bed cooling by providing engineered pathways for water
flow through the debris bed. BiMAC failure could occur if there were no water supplied. Other
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failure mechanisms include manufacturing defects, unforeseen phenomenology problems or a
broken GDCS line that would divert flow. In these instances, the situation becomes similar to
flooding the debris bed without the engineered flow through the corium. Thus, BiMAC failure
to function can be conservatively modeled as failure to supply water from the GDCS deluge line.

The release category Core-Concrete Interaction-Wet, (CCIW) applies to sequences in which
GDCS deluge function is successful, but lower drywell corium debris bed is not effectively
cooled. In these sequences, the BiMAC cooling function has failed, but the debris bed is
flooded. The extent of water penetration and thus, the potential for debris bed cooling, is subject
to assumption. In the bounding case, the debris bed is impenetrable by the overlying water pool
and the CCI would approach that of a dry debris bed. To address this uncertainty, the frequency
of the CCIW categories has been combined with the CCID category and a representative CCID
source term conservatively used.

The release category Core-Concrete Interaction-Dry, (CCID) applies to sequences in which
GDCS deluge function is unsuccessful, but lower drywell corium debris bed is not effectively
cooled. In these sequences, the core-concrete interaction is not limited by any cooling, nor is the
radionuclide release limited by the potential scrubbing action of an overlying water pool.

The release frequency for CCIW and CCID combined is 3 E-10 per year, which is not risk
significant.

The proposed level of regulatory oversight is to include the BiMAC function and related
components within the Reliability Assurance Program.

20.8-2
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Table 20.4-1

Safety and Non-Safety Systems in Sensitivity Study

Non-Safety Systems Set to Fail in Sensitivity Study

Feedwater
Condensate
Circulating Water "

Control Rod Drive
Fire Protection Injection
Containment Venting
RWCU/SDC
FAPCS
AC Power
Diverse Protection Logic

Safety Systems Credited in Sensitivity Study

Automatic Depressurization
Isolation Condenser
Gravity Driven Cooling
Standby Liquid Control
Main Steam Isolation Valves
I&C Logic and Control
High Pressure Nitrogen Supply
Uninterruptible AC Power
DC Power
PCCS

20.8-3
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Table 20.4-2

Initiating Events Assessment for RTNSS

Dominant Initiating Events Are There Non- Do the Non-Safety
Safety SSCs That SSCs Significantly
Prevent Initiator Affect CDF or
Occurrence? LRF?

At-Power Initiating Events

Generic Transients Yes No

Transient with Loss of
Feedwater Yes Yes

Loss of Preferred Power Yes Yes

LOCA No N/A

Shutdown Initiating Events

Shutdown Loss of Preferred Yes Yes
Power

Loss of Shutdown Cooling No No

Shutdown LOCA No N/A

20.8-4



NEDO-33201 Rev 1

Contents

21 SEVERE ACCIDENT MANAGEMENT

21.1 OVERVIEW OF ESBWR DESIGN FEATURES TO ELIMINATE HYPOTHETICAL
SEVERE ACCIDENT THREATS TO CONTAINMENT INTEGRITY .................................... 21.1-3

2 1.1.1 R eferences ........................................................................................................................... 2 1.1-6

21.2 ROAAM-BASED TREATMENT OF CONTAINMENT THREATS; INTERFACES TO
LEVELS 1&2 PRA ........................................................................................................................... 21.2-1

2 1.2.1 R eferences ........................................................................................................................... 2 1.2-6

21.3 CONTAINMENT PERFORMANCE AGAINST DIRECT CONTAINMENT HEATING
(DCH) .................................................................................................................................................. 21.3-1

21.3.1 Overall Considerations ........................................................................................................ 21.3-1
21.3.2 E SB W R D esign ................................................................................................................... 21.3-1

21.3.3 Previous Work ................................................................................................ ............... 21.3-9

21.3.4 Present Assessment ..................... I ............................................ ............ 21.3-10

21.3.4.1 Key Physics in DCH ................................................................................................. 21.3-10
21.3.4.2 Probabilistic Framework ....................................... 21.3-16
21.3.4.3 Quantification of DCH Loads ................ ........................ 21.3-20

21.3.4.4 Quantification of Fragility to DCH ............................................................................. 21.3-39
21.3.4.5 Prediction of Failure Probability due to DCH ............................................................ 21.3-42

21.3.5 Summary and Conclusions for DCH ................................................................................ 21.3-43
2 1.3.6 R eferences ......................................................................................................................... 2 1.3-45

21.4 CONTAINMENT AND BIMAC-DEVICE PERFORMANCE AGAINST EX-VESSEL
STEAM EXPLOSIONS (EVE) ......................................................................................................... 21.4-1

21.4.1 Overall considerations ........................................................................................................ 21.4-1
21.4.2 E SB W R D esign .................................................................................................................. 21.4-2
2 1.4.3 Previous W ork .................................................................................................................... 2 1.4-5
21.4.4 Present Assessment ........................................................................................................... 21.4-6

2 1.4.4.1 K ey Physics ................................................................................................................... 2 1.4-6
21.4.4.2 Probabilistic Framework ................................................................................................ 21.4-7
21.4.4.3 Quantification of Loads ................................................................................................ 21.4-7
21.4.4.4 Quantification of Fragility ........................................................................................... 21.4-16
21.4.4.5 Prediction of Failure Probability .................................................................................. 21.4-23

21.4.5 Summary and Conclusions for EVE ................................................................................. 21.4-24
21.4.6 R eferences ......................................................................................................................... 21.4-24

21.5 CONTAINMENT AND BIMAC PERFORMANCE AGAINST BASEMAT MELT
PENETRATION (BMP) .................................................................................................................... 21.54

21.5.1 Overall considerations ........................................................................................................ 21.5-1
21.5.2 E SB W R D esign .................................................................................................................. 21.5-1
21.5.3 Previous W ork ................................................................................................................... 21.5-7



NEDO-33201 Rev 1

21.5.4 Present A ssessm ent ............................................................................................................. 21.5-7

2 1.5.4.1 K ey Physics ..................................................................................................................... 2 1.5-7

21.5.4.2 Probabilistic Fram ew ork ................................................................................................ 21.5-9

21.5.4.3 Q uantification of Loads ............................................................................................... 21.5-10

21.5.4.4 Quantification of Fragility .......................................... 21.5-19

21.5.4.5 Predication of Failure Probability ................................................................................ 21.5-26
21.5.5 Summ ary and Conclusions for BM P ................................................................................ 21.5-28

21.5.6 C O L A ction Sum m ary ...................................................................................................... 21.5-28

2 1.5.7 R eferences .......................................................................................................................... 2 1.5-28

21.6 CONCLUSIONS SUMMARIZED IN THE FORM OF CPETS .................... 21.6-1
2 1.6.1 R eferences ........................................................................................................................... 2 1.6-6

APPENDIX A.21. VERIFICATION OF THE TRANSIENT CLCH MODEL ....................... A.21-1

APPENDIX B.21. VALIDATION OF THE VENT-CLEARING MODEL FOR CLCH ........ B.21-1

APPENDIX C.21. VALIDATION OF THE CODES PM-ALPHA.L AND ESPROSE-M ..... C.21-1

APPENDIX D.21. VALIDATION OF NATURAL CONVECTION MODEL FOR CORIUM
M ELTS ............................................................................................................ D.21-1

APPENDIX E.21. VALIDATION OF 2-PHASE NATURAL CIRCULATION MODEL IN
BIM AC ............................................................................................................. E.21-1

ADDENDUM ................................................................................................................................... Ad.21-1

ii



NEDO-33201 Rev 1

List of Tables

Table 21.3.4.2-1.
Table 21.3.4.3-1.
Table 21.3.4.3-1.
Table 21.3.4.3-2.
Table 21.3.4.3-3.
Table 21.3.4.3-4.
Table 21.3.4.3-5.
Table 21.3.4.3-6.
Table 21.3.4.4-1.
Table 21.3.5-1.
Table 21.5.4.3-1.
Table 21.5.4.3-2.
Table 21.5.4.3-3.
Table 21.5.4.3-4.
Table 21.5.4.3-5.
Table 21.6-1.
Table 21.6.2.
Table 21.6-3.

Stress levels in piping components vulnerable to heating-up ................ 21.3-16
The Transient CLCH M odel .................................................................. 21.3-22
The Transient CLCH Model (continued) ..................... 21.3-23
The V ent M odel ..................................................................................... 21.3-24
Summary of Predictions against Experimental Data ............................. 21.3-24
Geometry and Initial Conditions in Reactor Calculations ..................... 21.3-26
Summary of Parameters and Variables in Reactor Calculations ........... 21.3-27
Summary of Results from Reactor Calculations ................................... 21.3-27
Ultimate Pressure Capabilities of the ESBWR Containment ................ 21.3-39
Nomenclature to Section 21.3 (DCH) ................................................... 21.3-44
B iM A C C apacity ................................................................................... 21.5-13
Computational Domain of Melt Pool Configuration I ........................... 21.5-14
Computational Domain of Melt Pool Configuration II ......................... 21.5-14
Fluid Thermo-Physical Properties and Parameters Used ...................... 21.5-14
Power Split and Peaking Factor Results ................................................ 21.5-15
Definition of ROAAM Probability Levels .............................................. 21.6-2
Definition of ROAAM Quality Grades ................................................... 21.6-2
Summary of Containment Threats and Mitigative Systems in Place ...... 21.6-5

iii



NEDO-33201 Rev 1

List of Illustrations

Figure 21.1-1.
Figure 21.2-1.
Figure 21.2-2.
Figure 21.2-3.
Figure 21.3.2-1.
Figure 21.3.2-2.
Figure 21.3.2-3.
Figure 21.3.2-4.
Figure 21.3.2-5.
Figure 21.3.2-6.
Figure 21.3.2-7.
Figure 21.3.4.1-1.
Figure 21.3.4.1-2.
Figure 21.3.4.1-3a.
Figure 21.3.4.1-3b.
Figure 21.3.4.1-3c.
Figure 21.3.4.1-4.
Figure 21.3.4.1-5.
Figure 21.3.4.2-1.
Figure 21.3.4.2-2.
Figure 21.3.4.2-3.
Figure 21.3.4.3-1.
Figure 21.3.4.3-2.
Figure 21.3.4.3-3.
Figure 21.3.4.3-4.
Figure 21.3.4.3-5.
Figure 21.3.4.3-6.
Figure 21.3.4.3-7.
Figure 21.3.4.3-8.
Figure 21.3.4.3-9.
Figure 21.3.4.3-10.
Figure 21.3.4.3-11.
Figure 21.3.4.4-1.
Figure 21.3.4.4-2.
Figure 21.3.4.4-3.
Figure 21.3.4.4-4.
Figure 21.3.4.5-1.
Figure 21.4.2-1.
Figure 21.4.4.3-2a.
Figure 21.4.4.3-2b.
Figure 21.4.4.3-2c.
Figure 21.4.4.3-2d.
Figure 21.4.4.3-3a.
Figure 21.4.4.3-3b.
Figure 21.4.4.3-3c.
Figure 21.4.4.3-3d.
Figure 21.4.4.4-1.
Figure 21.4.4.4-2.

ESBWR design features for severe accident conditions ........... 21.1-5
The complexion of severe accidents in ESBWR ..................................... 21.2-4
CPET 1, Key events in ex-vessel high-pressure sequences ..................... 21.2-5
CPET 2, Key events in ex-vessel low-pressure sequences ...................... 21.2-5
An overall illustration of the ESBWR drywell ........................................ 21.3-3
The ESBW R lower drywell .................................................................... 21.3-4
Suppression pool and vent geometry ....................................................... 21.3-5
The pathway around the RPV .................................................................. 21.3-6
The BiMAC device in the ESBWR Lower Drywell ............................... 21.3-7
The RPV geometry (lower part) ............................................................. 21.3-8
The Upper RPV with SRV, DPV, and IC lines ....................................... 21.3-9
The stagnation pressures in the LDW ..................................................... 21.3-13
Velocity distributions in the LDW from steam-only flow ..................... 21.3-13
Water drop breakup at We - 103 ......................... 21.3-14
Close up image of fragments from a breakup at We - 103 .................... 21.3-14
Droplet size distribution in Figure 3.4.1.3b. ........................................ 21.3-14
Liquid flow and entrainment during gas blowdown ......................... 21.3-15
Conceptual visualization of melt entrapment in BiMAC ...................... 21.3-16
Ultimate strength of steel in the high temperature range ....................... 21.3-17
Drywell pressure and temperature in a hypothetical scenario ............... 21.3-19
Probabilistic framework of PWR DCH issue resolution ....................... 21.3-20
Prediction of DCH pressure in SNL IET-I test ..................................... 21.3-25
Prediction of drywell pressure in PSTF Test 5703-1 ............................ 21.3-25
Predictions of pressures of in the DW and WW for Case A .................. 21.3-30
Predictions of pressures of in the DW and WW for Case B ....... 21.3-31
Predictions of pressures of in the DW and WW for Case C .................. 21.3-32
Predictions of pressures of in the DW and WW for Case D .................. 21.3-33
Predictions of pressures of in the DW and WW for Case E .................. 21.3-34
Predictions of pressures of in the DW and WW for Case F .................. 213-35
Predictions of pressures of in the DW and WW for Case G ....... 21.3-36
Predictions of pressures of in the DW and WW for Case H.................. 21.3-37
Predictions of gas temperatures in the LDW and UDW ........................ 21.3-38
The drywell head fragility to internal pressure loads ............................ 21.3-39
Temperature-dependent steel properties ................................................ 21.3-40
Effective plastic strains in a piece of liner in-between anchors ............. 21.3-41
Upper drywell between the UDW Head and the RPV ........... 21.3-41
Margins to catastrophic failure in a DCH event .................................... 21.3-42
The overall LDW geometry relevant to EVEs ........................................ 21.4-4
Premixtures evolution in a 2-meter-deep pool, 2 K subcooling ............ 21.4-10
Premixtures evolution in a Im-deep pool, 100 K subcooling ................ 21.4-11
Premixtures evolution in 2-meter-deep pool, 100 K subcooling ........... 21.4-12
Comparison of premixing patterns in 2m-deep pools ............................ 21.4-12
Pressures and impulses on the floor (B) and pedestal (S) ..................... 21.4-13
Pressures and impulses on the floor (B) and pedestal (S) ..................... 21.4-14
Pressures and impulses on the floor (B) and pedestal (S) ..................... 21.4-15
Pressures and impulses on the floor (B) and pedestal (S) ..................... 21.4-16
Reactor pedestal DYNA3D model structural definition ........................ 21.4-17
The DYNA3D model used in the fragility calculations ........................ 21.4-18

iv



NEDO-33201 Rev 1

Figure 21.4.4.4-3.
Figures 21.4.4.4-4.
Figure 21.4.4.4-5.
Figure 21.4.4.5-1.
Figure 21.4.4.5.2.
Figure 21.5.2-1a.
Figure 21.5.2-lb.
Figure 21.5.2-1c.
Figure 21.5.2-1d.
Figure 21.5.2-le.
Figure 21.5.4.2.1.
Figure 21.5.4.3-1a.
Figure 21.5.4.3-lb.
Figure 21.5.4.3-2.
Figure 21.5.4.3-4.
Figure 21.5.4.3-5.
Figure 21.5.4.4-1.
Figure 21.5.4.4-2.
Figure 21.5.4.4-3.
Figure 21.5.4.4-4.
Figure 21.5.4.4-5.
Figure 21.5.4.5-1.
Figure 21.6-1.
Figure 21.6-2.

Results of three load cases in DYNA3D .............................................. 21.4-19
Results of three load cases, calculated with DYNA3D code ................. 21.4-20
The DYNA3D representation of the BiMAC device ............................ 21.4-21
Failure and load probabilities for the pedestal ....................................... 21.4-23
Failure and load probabilities for the BiMAC pipes ............................ 21.4-24
The BiMAC positioned inside the LDW ................................................. 21.5-4
The BiMAC pipes and protective ceramic layer ..................................... 21.5-5
Schematic arrangement of the BiMAC pipes .......................................... 21.5-5
Schematic representation of a sump and its protection ........................... 21.5-6
The two sump positions inside the reactor pedestal ............... 21.5-6
The analysis scope to address failure of BiMAC function .................... 21.5-10
Temperature and velocity fields in Configuration I (Case C) ....... 21.5-16
Temperature and velocity fields in Configuration II (Case 0) .............. 21.5-16
Heat flux map at pool boundaries for Configuration II ......................... 21.5-17
Configuration I1 results .......................................................................... 21.5-18
Configuration II results ..................................... 1 ................................... 21.5-18
Mass flow rate through a BiMAC channel ............................................ 21.5-21
Void fractions at the exit of a BiMAC channel ...................................... 21.5-21
Pictures and schematic of the ULPU Configuration C-I ....................... 21.5-23
Pictures and schematic of the ULPU Configuration C-IV .................... 21.5-24
Critical Heat Flux measured in ULPU C-I ............................................ 21.5-25
Local thermal loads and coolability limits in BiMAC ........................... 21.5-27
The Class I accident CPET ..................................................................... 21.6-3
The Class III accident CPET ............................... 21.6-4

v



NEDO-33201 Rev 1

Abbreviations and Acronyms

ADS Automatic Depressurization System

ALWR Advanced Light Water Reactor

ATWS Anticipated Transients Without Scram

BiMAC Basemat Internal Melt Arrest and Coolability (Device)

BMP Basemat Melt Penetration

BWR Boiling Water Reactor

CBP Containment Bypass and Leakage

CCFP Conditional Containment Failure Probability

CCI Corium-Concrete Interactions

CDF Core Damage Frequency

CET Containment Event Tree

CLCH Convection-Limited Containment Heating (model for DCH)

COP Containment Over-Pressurization

COPS Containment Over-pressure Protection System

CPET Containment Phenomenologiclal Event Tree

CRD Control Rod Drive

CRSS Center for Risk Studies and Safety

CSET Containment Systems Event Tree

CV Containment Vessel

DCD Design Control Document

DCH Direct Containment Heating
DPV Depressurization Valve

DW Drywell

EPRI Electric Power Research Institute
EVE Ex-Vessel Steam Explosion

FCI Fuel-Coolant Interaction

GDCS Gravity-Driven Cooling System

GE General Electric (Company)

GE-NE GE Nuclear Energy
H2C Hydrogen Combustion

HP High Pressure (core-melt Scenario)

HPME High Pressure Melt Ejection

I&C Instrumentation and Control

IC Isolation Condenser

ICS Isolation Condenser System

IGT Instrumentation Guide Tube

vi



NEDO-33201 Rev 1

IVR In-Vessel Retention (severe accident management scheme)

LDW Lower Drywell

LOCA Loss-of-Coolant-Accident

LP Low Pressure (core-melt Scenario)

MAAP Modular Accident Analysis Program

MCCI Molten Corium-Concrete Interactions

MCOPS Manually Operated Containment Overpressurization System

MSIV Main Steam Isolation Valve

MSL Main Steam-Line

NRC Nuclear Regulatory Commission

O&M Operation and Maintenance

PCC Passive Containment Cooling

PCCS Passive Containment Cooling System

PRA Probabilistic Risk Assessment

PSA Probabilistic Safety Assessment

PWR Pressurized Water Reactor

ROAAM Risk-Oriented Accident Analysis Methodology

RCCV Reinforced Concrete Containment Vessel

RPV Reactor Pressure Vessel

SA Severe Accident

SAM Severe Accident Management
SAMS Severe Accident Management Strategy

SAT Severe Accident Treatment

SBWR Simplified Boiling Water Reactor
SP Suppression Pool

SRV Safety Relief Valve

TDH Torispherical Drywell Head

UCCS Upper Cylindrical Containment Section

UCSB University of California, Santa Barbara (CRSS)

UDW Upper Drywell

URD Utility Requirement Documents

VB Vacuum Breaker

vii



NEDO-33201 Rev 1

21 SEVERE ACCIDENT MANAGEMENT

Executive Summary

With a Core Damage Frequency (CDF) of -10-8 per year, no water on the Lower Drywell
(LDW) floor at the time of vessel breech in all but -1% of this CDF, melt release at low
RPV pressure in all but -1% of this rate, and an inerted containment atmosphere, the central
concern of Severe Accident Management (SAM) in ESBWR that had to be addressed was
in-containment stabilization of melt progression, and coolability of the resulting core debris
in a manner convenient to post accident recovery. This concern we addressed by inventing,
designing, and incorporating the Basemat- Internal Melt Arrest and Coolability (BiMAC)
device. In Section 21.5 we present activation and functional requirements of this device,
and show that it would robustly intervene in all risk-significant Severe Accident (SA)
sequences to present a melt-containing, impenetrable boundary, thus assuring long-term
coolability, and absence of melt-concrete interactions and Basemat Melt Penetration
(BMP).

The BiMAC device consists of a liner-like arrangement of a series of steel pipes that cover
the LDW floor and side walls to a height of -2 m. Flow inside these pipes is gravity-driven
from the GDCS pools and it is established initially by activation of several LDW deluge
lines, and by natural circulation once the water level in the LDW has risen to a height of -2
m (-3 min). The activation requirement is that deluge line valves meet a 0.999 reliability
criterion both in opening up on demand (immediately following vessel breach), and against
opening up prematurely (prior to vessel breech). In addition there will be a diverse/passive
deluge system. Functional requirements of BiMAC are that local Burnout (due to the
thermal load exceeding the Critical Heat Flux, or CHF) as well as global flow conditions
that lead to local dry-outs (due to flow instability) are avoided with great margins. While
optimization of the design parameters is yet to be performed, we are able to 'show that the
concept is in principle sound, and such margins will be possible to verify at a high level of
confidence. Furthermore, the design includes a 20 cm thick, (sacrificial) refractory layer
which we show to effectively protect the BiMAC pipes under all conceivable conditions of
melt release from the reactor pressure vessel. Parameter optimization and confirmatory
experiments will be provided by the COL Applicant.

Not withstanding their marginal (or even minimal) risk significance, in this document we
also treat (by analysis) Direct Containment Heating (DCH), due to melt dispersal from RPV
failure at high pressure (the Class III, or HP scenarios), and Ex-Vessel Steam Explosions
(EVE). For the former we examine energetic DW over-pressurization as well as the
thermally stressed UDW liner, and we find that containment failure in both cases is
physically unreasonable. For the latter we find, in a conservative treatment, that (a) fuel-
coolant interactions in shallow, saturated water pools would be of no structural concern,
and (b) the potential pulses from explosions in deep (> 1.5 in), subcooled water pools,
receiving melt pours in the typical range of 100's of kg/s, could exceed the structural
capacity of both the reactor pedestal wall, as well as that of the BiMAC. These outcomes
we assume to constitute containment failure.

This work was performed under the overall philosophy of the Risk Oriented Accident
Analysis Methodology (ROAAM), and it has benefited from prior work on SAM carried
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out for the US NRC (on SA issue resolution for existing plants), and US DOE (on the
AP600, and AP 1000).

This section consists of two introductory sections on ESBWR design and methodology of
SAM, and three main sections addressing DCH, EVE, and BMP (BiMAC) respectively.
There is also an addendum with the reviewer reports and our responses.
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21.1 OVERVIEW OF ESBWR DESIGN FEATURES TO ELIMINATE
HYPOTHETICAL SEVERE ACCIDENT THREATS TO CONTAINMENT
INTEGRITY

The results of Level 1 PRA (GE-NE, 2005a) show that core damage events (Severe
Accidents) in ESBWR are remote and speculative (CDF- 10-). Still efforts have been
made, and design features and procedures have been included that provide an additional
(diverse and redundant) layer of defense against all threats to containment integrity that
such hypothetical events may conceivably entail.

Given a severe accident, threats to containment integrity may be enumerated as follows:

a. Prompt, Energetic Loading: Explosive fuel-coolant interactions, high-pressure
melt ejection leading to direct containment heating (and pressurization);

b. Late, Gradual Loading: Melt ablation and penetration of the containment basemat,
pressurization of containment atmosphere by steam and/or non-condensable gases,
and;

c. Isolation Failure: Errors or malfunctions that leave existing flow paths open to the
outside, activation of the containment overpressure protection system.

In this report we will deal with the phenomenological (physics) components of these
threats; namely, Ex-vessel Steam Explosions (EVE), Direct Containment Heating (DCH),
and Basemat Melt Penetration (BMP). Our treatment of the BMP will also provide the
principal phenomenological input needed to assess Containment Over-pressurization,
which, being a systems-driven event, is treated in the Level 2 PRA (GE-NE, 2005a). This is
the case for Isolation Failure as well.

From a top level perspective a principal strategic decision we had to make for Severe
Accident Management (SAM) in the ESBWR was in regards to arresting the melt
propagation process and ensuring long term coolability within the containment boundary.
As one potential option we examined the applicability and effectiveness of In-Vessel
Retention (IVR)-an internationally pursued severe accident management approach,
already developed and utilized for the passive PWR designs in the USA (Theofanous et al,
1996). We concluded that this could be a highly effective approach for the ESBWR as well,
however, only if all equipment found hanging from the lower head penetrations were to be
supported from the outside so as to maintain the melt-containing capacity of the lower head.
This proved unworkable from the operational perspective, and the option was rejected by
the design managers. On the other hand, we determined that the coolability question could
be addressed ex-vessel and with a high degree of certainty. Thus ex-vessel behavior is the
principal focus of our treatment in this report. More specifically, we are to address
manifestations of the above noted threats to containment integrity in a manner that is
inclusive of all possible ex-vessel evolutions. Our approach is comprehensive and founded
on the basic physics that underlie these evolutions.

As in the most recent ABWR design, the ESBWR features: an inert containment
atmosphere to prevent deflagration or detonation of combustible mixtures; a Containment
Over-pressurization Protection System (COPS) (but here it is manually operated-MCOPS)
to guard against slow buildup of pressure due to non-condensable gas generation and/or
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heat-up of the suppression pool water; and a drywell 'spray system in support of accident
recovery operations. Unlike the ABWR, or any other previous GE BWR, the ESBWR
containment design includes the Passive Containment Cooling System (PCCS), to remove
decay heat from the containment, and the (also passive) Basemat-Internal Melt Arrest and
Coolability (BiMAC) device (invented in the course of this work- Theofanous and Dinh,
2005), to essentially eliminate the possibility of extended corium-melt interactions, non-
condensable gas generation, and base-mat penetration. In addition the ESBWR is equipped
with the Isolation Condensors (IC's), a system for ensuring decay heat removal from the
RPV in sequences where the reactor is at high pressure. This is an improved version of
system employed in some of the earlier BWR designs.

An overall illustration that summarizes all these systems in the framework of the ESBWR
containment can be found in Figure 21.1-1. Detailed descriptions, and performance
assessments under severe accident conditions are provided in Sections 21.3 through 21.5.
Containment Phenomena Event Trees (CPETs) provide for all necessary links to the
relevant/consistent sets of Plant Damage States (PDSs) through the Level 1 PRA (GE-NE,
2005a), and to Containment Systems Event Trees (CSETs) and potential release categories
as employed in Levels 2 and 3 PRA (GE-NE, 2005a). The overall assessment methodology
is summarized in the next Section.
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Figure 21.1-1. ESBWR design features for severe accident conditions.
The design features are aimed for ensuring containment integrity under severe
accident conditions. From top down: (i) PCCS pool and heat exchangers, operated
on DW-to-WW pressure difference provide passive containment cooling, (ii) IC pool
and heat exchangers provide decay heat removal from RPV; (iii) GDCS (three pools,
four divisions) with ADS (DPV, SRV) make up the ECCS; LDW deluge lines feeding
off the GDCS supply the BiMAC for long-term coolability; (iv) Manual COPS
(MCOPS) provides venting from wetwell, through 2" and 12" vents, in a controlled
manner; (v) Basemat-Internal Melt Arrest and Coolability (BiMAC) device (shown
in the bottom insert). It is initially fed by water flow from squib-valve-operated
(along with some other type of valve for diversity-not shown in the figure) LDW
deluge lines, while in the long term it is supplied by natural circulation, through
downcomers (at the edges of LDW, not shown in the insert).
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21.2 ROAAM-BASED TREATMENT OF CONTAINMENT THREATS;
INTERFACES TO LEVELS 1&2 PRA

The Risk Oriented Accident Analysis Methodology (ROAAM) was developed for the
purpose of resolving "issues" that proved hard to address in a purely probabilistic (PRA)
framework (Theofanous, 1996). This purpose was met mainly due to a methodological
emphasis on deterministic principles (key physics) along with an overall conservative
mentality of treatment. Accordingly, principal ingredients of ROAAM include: (a)
identification, separate treatment, and maintenance of this separation (to the end results), of
Aleatory and Epistemic uncertainties; (b) identification and bounding/conservative
treatment of Intangibles and Splinters; that is of epistemic uncertainties (in parameters and
scenarios respectively) that are beyond the reach of any reasonably verifiable
quantification; and (c) the use of -external experts in a review, rather than in a primary
quantification capacity (Theofanous, 2003).

Under the auspices of the US NRC, so-resolved issues include: "Mark-I Liner Attack"
(Theofanous et al, 1991), "Direct Containment Heating for PWRs" (Pilch, Yan and
Theofanous, 1994), and, in a preliminary rendition, "-Alpha Mode Failure for PWRs"
(Theofanous et al, 1987). Under support from the US DOE's ARSAP program, the
innovative In-Vessel Retention (IVR) technology for Westinghouse's AP600 and AP1000
designs was developed and assessed (Theofanous et al 1996; Theofanous et al., 1998;
Scobel, Theofanous and Sorrell, 1998), as was an early version of severe accident treatment
for GE's SBWR (Theofanous, 1993). The present treatment for ESBWR is based on the
same philosophy of approach, same overall methodology, and it is leveraged on ideas, data,
and tools developed during all this past work.

The principal consideration in addressing ex-vessel behavior is whether the lower head fails
with the RPV being at high or low pressure (HP vs. LP). The demarcation is defined by the
capacity of the resulting (superheated steam) blowdown to disperse previously ejected
debris into the upper drywell (UDW), and conservatively we will take this here to be at 1
MPa (see Section 1). Thus, as a simplified overview, we have the frame in which two
potential containment threatening events will manifest themselves: direct containment
heating (DCH) for HP scenarios, and ex-vessel explosions (EVE) for LP sequences. Since
both cases lead to large quantities of core debris relocated on the LDW floor, corium-
concrete interactions, non-condensable gas generation, and base-mat melt penetration
(BMP); that is, long term coolability is an all-pervasive issue.

A quantitative perspective on these matters, as derived from the Level 1 PRA, is shown in
Figure 21.2-1. The intent is to illustrate how the CDF is attributed to various kinds of SA
sequences, along with the kind of containment integrity considerations appropriate to each
case. First we note that, by far, the main contributors to CDF are the Class I (LP) accidents.
Class II represents accidents in which core damage could occur in the very long term (>72
hours), and are recoverable by manual actions. These accidents are treated in Level-2/3
PRA. In Class IV we have ATWS scenarios, 71% of which are recoverable at a point of
core damage that is small enough to be stabilizable inside the RPV, 27% revert to LP with
low water level in the LDW, 1% to HP with spray available, and another 1% lead to
Containment Bypass (Class V) scenarios. The latter along with the Class-V-initiated
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scenarios (< 1%), and the 71% of ATWS, lead to systems-dependent source terms, and as
such they are addressed in the Level-2/3 PRA.

Now turning to the related containment threats, we see that DCH is only relevant. to Class
III accidents, while EVE pertains only to Class I. Of the HP sequences, 78% have no sprays
available. This (-1% of the CDF) will constitute the limiting condition for potential
violation of UDW liner leak tightness under DCH (thermal loads). Of the LP sequences
only -1% have sufficient water in the LDW to be of concern for EVE. This (-I% of the
CDF) will constitute the limiting condition for pedestal, and BiMAC failure under steam
explosion loads. Finally, and as illustrated in the figure, the BMP is an all-encompassing
issue; accordingly it is central to our severe accident management strategy (Theofanous and*
Dinh, 2005).

We will show that under conditions consistent with In-Vessel accident evolutions and Level
1 results, the margins to containment failure by all three mechanisms are very comfortable.
In particular, we can expect no corium-concrete interactions, and thus we have no risk-
significant concerns for long-term pressurization of the containment atmosphere due to
non-condensable gas generation. With the PCCS working, similarly, there are no risk-
significant concerns for containment over-pressurization and development of leakage flow
paths.

On the other hand containment isolation failure must be addressed, and in addition as noted
above, we must address the impact of PCCS and the IC systems failure (to remove decay
heat) on containment integrity. These are systems-effects driven (i.e. they depend on the
long term availability of water to replenish that lost to vaporization) and as such they are
treated in the Level 2 PRA.

An overall framing of issues considered here in terms of Containment Phenomena Event
Trees (CPETs) is given in Figures 21.2-2 and 21.2-3. Quantification of these trees, on the
basis of results found in Sections 1-3, is summarized in Section 4, which then feeds to the
Level 2 PRA (GE-NE, 2005a).

The following remarks on these trees provide some pertinent clarifications.

(1) As noted already ex-vessel explosions in the ESBWR are only relevant to LP
scenarios. The potential severity of the EVEs is parameterized by the depth of the
water pool in the LDW, and the probability split among the three classes of events
shown in the CPET is obtained from Level 1 results. In the low water case the
questions of pedestal, and BiMAC, damage do not arise. For melt release into deep
water pools the uncertainties are too great for a ROAAM quantification, thus both are
assumed to fail (see Sections 21.4 and 21.6).

(2) Natural depressurization can occur due to thermal loading of the MSL/SRV lines, in
which case we transfer to the LP tree as indicated. As discussed in Section 1
uncertainties do not allow for a reliable quantification, thus this node of the tree is
taken to be a splinter.

(3) . Except for the energetic containment failure events by EVE, or DCH, all other
outcomes transfer to the CSETs of the Level 2. PRA addressing long-term
containment over-pressurization by loss of decay heat removal.
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(4) Debris coolability is addressed in both the LP and HP trees. Success criteria is
decomposed into BiMAC supply, a systems question, and BiMAC function, a physics
question. Due to the outstanding importance of ensuring LDW flooding soon after the
melt exits the RPV, the systems question is addressed in two diverse ways: (a) an
active system whose overall unreliability is set to less than 10- 3 and (b) a passive
deluge system operated by means of releasing bottled-nitrogen pressure by a melt-
induced mechanism that responds to a high LDW temperature environment.

In each case, in addressing a failure, the ROAAM treatment consists of five basic steps:

a. Identification of the Key Physics. This includes the definition of all principal
mechanisms, their potential interactions, and order of magnitude estimations that
we use in defining an optimal approach for quantifying how loads (thermal and/or
mechanical) compare to fragilities (failure behaviors).

b. Definition of a Probabilistic Framework. This is to define the model(s) for the
overall mechanics of quantifying loads, fragilities, and probabilities of failure. In
particular this shows the types of uncertainties involved and the manner in which
these uncertainties are bounded in the quantification.

c. Quantification of Loads. This goes into the technical details of quantifying loads
with the intent of enveloping uncertainties. Also covered are the bases for the
models used, and evidence of their verification/validation status.

d. Quantification of Fragilities. This addresses failure criteria, and in particular the
intent is to provide a solid quantification of failure incipience (conservatively),
and at the other end, of gross failure.

e. Quantification of Failure Probabilities. Here we transpose loads against
fragilities and we evaluate potential for failure.

Finally, according to established ROAAM procedures, GE contracted 2 SA experts to
conduct an independent review of the work reported herein. In addition, and according to
own procedures, GE received 4 internal "verification" reports. These reports and the
author's responses are reproduced in the Addendum.
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V, 71% of IV, and RR
Treated in L-3 PRA
RR Residual Risk
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Very Late Core Damage
High Pressure Sequences
ATWS; 71% No RPV Failure
Containment Bypass

LINS Late Melt, Sprays Fail
US Late Melt, Sprays Available
EIS Early Melt, Sprays Available

Figure 21.2-1. The complexion of severe accidents in ESBWR.
Class II can be ignored-these sequences do not fail the core until after 72
hours and are recoverable with manual actions. L, M and H denote low,
medium and high water levels in Lower Drywell, as they are of importance
for EVE treatment. See also Figures 21.2-.2 and 21.2-3. The EVE is not
applicable to Class III because the LDW has only a small amount of
condensate in all such sequences. The DCH is not applicable to Class I. The
BMP is of concern to all severe accident sequences.
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21.3 CONTAINMENT PERFORMANCE AGAINST DIRECT CONTAINMENT
HEATING (DCH)

21.3.1 Overall Considerations

The set of potential accidents that lead to DCH consists of those involving core degradation
and vessel failure at high primary system pressure. A necessary condition for this is that a
minimum of 2 out the 4 isolation condensers have failed due to either water depletion on
the secondary side, or due to failure to open the condensate return valves that keep these
IC's isolated during normal operation. In addition, all 8 of the squib activated, reactor
depressurization valves, the DPVs, and all 10 of the Safety Relief Valves, the ADS SRVs,
must fail to operate. The probability of such combinations of events is assessed at -2.8 10-9
per year, and accordingly, for the ESBWR, such events must be thought of as remote and
speculative; that is, they could, without further ado, be left in the category of residual risks
(Theofanous, 1996, Scobel, Theofanous, and Sorrell, 1998). This is also reflected by the
Level-i PRA results that show HP accidents to constitute -1% of the CDF. Moreover, as in
PWR HP scenarios (Pilch, Yan, and Theofanous, 1994), natural convection, and forced
flow due to SRV lifting, could be sufficient to thermally load the relief lines to failure, thus
producing "natural depressurization", and transition to Low Pressure (LP) scenario (prior to
lower head breech by the relocated molten core debris). Still, due to its potentially severe

* consequences, we chose to examine the likelihood for energetic containment failure due to
DCH, and we will show that such a failure is physically unreasonable.

The key ingredient towards such a conclusion is that -14 m2 of vent area, connecting to the
enormous condensation potential of the suppression pool, makes it virtually impossible to
pressurize the drywell volume. Just as in a LOCA-action of this venting, the timing of "vent
clearing" is of essence, and we will pay special attention to modeling it with a high degree
of fidelity.

Further, we also examine the potential for liner failure due to the associated high
temperatures in the drywell. For the UDW liner this type of failure too was found to be
physically unreasonable, while for the LDW, due to the immediate proximity and contact
with large quantities of melt (given a HPME), local failures, although highly unlikely,
cannot be excluded. As explained in the next section, the consequences of such a possibility
would be limited due to a standard design feature which compartmentalizes the liner and
isolates the gap space of the LDW from that of the UDW so as to clearly eliminate any flow
paths to the outside.

21.3.2 ESBWR Design

An overall illustration of the ESBWR drywell, with highlights on features that impact DCH
loading is given in Figure 21.3.2-1. Detailed representations are also provided as follows:
(a) the lower drywell geometry, in Figure 21.3.2-2, (b) the vent geometry, in Figure 21.3.2-
3, (c) the pathway around the RPV including reflective insulation, in Figure 21.3.2-4, (d)
the BiMAC device, in Figure 21.3.2-5. The RPV itself is shown in Figures 21.3.2-6 and
21.3.2-7, which also contain the key details of interest here, including the penetration welds
on the lower head (Figure 21.3.2-6), and the MSL, SRV, DPV, and IC lines connecting off

21.3-1



NEDO-33201 Rev 1

the RPV upper plenum (Figure 21.3.2-7). The relevance of each of these features can be
summarized as follows:

a. Initially the vents are covered with water, so the DW volume must be considered
closed for as long as it would take to force this water out under the action of DCH
(addition of gaseous mass and energy) on the UDW atmosphere. For
pressurization levels of interest to DW integrity, this vent-clearing time is
something under 1 s. As described in Section 3.4.1, and Appendix B, LOCA being
a design-basis event, the data, models and prediction of vent-clearing are on the
firmest of grounds.

b. The pathway that connects the LDW to the UDW is an annular space around the
RPV with a characteristic dimension of- 2 m. As illustrated, in the LDW region
this path is partially occupied by the reflective insulation that surrounds the RPV.
Assuming that this rather weak structure will provide minimal resistance to the
flow, we will, conservatively, ignore its presence. In the UDW region, the path is
between the shield wall and the suppression pool wall. At the level of the
suppression pool bottom, the path between LDW and UDW is narrowed by 8
massive blocks on which the RPV is supported. The connecting airspace at its
narrowest consists of 8 passages, each of 1.7 in 2 area; that is 13.6 m2 of total flow
area, or a constriction by - 70% of the total annular flow path area.

c. The role of the BiMAC cover plate, in addition to providing a base for workers to
walk on, is to trap debris released during high pressure melt ejection, and to
provide some degree of separation from the high velocity gas flow during the
subsequent blowdown phase. Essentially complete separation, and elimination of
DCH, could be achieved if such a plate could be suspended anywhere inside the
LDW, allowing the melt to ablate through, but deflecting the majority of the gas
flow (our CFD calculations indicate more than 90%) in the upward direction -
see inset in Figure 21.3.2-5, but supporting this structure (against the gas-dynamic
loads) would be problematic. Employing it as a BiMAC cover, while not as
effective, makes the concept practical, as the gas-dynamic loads on either side of
this plate come quickly to near equilibrium. It is emphasized that this "trapping" is
not essential to the demonstration that DCH is not a risk-significant
containment failure mechanism in ESBWR. Rather it is provided as a due-
diligence measure, to minimize (but not eliminate) the intensity of the dispersal
event itself, and if effective in this role, to reduce the chance of LDW liner failure,
which otherwise could not be excluded.

d. Finally referring to Figure 21.3.2-7, the intent is to show the in-vessel natural
convection flow paths, basically redistributing heat during the oxidation and
degradation phases of a severe accident to the upper vessel internals, and through
the top portions of the upper plenum into the various lines that lead to the SRVs,
DPVs, and the IC's. The thermal connection to the former one is by forced
convection, through the MSL (due to SRV actuation), while for the two latter ones
are by natural convection.
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Figure 21.3.2-1. An overall illustration of the ESBWR drywell.
An overall illustration of the ESBWR drywell, with highlights on features
and scales (volumes) that impact steam/gas flow, melt dispersal and DCH
loading. Dimensions and arrangement of important volumes of LDW,
UDW and annular airspaces connecting LDW to UDW, and vents to
suppression pools are provided to scale. The spray would provide cooling
to the drywell atmosphere after a DCH event; however, it is not necessary
for reaching the conclusions in this report.
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Figure 21.3.2-2. The ESBWR lower drywell.
The ESBWR lower drywell. The ascending flow of steam and entrained
melt'along the pedestal wall permeate through CRD service platform and
peripheral standing platforms, into the annular space between the vessel
and the LDW pedestal wall. The BiMAC is embedded in the layer of
concrete (1.5 m height) and is covered by a 0.2 m thick layer of refractory
material (ceramic Zirconia).
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Figure 21.3.2-3. Suppression pool and vent geometry.
Suppression pool and vent geometry. There are 12 vertical vents that each
feeds a column of three horizontal vents, for a total flow area of -14 M 2 .

Each horizontal vent diameter is 0.7 m providing a 0.385 m2 flow area.
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Figure 21.3.2-4. The pathway around the RPV.
The pathway around the RPV, including reflective insulation and
connecting airspace between LDW and UDW. There are 8 blocks on
which the RPV is supported. The annular passage (shown by cross-hatched
areas) between the shield and the concrete wall is open for airflow. The
annular space between the RPV and the shield is filled with insulation
materials and presents a flow blockage.

21.3-6



NEDO-33201 Rev I

Steam
Interception Plate

Blowdown Steam

0.9m
Lid

II-
I

'I

Figure 21.3.2-5. The BiMAC device in the ESBWR Lower Drywell.
The BiMAC device and its incorporation in the ESBWR Lower
Drywell. The SIP (Steam Interception Plate) concept is shown in the
insert.
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Figure 21.3.2-6. The RPV geometry (lower part).
The RPV geometry (lower part), including the penetrations and
penetration welds on the lower head. The CRD and IGT are supported on
the vessel lower head by the weld between the penetration housing and the
on-vessel stub tube. The weld elevation is 15 cm from the vessel inner
surface. Upon core melt relocation to the lower plenum, a number of CRD
and IGT become submerged in the core debris or core melt pool. This can
result in vessel failure due to thermal attack on the penetration, failure of
the stub-tube-to-penetration weld, and ejection of the penetration.
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Figure 21.3.2-7. The Upper RPV with SRV, DPV, and IC lines.
Intermittent flow of hot gases through SRVs (and into the Main Steam
line) would thermally load the lines that constitute the relief path. The
thermal connection to the IC lines is by natural convection, and thus weak
compared to that of the SRV/MS lines. Also shown, in areas above the core
and in the upper plenum, are structures, which present heat sinks for hot
gas/steam that, would emanate from a degraded core.

21.3.3 Previous Work

Direct containment heating has been considered to be a major containment integrity issue in
PWRs, and this drove very extensive research efforts during the late 80's and early 1990's.
These efforts culminated with issue resolution in a ROAAM framework as documented in
Pilch, Yan, and Theofanous (1996), and Pilch and Allen (1996). Reviews on the subject
have been presented by Pilch et al (1997), and by Pilch and Henry (OECD, 1996). The later
considered also the BWR setting and recognized the significant load-mitigating role of
venting into the WW heat sink.

The principal ingredient in quantifying DCH loads in this previous work was the realization
that oxidation of the reactive components in the melt, and energy transfer to the
containment are limited by the entrainment/dispersal process occurring over a time scale
that restricts contact to only a fraction of the available (in the RPV) steam. Within this time
scale the melt-steam contact was found to be so intense as to be describable by a thermo-
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chemical-mechanical equilibrium process. The principal experimental data came from the
Integral Effects Tests (lET) (Allen et al., 1994; Binder et al., 1994), conducted for the US
NRC with comprehensive review and input on scaling to reactor conditions from a group of
experts. The interpretation and application to reactor predictions were made by means of
the CLCH model (Yan and Theofanous, 1996) and the two-cell equilibrium model (Pilch,
1996). For PWRs the containment heat sinks played no significant role, and combustion of
hydrogen produced in the DCH process had to be addressed. Also, for the PWRs the
spontaneous depressurization scenario played an important role in the overall issue
resolution scheme. In the ESBWR we need not be concerned about combustion in the
containment atmosphere, and we will take no credit for spontaneous depressurization.

These developments were not available in the singular prior licensing assessment of DCH
for a BWR. Done for the ABWR (GE, 1987; 1994), it was assumed that 20% of core
(molten materials) was dispersed (and equilibrated with the atmosphere) inside the 8,000
m3 UDW volume within 2 seconds, and the calculations produced over-pressurization that
exceeded the structural capacity of the DW. This unrealistically conservative result was one
of three reasons cited by the US NRC (1994) for judging that conditional (given a core
melt) containment failure probability for ABWR could be as high as 10%.

21.3.4 Present Assessment

21.3.4.1 Key Physics in DCH

Direct containment heating can be expected when high velocity steam happens to impinge
upon melt already released into a containment compartment, thus creating regions of fine
scale mixing, large interfacial area for heat transfer, and oxidation of metallic components
in the melt. The so-heated steam, flowing at very high volumetric flow rates, and then
provides a mass-and-energy source that can pressurize and heat the receiving atmosphere.
Con-currently, the finely atomized melt is carried against gravity into the receiving
volume(s), where the steam velocities are highly reduced, and the particles are allowed to
fall (de-entrain). In ESBWR the mixing occurs in the LDW, while the main receiving
volume, in which de-entrainment occurs, is the UDW-these correspond to the reactor
cavity and the sub-compartment(s) of Large Dry Containments (LDC) in PWRs
respectively. In distinction to LDCs, in the ESBWR, as in all BWRs, the receiving volume,
rather than being closed, is vented to another volume, the WW, which contains a large and
effective heat sink. The key physics that drive all these phenomena, and that need to be
quantified in predicting a realistic outcome, are as follows:

a. Natural Depressurization and RPV Lower Head Breach. Natural
depressurization, and thus transition to a LP scenario, would occur if any of the
MS, SRV, DPV, or IC lines were to fail (due to thermal loading by gas natural
convection) prior to lower head breach (by melt attack). The heat source is the
melting/oxidizing reactor core. The heat transfer medium is the steam (and
hydrogen) trapped inside the RPV at high pressure, and thus at high density. The
process is by natural convection. It is set up between the core region and the
cooler upper internal structures whose heat capacity defines the heat-up rates of
the gases in the upper plenum. The flow of these gases into the MS, and SRV lines
would be convective, as the SRVs lift periodically to relieve pressure, and thus the
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material temperatures reached would be close to that of the hot gases. As we will
see below, the time scale for the melt material to reach the lower plenum in large
quantities is -1 hour, and in this time period gas temperatures reach up to -1,000
K. This indicates conditions in the neighborhood of creep rupture (Smith, 1971,
Reddy and Ayers, 1982) of the lines involved. In competition with this is a set of
complicated processes in the lower plenum that lead up to lower head failure.
These include quench and reheating of the relocated core debris, melt attack of
lower head penetration welds and RPV failure by ejection of the penetration
equipment involved, gradual re-melting of the core debris, and ultimately, if for
some reason penetration failures did not occur, heating and creep rupture of the
lower head material itself.

b. Melt Ejection, Vessel Wall Ablation, and BiMAC Refractory Cover Ablation:
Due to negligible resistance by the LDW atmosphere, the melt jet would remain
essentially coherent until it hits the LDW floor, and the BiMAC cover plate,
which would then be penetrated essentially instantaneously to allow free access to
the sacrificial refractory layer that covers and protects the top of the BiMAC
pipes. The vessel wall would ablate due to heat transfer from the superheated
melt. So would the refractory material if melt temperature exceeds its melting
point. These processes are well understood and this understanding is supported by
experiments. Results depend on the melt composition and superheat and will be
treated in a bounding fashion. Similarly, the amount of melt mass involved in the
ejection process, and the mass fractions of Zirconium and Iron in it, are treated in
a bounding fashion.

c. Steam Blowdown: The steam inside the reactor vessel would expand
adiabatically during blowdown, and the steam discharge rate is defined by choked
flow at the vessel breach area(s). Both processes can be accurately simulated by
means of simple thermodynamics (ideal gas equation of state, adiabatic
expansion) and Computational Fluid Dynamics (CFD) simulations respectively.
Figure 21.3.4.1-1 shows the gas-dynamic pressures established in the LDW during
a typical blowdown from a full-pressure RPV (safety valve set-point). As
illustrated, the discharge flow accelerates to form a supersonic jet, with key
characteristics of flow area expansion by a factor of -10, and a loss of stagnation
pressure due to repeated spontaneous/internal shock and expansion wave
formation by -75% to 90%. This jet, upon impinging the floor, and then again
upon impinging the sidewalls, yields wall jets, which remain largely coherent and
maintain velocities of hundreds of meters per second. An idea of the energy
involved and of the overall flow pattern developed in the LDW can be obtained
from snapshots of the velocity distributions from steam-only flow (no melt) in
CFD simulations (Figure 21.3.4.1-2). Importantly, rough treatments that smear the
flow out over the whole LDW cross-sectional area, such as those made in a few
old attempts to define entrainment limits, would seem to be in error. Rather,
momentum flux localization is the essential mechanism that determines melt
atomization, and entrainment potential in DCH events for such a geometry.

d. Interfacial Instability, Breakup, Entrainment, and Carry-over of Melt
Exposed to the Gas Stream Inside the LDW. Liquids exposed to high velocity
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gas streams atomize and become dispersed. The mode and magnitude of the
interfacial instability responsible for this behavior depends on the Weber number,
which is the ratio of the destabilizing momentum flux of the gas (pv 2) to the
stabilizing surface tension force (a/R). For corium melts, the surface tension is
about 10 times that of water, so the stability limit will be (for the same momentum
flux) at a length scale that is -10 times that of water. For example at a gas velocity
of 300 m/s and atmospheric density of 1 kg/m3, the stable droplet size for water is
-10 microns, while for corium it is -100 microns. This stability limit is captured
by a critical Weber number of -10. Thus even a relatively small drop of 10 mm
will experience an initial We number of 103 and a breakup pattern such as that
illustrated in Figure 21.3.4.1-3, except that the mist shown would be at length
scales of -100 rather than -10 microns.

e. Melt particles of 100 microns size can be suspended by air/steam velocities of as
low as - 5 m/s. This is to be seen in the perspective of the jetting velocities seen in
Figure 21.3.4.1-2, and some -10's of m/s exiting the lower drywell under typical
high pressure steam blowdown rates. In addition, macroscopic motions are
induced by pressure forces that accelerate bigger masses of liquid up the pedestal
walls, in the manner illustrated (for a geometrically-scaled ESBWR geometry) in
Figure 21.3.4.1-4. There is no question that any exposed melt inside the LDW will
be atomized and dispersed into the UDW. Much of it would then be carried into
the suppression pool, while some fraction would de-entrain and deposit on the
UDW walls or fall on the floor, in a highly dispersed state. As discussed in
Section 3.4.3, we can estimate the dispersal rates in terms of the DCH-scale as
determined from scaled experiments (the IET series of tests).

f. Entrainment of Melt Captured inside the BiMAC. The geometry of concern is
illustrated in Figure 21.3.4.1-5. While the pressure established inside the BiMAC
is the same as the stagnation pressure on the top of the cover plate, due to high
frequency flow fluctuations, these pressures are unsteady, and as we found in
scoping experiments, a net circulation pattern is established that continuously
brings liquid into the immediate vicinity of the opening from where it is entrained
to the outside in a highly atomized form. The velocities in this region can be as
high as 600 m/s, and the mass loading on the flow is rather low (that is, we have a
metering effect, defined by the internal circulation rate of the melt, on release and
dispersal due to the BiMAC), so the Weber numbers may approach 104 and the
length scales of atomization may be as low as 10 micron. Such particles could be
carried around by gas flows as low as 2 m/s.

g. The influence of water (preexisting in the LDW) in any of the above does not
need to be considered because the only HP scenario that can lead to flooded LDW
is the SBLOCA with loss of DPV/SRV action and CRD water supply, having a
core damage frequency of -7x] 0-13 or 0.01% of the total CDF.
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Figure 21.3.4.1-1. The stagnation pressures in the LDW.
The stagnation pressures (Ps + pV 2/2) in the LDW (t - 188 ms) during a
typical blowdown from a fully pressurized RPV through a 0.40 m in
diameter hole.
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Figure 21.3.4.1-2. Velocity distributions in the LDW from steam-only flow.
Velocity distributions in the LDW from steam-only flow (no melt) in CFD
simulations. The velocity scale is shown on the left. The maximum value -
700 m/s.

21.3-13



NEDO-33201 Rev 1

Figure 21.3.4.1-3a. Water drop breaki at We - 103.
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Figure 21.3.4.1-3c. Droplet size distribution in Figure 3.4.1.3b.
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Figure 21.3.4.1-4. Liquid flow and entrainment during gas blowdown.
Visualization of liquid flow and entrainment during gas blowdown from 1
MPa pressure into a 1/10 scale model of the ESBWR LDW. Upper 6
frames: Close-up view of the gas jet interacting with liquid layer resting on
the vessel bottom plate. One can see the general pattern of interfacial
instabilities, liquid atomization, and entrainment. Lower 6 frames: Far
view of the liquid dispersal and carry-over with the gas flow. The
blowdown gas impinges upon the liquid, then spreads radially towards the
cylinder boundary, and ascends as wall jets along the pedestal wall,
carrying the liquid with it.
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Figure 21.3.4.1-5. Conceptual visualization of melt entrapment in BiMAC.
Conceptual visualization of melt entrapment in BiMAC and subsequent
gradual entrainment (blowdown steam in blue and melt/debris in red).

21.3.4.2 Probabilistic Framework

First we address spontaneous depressurization. The precipitous loss of strength of the RCS
wall/piping material at temperatures above 700 K is illustrated in Figure 21.3.4.2-1. The
relevant stress levels in various piping components are listed in Table 21.3.4.2-1, and
shown also in Figure 21.3.4.2-1. We can see that all these piping components are at risk of
failure once they reach temperatures over -1,000 K, and that due to the stress levels
involved such a failure would be far more likely to occur in the MSL. In fact such
temperature levels are known to be typical of the heat-up found in high pressure scenarios.
For example, as noted already, MAAP calculations for the ESBWR show peak
temperatures of -900 K (GE-NE, 2005a). Moreover, in the DCH issue-resolution work for
PWRs (Pilch et al, 1996), calculations with SCDAP/RELAP (at 8 MPa) show temperature
levels reaching up to 1,700 K.

Table 21.3.4.2-1. Stress levels in piping components vulnerable to heating-up
during core degradation at high pressure (evaluated for PRCS -- 8 MPa).

Component Diameter Thickness Hoop Stress, MPa
D, m 8, m S= PRcs.D/28

SRV Inlet Line 0.170 0.050 13.6

IC Inlet Line 0.450 0.080 22.5

MSL (before SRV) 0.700 0.037 75.7

We can see that for the MSL we are clearly in the creep rupture region. However,
considering the uncertainties involved in calculating these temperatures, and the sensitivity
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of material properties in this temperature region, we believe that this aspect of HP scenario
transition to LP should be treated as a splinter at this time. In practical terms this means that
we take no credit for spontaneous depressurization. However we do note that high pressure
sequences that lead to high pressure melt ejection may not be physically possible for the
ESBWR.
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Figure 21.3.4.2-1. Ultimate strength of steel in the high temperature range.
Ultimate strength of steel in the high temperature range. Also shown are the
relevant temperature levels for creep rupture of the MS, IC, and SRV lines.

Turning now to DCH loads, our principal concern is to address energetic -failure due to DW
over-pressurization. Our approach evolved, as we came to understand and appreciate the
interesting dynamics of such a system, gradually and through various kinds of calculations.
As it turns out there are three different kinds of pressurization regimes that are possible to
realize, depending primarily on the size of the vessel breach area. One regime was found in
trying to illustrate the case of pressurization levels approaching the failure pressure of the
containment (1.2 MPa -see section 3.4.4) given an arbitrarily large breach area (>1 m in
diameter). As expected this case involves extremely fast dynamics that tie closely to the
clearing and the flow capacity of the vents. The second regime obtains for break areas at
the upper end of credible creep ruptures (-0.5 m in diameter) as determined in the PWR
DCH issue-resolution documents (Pilch, Yan, and Theofanous, 1996, and Pilch and Allen,
1996). This regime exhibits intermediate dynamics, with pressurization levels reaching up
to only half of the 1.2 MPa needed for approach to failure. Finally the third regime, found
for break areas that correspond to a single penetration failure (after ablation to -0.2 to 0.3 m
in diameter), is quasi static, exhibiting very low pressurization levels that depend mainly on
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the amounts of Zirconium available to react. The hypothetical case (first regime) is
considered in this section as a way of providing perspectives on the bounding load
calculations, including the other two regimes, which are presented in the next section.
These calculations will also yield a way for bounding the UDW atmosphere temperatures as
needed for the less important, yet still interesting question of creep-induced liner failure.

A hypothetical case that yields the first regime (see Section 3.4.3 for the mathematical
model used in capturing them) is illustrated in Figure 21.3.4.2-2. The condition represented
is for 300 ton of melt, containing 60 tons of Zirconium (20% content in the melt), it being
dispersed by the blowdown from a vessel breech equivalent to a hole 1 m in diameter. The
melt entrainment time is taken as 1 s, the blowdown time constant is -1 s, thus implying a
DCH-scale of -1. This means there are no significant mitigative effects due to melt-steam
incoherence. The peak pressure that develops in the LDW is due to the rapid energy supply
by the DCH phenomenon, taken at an extreme manifestation here for purposes of
illustration. At around 0.2 s, the pressurization due to this energy supply rate is
compensated by mass/energy loss to the UDW, leading to a drop in pressure, till at -0.4 s
the balance again shifts in favor of supply, thus yielding a second pressure rise transient. By
this time the LDW and UDW behave in tandem, until the end of melt dispersal, at which
time the peak pressure of -1.2 MPa is reached. Vent clearing occurs in the 0.4 to 0.6 time
interval, and the effect is seen to moderate the rate of pressure rise. Throughout this
extremely fast transient the WW pressure has been hardly affected, while the magnitude of
the second pressure peak is controlled by the flow capacity of the vents. Further in Figure
21.3.4.2-2 we see that the end of dispersal is followed by a rapid cooldown period, as the
expanded, "cool" steam washes away the hot gases from the LDW. Increasing the DCH
time scale to 2 or 3, that is melt entrainment times of 2 or 3 s respectively, has no
significant effect on all these features of the transient. This is because the DCH contact
process is already saturated (Yan and Theofanous, 1996), and the maximum possible extend
of oxidation has taken place. From this bounding (in RPV pressure and amounts of melt and
Zirconium) condition, the only way to effect a higher dynamic pressure would be by
increasing the breach area even further, but this is already 4 times the upper bound
considered credible in creep rupture scenarios for PWRs (Pilch, Yan, and Theofanous,
1996, and Pilch and Allen, 1996), and more than -10 times that created from a single
penetration failure due to ablation from a 300-ton melt (see Section 3.4.3). Further, in the
case considered above we use the total. quantity of Zirconium in the core, which for the
ESBWR is 76 tons, minus the 16 tons taken to have been already reacted to produce a
containment pressure of 0.25 MPa consistently with that assumed to be initially present.

Thus it is clear that overpressure failure of the ESBWR DW due to DCH is physically
unreasonable. Moreover, it is clear that this conclusion is robust in that it does not depend
on a host of (intangible) parameters that previous (PWR) assessments were found to depend
on, such as, the total quantity of the melt involved and its Zirconium content, the breach
area, and combustion in the receiving atmosphere (see Figure 21.3.4.2-3).
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Figure 21.3.4.2-2. Drywell pressure and temperature in a hypothetical scenario.
Drywell pressure (top), and temperature (bottom) in a strictly hypothetical
scenario selected to illustrate the effect of vent clearing, and subsequent gas
venting, at conditions that approach containment-integrity-challenging levels.
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So what remains is to consider the effects of elevated temperatures of the DW atmosphere
on liner (and penetration seals) integrity. Clearly this is only relevant to the sequences for
which DW sprays are not available, and as noted already (see Figure 21.2-1) these amount
to 0.78% of the 1.3%, or -1% of the CDF. The evaluation is done in the next section, and
again we aim for a conservative treatment. Interestingly, in the DCH evaluations for PWRs
peak temperatures reached only -600 K, and they were never an issue-here in a much
smaller DW volume, even though it is open, the DCH temperatures can reach considerably
higher levels, even in the absence of combustion.

Containment Failure
Criteria

Probabilistically
Distributed

Fragility Curves
ICR2

Figure 21.3.4.2-3. Probabilistic framework of PWR DCH issue resolution.
(Theofanous, 1996; Pilch, Yan, Theofanous, 1996).

21.3.4.3 Quantification of DCH Loads

As noted already, we use the CLCH model (Yan and Theofanous, 1993) adapted for present
purposes by a rendering that captures the full transient, in an open system, and it's coupling
to vent-clearing. The equations, simple mass and energy balances, over the communicating
LDW, UDW, and WW volumes, are summarized in Table 21.3.4.3-1. This model was
verified by comparison to final pressures/temperatures calculated for the original closed
system configuration of the original model, as well as sample lET test results that included
the complete transients (see Figure 21.3.4.3-1, and Appendix A).

The vent-clearing model reflects a simple accounting of water inertia, including the added
mass effect, in the suppression pool, as it is being accelerated, under the action of the UDW
pressure, into the WW. The equations are summarized in Table 21.3.4.3-2. Corium
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properties, metal-steam reactions and related energies are treated in the same way as in the
previous work leading to resolution of DCH issue for PWRs (Pilch, Yan and Theofanous,
1996). As seen in Figure 21.3.4.3-2 and Table 21.3.4.3-3 (see also Appendix B), the model
captures quantitatively the behavior as found in the full-scale, Pressure Suppression Test
Facility (PSTF) experiments conducted in support of the LOCA-Loads program by GE
(1974).

Finally, in the WW model, the heat losses from the gas stream passing through the
suppression pool, which in a DCH event would be highly agitated and grossly dispersed,
are accounted through parameters used to reflect the condensation and heat transfer (non-
condensable) efficiencies.

Ablation of the initial penetration opening, and of the sacrificial refractory layer on top of
the BiMAC during HPME was estimated according to well established models and
procedures. The former case involves parallel flow and for it we use the model of Pilch
(1994) as done by Pilch, Yan, and Theofanous (1996). The latter case involves impinging
flow and for this we use the model of Saito (1991) as done by Theofanous et al (1996).
The results for hole ablation are very similar to those obtained previously, yielding final
diameters of 0.2 m and 0.3 m for 100 and 300 tons of melt involved in the expulsion
process respectively. In terms of area, this is rather weakly dependent on the number of
assumed simultaneous penetration failures, as this is compensated by the shorter duration of
the HPME. The evaluation of refractory ablation is presented in Section 3 (on BMP).

In estimating DCH, in PWRs the principal ingredient in the original model was the DCH-
scale (Yan and Theofanous, 1996), and this is used as such in the present application as
well. In previous assessments, this quantity was quantified as an intangible parameter, with
a most probable value given by Eq.3.4.3. 1, and a probability distribution around this value
assumed to be normal with a standard variation of 12.5% (roughly, and conservatively,
based on the quality of agreement with the JET data).

Rx =m m/,Ts = V /¶t (21.3.4.3.1)
R,..../ ca U ý'v RC' "1RCS,O ',

PRcs,o is the primary system pressure prior to HPME (in MPa), 't, is the characteristic

blowdown time (given in Table 21.3.4.3-1), and m is the melt entrainment time.
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Table 21.3.4.3-1. The Transient CLCH Model.

Vessel:

PRCS =4J+ F -

mblowdowf = allfbps.oaS + F-?
2 ;J

/ x,(Y-')/ y

TRCS ,O s

where a, RCSO , F= and S - RCSw eLr+r nAhar o

Lower Drywell:

tm'---° t -< T.

rhm 0t tC> T.

= hblowdown p,sRCS m Cp,mm
tbhOdM. lmn(- +,. m m Cw p ,m

,o• = Mm min(. , mbo:dowfl)

,hconv= f (PLDWPUDWI TLDW, TUDWý, Aconnec,)

F To o iffh ... > 0
ClVTuoW if lhconv < O

d(MLDWCvLDWTLDW) = rhbTowdowp, -rh. C Tp,JTov

dmto

dmLDW = hbowdow. -hcov

dt

Upper Drywell:

d(muDwCv,uDw Tuw) =hco.Tconv -IhventTuDW

dt
dmUDW v

dt
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Table 21.3.4.3-1. The Transient CLCH Model (continued).

Wetwell:

rW= fUDW&

mh N2 ,WW = f DW rhww

th : o - condense UDW
H2 =- (1WWo )fH 2o mWW

dm ww = h H2 WW + r N2W + t h 2 
01~WW

dt

d(mwwC,wwTww) = (hilH,WWCp,H
2 .- hN2,WWCp,N

2 -thH
20,WWCp,HO )zcdensedt -. *w

Trdense =TuDW (I _ WWW) +TWWMWW

_ mww RTww

MW VWW
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Table 21.3.4.3-2. The Vent Model.
Vertical Vent:

- (L+Dh)+(H - gzp)- pu (+Cd.,,), dz
=P- (F pz -• 1 1 P 2(+dJfl) t

nAh cit 2n' )

(n is the number of vents yet to be cleared).

Horizontal Vents:

Forz> Zi: (L+Dh)p + =P-(Po+pgz)-lpu; =-
cit 2 dt

Venting Rate:
in.e=t 8if(pUDW, pSP + PogZh, TUDW, TSPA)

8 ifx. L

ifx;>L

,hsp = h venIncUDW

For details of the vent model derivation and nomenclature, see Appendix B.

Table 21.3.4.3-3. Summary of Predictions against Experimental Data.
Test Description Data TRACG Present
Series
5703-01 a. Short-term peak pressure (kPa) 193 200 205

b. Vent clearing time (s)
- Top vent 0.86 0.85 1.18
- Middle vent 1.15 1.15 1.48
- Bottom vent DNC DNC DNC

5703-02 a. Short-term peak pressure (kPa) 200 227.5 230
b. Vent clearing time (s)
- Top vent 1.14 1.05 1.42
- Middle vent 1.52 1.35 1.68
- Bottom vent DNC DNC DNC

5703-03 a. Short-term peak pressure (kPa) 252 289.6 293
b. Vent clearing time (s)
- Top vent 0.99 0.85 1.16
- Middle vent 1.19 1.05 1.35
- Bottom vent 1.60 1.30 1.93

Note: DNC denotes vent "do not clear".
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Figure 21.3.4.3-1. Prediction of DCH pressure in SNL IET-1 test.
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Figure 21.3.4.3-2. Prediction of drywell pressure in PSTF Test 5703-1.
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Table 21.3.4.3-4. Geometry and Initial Conditions in Reactor Calculations.

Compartment Parameter Definition Value

Primary System VRcs, m3  Volume of RCS 500

Pcs, MPa Pressure of RCS at blowdown 8

Tcs, K Temperature of RCS at blowdown 800, 1500

.Ds, m Vessel breach size (diameter) 02, 0.3, 0.5

Upper Drywell VUDw Volume of upper drywell 6016 m3

pUDW Initial pressure of upper compartment 0.25 MPa

ToDW Initial temperature of upper 300 K
compartment

Aconnecd Area connecting upper and lower 14 m2

compartment through convection
Lower Drywell VLDW Volume of lower compartment 1190 m3

pLDW Initial pressure of lower compartment 0.25 MPa

T°DW Initial temperature of lower 300 K
compartment

Wetwell AP001  Total area connecting the upper 16 m2

compartment to the suppression pool
Diameter of horizontal vent 0.7 m

Number of rows of horizontal vents 3

Distance between top and middle 1.37 m
vents
Distance between middle and bottom 1.37 m
vents

H, m Height of water for clearing vent Max. 5.45

Vww, m3  Wetwell (free) volume 5400

Corium m0, tons Initial corium mass in the lower 50, 100, 300drywell

fzr Mass fraction of metal Zr in corium 20%

To,° K Initial corium temperature 2800

ATso,1, K Initial superheat of molten corium 300
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Table 21.3.4.3-5. Summary of Parameters and Variables in Reactor Calculations.

Parameter Parameter Reactor Case
Definition A B C D E F G H

MO (tons) Initial mass of 50 50 100 100 300 300 300 300In

corium in the
lower drywell

Ds, m RPV hole size for 0.2 0.2 0.2 0.2 0.3 0.3 0.5 0.5
steam blowdown

TRcs (K) Initial 800 800 800 1500 800 800 800 800
temperature in the
primary system

'm (s) Mixing time 7.8 3.6 10 10 7.8 10 3 6
between melt and
blowdown steam

Note: A set of common parameters used in reactor calculations (A-H cases) includes:
4) - Fraction of metal in entrained melt participating in steam-metal oxidation

during blowdown; (D = 0.5
oa -Fraction of blowdown steam interacting with melt; a = 1.condensendense =1.
f0,cgdense - Efficiency of steam condensation in the suppression pool; fnee

WW- - Effectiveness of gas-coolant heat transfer in the suppression pool; VWW =0.5.

Table 21.3.4.3-6. Summary of Results from Reactor Calculations.

Parameter Parameter Reactor Case
Definition A B C D E F G H

Ts (s) Blowdown time 28.7 28.7 28.7 28.7 12.8 12.8 4.6 4.6
scale

R= r,,/s DCH scale 0.27 0.14 0.35 0.35 0.61 0.78 0.65. 1.3

P1 (bar) First (before vent 3.35 3.3 3.3 3.1 4.0 4.0 4.7. 4.7
clearing) pressure
peak

P2 (bar) Second pressure 3.2 3.1 3.5 3.0 4.2 4.8 6.0 6.0
peak

P_ (bar) Long-term 3.3 2.8 3.5 3.2 4.5 5.1 4.3 6.5
pressure

TSTAB (K) Stabilized 600 500 750 800 900 1000 1000 1200
___________temperature I__________
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Applied here as an example, at ESBWR conditions (800 K, 8 MPa, and 1,320 m3 LDW
volume), Equation 1 yields .m = 7.8 s. Thus, for 1 m break considered in the previous
section;- the blowdown time constant is t, = 1.1 s, and the appropriate (for reference) DCH-
scale value would then be -7. This means the blowdown would provide for full
participation of steam in the DCH process (no incoherence). On the other hand, for a more
reasonable break size, say the one noted as bounding the creep rupture type of vessel breach
(0.5 m), the blowdown time constant would be 4.4 s, and the same melt entrainment time
would produce a DCH scale of -2, that is still in the full utilization regime. Mitigation due
to incoherence occurs only for penetration-type failures (0.2 to 0.3 m breaks), which yield
quite long blowdown times and DCH scale values of 0.3 and 0.65 respectively. Thus
immediately we can see that larger breaks involve not only stronger dynamics but also
greater utilization of the steam in producing DCH loads.

These trends can be seen in a more tangible manner in the results of a series of calculations
run for this purpose, as well as for the purpose of demonstrating upper bounds on
pressurization and the margins to failure still available. The reactor data used in these
calculations are summarized in Table 21.3.4.3-4, and the model parameter choices made to
scope out the range of behavior are given in Table 21.3.4.3-5. As noted already the intent in
choice of break areas is to span the range from an upper bound creep-type breach (cases G
and H) to the more realistic penetration-type failures. Further we explore the sensitivity to
the quantity of the melt involved, all the way to the maximum amount possible (300 tons),
and also to the melt ejection time with parametric choices selected around the predicted
value of 7.8 s. The sensitivity to the initial melt temperature is negligible, and in any case
we use a conservatively low value of 800 K (the loads decrease with increasing steam
temperature). All key results are summarized in Table 21.3.4.3-6, which will be used in the
discussion that follows, along with Figures 21.3.4.3-3 to 21.3.4.3-10 depicting the
calculated pressure transients, and Figure 21.3.4.3-11 depicting the temperatures obtained
for the various cases.

Starting from the two large breech area cases (G and H), we see the same basic features as
in the arbitrary-bounding case considered in the previous section, except that they are less
accentuated. Now, rather than a peak in pressure of the LDW we have an inflection point,
but the LDW and UDW pressures again equalize, and again there is a rapid cool-down
following the melt entrainment period. However, there is also an essential difference in the
dynamics of these two cases. The one with the rapid dispersal (case G) exhibits a peak
pressure in the early, highly dynamic domain that does not involve, yet, the WW. The other
(case H), with a more appropriate dispersal time, exhibits a double peak, the first being very
similar to that of case G, while the second being of a quasi-static nature, and involving fully
the WW volume. The two peaks are, quite coincidentally, of similar magnitudes (0.6 vs.
0.66 MPa). Now with reference to Table 21.3.4.3-6, we see that the DCH scales for these
two cases are 0.65 and 1.3. This means that case G is steam-limited (note a final pressure of
only 0.43 MPa), while case H is already close to the asymptotic regime of Yan and
Theofanous (1996) - any further increases of the melt entrainment time would not lead to
increased pressure levels beyond the 0.65 MPa found here. This quasi-static regime is also
seen to dominate cases E and F. Here the DCH scale is less than 1, indicating the process is
steam-starved. Indeed, the somewhat greater final pressure in F is due to differences in the
amount of this steam limitation (DCH scale values of -0.6 and -0.8). This quasi-static
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behavior, and effects of melt-steam incoherence, become more dramatic, as the breech area
is further reduced, and the DCH scale, as a consequence gets even smaller (0.14 to 0.35) -
cases A to D. These effects are also apparent in the UDW temperatures, reducing from a
maximum value of -1,200 for the near asymptotic case (H), down to 500K, as the DCH
scale reduces from 1.3 down to 0.14.

As we will see in the next section these temperature levels would be of no concern to liner
integrity, however, we do note that the LDW is subject, albeit for very short periods of
time, to levels that can reach 4,000 K. In addition, in a postulated HPME and dispersal
event, one would expect that melt, perhaps in significant quantities would contact the LDW
liner. Both processes can induce local -failures, and there is no way to know how likely this
would be, except that (a) the situation could be possibly avoided if there is natural
depressurization (the splinter discussed in Section 3.4.2), and (b) the melt might be
effectively captured by the BiMAC device. Since both remedies are speculative, the
potential for failure is acknowledged in the CPETs (see Section 6) and the Level-3 PRA.
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Figure 21.3.4.3-3. Predictions of pressures of in the DW and WW for Case A.
Predictions of pressures of in the DW and WW for Case A (pressures in the
UDW and LDW follow each other closely, and are hardly distinguishable).
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Figure 21.3.4.3-4. Predictions of pressures of in the DW and WW for Case B.

21.3-31



NEDO-33201 Rev 1

Case C.
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Figure 21.3.4.3-5. Predictions of pressures of in the DW and WW for Case C.
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Case D.
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Figure 21.3.4.3-6. Predictions of pressures of in the DW and WW for Case D.
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Case E.
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Figure 21.3.4.3-7. Predictions of pressures of in the DW and WW for Case E.
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Case F.
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Predictions of pressures of in the DW and WW for Case F.Figure 21.3.4.3-8.
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Case G.
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Figure 2 1.3.4.3-9. Predictions of pressures of in the DW and WW for Case G.
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Case H.
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Predictions of pressures of in the DW and WW for Case H.
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Figure 21.3.4.3-11. Predictions of gas temperatures in the LDW and UDW.
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21.3.4.4 Quantification of Fragility to DCH

The ultimate capacity of the ESBWR containment structures, as documented in Section 8 of
NEDC-33201, is summarized in Table 21.3.4.4-1. For DCH pressure loads, only the low
temperature entries in this table are relevant. As we can see, the limiting component is the
(torispherical steel) DW Head, estimated to be subject to incipient failure at a pressure level
of -1.2 MPa. The complete fragility, plotted from data supplied in the same document is
shown in Figure 3.4.4.1.

Table 21.3.4.4-1. Ultimate Pressure Capabilities of the ESBWR Containment.
(Evaluated at the 97% confidence level).

Ultimate Pressure Capability MPa (gauge)Structural Component

Ambient -500 K -800 K

Wetwell 4.33 3.90 1.94
Upper Drywell 4.80 4.32 1.89
Lower Drywell (Pedestal) 2.85 2.57 1.16
Suppression Pool Slab 1.47 NA NA
Basemat 3.63 3.26
Drywell Head 1.49 1.20 1.13

.4

1

0.8

0.6

0.4

0.2

0
0 0.5 1 1.5 2 2.5 3

Pressure, MPa

Figure 21.3.4.4-1. The drywell head fragility to internal pressure loads.
(Data is obtained from Section 8 of NEDC-33201).
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Consideration of thermal expansion loads inducing liner buckling at the knuckle joint of the
torispherical to the cylindrical sections of the TDH, and at the liner anchors, did not lead to
concerns about liner failure at temperatures of up to 800 K. Further calculations were
carried out using DYNA3D (2005) for temperatures reaching up to 1650 K. The
temperature-dependent material properties utilized in these calculations are shown in Figure
21.3.4.4-2. A piece of liner in-between a neighboring set of anchors was considered and the
presence of concrete backing was taken into account. The results as shown in Figure
21.3.4.4-3 indicate that creep is effective in releasing localized stresses, and that liner
integrity is assured for temperatures up to near melting.

Yield Stress, psi Modulus, psi

80000.0 . 400000000

80000,0 M0000000.0

40000.0 2000000.0

200000 10000000•

1 1000,0 20.0 0.0 1000.0 20000

Temperature, F Temperature, F

Figure 21.3.4.4-2. Temperature-dependent steel properties.
Temperature-dependent steel properties utilized in the finite element
calculations of liner subjected to DCH thermal loads, (from Rashid, 1997).

Finally we address the UDW Head, and it's sealing to the cylindrical top portion of the
UDW. First we note that during normal operation this head is immersed in a water pool,
and thus it remains cold during the whole duration of a HP meltdown sequence, even as the
RPV heats up, and is in irradiative heat exchange with it. Bounding estimates of this
process yield internal DW Head temperatures of less than 450 K, which is well within the
range depicted in Table 21.3.4.4-1. This external cooling would be effective also in the long
term, and quite sufficient in accommodating the thermal loads from the hot UDW
atmosphere as it may develop during a DCH event. In fact, as shown in Figure 21.3.4.4-4,
the access of these hot gases to the UDW is so extremely limited that any further heat
transfer consideration in this regard would be rather superfluous.
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i i

Figure 21.3.4.4-3. Effective plastic strains in a piece of liner in-between anchors.
Effective plastic strains in a piece of liner in-between anchors at temperatures of
1400 K (left) and 1650 K (right). Maximum values calculated for the two cases are
1.4% and 7.26% respectively.

Figure 21.3.4.4-4. Upper drywell between the UDW Head and the RPV.
The upper drywell compartment (10.4 m diameter) contained between the
UDW Head (in black) and the RPV Head (in red) is separated from the
UDW's remaining volume by a refueling seal skirt (in green) with 4 access
holes (each of 0.4 m2 area), which are open during normal operation. Also
shown is the water pool (blue) on top.
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21.3.4.5 Prediction of Failure Probability due to DCH

Taken together the results of the previous two sections show that overpressure
(catastrophic) failure of the ESBWR containment due to DCH is physically unreasonable.
This conclusion covers all Class II accidents; that is, 1.3% of the CDF. The margin to
failure, as shown by the bounding estimates of loads (upper bound) and fragility (lower
bound) in Figure 21.3.4.5-1 are great indeed.

0.8

a.
a. 0.6

S0.4

CFP = 0.027

0.2
CF =1.94 5

0
0 0.5 1 1.5

Pressure, MPa

2 2.5

Figure 21.3.4.5-1. Margins to catastrophic failure in a DCH event.
The margins to catastrophic failure in a DCH event, bounded at both
ends. CFP is the ESBWR containment drywell head's cumulative
failure probability. CCPP is the complementary cumulative pressure
(load) probability due to DCH. The later is shown by an upper bound
of 0.7 MPa which is case G, adjusted for an initial containment
pressure of 0.4 MPa which is the maximum found in analyses of the
core-degradation period in the Level II PRA analyses.
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Thermally induced failure of the UDW Head and/or its seals is also physically unreasonable
for all Class III accidents, as explained in the previous section.

Thermally induced failure of the liner, including the penetration areas, is relevant to Class
III accidents in which DW spray is assumed to be not available, and these sequences
amount to -1% of the CDF. We find that even in these cases, strains due to thermal stresses
are rather modest (< 8%) in relation to what might be considered necessary for cracking or
tearing, even at temperatures approaching the melting point of the material. Bounding
calculations of DCH-induced UDW temperatures indicate that the relevant temperature
levels are -1,000 K, which is considerably below the near-melting temperatures (over 1650
K) that could cause failure.

However, these calculations also show short periods of potentially very high temperatures
in the LDW atmosphere (up to 4000 K). This, and the presence of potentially large
quantities of melt in the LDW, indicate that the LDW liner could be subject to local
failures, a condition that is noted in our HP CPET and is accounted for in Level-3 PRA.

21.3.5 Summary and Conclusions for DCH

The above results show that the ESBWR containment can withstand bounding DCH
pressure loads and that catastrophic containment failure due to DCH is physically
unreasonable.

Principal ingredients to such a conclusion can be recapitulated as follows:

(1) The UDW atmosphere can vent into the WW through a large vent area and an
effective heat sink,

(2) The DW head is (externally) immersed in water, and essentially isolated, from the
UDW atmosphere,

(3) The containment steel liner is structurally backed by reinforced concrete, which
cannot be structurally challenged by DCH.

Moreover, it is important to note that we have identified a splinter scenario for creep failure
of the main steam line due to it being heated in the range of -1,000 K. Such a failure would
yield natural depressurization, and avoidance of HP melt ejection altogether. The so-made
transition to a LP scenario would make available the GDCS for safety injection, thus
possibly arresting the meltdown process.

We also show that UDW liner failure due to thermal loads is physically unreasonable, while
for the LDW liner such failures cannot be excluded. However the ESBWR liner and the air-
gap behind it are compartmentalized, providing a significant degree of isolation from such
local failures, and thus providing a major interference to the flow path to the outside of
containment. This is reflected in the HP CPET (Section 6), and the Level-3 PRA.
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Table 21.3.5-1. Nomenclature to Section 21.3 (DCH).
aso Sound speed of steam

Ab Area of vessel breach

A ......ctArea connecting LDW and UDW

Cp• Specific heat at constant pressure

Cv Specific heat at constant volume

H Height of vertical vents
L Length of horizontal vents
m Mass
mh Mass flow rate

M Molecular mass
P Pressure
Qox: Heat generated by oxidation of 1kg melt

t Time
T Temperature
V Volume
x. Position of water slug in horizontal vent i

z Position of water slug in vertical vents
Zi,h Vertical elevation of horizontal vent row i

Greek letters
P3 Virtual mass coefficient
TI Discharge coefficient

Tinc Fraction of non-condensable gas

P Density
Tm, te Melt entrainment time during DCH

Ts Blowdown time

v Stoichiometric coefficient of oxidation reaction
W ww Effectiveness of gas-coolant heat transfer in SP

Subscripts
conv Convective transport between LDW and UDW
LDW Lower drywell
m Melt
Mix Melt-blowdown steam mixture
RCS Reactor coolant system
UD W Upper drywell
WW Wetwell

v Vapor
0 Initial
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21.4 CONTAINMENT AND BIMAC-DEVICE PERFORMANCE AGAINST EX-
VESSEL STEAM EXPLOSIONS (EVE)

21.4.1 Overall considerations

Ex-Vessel Steam Explosions are energetic fuel-coolant interactions that are triggered from
melt-coolant mixtures that are developed as the melt released from the RPV falls into, and
traverses the depth of a water pool below. Metallic melts such as those expected here for
low pressure scenarios are especially prone to such energetic behavior. The result is
pressure pulses that may reach the kbar range. They are not quite sufficient to generate
self-sharpening shock waves in water, but are potentially capable, when large quantities of
melt are involved together with highly subcooled water, of loading major structures to
failure. Failure is characterized by the impulse-the time-integral of the pressure acting on
the surface of the structure (see Section 21.4.4.4).

While in-vessel explosions (IVE) are essentially of exclusive interest to PWRs, ex-vessel
explosions (EVE) are of primary interest to BWRs. One reason is that in BWRs the initial
release can be mostly metallic. Another reason is that LDW designs have traditionally
employed very large-height geometries, which, when flooded, form deep water pools
below the reactor vessel. Still another reason is that in BWRs the structural damage of the
reactor pedestal can be much more serious to containment integrity than that of reactor
cavities in PWRs.

From another perspective, these large geometries in BWRs have been thought of as a
means to assuring long-term coolability for core-on-the-floor scenarios. The idea in this
case is that deep flooding would provide sufficient travel distance for the melt to fragment
and quench, thus forming a coolable debris bed on the LDW floor. Currently the Swedish-
built BWRs operate under this premise. However, the efficacy of this coolability concept
can be questioned, while at the same time the thus-generated threat to the structural
integrity of the reactor pedestal has been raised (Theofanous et al, 1995, Almstr6m et al,
1999).

In the ABWR SSAR (1994), while the term "steam explosion" is used, the actual
calculations only reflect a mild steam spike with a peak pressure of 1 MPa. For the SBWR
on the other hand, the EVE threat was appreciated, and a massive obstacle, the "corium
shield" (a 4-inch-thick cylindrical steel piece surrounding the open LDW space), was
incorporated to protect the reactor pedestal from such explosive loads. Such a shield is not
necessary in the ESBWR design.

In the ESBWR, besides the pedestal we also need to be concerned about the "worthiness"
of the BiMAC structure against such explosive events. We will show that this too can be
build to withstand major explosive events, as is the pedestal. However, given the
uncertainties involved in mode of RPV failure, and in the simulation of 3D melt-water
mixing and explosion in large geometries (deep, sub-cooled water pools in particular), we
will not attempt to demonstrate that failure is physically unreasonable under all
conceivable scenarios. Rather our management approach is based on limiting such
scenarios so that at most we have to deal with shallow, saturated water pools. This turned
out to be possible because of the simple design of the primary coolant system, and it was
achieved by means of containment layout changes as described in the next section.
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The simple idea is that there can be no explosions in the absence of water, and it is
possible to show that this can be achieved in 99% of the Class I (that is LP) sequences.
Water needs to be added to the LDW soon after the first ex-vessel melt relocation, this is
done by means of a deluge system, and a complementary aspect of this approach is
ensuring that this does not occur prematurely. As explained in detail in Section 21.5, a
maximum unreliability of this LDW deluge system was placed at 0.1%.

This basic approach to the EVE threat is further buttressed by three additional elements:

a. Reiterating analyses that show shallow, saturated water pools to yield highly
voided premixtures that resist triggering and escalation to detonation,

b. Showing that the pedestal can stand very strong energetic events involving melt
pour rates of up to -1 ton/s into sub-cooled water pools of depths up to 5 m,

c. Showing that the BiMAC can withstand perhaps notall, but a significant fraction
of such arbitrarily severe conditions (relative to the cases of interest).

In regards to item (a), the basic ideas have been expressed previously by Henry and
Fauske, 1981, Theofanous et al., 1987, and were further confirmed by others, including all
experimental evidence available to-date. In. regards to item (b), the basic idea is explosion
venting as articulated and shown by the results in the first consideration of explosive load
delivery in open pool systems (Yuen and Theofanous, 1995). Venting is an effect that
produces a smaller impulse to distant structures by reducing both the time for the pressure
wave unloading at the pool surface, as well as the amplitude of the wave that propagates
radially outwards.

The technology used in our assessment is based mostly on work done under DOE's
ARSAP program, as summarized in Section 21.4.3, and on some follow up work done for
the US NRC in the 1998-2003 time frame.

21.4.2 ESBWR Design

Regarding potential damage from EVEs, the relevant structures are the reactor pedestal, a
2.5 m reinforced concrete wall as illustrated in Figure 21.4.2-1, and the BiMAC device, a
layer of thick-walled steel pipes that are well embedded into reinforced concrete in a way
that they are supported in all directions as shown in Figure 21.4.2-2. The structural details
of both are given in Section 21.4.4.4.

Failure of the reactor pedestal, along with the steel liner on it, would constitute violation
of the containment boundary. While the load-bearing capacity of this structure is 2.85
MPa, explosive-level pressures acting on a millisecond time scales can produce sufficient
extent of concrete cracking, along with liner stretching and tearing, to compromise leak-
tightness of the containment. Failure of the BiMAC device on the other hand is defined as
crushing (or locally collapsing) of the pipes so that they cannot perform their heatremoval
function -- channeling the so-generated two-phase mixture from the bottom onto the top
of the debris mass. Such failure would raise the possibility of continuing corium-concrete
interactions, basemat penetration, and containment pressurization by the so-generated
non-condensable gases.

As noted already principal element of our approach on EVE is to address the quantities
(and subcooling) of water in the LDW, just prior to melt exiting the RPV. It is at this time
that the relocation can be potentially massive, and thus of energetic concern. In particular:
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a. As a result of our early interactions with Level-i PRA personnel and the
ESBWR designers, modifications in the containment layout were made so as to
prevent subcooled water, from entering the LDW through the UDW; in
particular this covered the re-routing of GDCS overflow, and to prevent
overflow of the suppression pool water to the LDW;

b. A BiMAC device activation system was defined (see Section 21.5) by
integrating environmental signals (high temperatures) with valving action on the
LDW deluge lines (feeding off the GDCS pools) so that premature flooding is to
be reliably prevented.

Item (b), as discussed in Chapter 21.5 (on BMP), is based on a BiMAC design that makes
it function immediately upon opening up the deluge lines. Thus there is no need to pre-
flood the LDW.

In regards to building in additional margins, and with the pedestal already designed quite
robustly to satisfy other structural considerations (load-bearing capacity under seismic
conditions), our considerations focused on having a structurally robust BiMAC as well.
As the structural response calculations in Section 21.4.4.4 show this was achieved to a
significant degree by the choice of pipe diameter and wall thickness, and the embedded
mutually supporting configuration.
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Figure 21.4.2-1. The overall LDW geometry relevant to EVEs.
The overall LDW geometry relevant to EVEs, including the
structural composition, and steel liner.

Figure 21.4.2-2. BiMAC device geometry in pedestal region.
The BiMAC device in the pedestal region, and key dimensions of
the geometry. The pipes are 10 cm in diameter (4") and 1 cm
thick (schedule 80). The inset shows detail arrangement of
BiMAC pipes embedded within the concrete, with a 0.2 m thick
refractory layer on top.
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21.4.3 Previous Work

The Steam Explosions Review Group (SERG) convened by the US NRC, in both of its
meetings, focused on the alpha mode containment failure (SERG-1, 1985; SERG-2,
1995)-an energetic steam explosion in the lower plenum of the RPV, leading to the
generation of internal and then external missiles that penetrate the containment shell. Thus
only in-vessel steam explosions for PWRs were considered in detail. For BWRs, the lower
plenum design, largely and densely occupied by control rod guide tubes, was considered
to be generically prohibitive of the large scale events required for a-failure. Other
licensing-related work for in-vessel steam explosions, is the ROAAM-based consideration
of a-failure in Sizewell B (Turland et al, 1994) and of lower head integrity for the AP600
(Theofanous et al, 1999c).

Major milestones in understanding the physics of steam explosions, and in the
development of computational and modeling technology for simulating energetics, have,
been summarized previously by Theofanous et al (1987), Amarasooriya and Theofanous
(1991), Theofanous et al (1994, 1995), Fletcher and Theofanous (1997), Theofanous and
Yuen (1995), and Theofanous et al (1999abc). The key idea in modeling energetics is that
of "microinteractions" (Yuen and Theofanous, 1999). The computer codes PM-ALPHA
(Yuen and Theofanous, 1995) and ESPROSE.m (Yuen and Theofanous, 1995), for
premixing and propagation respectively, are still the state-of-the-art (CFD simulation)
tools. Verification and validation of these codes (Theofanous et al, 1999a, Theofanous et
al, 1999b) has been documented and reviewed extensively (full ROAAM review) during
the AP600 Design Certification effort. These codes are now also used by US NRC
consultants during licensing reviews such as for ex-vessel explosions in the AP1000
(Westinghouse, 2002, Khatib-Rabar and Ismaeli, 2005).

There is no previous work on fragility to impulsive loads of a structure such as the
BiMAC. Previous assessments of thick reinforced concrete walls, done only in a very
crude manner (Rashid, Theofanous, and Foadian, 1995), indicates that an impulse
magnitude of .100 kPa.s could begin to inflict significant damage (cracking) on a
reinforced concrete wall (pedestal) that is 1.5 m thick. At such levels of explosion
impulse, cracking was found to be significantly reduced for a 7,000 psi concrete, and to be
virtually eliminated for a 10,000 psi concrete. However, such improved grades of concrete
are more expensive than the "normal", 5,000 psi grade considered for ESBWR.

We note in passing that the pedestal fragility in the ABWR safety analysis (ABWR SSAR,
GE, 1994) was (stated to be) based on an approach similar to that applied for the Grand
Gulf Mark III assessment of NUGEG-1 150 (1990) - an approach based on energy
absorption of a 6-cm-thick liner, that produced a failure impulse of 24 kPa.s. The ABWR
result was expressed in terms of a peak pressure of "at least 0.85 MPa', this was then
translated to a steam explosion involving 9.5% of the ABWR core (-22 tons), and on this
basis it was concluded that "This failure mechanism need not be considered further in the
containment event trees or the uncertainty analysis".
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21.4.4 Present Assessment

21.4.4.1 Key Physics

In an open system, such as the LDW of the ESBWR, the susceptibility of a pre-mixture to
triggering decreases as the volume fraction of steam (the void fraction) in it increases;
thus subcooled water pools are considerably more prone to energetic behavior in
comparison to saturated pools. On the other hand, the energetics of an explosion increases
along with the total quantity of melt found in the pre-mixture at the time of triggering;
thus explosions in deep pools can be more damaging in comparison to those in shallow
pools. Both of these features, the subcooling and the depth, couple with a host of other
parameters, (melt mass break-up, momentum exchanges between melt and coolant, phase
changes of coolant, etc) in a highly dynamic set of phenomena, to produce, for any
particular mixing realization, an evolution of pre-mixtures, each one with a particular
susceptibility to triggering and efficiency in thermal-to-mechanical energy conversion. As
in our previous assessments done for licensing purposes (Theofanous et al, 1999c), both
triggering and efficiency are treated here in a bounding fashion; that is, triggering is
assumed to occur at the time of most favorable (least voided). premixture, and key
limitations to energetics, such as fuel freezing during premixing, and non-equilibrium in
the micro-interactions are not accounted for. So, in assessing EVE loads, we rely on well-
qualified mechanisms and tools to account for pressure wave unloading/venting
phenomena applied to idealized/efficient (to the extent that the Thermodynamics allow;
this is where premixture voiding comes into play) explosions.

Current understanding of structural integrity under impulsive loading derives from work
with high explosives (HE), acting mostly within a gaseous medium. In comparison to
these explosions, in EVEs the pressure pulses would be of much lower amplitudes and of
a much longer duration. Still, with a structure whose inverse natural frequency is much
longer than the pulse width, it is the delivered impulse that characterizes damage, and
existing HE-derived tools, such as the DYNA3D code used in this work (Noble et al,
2005), can be expected to be well applicable. Again conservatively, in this application, we
ignore the dissipative effects (and so-reduced actual loading) due to fluid-structure
interaction. That is, pressure pulses obtained from explosion calculations carried out in a
rigid wall geometry, are then applied to the structural calculation.

As concrete is highly resistant to compression but rather weak in tension, the mode of
failure for the reactor pedestal is concrete cracking, separation from the rebar net,
spallation at the "free end", and rebar-yielding that result in displacements sufficient to
both, begin to lose load-bearing capacity as well as strain the liner to failure. In other
words, to lose containment integrity, both the liner must be strained to failure (typically
-30% effective plastic strain) and the wall must be damaged enough to not be able to
support leak tightness. Reinforcement, sometimes pre-tensioned, is employed to balance
load-bearing performance in this respect. However, at the kbar range of pressures of
interest here, this load bearing is to reduce the extent, rather then eliminate cracking, and
in any case it is not considered in this assessment. For the BiMAC, the same mechanisms
are superposed to yield deformation of the steel pipes, and eventually plastic yielding that
when it is of sufficient extent leads to collapse, and thus failure of BiMAC function.
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21.4.4.2 Probabilistic Framework

According to our emphasis in eliminating melt-down sequences that involve deep,
subcooled water pools in the LDW, our quantification approach is largely based on the
Integrated ROAAM; that is, accounting for aspects of the design that prohibit such large-
scale contact scenarios. In this task our work has interacted with Level I PRA and in the
end it has been informed by the results obtained thereby. The rest of our task is to
demonstrate some significant margins, both for the Pedestal and the BiMAC, even in
many scenarios that are postulated to not meet the criteria of "shallow, saturated pools",
and this will be done rather roughly, as we feel this is consistent with the demonstration
needs in this case.

In treating the EVE threat we need only consider Class I accidents. They amount to -90%
of the CDF, and of these the proportions with High (H>1.5 in), Medium (0.7<H<1.5), and
Low (H<0.7) water pool depths (on the LDW floor, at the time of vessel breach) are 0.9%,
0.1%, and 99% respectively. Adjusting these proportions for the 0.6% of the Class IV
accidents that revert to Class I with Low water pool levels is not significant. This in
combination with the extremely low CDF, satisfies the Integrated ROAAM criteria for
ignoring scenarios that are remote and speculative.

The 1.5 m demarcation for the "deep" water pool was selected in consideration of the
position of the hatch door, combined with a collective judgment in which we aimed to
leave out ranges of conditions that we do not feel could be reasonably captured by current
capabilities and experience. On the other hand it should be noted that this choice is not
critical to our conclusions-we found that those rare sequences that exceed the low height
category (H<0.7 m) tend to produce fully-flooded LDW conditions (which are also
subcooled), while the low level category results from condensation processes thus
yielding saturated pools.

As noted above saturated premixtures become highly .voided, and are highly resistant to
supporting the escalation of spontaneous triggers towards detonations. Moreover, even if
any explosions were to be developed, they would be rather, inefficient, and of low
energetics. One task in the next section is to illustrate this behavior for shallow/saturated
pools. Our other. task is to contrast this behavior with that of subcooled/deep pools, and
provide some perspectives on the level of energetics that could possibly result in the latter
case. This then together with the perspectives on structural failure provided in Section
21.3.4.4 will yield an understanding of the resilience of these structures to hypothetical
energetic events from EVEs.

21.4.4.3 Quantification of Loads

Steam explosion calculations were carried out with the PM-ALPHA.L-3D, and
ESPROSE.m codes for water pool depths of 1, 2 and 5 m with 100 K subcooling. The 2 m
deep case was also considered with saturated water. In all cases the pour rate was set at
720 kg/s, which was based on a penetration failure and gravity draining aided by 0.2 MPa
overpressure. In the premixing calculation the melt enters the domain over an area of
-0.03 m2, with a velocity of 13 m/s, and a volume fraction of 22%.

The premixing calculations were run in 3D, while for the explosion, in order to capture the
wave dynamics .at a sufficient resolution, the calculations were run in 2D axi-symmetric
geometry. Grid-convergence studies were made to confirm that this is indeed the case.

21.4-7



NEDO-33201 Rev 1

The proximity of the explosion to the sidewall (off-center pours) was investigated by
using domains of 4 m in diameter. The positions for which dynamic loads are given are
summarized in Figure 21.4.4.3-1.

All parameters in these computations were selected in a conservative fashion, and
consistently with experience from previous such assessments (i.e., Theofanous et al,
1996). In particular, for the key explosion parameters P3 andy (P3 is the fragmentation
model parameter, and y is the thermal enhancement factor that is used to account for the
effect of pressure on microinteractions) we have used values of 9 and 4-2-1 (that is, a
value reducing from 4 to 2 to 1 as local pressures increase from ambient to 1 kbar),
consistently with the interpretation of the highly energetic KROTOS tests (Theofanous et
al, 1999b).

The premixing results are summarized in Figures 212.4.4.3-2a to 21.4.4.3-2d. In all cases
there is the characteristic opening up due to the initial plunging (see also Appendix C),
however the subsequent evolutions are quite different between the saturated and
subcooled cases. In particular in (a) we see that at t=0.48 s there is an attempt to collapse,
however further boiling leads to arrest and further expansion, while in all subcooled cases
we see that this closing is actually completed to significant degree, thus leading to
potentially energetic premixtures. Moreover we note that the collapse itself could provide
the trigger needed to produce an explosion precisely at this opportune, from a premixing
standpoint, time. One-to-one comparison is given in Figure 21.4.4.3-2d to further illustrate
the differences in voiding patterns.

As expected the highly voided premixtures in the saturated pool case could not be made to
escalate even with rather energetic triggers. All other cases produced explosions, and the
results are summarized in Figures 21.4.4.3-3a to 21.4.4.3-3d in terms of the pressure
transients and the resulting impulses on the bottom and the sidewalls. We can see that
with one exception typical primary impulses on the bottom are -100 kPa s, while on the
side they increase with pool depth from -40 to 150 kPa s. Also we can see the effect of
venting, as in the deeper pools there is a second pulse due to side wall reflections that
remain strong. These second pulses are of course not relevant to the open geometry of the
LDW for pool depths of 1 or 2 meters.
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----1 k 1
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Figure 21.4.4.3-1. Cylindrical cavity model used in the ESPROSE.m calculation.
The computational domain of a cylindrical cavity utilized in the ESPROSE.m
calculation for the 2 m deep water pool case. Bi, B2 and B3 are locations on
bottom wall (basemat) and SI, S2 and S3 are locations on the sidewall (pedestal),
where pressures and impulses are provided in subsequent figures. These locations
remain the same for all pool dimensions considered.
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0.40 s 0.44s 0.48 s

0.52 s 0.56s 0.60 s

0.64 s 0.66s 0.68 s

-

0.72 s 0.76s 0.80 s

Figure 21.4.4.3-2a. Premixtures evolution in a 2-meter-deep pool, 2 K subcooling.
Evolution of premixtures in a 2-meter-deep pool, 2 K subcooling. Melt (left) and
void fraction (right) distributions.
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0.12s 0.16 s 0.20 s

0.24 s 0.28 s 0.32 s

0.36 s 0.38 s 0.40 s

0.44 s 0.46 s 0.50S

Figure 21.4.4.3-2b. Premixtures evolution in a lm-deep pool, 100 K subcooling.
Evolution of premixtures in a lm-deep pool, with 100 K subcooling. Melt (left)
and void fraction (right) distributions.
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0.20 s 0.26 s 0.32 s

0.38 s 0.44 s 0.50s

0.64 s0.56 s 0.60 s

0.68 s 0.74 s 0.80 S

Figure 21.4.4.3-2c. Premixtures evolution in 2-meter-deep pool, 100 K subcooling.
Evolution of premixtures in a 2-meter-deep pool, with 100 K subcooling. Melt (left)
and void fraction (right) distribution.

100 K subcooling 2 K subcooling

0.56 s 0.60 s ..... 0.64 S nýý 0.56 s •...0.60 s 0" 0.64 s

Figure 21.4.4.3-2d. Comparison of premixing patterns in 2m-deep pools.
Comparison of premixing patterns in 2m-deep pools, with lOOK and 2 K
subcooling.
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Figure 21.4.4.3-3a. Pressures and impulses on the floor (B) and pedestal (S).
Pressures and impulses on the floor (B) and pedestal (S) from an explosion in
1 m deep, subcooled pool. Trigger time: 0.28s. The resulting impulse on the
pedestal is insignificant, due to the effect of explosion venting.
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Figure 21.4.4.3-3b. Pressures and impulses on the floor (B) and pedestal (S).
Pressures and impulses on the floor (B) and pedestal (S) from an explosion in
1 m deep, subcooled pool. Trigger time: 0.47s. No explosion developed when
trigger energy of 20 kJ was used. A higher trigger energy (50 kJ) was needed
for explosion to develop.
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Figure 21.4.4.3-3c. Pressures and impulses on the floor (B) and pedestal (S).
Pressures and impulses on the floor (B) and pedestal (S) from an explosion in
2 m deep, subcooled pool. Trigger time: 0.63s. Trigger energy was 20 kJ. The
second pressure pulse is from the convergence of reflections off the side walls,
and would not be present in an open LDW pool, even if the explosion were 2
m away from a side wall.
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Figure 21.4.4.3-3d. Pressures and impulses on the floor (B) and pedestal (S).
Pressures and impulses on the floor (B) and pedestal (S) from an explosion in
5 m deep, subcooled pool. Trigger time: 0.63s. Same remark on reflected wave
convergence applies to the second pulse as in previous figure, although the
larger inertia constraint here would still support some of this type of
reflection even in 10 m in diameter pool.

21.4.4.4 Quantification of Fragility

The detailed structural makeup of the pedestal is shown in Figure 21.4.4.4-1. It was
assumed that a standard, 5,000 psi concrete mix will be used. This rebar-concrete material
assembly, including the liner, was represented by the DYNA3D model shown in Figure
21.4.4.4-2 (DYNA3D Manual). Further details on the concrete model, the so-called K&C
model (Karagozian and Case) can be found in Malvar et al (1997), and
verification/validation of DYNA3D performance on problems of this type has just been
released (Noble et al, 2005).

Calculations were carried out both with and without the 6.4 mm steel liner, it being in
contact with the inside surface of the concrete. The dynamic load was applied over the
whole circumference to a height of 2.5 m. This is to conservatively envelope the two
classes of lower pool depths defined above. The applied impulses were varied by
adjusting the peak amplitude and time-duration of a triangular pressure pulse.
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Figure 21.4.4.4-1. Reactor pedestal DYNA3D model structural definition.
Structural definition of the reactor pedestal (2.4 m thick) used in the
DYNA3D model.

Three results selected around the condition of failure are shown in Figure 21.4.4.4-3. The
peak pressures utilized in these calculation are in the 1.3 to 2 kbar range, and pulse widths
were of 3 and 6 ms. At the low end, the impulse is -200 kPa s, and at the high end it is
600 kPa s. The calculated strains show that at the upper end (600 kPa s) there is incipient
liner failure. At the same time the concrete seems to have suffered sufficient damage that
it can be considered near the end of its load-bearing capacity. On the other hand, the
intermediate case - 2 kbar peak pressure, 3 ms pulse, 300 kPa.s impulse - is seen to
hold up quite well, and so is the lowest impulse case at 200 kPa.s. Further results testing
the sensitivity to concrete model (an earlier version in the DYNA3D code), are
summarized in Figures 21.4.4.4-4a through f. It is clear that there is a significant benefit
from the improved model, and that the previous, general "understanding" that failure can
be expected at -100 kPa.s, at least for the ESBWR, needs to be revised upwards to -0.5
MPa.s.

The BiMAC device, Figure 21.4.2-2, was modeled conservatively in a quasi I D fashion;
that is, the load was assumed to be applied over the whole floor area, which allows
vertical planes of symmetry through any two adjacent pipes (steel A36), and thus a great
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detail in the DYNA3D representation, as illustrated in Figure 21.4.4.4-5. Calculations
were carried out with the same type of impulse loadings as done for the reactor pedestal.
The results leading up to crushing of the pipes are shown in Figure 21.4.4.4-6. Note that at
around 200 kPa.s, a thin portion of the pipes yields significantly, however, the remaining
material remains basically intact, while the pipe cross-sectional area is still largely intact.
We take this as the level of incipient failure by crushing.

Concrete Shear Rebar

f'c = 5,000 psi Gy = 60,000 psi

ii Ifl,~I..y

I -

Hoop Rebar Vertical Rebar

ay = 60,000 psi ay = 60,000 psi

Figure 21.4.4.4-2. The DYNA3D model used in the fragility calculations.
The DYNA3D model used in the fragility calculations. A 6-m vertical wall was
azimuthally cut to a 450 segment by planes of symmetry as shown. The
discretization involved 0.5 million hexahedral elements. Also shown are the
radial (shear), hoop, and vertical rebar positions, all included in the model.
Calculations were also run with the steel liner (6 mm) in place (not shown in
figure).
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Figure 21.4.4.4-3. Results of three load cases in DYNA3D.
Results of three load cases in DYNA3D, with the new (improved)
K&C concrete model. Top row 1.3 kbar, 3 ms pulse (195 kPa.s),
middle row 2 kbar, 3 ms pulse (300 kPa.s), bottom row 2 kbar, 6 ms
pulse (600 kPa.s). Left column: liner effective plastic strain. Central
column: rebar strain. Right column: concrete damage.
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Figures 21.4.4.4-4. Results of three load cases, calculated with DYNA3D code.

Results of three load cases, calculated with the standard (SKC) and improved K&C (IKC)
concrete models in DYNA3D code.
(a) 0.33 kbar, 3 ms pulse (50 kPa.s) (SKC); (b) 0.65 kbar, 3 ms pulse (100 kPa.s) (SKC);
(c) 1.30 kbar, 3 ms pulse (195 kPa.s) (SKC); (d) 1.30 kbar, 3 ms pulse (195 kPa.s) (IKC);
(e) 1.30 kbar, 6 ms pulse (390 kPa.s) (IKC); (f) 0.65 kbar, 6 ms pulse (195 kPa.s) (IKC).
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Figure 21.4.4.4-5. The DYNA3D representation of the BiMAC device.
The DYNA3D representation of the BiMAC device. There are 40,000
hexahedral elements and 2,000 shell elements (for the pipe material).
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N eps > 0% M Concrete damage

M eps > 7.23% * Concrete damage

M eps > 73.3% * Concrete damage

Figure 21.4.4.4-6. Extent of concrete damage calculated by DYNA3D.
Strain of the pipe, and extent of concrete damage calculated by DYNA3D.
Top to bottom the impulses were 50, 100, and 200 kPa s respectively.
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21.4.4.5 Prediction of Failure Probability

The results of the previous two sections on pedestal loads and fragility are juxtaposed in
Figure 21.4.4.5-1. The loads from I and 2 m deep, highly sub-cooled pools are taken to
bound loads from shallow, saturated pools. There is a huge margin in this bound, and as
the figure shows there an extra huge margin to failure even given this bounding of loads.
Thus we conclude that in 99% of the Class I severe accidents in ESBWR, pedestal failure
by an EVE are physically unreasonable. This covers -99% of the CDF.

Pedestal

0.8 0 No Failure

CCLP * Failure

"0.6

5. 0.4

0.2 /
0.

0 200 400 600

Impulse, kPa.s
Figure 21.4.4.5-1. Failure and load probabilities for the pedestal.

Cumulative Failure Probability (CFP) and Complementary
Cumulative Load Probability (CCLP) for the pedestal.

The remaining 1% refers to Class I with deep (H >> 1.5 m), sub-cooled water pools. For
such pools, although not considered in any detail here, an appropriately conservative
position would be that "integrity of both the liner and the concrete structure could be
possibly compromised".

Similarly the results for the structural integrity of the BiMAC can be visualized with the
help of Figure 21.4.4.5-2. Failure incipience is shown at impulses of somewhere between
100 and 200 kPa.s. Two load types are indicated. The realistic one is for the low level
(LL) case, which would yield negligible energetics. The high level (HL) case is to
schematically illustrate a bounding load appropriate for 1-2 meter deep, sub-cooled water
pools that were analyzed. We can see that for 99% of the Class I severe accident scenarios
BiMAC failure by an EVE would be physically unreasonable. We also see that BiMAC is
structurally so strong as to allow significant margins to failure even in many EVEs
postulated to occur in deeper and sub-cooled pools.
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Figure 21.4.4.5.2. Failure and load probabilities for the BiMAC pipes.
Cumulative Failure Probability (CFP) and Complementary Cumulative
Load Probability (CCLP) for the BiMAC pipes for case with low water
level (LL) and high water level (HL).

21.4.5 Summary and Conclusions for EVE

The above results show that for all but 1% of the CDF, that is accidents involving deep,
subcooled water pools, violation of the ESBWR containment leak-tightness, and of the
BiMAC function, due to ex-vessel steam explosions are physically unreasonable.

Principal ingredients to such a conclusion can be recapitulated as follows:

(1) An accident management strategy, and related hardware features that prohibit large
amounts of cold water from entering the LDW prior to RPV breach,

(2) The physical fact that premixtures in saturated water pools become highly voided
and thus unable to support the escalation of natural triggers to thermal detonations,

(3) Reactor pedestal and BiMAC structural designs that are capable of resisting
explosion load impulses of over -500 kPa s and -100 kPa s respectively.
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21.5 CONTAINMENT AND BIMAC PERFORMANCE AGAINST BASEMAT
MELT PENETRATION (BMP)

21.5.1 Overall considerations

For all currently operated LWRs, the severe accident management case is based on the so-
called core-on-the-floor concept. The basic premise is that, provided there is sufficient
floor area available for spreading and sufficient amount of water to cover the molten core
debris, the debris will become quenched, and will remain coolable thereafter.
Unfortunately, despite extensive commitment of resources, and rather protracted R&D
efforts internationally, this idea remains little more than a speculation. While work
appears to be continuing, operation of reactors is justified on the basis of analyses that are
claimed to satisfy the so-called 24-hour rule. These analyses assume a split of decay
power between the upwards (into water) and downwards. (into concrete) directions, and
predict that (a) basemat penetration will not occur for a minimum of 24 hours, and (b)
containment will not fail by accumulation of so-generated non-condensable gases also for
a minimum of 24 hours.

While ESBWR satisfies the basic conditions for this approach as intended, with a LDW
floor area according to the EPRI URD guidelines for advanced reactors, and while our
analyses, such as those described above, show that the 24-hour rule is satisfied with great
margins (more than 72 hours), this core-on-the-floor approach was not considered
appropriate here. Rather we have incorporated hardware and procedures that make the
issue of corium-concrete interactions, along with the great uncertainties that arise in its
consideration, mute.

The importance of assuring long term coolability has been also appreciated by other
designers of advanced passive plants: the AP600 was provided with features that assure
in-vessel retention and coolability, the AP1000 has followed the same approach, and the
European Pressurized Reactor (EPR) design placed this line of defense ex-vessel, by
means of a rather elaborate scheme for facilitating corium spreading and heat removal
(Fisher, 2003). Further, the new Russian V-320 design of VVER1000 plant (under
construction in Tianwan, China) has a very elaborate ex-vessel core catcher, which
includes a basket made of A120 3-Fe2O3-steel mixture and filled with a special material
compound (Kukhtevich, 2001).

21.5.2 ESBWR Design

Inspired by, and leveraging on IVR technology developed during DOE's ARSAP program
nearly a decade ago (Theofanous et al, 1996), we employ here a passively cooled
boundary that is impenetrable by the core debris in whatever configuration it could
possibly exist on the LDW floor. For ex-vessel implementation this boundary is
conveniently, and advantageously made by a series of side-by-side placed inclined pipes,
forming a jacket which can be effectively and passively cooled by natural circulation
when subjected to thermal loading on any portion(s) of it. Water is supplied to this device
from the GDCS pools via a set of deluge lines (we call these the LDW deluge lines). The
timing and flows are such that (a) cooling becomes available immediately upon actuation,
and (b) the chance of flooding prematurely the LDW to an extent that opens up a
vulnerability to steam explosions is very remote. The detection/activation system will be
finalized at the COL stage the design, and the required unreliability (at a high confidence
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level) of it is now specified to 10-3 per demand. The jacket is buried inside the concrete
basemat and would be called into action immediately upon the first melt arrival on the
LDW floor.

The device, call Basemat Internal Melt Arrest and Coolability device (BiMAC)
(Theofanous and Dinh, 2005), is illustrated in Figure 21.5.2-1. Important considerations
in the design and implementation of this concept are as follows:

a. Pipe inclination angle. As we show further below, both the thermal load due to
melt natural circulation (qD), and the burnout heat flux (the CHF), increase with
angle of inclination of the bottom boundary from a low value pertinent to a near
horizontal orientation. This increase is much faster for the CHF in the region
0<0<200, and there is a maximum separation from qD at around the upper end of
this range. Within a reasonable value of the overall vertical dimension of the
BiMAC device, the whole LDW can be covered conveniently with pipes
inclined at near the upper end of this range.

b. Sacrificial refractory layer. A refractory material is laid on top of the BiMAC
pipes so as to protect against melt impingement during the initial (main)
relocation event, and to allow some adequately short time for diagnosing that
conditions are appropriate for flooding. This is to minimize the chance of
inadvertent, early flooding. The material is selected to have high structural
integrity, and high resistance to melting - such as is for ceramic Zirconia. As
shown below, with this material, a layer thickness of 0.2 m is quite adequate to
meet these design objectives.

c. Cover plate. As shown in Figure 21.5.2-1, we use a supported steel plate to
cover the BiMAC. On the one hand this allows that the top is a floor as needed
for normal operations, and that the BiMAC is basically "out of the way" until its
function is needed. On the other hand the so-created cavity, with a total capacity
of -90 in3, is there to receive and trap all possible quantity of melt in a
hypothetical ex-vessel severe accident evolution, including a high pressure melt
ejection (see Section 21.1). For this purpose the top plate is stainless steel, 2 mm
in thickness so as to be essentially instantaneously penetrable by a high-velocity
melt jet. The plate is made to sit on top of normal floor grating, which itself is
supported from below by steel columns as indicated schematically in the same
figure. (Further details on this simple support system are straightforward
engineering tasks more pertinent to the COL stage of the plant design and
review). Between the plate and. the grating we have a layer of refractory material,
like a mat of zirconium oxide, so as to protect the steel material from thermal
loads from below during the - 40 s needed to the end of steam blowdown, yet
not able to provide any structural resistance to melt penetration as needed for the
trapping function noted above. For low pressure sequences, this whole cover.
structure has no bearing on the outcome.

d. The BiMAC cavity. The space available below the BiMAC plate is sufficient to
accommodate the full-core debris, while the whole space available, up to a
height of the vertical segments of the BiMAC pipes, amounts to a volume of
-400% of the full-core debris. Thus there is no possibility for the melt to remain
in contact with the LDW liner. Similarly, the two sumps, needed for detecting
leakage flow during normal operation, are positioned and protected in the same
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manner as is the rest of the LDW liner (Figure 21.5.2-1d). There is complete
floor coverage.

e. The LDW deluge system. According to the preliminary design, this system
consists of three main lines that feed off the three GDCS pools, respectively,
each then separating into a pair of lines. One from each pair of these lines
connects to the BiMAC main header, the other discharges directly into the LDW
from near the top (Figure 21.5.2-1). There are six valves, one for each line.
Three of them (the ones that feed into the BiMAC) are operated off numerous
thermocouples/conductivity probes that cover the LDW floor area to a sufficient
degree to indicate melt arrival following RPV breach. The other three, the ones
that fed directly into the LDW, will be designed to provide a diverse detection
and activation system. The lines are sized so that any three of them would be
sufficient to ensure proper BiMAC functioning; that is capable to operate in the
natural circulation mode within 5 minutes from melt arrival on the floor. As
noted above the required failure rate of the system (at high confidence) is not to
exceed 10-3 per demand.

As described below, the BiMAC concept is based on fundamental analytical
considerations built on top of separate-effects experiences on burnout heat fluxes in
inverted geometries, and two-phase (boiling) pressure drop in inclined pipes. These
provide reasonable confidence that the concept is sound. The BiMAC device design will
be fully confirmed and its performance optimized through confirmatory testing that will
be performed by the COL Applicant.
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Figure 21.5.2-1a. The BiMAC positioned inside the LDW.
The BiMAC positioned inside the LDW. Initial cooling is provided by the flow into
the BiMAC. The LDW is flooded independently by the direct flow.
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Figure 21.5.2-1b. The BiMAC pipes and protective ceramic layer.

[)o\\ oncoIIr

1,I)W De lugc I-nc

Figure 21.5.2-1c. Schematic arrangement of the BiMAC pipes.
Schematic arrangement of the BiMAC pipes to form a wedge-
shaped jacket. The distributor (the vertical blue line in the figure)
serves as the main header. The downcomers (marked in yellow,
connected to the distributor) and the pipes, including the vertical
segments, serving as risers, form natural circulation loops that
respond passively to the local cooling demand.
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Figure 21.5.2-1d. Schematic representation of a sump and its protection.

Schematic representation of a sump and its protection (against melt attack)
by the BiMAC cooling pipes. There are two sumps, shaped and positioned
next to the pedestal wall so that they offer no significant "target" to the melt
stream exiting the vessel under most release scenarios. There is no other
place for melt to go except into the BiMAC. Not to scale.

Figure 21.5.2-le. The two sump positions inside the reactor pedestal.
The two sump positions inside the reactor pedestal. Top view, to scale.
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21.5.3 Previous Work

As noted already the BiMAC was inspired by the IVR coolability concept, and its design
is based on basic technology developed during this earlier work done under DOE's
ARSAP program. This technology includes the initial (Configuration I) ULPU tests that
quantify CHF as a function of inclination (Theofanous and Syri, 1997), the ACOPO tests
that quantify natural convection loads from volumetrically-heated pools (Theofanous and
Angelini, 2000), and ROAAM that provides the organizing principle for the whole
assessment (Theofanous et al, 1994, 1996). One major simplification at present is that the
behavior is not susceptible to the so-called "focusing effect", a phenomenon that can arise
in in-vessel situations when (if) there is an insufficient amount of molten steel to spread
the heat over a large enough area of the side wall, together with the absence of water on
top of the molten pool.

Since this early work, there has been an intense follow-up internationally on IVR,
including a CSNI specialist's meeting (Garching, 1994), several test programs in France
(SULTAN tests), Finland (COPO tests, VTT tests), Sweden (SIMECO, FOREVER tests),
Korea (KAIST tests), and Russia (RASPLAV, MASCA tests). All this work is
confirmatory of the work done by UCSB for the Loviisa, AP600 and AP1000.

In addition, and on fundamental grounds, since that time the mechanism of Boiling Crisis
is understood better (Theofanous et al., 2002a, 2002b; Theofanous and Dinh, 2002, 2004).
So is natural convection (Theofanous and Angelini, 2000; Dinh et al., 2004a, 2004b). The
latter has been also greatly impacted by advances in CFD and computing power that allow
rather detailed Direct Numerical Simulations (DNS) of such phenomena with great
reliability. We make use of this simulation capability for assessing the thermal loads in the
present 2D wedge-shaped geometry.

21.5.4 Present Assessment

21.5.4.1 Key Physics

Successful functioning of the BiMAC devise depends crucially on the condition that heat
removal capability (by boiling) exceeds the thermal loading due to melt natural
convection. Thus, quite simply, the key physics here concern processes that control the
magnitude of these two outcomes. In addition, it must be shown that, at the end of the
main melt relocation event, and associated ablation process, the BiMAC sacrificial layer is
left with some material still protecting the steel pipes, and this needs to be done both for
HP as well as for LP sequences.

a. Thermal Loads. Any amount of core debris that is not coolable, will form into a
molten pool that, heated in volume, and rejecting heat to the outside through all
its boundaries, would eventually reach a quasi-steady, maximum extend
configuration. This means that such a molten pool would tend to spread,
incorporating more and more debris and concrete material, until eventually all
heat supplied to all of its boundaries from the inside is removed by conduction
through the surrounding solid crusts and associated materials found on the
outside. Thus at the top boundary, it being in contact with water, this balance
between heat supply and rejection would define the thickness of the solidified
material that is assumed to exist, persist, and be impenetrable to water- for
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otherwise, the debris would be coolable on its own, without a need for BiMAC.
At the bottom boundary, the melting would extend eventually to a degree that
only a rather thin layer of remaining sacrificial material and solidified debris
would separate the melt from the steel pipes below. Thus, all around on the
inside, the molten pool would see the liquidus temperature, while it develops the
amount of superheat needed for rejecting the decay power generated within. We
are mainly interested on the thermal loads delivered to the lower, wedge-shaped
boundary, and to any vertical boundaries for pools that are voluminous enough
to create a submergence of the vertical pipe segments. Bounding estimates of
these loads can be obtained by assuming a maximum extent pool involving the
total amount of core-and-internals debris possible. From previous experience
(for example Angelini and Theofanous, 1995) with such large, high Rayleigh
number pools, we know that these loads are spatially non-uniform and that the
magnitudes increase with angle of inclination of the lower boundary reaching a
maximum at vertical boundaries. We also know that a key parameter, the up-to-
down power split, is typically in a proportion within the 2 to 3 range. Thus on an
average basis we have here, at the most, a downwards heat flux in the -100
kW/m2 range, while due to the small angle of inclination we can expect, on
fundamental grounds, that at local heat peaking would not exceed -300 kW/m2.
On the vertical boundary we can expect as much as 300 kW/m 2 on the average,
which with local peaking would yield -500 kW/m2 near the top. It should be
noted that these order of magnitude results are provided here for some initial
perspectives-results specific to the present geometry and conditions are
presented in Section 21.5.4.3.

b. Limits of Coolability. These limits are defined by the burnout heat flux, or
Critical Heat Flux (CHF), of water boiling on the inside of the inclined, and
vertical BiMAC pipes. Previous experience in such geometries (Theofanous and
Syri, 1997) shows that the CHF increases rapidly with angle of inclination, and
that this increase is most rapid in the 0 to 20' interval, ranging from 300 kW/m 2

at the low end to 500 kW/m 2 at the upper end. More recent fundamental data
show that burnout in nucleate boiling occurs due to dryout of extremely thin
liquid films (tens of microns in thickness) and that surface wettability plays a
key role in this dryout (Theofanous et al, 2002a-b). Engineering surfaces such as
those of the steel pipes to be employed here were found to be very resilient to
dryout. Still, assessment of CHF for any new situation is a matter of empirical
determinations under the appropriate geometry and fluid flow conditions that are
representative of the application. This was in particular the case for the AP600
and AP1000 (Theofanous et al, 1996, and Dinh et al, 2003), and this is the
approach we take here. In addition, we need to be concerned about flow regimes,
pressure drop, and flow stability, especially in regards to temporary dryouts, that
could develop into irreversible burnouts.

c. Sacrificial Material Ablation by Jet Impingement. Heat transfer and related
phase change processes during melt jet impinging on a solid slab have been
studied extensively in the past and their mechanisms are well understood today
(Theofanous et al., 1996). A key consideration is whether the instantaneous
contact temperature between the melt and the substrate is below the freezing
point of the melt-if so, crusts form upon contact and the thermal boundary
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condition is the melt liquidus; in other words melt superheat governs the rate of
heat transfer. This, along with the jet velocity and the thermo-physical
properties, define the rate of heat transfer. These considerations lead to Zirconia
as the material of choice for protecting the BiMAC pipes from melt
impingement. By having a melting range (2950 - 3120 K) well above the
temperature of any reasonably expected metallic melt, the possibility of ablation
is completely eliminated. On the other hand, while this is not the case for oxidic
jets, the superheats in this case are by comparison (to metallic melts) rather
small, and this together with the low thermal conductivities of such melts limit
the ablation rates to such low levels that good protection can be achieved without
overburdening the device with an excessively thick protective layer.

21.5.4.2 Probabilistic Framework

The framework for the BMP assessment, with BiMAC included in the design, is
straightforward (Fig.21.5.4.2-1), and similar to that of Theofanous et al (1996) developed
for IVR. Here too there are thermal and mechanical (EVE) loads to be considered. The
EVE threat is addressed in Section 21.4. The thermal loads include, as in the IVR case,
melt-through by direct jet impingement, and by locally exceeding the burnout heat flux. In
addition here we have to be concerned about global mechanisms, such as flow
instabilities, that could potentially lead to local dry-outs (due to flow supply deficiencies).
As noted above, for the impingement problem we have here the luxury (not available in
IVR) of selecting the protective material (a refractory).

More specifically, the following additional remarks can be made:

a. Ablation of the protective ceramic layer needs to be addressed under both LP
and HP scenarios. The definition of a local ablation depth as a failure criterion
refers to a remaining thickness (after ablation) that would be considered
structurally stable, consistently with the manner in which the ablation rate has
been determined. This is taken as 50 mm;

b. The thermal load under melt jet impingement, and any amounts of ablation
predicted as a result, is to consider both metallic and oxidic melts, at appropriate
levels of superheats, and amounts of material potentially involved in the first,
major, pour;

c. The thermal loading, is derived from melt natural convection within the BiMAC
boundaries, and it informs both thermal failure modes, but in a different
emphasis-for the local burnout we are interested in heat flux peaking, such as it
occurs at the edges of the inclined portion of the pipes, while for the dryout, we
more interested on overall heated channel behavior as driven by total power
levels and numbers of channels involved (Section 21.5.4.3), that is by the
average values of heat flux;

d. The local critical heat flux, at such power levels as found here, is due to a
mechanism very similar to that in nucleate boiling, but at different length and
time scales (Angelini et al, 1997, Theofanous et al, 1998, Theofanous et al
2002a,b).

e. The dryout condition is defined by a liquid content that may be insufficient to
maintain wetting (due to the near-horizontal orientation) over the whole heated
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area of the pipe wall-this can arise from strong evaporation along the channel,
or from flow instability that involves temporal depletions of sufficient duration
to result in dryout.

I Thermal Loading underu Local Failure Criteria.
Jet Impingemento qnJT R Abla! pth, L ASL

T hermal Loading M Ntu riti loain Th e Fi ACucan
q (x) BrotCriteria: q7CHF WX

na Thermal Loading (hat h p undes Flow Starvation, t
Dr (x) Flow Instability

Dyai Lodn efrac Structural Failure

against EVEin Criteria

Figure 21.5.4.2.1. The analysis scope to address failure of BiMAC function.
The scopend on ais ofrvesseout to address failure of BiMAC function. There
are four potential failure modes, as named by the rhombic boxes. In each case
we also indicate the applicable loading and failure criteria.

21.5.4.3 Quantification of Loads

Thermal Loads due to Melt Natural Circulation. Thermal loading of the BiMAC can

only arise from the portions of coriumr debris that remain in the molten state and are
naturally convecting (heat) to the pool boundaries. These loads will depend on the pool

configuration/geometry, and our task here is to bound these loads in a manner that does
not depend on the details of vessel breech, melt disposition, and more generally ex-vessel
behavior insofar as their effect on pool geometry is concerned. This is a basic
requirement, which we feel is appropriate for this stage of accident management.

To begin with we note that:

a. The setting is a fully submerged (in water) debris volume;

b. There is no convecting (metallic) melt layer on top of the oxidic pool--that is
absence of the "focusing effects" familiar from the IVR assessments;
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c. The initial pour, occurring at the time of lower head breech, would involve some
fraction (probably significantly less than 1) of. the vessel inventory, and will
occur in essentially dry LDW space, thus spreading to all available space within
the BiMAC space;

d. Subsequent discharges will be gradual, and occurring into a flooded LDW, thus
being subject to quenching, as they lie on top of the debris found already on the
LDW floor, and;

e. A major, if not all, fraction of the core debris that has been quenched, would be
coolable, and thus absent from the molten pool energy balance.

In the following, the quantity of the fuel involved in a melt pool will be denoted by the
fraction of the total amount possible (220 tons)-that is, a "50% pool" will be one
containing 120 tons of molten fuel. The other key variable is decay power density. For
simplicity this will be bounded by 1.2 MW/mi3 (that is, per cubic meter of fuel involved in
the melt being considered), which is pertinent to the fastest evolving severe accident
sequences in the ESBWR.

An overall view of the melt pool geometries (that is heights and degree to which the
vertical boundaries of the BiMAC are submerged) and resulting average heat fluxes (using
the 3:1, up-to-down power split discussed above) as functions of the total quantities of
melt involved is given in Table 21.5.4.2-1. Clearly the relevant, yet extremely
conservative, as explained just above, flux levels are at -100 kW/m 2 on the lower
boundary, and -500 kW/m 2 on the side boundary of the BiMAC. These numbers will be
used in assessing flow demand and stability requirements of the BiMAC in operation; that
is the "Dry-out" question, and this is further pursued in Section 21.5.4.4. What remains to
be done here is to determine the appropriate peaking factors to apply to these fluxes for
the purpose of evaluating the Burnout question. We refer to these as horizontal and
vertical peaking, as corresponding to the lower and vertical boundaries respectively.

For this purpose we make use of Computational Fluid Dynamics (CFD) simulations (see
Appendix D). We considered two pool configurations as defined in Tables 21.5.4.3-2 and
21.5.4.3-3. Configuration I corresponds to a "central" BiMAC channel, that is a slice
taken in a near-diametrical position, and melt depths that do not submerge the vertical
pipes. Configuration II is chosen to correspond to a near-the-edge channel, that is a slice
taken far-off the diametric position, and melt depths that submerge the vertical pipes to
levels typical of bounding, full-inventory pools. In order to gain in spatial resolution all
these calculations were carried in 2D. The effect of 3D convection was also explored for
two conditions: Configuration I case C, and Configuration II case M. The thermo-physical
quantities used are summarized in Table 21.5.4.3-4. Key numerical results can be found in
Table 5.4.3.5. Detailed results are given in Figures 21.5.4.3-1 to 21.5.4.3-5. The following
observations can be made on the basis of these results.

a. The 2D calculations yield conservative estimates of the up-to-down power split,
as well as for the power peaking along the boundary. This is because in 2D
turbulence is artificially restricted thus reducing mixing and turbulent energy
transfer down the motion cascade. On this basis we take a split of 3, which is
still conservative compared to the calculated value of 3.4. For peaking factors we
chose to use, still conservatively, the results from the 2D calculations.
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b. Horizontal peaking seems to be insensitive to the pool depth in both
configurations. For central channels all cases seem to be well represented by a
peaking factor value of 1.25. For near-edge channels the peaking involves a
narrow region with sharp rise up to a value of -3. This is because of the
descending, vertical boundary layer (see Figure 21.5.4.3-1b), which creates an
"impact" region right around the point where the vertical and near-horizontal
boundaries meet.

c. Vertical peaking is rather mild, and it can be well bounded by a value of 1.4.

Applying these results to a full-inventory pool we obtain the following, extremely
conservative (bounding) estimates:

For Central Channels: Clan = 100 W/m2, qmax,dn 125 W/m 2

For Near-Edge Channels: qdn = 100 W/m2, qmaxdn = 300 W/m 2
qv = 320 W/m2, qmax.v =450 W/m 2
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Table 21.5.4.3-1. BiMAC Capacity.
BiMAC Capacity as a Function of Melt Pool Height, and Resulting
Average Heat Fluxes. Total Decay Power taken at -6 Hours into the
Accident (36.4 MW).

H_melt, m 0.2 0.4 0.6 0.8 1.0

V melta, m3  2.2 9. 20.5 35.8 53.8

Mass, tons 18 72.5 164 287 431

i verticalb 51 47 41 29 1

V-sump, m3  0.3 0.85 1.4 2 2.6

M sacrificial 7.6 15 21.7 27.3 30.7
layer, tons

Top 25 49 70.5 87.7 95.8
Boundary, mE

Bottom 25.4 49.7 71.5 88 97.3
Boundary, m2

Side 0 -0 0.8 2.1 5.1
Boundary, m

2

All melt assumed to be Fuel All oxides + All oxides +
20 tons of 160 tons of

metal metal
Decay power, 1.5 8.6 21.5 36.4 36.4
MW

Upward heat 45 132 226 305 271
flux, kW/m

2

Downward heat 15 43 74 100 89
flux, kW/m

2

Sideward heat - - 300 320 350
flux, kW/m

2

Notes

a. V_melt - already accounts for volume taken by the sumps.

b. i vertical - # of BiMAC pipes beyond which the pipes are subject to thermal load on the vertical part
(at the center: # 1, at the far end: #51).
c. The total ESBWR vessel inventory is: 220 tons Fuel, 76 tons Zirconium, and 50 tons S-S. An oxidic
pool would contain, besides the fraction of the fuel assumed, the fraction of Zr assumed to have oxidized
(typically 30%, or 27 tons), some fraction of the steel inventory, and the amounts of refractory material
assumed to have melted in.
d. The up-to-down power split was taken as 3:1, and side-fluxes, as per simulations, at -300 kW/m 2.
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Table 21.5.4.3-2. Computational Domain of Melt Pool Configuration I.
Computational Domain of Melt Pool Configuration I (Central Slice of the
Wedge, without Vertical Section).

Case A B C

Melt pool's total height, H [m] 0.2 0.4 0.6
Horizontal span of the inclined boundary, Lc [m] 1.13 2.27 3.40
Height of vertical boundary, Hv [m] 0 0 0

Table 21.5.4.3-3. Computational Domain of Melt Pool Configuration II.
Computational Domain of Melt Pool Configuration II, (Near-Edge Slice of
the Wedge, with a Vertical Section).

Case M N 0
Melt pool's total height, H [m] 0.6 0.6 0.4
Horizontal span of the inclined boundary, Lcfm] 1.13 2.27 1.13
Height of vertical boundary, Hv [m] 0.4 0.2 0.2

Table 21.5.4.3-4. Fluid Thermo-Physical Properties and Parameters Used.

Properties and Parameters Value

Density, p [kg/m 2] 8000
Thermal conductivity, k [W/m.K] 4
Heat capacity, Cp [kJ/kg.K] 300
Thermal diffusivity, a [m2/s] 1.67.10-6

Thermal expansion coefficient, 03 [1/K] 0.002

Viscosity, gt [Pa.s] 0.01
Prandtle Number Pr = v/a 0.75
Heat generation rate, qvol [MW/m 3] 1

Angle of inclination, 0 10
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Table 21.5.4.3-5. Power Split and Peaking Factor Results.
Summary of Power Split and Peaking Factor Results from the
Direct Numerical Simulations (all fluxes in kW/m2).

A 63 30 N/A 2.1 1.25
B 120 54 N/A 2.2 1.25
C 178 80 N/A 2.2 1.25
C-3D 238 68 N/A 3.5 1.2

M-3D 286 85 280 3.4 3.0 / 1.4
M 255 125 330 2.0 3.0 / 1.4
N 238 126 340 1.9 3.0 / 1.2
0 168 83 245 2.0 3.0 / 1.2
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Unstable Stratification

lStable Stratification (Low Downward Heat Flux)

Descending Boundary Flow

Figure 21.5.4.3-1a. Temperature and velocity fields in Configuration I (Case C).
Temperature (top) and velocity (bottom) fields in Configuration I (Case C).

Descending Boundary Flow

1 .. Maximum heat flux

.... r /

Figure 21.5.4.3-1b. Temperature and velocity fields in Configuration II (Case 0).
Temperature (top) and velocity (bottom) fields in Configuration II (Case 0).
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Figure 21.5.4.3-2. Heat flux map at pool boundaries for Configuration II.
Instantaneous map of heat flux at the pool's boundaries from 3D simulation
of Configuration II (Case M-3D) over a width of 0.2 m. Note the negative
sign on the scale: the highest absolute heat flux is in dark blue, and the
smallest is in red.
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Figure 21.5.4.3-3. Configuration I results.
Downward heat flux distributions along the inclined boundary (total length L).
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Figure 21.5.4.3-4. Configuration II results.
Downward heat flux distributions along the inclined boundary.
(IN denote pool dimensions of the "inclined/vertical" sections of
the boundary respectively).
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Figure 21.5.4.3-5. Configuration II results.

Sideward heat flux distributions along the vertical pool boundaries of
length H. (I/V denote heights of the "inclined/vertical" sections of the
pool boundaries respectively).
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Protective Layer Ablation under Melt-Jet Impingement

Zirconia is known to be highly stable in oxidizing atmospheres, and inert in contact with
most metals at high temperatures, including molten steels and zirconium, so no chemical

ablation of the refractory layer is expected if the discharge happens to be metallic. For
metallic melts no thermal (melting) ablation is possible either because Zirconia melts at a

temperature range (of 2950 - 3120 K) that is far above any conceivable metallic
temperatures in the core debris. Thus we need only be concerned here with oxidic melts

that are very highly superheated.

Pure oxidic materials, such as U0 2 or ZrO2, have melting points of -3,000 K, which is
close to the Zirconia melting range, however, as these oxides interact with other materials,
including control rod materials during the formation of the melt pool in the lower plenum,
eutectic mixtures are formed (Asmolov, 2000) and melting temperatures as low as 2340 K
can be expected. Consequently, given a few 100's K of superheat at the time of vessel

breech, the relevant melt temperatures to assess protective layer performance are in the
-2,600 K range, and still well below what is needed to effect melt attack on the Zirconia.

We emphasize that this logic is meant to apply only in the short-term, impingement
process that would occur during the first, major relocation event. In the longer term, if the

debris is not coolable from above, a combination of melt superheating and eutectics
formation should yield ceramic ablation to the extent needed to conduct the needed
amount of heat flux into the boiling of water flowing inside the BiMAC.

Further perspective on the question of ablation by an oxidic melt can be gained by
calculating the ablation rate for an assumed pure oxidic melt at a temperature of 3,100 K,
which is a 100 K superheat. We employ the Saito (1989) correlation, as it has been

independently verified by additional experiments, and further established on theoretical
grounds (Dinh et al, 1997).

Nu = 0.0027 Re.Pr = 0.0027 Pe = 0.0027 U d/ox

Where U is the velocity, d is the jet diameter, and ox is the thermal diffusivity, all referring
to melt quantities. Thus the heat flux is found as,

q=AT h= 0.0027UpCAT

where p, C, and AT are the melt density, heat capacity, and superheat respectively. The
ablation rate is then found by dividing this heat flux into the heat capacitance (including
the heat of fusion) of the Zirconia (1,700 kJ/kg, and 6,100 kg/mi3).

Applied this for a HP scenario with d= 0.2 m, AT= 100 K, and U= 40 m/s, we obtain a
heat flux of -13 MW/mr2 which would give an ablation rate of 2.5 mm/s. such a pour

involving 120 tons would last for -30 s, and would produce a total ablation of -8 cm. For
LP scenarios lower jet velocities would be exactly compensated by longer pour times,
yielding the same result, unless the superheat was different. For example a superheat of

200K, for the same-volume pour, would produce a total ablation depth of 16 cm.

21.5.4.4 Quantification of Fragility

Fragility of BiMAC is considered here according to the decomposition shown in Figure
21.5.4.2-1; namely, failure due to (short-term) interactions between melt and BiMAC
pipes during melt relocation, and failure due to long-term thermal loading (melt pool
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convective heat transfer). The latter, in turn, consists of two aspects: (i) natural circulation
flow stability as potentially impacting the development of dry-outs, and (ii) local heat
fluxes exceeding the burnout heat flux.

a. Structural Failure Criteria for an Ablated Zirconia Layer. Noting that the
protective layer is well supported from below, and that such a ceramic layer
when well-cast and cured is very tough, especially to compression, we believe
any macroscopic thickness remaining (after ablation) would be sufficient to
protect the BiMAC pipes. We will take a thickness of 50 mm to represent,
conservatively, the failure threshold.

b. Natural circulation of coolant flow in BiMAC. This failure mode is assessed
by means of the two-phase flow model described in Appendix E. Of interest is
to determine at what power level the natural circulation flow becomes
susceptible to Ledineg instability, or in other words, at what power level the two-
phase pressure drop causes a sufficient reduction on flow to yield a near-voided
condition in the BiMAC channels. As shown in Appendix E, multi-channel flow
demand on the BiMAC header can be satisfied by multiple down-comers, so that
performance can be adequately matched by using a single channel for both the
Downcomer and the Riser.

The basic trend in the results can be seen in Figures 21.5.4.4-1 and 21.5.4.4-2. They show
flow rates and exit void fractions as functions of supplied heat flux. The latter is applied
uniformly over the whole of the riser, which includes the inclined and the vertical portions
of the boundary. The effect of non-uniform power supply was evaluated, within the limits
that are reasonable in the BiMAC environment, and it was found to be negligible. We
consider only a central channel, and saturated water at the inlet, which provide the most
limiting conditions for present purposes.

In Figure 21.5.4.4-1 we note the broad maximum in flow rate obtained at heat fluxes
2around 100 kW/m , the value that represents an upper bound of what would be possible in

the LDW of the ESBWR. The decline in flow rates is due to two-phase pressure drop
compensating at an increasing rate for the increased gravity head created by an increased
channel voiding condition. In Figure 21.5.4.4-2 we can see this increase in voiding with
heat flux. The increase is monotonic, and reaches up to an exit void fraction of -40%
found for a heat flux level of 100 kW/m 2. The flow is stable throughout this range of
possible conditions in that the rates of change of gravity head with increasing heat flux is
higher than the change in demand due to increase in frictional pressure drop.

In regards to dryout due to water depletion, it is clear that a 40% exit void fraction would
not place the channel at any such risk. In Figure 21.5.4.4-2 we show the 70% exit void
fraction level as a potential demarcation of the water-deficient regime, and the figure
further shows that the relevant heat flux level would then be -350 kW/m 2 -it is

emphasized that this is for an average heat flux applied to the whole length of the longest,
central channels of the BiMAC. Much higher fluxes would be needed for the middle or
near-edge channels that are shorter and have vertical sections.
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Figure 21.5.4.4-1. Mass flow rate through a BiMAC channel.
Predicted mass flow rate through a BiMAC channel, in natural
convection, as function of applied heat flux (based on the pipe
projected area). Shaded is the relevant range of heat fluxes.
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Figure 21.5.4.4-2. Void fractions at the exit of a BiMAC channel.
Predicted void fractions at the exit of a BiMAC channel, in natural
convection, as function of applied heat flux (based on the pipe
projected area). Shaded is the relevant range of heat fluxes.
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Limits to Coolability. For the pipes that make up the lower boundary of the BiMAC
jacket we make use here of experiments made to support the IVR case for the AP600, and
the Loviisa reactor in Finland (Theofanous et al 1996, 1994). These experiments were
done in a series of several geometric configurations, and these evolved along the way as
understanding was being developed. It turns out that the very first of the ULPU setups, the
one known as Configuration I (C-I), were designed to address what at the time was the
principal unknown, namely the inverted, near horizontal geometry at the pole of the lower
head. It turns out that this design matches exactly the geometry of interest here (Figure
21.5.4.4.3). All the rest of the test program, performed over the period of some years, and
spanning a total of five configurations, provides a further support of these first results, as
well as of our effort to relate and interpret them for our purposes here. In particular, the
emphasis in this program shifted with time to the more limiting (for the PWR IVR) near-
vertical boundary, at the upper edge of the lower head. This is relevant here too, as it
characterizes the Critical Heat Flux (CHF) on the pipes that make up the vertical boundary
of the BiMAC. For this relevant is the ULPU Configuration IV (Figure 21.5.4.4-4). The
pool boiling data from C-I is reproduced in Figure 21.5.4.4-5, and those from C-IlI in
5.4.4.7. In both C-I and C-IV the channel cross section was 1Oxl5 cm, which is quite
close to that of a BiMAC pipe.

In Figure 21.5.4.4-5 we can see that according to these data, and for the range of
inclination angles 0 of our interest (0 - 10-15°), the CHF is in the range of 450 to 550
kW/m2 . It should be noted that these test were conducted at pool boiling conditions (no
net flow supplied) and rather low submergence, so we can expect they provide a
conservative representation of BiMAC forced (initially) or natural (the rest of the time)
convection environment.

In Figure 21.5.4.4-6 we can see that at near vertical orientation a CHF of I MW/mi2 is
quite appropriate. Indeed, this estimate is robust as this would be also a typical lower
bound of CHF from an upwards-facing flat plate (engineering surface) in water.

While as we see in the next section further enhancements are hardly needed, it may be
worth pointing out that CHF enhancement technology has been advanced greatly over the
past decade, and that we would plan to take advantage of them in the final design to be
carried out at the COL stage. These advances are due to both improvements in basic
understanding of high heat-flux boiling and burnout physics, as well as empirical
development of innovative approaches, which make use of heater surface treatment and
coolant chemistry to improve the coolability limit in boiling systems. In particular, we
note that the C-I experiments were conducted with distilled water, whereas both reactor
water and GDCS water are not distilled. In our recent work for the AP1000, we
established a significant, beneficial effect of reactor (and containment) water chemistry on
CHF (see Dinh, Tu and Theofanous, 2003; Tu, Dinh and Theofanous, 2003; Theofanous
and Dinh, 2004).
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ULPU 2000
Configuration C-1

Figure 21.5.4.4-3. Pictures and schematic of the ULPU Configuration C-I.
Pictures and schematic of the ULPU Configuration C-I: low-submergence,
pool-boiling conditions. Similarity between C-I and BiMAC is rather
straightforward.
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Figure 21.5.4.4-4. Pictures and schematic of the ULPU Configuration C-IV.
The ULPU Configuration C-IV. The curved baffle shown creates a channel
similar to a BiMAC in regards to the vertical segment of pipe. The pool boiling
condition is defined by a water level near the exit of the curved portion of the
flow channel.
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Figure 21.5.4.4-5. Critical Heat Flux measured in ULPU C-I.
Critical Heat Flux measured in ULPU C-I (near horizontal, inverted
geometry) under pool boiling conditions (Theofanous et al., 1994b).
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Figure 21.5.4.4-6. Critical Heat Flux measured in ULPU C-IV.
Under pool boiling conditions (Theofanous et al., 1994b; 1996).
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21.5.4.5 Predication of Failure Probability

Combining the results of the previous two sections we can now evaluate the likelihood of
BiMAC device's failure to function for its intended purpose as follows:

a. The ceramic-refractory material of the protective layer is only susceptible (by
ablation) to superheated oxidic melt impingement. Even then it would require a
melt a melt volume of -500 tons to penetrate the 200 mm layer down to within
50 mm from the BiMAC pipes. Thus failure by melt impingement is physically
unreasonable.

b. For the range of thermal loadings that are applicable to non-coolable melt-pool
configurations in the LDW, two-phase natural circulation is seen to be quite
sufficient in supplying the BiMAC pipes with a cooling stream that is stable, and
of sufficiently high liquid (water) content to ensure a well-wetting condition very
where. As shown in Figure 21.5.4.5-2, the available margin is over 300%. Thus,
failure by dry-outs due to flow and water supply deficiencies is physically
unreasonable.

c. As indicated in Figures 21.5.4.5-1 and 21.5.4.5-2, the (conservatively estimated)
margins to local burnout are anywhere from 500% for a central channel, to 100%
near the top of a vertical channel, to 60% near the edges of the inclined lower
boundary of a near-edge channel. These margins, placed on the basis of
bounding estimates both for thermal loads and burnout heat fluxes, dwarf any
uncertainties due to the small geometric differences between BiMAC pipes and
the ULPU test sections. Thus, failure due to local burnout is physically
unreasonable.

d. Finally we note that the BiMAC cooling jacket protects also the two sumps
found in the LDW floor in a way that prevents melt from entering them.
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Figure 21.5.4.5-1. Local thermal loads and coolability limits in BiMAC.
Local thermal loads and coolability limits in BiMAC at bounding
conditions and estimations.
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Figure 21.5.4.5.2. Margins to burnout in BiMAC.
The margin to burnout in BiMAC is defined as (qcHF/q - 1) where q is the
local bounding heat flux, and qCHF is the local minimum bound of
burnout flux.
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21.5.5 Summary and Conclusions for BMP

We have shown that the BiMAC device is effective in containing all potential core melt
releases from the RPV in a manner that assures long term coolability and stabilization of
the resulting debris. In this way the concrete basemat penetration issue becomes mute, and
so is containment over-pressurization by concrete decomposition gases.

The principal ingredients in this effective functioning of the device can be recapitulated as
follows:

a. Choice of a refractory ceramic material as a protective layer, that eliminates
ablation by superheated metallic jets, and a layer thickness chosen so as to
provide ample margins to the ablation front reaching the BiMAC pipes even
under the most extreme, large-volume-pours of superheated melts (for both for
LP and HP scenarios);

b. Positioning and dimensioning of the cooling jacket (the BiMAC pipes) so that
while resistant to significant dynamic loads (see Section 21.4), they allow for
stable, low-pressure-loss, natural circulation that is not susceptible to local
burnout due to thermal loads exceeding the critical heat flux, or to dry-outs due
to flow and water deficient regimes;

c. Sizing and positioning the BiMAC in the LDW in such a way that all melt
released from the vessel is captured (except of course of any melt dispersed to
the UDW in HP scenarios) and contained within, and;

d. Providing for an angle of inclination of the lower boundary that balances the
various requirements, including operational space available, and good margins to
local burnout.

21.5.6 COL Action Summary

Confirmatory testing of BiMAC is needed for final confirmation and optimization of the
design. It will be performed by the COL Applicant and will be provided at that stage of
the licensing process.
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21.6 CONCLUSIONS SUMMARIZED IN THE FORM OF CPETS.

The results of the previous three sections are summarized in Figures 21.6-1 and 21.6-2.
These are the final results taken up by the Level 2 PRA towards (a) assessing
containment performance in terms of containment decay heat removal systems
availability in the long term (the "Transfer to CSET" outcomes), and (b) defining release
categories for use in Level 3 PRA (the "CF EVE" outcome"). As indicated, all other
outcomes are Physically Unreasonable (PU) and not worthy of further pursuit in the main
PRA frame. A few further words about these two kinds of outcomes may be in order.

In ROAAM we acknowledge that when the basis of evaluation is epistemic, probabilities
are subjective, and quantification of such probabilities cannot be done, in substance, any
other way but in terms of definitions that themselves are of subjective/epistemic
character. Thus a numerical probability scale is used only for the purpose of propagating
uncertainty, and we insist that the end results be only interpreted in terms of the same
probability scale (see Table 21.6-1) applied in reverse. This kind of procedure was used
in all previous applications of ROAAM (as enumerated in Section 21.2), and such a
qualitative interpretation of the end results was found to be appropriate and sufficient.

In the present case the situation is simpler and the results are even more robust in two
ways: (a) for all potential containment threats, strongly bounding arguments could be
made at a level of generality, and margins that obviated the need for propagation of
uncertainty, and (b) according to the ROAAM "quality of evaluation" criteria (see Table
21.6-2), all assessments could be made in a manner that is independent of scenario
details, thus yielding the most desirable, highest-confidence level, Grade A.

The CF EVE outcome (containment failure by ex-vessel steam explosion) is assumed in
light of the large uncertainties that would have to be addressed if a claim was to be made
to otherwise. While we feel that in the frame of ROAAM this could not be effectively
accomplished, it may be worth pointing out that other levels of treatment have been
proposed and accepted by the US NRC (i.e. the ABWR SSAR) argued that such a failure
was not risk-significant. This line of argumentation and related parametric/sensitivity
studies can be found in Section 9 of NEDC-33201P. As indicated this outcome pertains
to a deeply flooded LDW and reflects less than 1% of the CDF. It is important to recall
that this low incidence rate of such scenarios was engineered as part of the ESBWR SAM
precisely for this reason.

Failure of deluge supply to BiMAC is taken as physically unreasonable on the basis of
the specified very reliability of the active system, which is further backed up by a diverse
and passive system.
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Table 21.6-1. Definition of ROAAM Probability Levels.
(Theofanous, 1996).

Process Process Characteristic
Likelihood

1/10 Behavior is within known trends but obtainable only at the
edge-of-spectrum parameters.

1/100 Behavior cannot be positively excluded, but it is
out side the spectrum of reason.

1/1000 Behavior is physically unreasonable and violates well-
known reality. Its occurrence can be argued against
positively.

Table 21.6.2. Definition of ROAAM Quality Grades.
(Theofanous, 1996).

Grade A Framework characterized by a simple, limiting process,
evaluated on basic physical laws, with appropriately
bounding inputs. No scenario dependence.

Grade B Framework involves a single complex process evaluated at
a high confidence level. There may be slight scenario
dependence compensated by appropriate quantification of
intangibles.

Grade C Framework involves sequence of processes. Significant
scenario dependence compensated by appropriate choice
of intangibles and splinter scenarios.
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Figure 21.6-1. The Class I accident CPET.
The Class I accident CPET is quantified in the manner described in the text.
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Figure 21.6-2. The Class III accident CPET.
The Class III accident CPET is quantified in the manner described in the text.

21.6-4



NEDO-33201 Rev I

Table 21.6-3. Summary of Containment Threats and Mitigative Systems in Place.

DThra Eneailrgeti MdFiue PresueiupresioiVnt
DCH Energetic D W Failure Pressure Suppression Vents

Reinforced Concrete Support

UDW Liner Thermal Failure Liner Anchoring System

LDWLiner Thermal Failure Reinforced Concrete Barrier
Gap Separation from UD W

EVE Pedestal/Liner Failure Dimensions and Reinforcement

BiMAC Failure Pipe Size and Thickness
Pipes Embedded into Concrete

BMP BiMAC Activation Failure Sensing & Actuation Instrumentation
& Diverse/Passive Valve Action
CCI

Local Burnout Natural Circulation

Water Depletion Natural Circulation

Local Melt- Through Refractory Protective Layer
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APPENDIX A.21. VERIFICATION OF THE TRANSIENT CLCH MODEL
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In this appendix, the transient CLCH model is verified with a sample of three
experiments from the Integral Effects Tests (IET) series. This adds to the previous
extensive validation of the original CLCH model that captured only the final state. The
tests were scaled to typical PWR conditions, including the preservation (linearly scaled)
of the key geometric features (see Figures A.21-1 and A.21-2), especially with respect to
the cavity and the so-called intermediate compartment. The lET tests were conducted in
counterparts at two scales: at 1/10-scale in the SURTSEY facility at Sandia National
Laboratories (SNL) (Allen et al., 1994), and at 1/40-scale in the COREXIT facility at
Argonne National Laboratory (ANL) (Binder et al., 1994). Two ANL tests (IET- 1 RR and
IET-8) and one SNL test (IET-1) were selected for interpretation here-they were
conducted in inert atmospheres as is appropriate to the present application.

The CLCH model reflects thermal/chemical equilibrium in the melt dispersal (flow)
process, and separation of the melt out of this 'equilibrium stream' in the intermediate
compartment. The "analysis domain" consists of two major compartments: the "vessel"
which represents the containment in the plant geometry, and the "sub-compartment"
which represents the intermediate volume (see a schematic representation in Figure A.2 1-
3). By solving a system of mass and energy balance equations for these compartments,
we can obtain the dynamics of pressurization in the "vessel". This extension of the
model to capture the transient is straightforward, and the complete formulation can be
found in Table 21.3.4.3-1 of Section 21.3.4.3 in the main body of the report.

The model implementation to these particular tests considered here was done in terms of
the definition of conditions given in Table A.21-1. The parameters utilized are
summarized in Table A.21-2. The melt entrainment time was obtained from the CLCH
model correlation, and the oxidation efficiency too is from this previous work with
CLCH. The ejection time quoted in Table A.21-2 is from the experimental data and
reflects the transition period from melt ejection to pure steam blowdown. While
unimportant in the previous applications of CLCH, it is important here in our interest to
capture the complete transient. As seen in Figure A.21-4, the pure blowdown portion is
predictable by a straightforward isentropic expansion. The blowdown rate used for the
transition period was approximated in the manner as shown in the figure.
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Figure A.21-1. The containment geometry considered in the lET tests.
The containment geometry considered in the lET tests and an illustration of the
recirculation flow pattern in the cavity (adapted from Yan and Theofanous (1996)).

A.21-3



NEDO-33201 Rev 1

1:10 Scale
Zion Cavity

Figure A.21-2. The lET Experiments Vessel, Ejection System, and Structures.
The Surtsey Vessel, High-Pressure Melt Ejection System, and Sub-
Compartment Structures Used in the IET Experiments (Allen, et al., 1994).
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Figure A.21-3. The lET tests transient CLCH model control volumes schematic.
Schematic of control volumes used in the implementation of the transient CLCH
model to the interpretation of the lET tests.
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Figure A.21-4. The blowdown rates for IET-8.
The blowdown rates measured in IET-8 and the approximate representation
of the transition period utilized in the interpretation. The same was used for
IET-1RR.
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Table A.21-1. Parameters that define the lET tests considered here.

Parameters Definitions ANL ANL SNL
IET-1RR IET-8 IET-I

VRCS (Mi3 ) Volume of accumulator 0.0061 0.0061 0.345
(simulating RCS)

Vj~bcomp (in3 ) Freeboard volume inside 4.64 0.072 0.072
subcompartment structures

Vdomre (m 3 ) Volume of the dome 1.51 1.51 85.15
(Simulating the containment)

Dhole (cm) Hole diameter 0.89 1.1 3.5

Initial % N2  99.90 37.4 99.90
containment % 02 0.03 7.7 0.03

gas % H 2  0.00 3.9 0.00
conditions % H20 0.00 50.0 0.00

% CO 2  0.01 0.0 0.01
Other 0.06 0.0 0.06

mcorium (kg)
Mass 0.71 0.71 43

Tmelt (K) Melt temperature 2550 2550 2550

Melt % Fe 52 52 52
composition % Cr 11 11 11

% Al 3 3 3
% A120 3  34 34 34

PRcs (MPa) Initial pressure of accumulator 6.7 6.5 7.1

Tcs (K) Initial temperature of 600 600 600
accumulator

Table A.21-2. Values of the transient CLCH model parameters used in the
interpretation.

Parameters Definitions ANL ANL SNL
IET-1RR IET-8 IET-I

,rejection (s) Ejection time during which 0.2 0.2 0.4
steam and melt are ejected

together
Tm (s) Entrainment time 0.24 0.24 0.74

Oxidation efficiency 0.5 0.5 0.5

A.21-6



NEDO-33201 Rev 1

Results for the ANL IET-8 and IET-1RR Tests

The results are summarized in comparison to the experimental data in Figures A.21-5.
We can see that both the pressurization rate and peak pressure reached are matched very
well. The falloff of pressure at later times is due to heat losses, which are not represented
in the model. There are 5.0 g of hydrogen predicted to have been produced in comparison
to the 4.8 g found in the experiment.

A parametric of the effect of the melt entrainment time on pressure, for a range around
the predicted value of 0.24 s is shown in Figure A.21-5b. The effect on temperature is
given in Figure A.21-5c. Consistently with the CLCH results presented originally, DCH
loads increase as the DCH-scale (i.e. the melt entrainment time) increases-more of the
stored steam is found in contact with the melt. Interestingly, in an open system such as
the one of interest here, such an increase in DCH-scale would result in slower rates of
pressurization, and thus lower peak pressures. The effect of the oxidation parameter (0)
is examined in Figure A.21-5d. As expected the effect on pressure is minimal (one mole
of steam produces one mole of hydrogen), and the small change seen is due to the
different amounts of oxidation energy involved in each case.

The comparison to IET- 1 RR, as illustrated din Figure A.21-6 is very similar.

0.4
--- IET-8
-Model

0.35

(0
0.25

A

:0.2

time,s

Figure A.21-5a. Pressure transient prediction and measurement in test IET-8.
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Figure A.21-5b. Sensitivity of pressure transient on melt entrainment time.
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Figure A.21-5c. Sensitivity of temperature transient on melt entrainment time.
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Figure A.21-5d. Sensitivity of pressure transient on the oxidation efficiency.
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Figure A.21.6. Predicted and measured pressure transients in test IET-1RR.
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Results for the SNL Test IET-1

Measured and predicted pressure transients are shown in Figure A.21-7a. Note that due to
the much smaller surface to volume ratio in this test, the rate of pressure loss (cooldown)
is much less in comparison to the ANL tests, and the long-term agreement is better. A
total of 174 g of hydrogen produced in the calculation compare to 233 g found in the
experiment.

The temperature transients are compared in Figure A.21-7b. As shown by the data,
temperatures depend on position in the short term. We note that around the time of 2 s,
the elevation 1 and 3 data are quite close to the subcompartment temperatures calculated
in the model, and that by 3 s all calculated and measured temperatures (with the
exception of that at the highest point, elevation 5 converge to a close-together range. The
later decay in the data is due to losses, which were not represented in the calculation.

A parametric on the melt entrainment time for a range around the predicted value of 0.74
s is shown in Figure A.21-7c. Again the larger the DCH-scale the higher the calculated
loads, but note that this comes about through the turning over to an asymptote at different
times, rather than through effecting the rate of pressure rise in the initial period.

0.4
1ET-1

I-Model
0.35

M
M 0.3 oo ---. -•q .. . .,, . . . .. . .

0.25-

a-

0..

0.12012 4 10 l
time,s

Figure A.21-7a. Measured and predicted pressure transients in test IET-1.
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Figure A.21-7b. Predicted and measured temperatures transients in IET-1 test.
Predicted and measured temperatures transients in IET-1 test. The positions
to which the various levels refer to are shown in Figure A.21-2.
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Figure A.21-7c. Sensitivity of pressure transient on melt entrainment time.
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APPENDIX B.21. VALIDATION OF THE VENT-CLEARING MODEL FOR
CLCH
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B.21.1 Introduction

In this Appendix we use data from the (Full-Scale) Pressure Suppression Test Facility
(PSTF) tests (GE, 1974) to validate our model for vent clearing. A sensitive measure of
this is the peak pressure obtained in the drywell during such an event. The PSTF tests
were carried out in support of the Mark III pressure suppression containment concept
using the horizontal vent system design as is the case for the ESBWR. More recently,
PSTF tests were used for qualification of the TRACG code (GE, 1996) developed and
used by GE for safety analyses of the GE.ABWR, SBWR, and ESBWR designs under
LOCA conditions (GE, 2003).

The facility consists of three major components as illustrated in Figure B.21.1-1. These
components are (1) an electrically heated pressure vessel to represent the RPV, (2)
another pressure vessel to represent the drywell volume, and (3) a suppression pool and
wetwell volume. Steam blowdown was initiated by means of a rupture disc.

The horizontal vent system configuration of the ESBWR design is similar to the vent
system configuration tested in the PSTF Test Series 5703. In both the PSTF and the
ESBWR, the three horizontal vents are 0.70m in diameter, and they have a vertical
spacing (center to center) of 1.37m (GE, 1974; GE, 2003). Also in both the PSTF and the
ESBWR the total flow area of the horizontal vents is equal to the flow area of the vertical
vent that leads to them. Other key geometric parameters in the experiments are
summarized in Table B21.1-1. Two different break sizes were used: 63.5 mm and 92.0
mm. Top-vent submergence values were varied between 2.06 m and 3.37 m. The drywell
was preheated to 930C to minimize condensation effects. The main results are (i) vent
clearing times and (ii) transient pressures in the drywell.

B21.2 Model Formulation

Figure B.21.2-1 illustrates the vent system in the PSTF (and the ESBWR). The system
consists of a vertical pipe and three horizontal pipes. Increasing of drywell pressure due
to blowdown leads to depression of the water level in the vertical vent pipe, and,
subsequently to vent clearing, to flow of gases and steam to the suppression pool. The
blowdown rate as measured in the tests is given in Figure B.21.2-2.
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Figure B.21.1-1. Schematic of the PSTF (GE, 1974; GE, 2003).

Table B.21.1-1. Geometric Definition of the PSTF test series 5703.
Notation Definitions 5703-1 5703-2 5703-3

Number of horizontal vents 3 3 3

Dhoe (mm) Flow restrictor diameter 63.5 63.5 92.0

H,o, (m) Top vent submergence 2.06 3.33 3.37

Dy,,, (cm) Horizontal vent diameter 0.7 0.7 0.7

Vertical axial spacing (m)
* Top and Middle Vent 1.37 1.37 1.37
" Middle and Bottom Vent 1.37 1.37 1.37

AH (Mi
2

) Total area of horizontal vent 1.155 1.155 1.155

Av (m) Total area of vertical vent 1.131 1.131 1.131
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High pressure
drywell gas

vents

Figure B.21.2-1. The vent configuration in PSTF.
The Z coordinate origin is at the initial water level position and
directed downwards.
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Figure B.21.2-2. Blowdown flow rates measured in three PSTF experiments.
(GE, 2003).
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The mechanical energy balance, written for a control volume that encloses all the liquid
in both the vertical and horizontal vents is:

d lmu 2 +n 2 n 21
- V Mhuh + -mauh +m mg(H-z)=

( 2 1. 1)
n U ,nn Cd "unc 2

(PhUh h-~ pgA~u,(H -- E Zi) + PAvU, (- + PgZi )Ahuh-~djnc. UhA hUh(B11

2 ni 2

Where m is mass, u is. velocity, A is flow area, subscripts v and h refer to vertical and
horizontal vents respectively, P is pressure, p is density, g is acceleration of gravity, H is
the initial water pool depth, Zi is the submergence of vent i (i = 1, 2 or 3). n is the total
number of vents that are not cleared yet. The Cdju,,C is a loss coefficient due to the 900

flow turn along with the flow area reduction by -33%, which give a value of -2. The
masses in the vertical (mvi) and horizontal vents (mnh) and that due to the added mass

(ma) can be written in terms of z the distance from the original position of the interface

of the water slug, L the length of the horizontal vents, and Dh the diameter of the
horizontal vents as:

m, PpL(H-z)Av mh = PLAh ma = pDhA (B21.2, B21.3, B21.4)

Then, using the fact that the flow area of the vertical vent is three times the flow area of
each of the horizontal vents, and after some simplification we have:

du P -J P. dz
{(H - z)+L+ Dhd-P-P gz-2u2  and u= - (B21.5)

dt p dt

The general result, where n is the number of vents yet to be cleared, is:

{ n (L+Dh)+(H-z)I pdu p(po+pgz) 2n2(A!- ) pu 2(l+Cd,j.) (B21.6)
SnAh dt 2 n 2AA)

When the water level in the vertical vent reaches the elevation of a horizontal vent, the
final stage to clearing can be described similarly by,

ld - 2+ 1 " 2 1)U B 7
"{- Mh• h h+lmnu4 :--l(pAhuh)uh + PAhUh -- (PopgZO)A u (B.7)

or
(L+Dh)p- 1+pgz) pu and Uh =--.

cdt 2 h dt
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Where x is the length of the water slug in the horizontal vent.

Clearing of the horizontal vents is initiated if z = Zh. After a horizontal vent is cleared
(i.e. x > L), the vapor flow through the vent is calculated based on standard equations for
mass flow rate of ideal compressible gas through a tube, with an inlet pressure P (the
pressure of the upper drywell) and an outlet pressure P. + pgZi (the hydrostatic pressure

at the vent elevation). The loss of kinetic energy due to entrance, exit and friction is
accounted by introducing the total loss coefficient K, which is the sum of losses due to
flow entrance, turning, and exit, respectively. The actual vent rate Gve,,t is related to the
ideal (no-loss) vent rate Gve.tidaeal by Gvet = Gv,,t,tida,/(K+l)° 5. The value of K used in
these calculations was 3, and no attempt was made to fit the data by varying this or the
other parameter in the model (Cdj,,,). The flow was checked for chocking by the use of a
critical pressure ratio of 2. At times that this condition was met the gas flow rate was set
to that of ideal critical flow adjusted for losses by the same K factor.

B21.3 Model Validation

As noted above the base values for the model parameters is Cdj,,c = 2 and K = 3.

Calculations show that variations in the range 1 < CdIj,,,,C < 3, and 1 < K < 6 do not

significantly influence the pressure transient. The results for the three tests considered are
shown in Figures B.21.3-1 to B.21.3-3. Peak pressures and vent clearing times are
summarized in Table B.21.3-1, along with the data, and the results of a previous
benchmark exercise for the TRACG code (GE, 2003).

We can see first that the qualitative behavior of pressure rise and fall is predicted very
well. Quantitatively the model slightly underestimates the rate of vent clearing and as a
consequence overestimates the peak pressures reached by up to 12%, while the
predictions remain consistently conservative for all three cases. Very likely this small
error is due to gas breaking through the water slugs prior to complete vent clearing. The
pressure oscillations that follow the main pressure event are of no interest here and their
physics is not reflected in the formulation of the model.
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Table B.21.3. Summary of Various Predictions against the Experimental Data.

Test Series Description Data TRACG Present
5703-01 a. Short-term peak pressure (kPa) 193 200 205

b. Vent clearing time (s)
- Top vent 0.86 0.85 1.18
- Middle vent 1.15 1.15 1.48
- Bottom vent DNC DNC DNC

5703-02 a. Short-term peak pressure (kPa) 200 227.5 230
b. Vent clearing time (s)
- Top vent 1.14 1.05 1.42
- Middle vent 1.52 1.35 1.68
- Bottom vent DNC DNC DNC

5703-03 a. Short-term peak pressure (kPa) 252 289.6 293
b. Vent clearing time (s)
- Top vent 0.99 0.85 1.16
- Middle vent 1.19 1.05 1.35
- Bottom vent 1.60 1.30 1.93

Note: DNC denotes vent "do not clear".
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Figure B.21.3-1a. Drywell pressure transient in Test 5703-1.
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Figure B.21.3-lb. Predicted dynamics of vent clearing in Test 5730-1.
The length is in meters.
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Figure B.21.3-2a. Drywell pressure transient in Test 5703-2.
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Figure B.21.3.2b. Predicted dynamics of vent clearing in Test 5730-2.
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Figure B.21.3-3a. Drywell pressure transient in Test 5703-3.
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APPENDIX C.21. VALIDATION OF THE CODES PM-ALPHA.L AND
ESPROSE-M
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C.21.1 Validation of the Codes PM-ALPHA.L and ESPROSE-M

As noted in the main body of the report these codes have been extensively verified and
reviewed during the ROAAM resolution of in-vessel steam explosion for AP600
(Theofanous, 1999c). There is very little to add here, except perhaps that in the
meanwhile we participated in the SERENA OECD-sponsored joint code exercise
(SERENA, 2004, 2005). Thus we limit ourselves to a very high level overview, and
some indicative results.

An overall perspective of the verification effort is provided in Figures C.21-1 and C.21-2.
We can see that in both cases we paid attention to separate key aspects, such as the rapid
momentum, heat and mass transport, including phase changes, in the plunging of hot
particle clouds in water pool (i.e. Figure C.21-3) for PM-ALPHA, and the wave
dynamics in multiphase media (i.e. Figure C.21-4) for ESPROSE.m. Note that special
attention has been paid to the numerical aspects, as they impose rather severe challenges
to stability and accuracy of such simulations. Also note the extensive use made of
analytical solutions as they constitute absolute standards for testing the numerical results.
Finally we note that these reports also contain comparisons (and discussions) with all
available integral experimental data steam explosions (both premixing and propagation).
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Figure C.21-1. Overview of the PM-ALPHA verification effort.
(Theofanous et al., 1999a).

Figure C.21-2. Overview of the ESPROSE.m verification effort.
(Theofanous et al., 1999b).
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Figure C.21-3. PM-ALPHA simulation of particle clouds plunging into water pools.
PM-ALPHA simulation of particle clouds plunging into water pools (QUEOS
experiments with different particle temperatures and coolant subcoolings). Note
that the experimental images are in projection (external videos), while the
simulations are shown in a vertical cross section.
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Figure C.21-4. Pressure transient in a SIGMA run and ESPROSE.m simulation.
Right: Pressure transient measured in a multi-void-region SIGMA run and
ESPROSE.m simulation. Left: DNS of this SIGMA run that captures also the
pressure fluctuations due to collapsing bubbles.
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APPENDIX D.21. VALIDATION OF NATURAL CONVECTION MODEL
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D21.1 Validation of Natural Convection Model for Corium Melts

The purpose of this Appendix is to summarize evidence that our Computation Fluid
Dynamics (CFD) simulations of natural convection in volumetrically heated pools, as
carried out for purposes of this effort, are the culmination of long experience with this
type of work both at the experimental as well as the computational fronts: Theofanous et
al. (1996), Dinh and Nourgaliev (1997), Dinh et al (1997) and Theofanous and Angelini
(2000).

The issues of particular concern here are (a) the up-to-downward power split, and (b) the
heat flux distribution along the inclined boundaries of a volumetrically heated pool that is
of the shape of a wedge. The conditions are turbulent convection, a regime characterized
by very high values of the Rayleigh number, and a regime that has been difficult to
approach in the past, both experimentally and computationally. The computational issues
are those of grid resolution, as needed for keeping numerical diffusion from
contaminating the actual transport involved. As a result computations are becoming
more and more demanding as the Rayleigh numbers get bigger and bigger. The
experimental issues had to do with achieving uniform volumetric heating in a large
geometry, so as to match prototypic Rayleigh numbers of interest to reactor applications.
The experimental problem was resolved by the ACOPO concept (Theofanous and
Angelini, 2000), who also established the correspondence between the "external"
(externally heated/cooled system) and the "internal" (volumetrically heated, externally
cooled system) problems, and produced unified correlations valid up to the range of
interest to whole-core reactor melt pools.

The computational issues turn out to be more insidious (Dinh and Nourgaliev, 1997), but
eventually a reasonable understanding emerged, as verified by comparison to
experiments (Dinh et al, 1997; Nourgaliev and Dinh, 1997). Heat transfer from the pool
is driven by (a) fluid's unstable stratification, which induces intense mixing in the bulk
and near the upper cooled boundary, and (b), organized fluid motions, and "cold"
boundary layers descending along the side and inclined lower boundaries.

In particular, we showed that mixing anisotropy is central to the understanding and
modeling (Reynolds-type model) of high Rayleigh-number thermal convection of the
type that is of primary interest in reactor applications. Further, analyses using a "no-
model" (meaning no subgrid scale model) Large Eddy Simulation (LES) showed that,
given sufficient resolution, the method works quite well in predicting mixing and heat
transfer in volumetrically heated liquid pools, and for pools, such as the ACOPO
experiment, that approximate this condition by being subjected to externally-imposed
transient cool-down (Nourgaliev et al. 1997a, 1997b and Figures D.21-1 and D.21-2).

It was also established that 2D simulations of thermal convection in volumetrically
heated liquid pools are capable of capturing reasonably well the Nu = f(Ra) dependence,
although at the very high Rayleigh-number range (RaE - 1012) the absolute values were
somewhat lower than those measured in experiments. On the other hand, 3D simulations,
which adequately capture all degrees of freedom, were found to improve both numerical
convergence and energy balance. Based on our previous works, we favor the QUICK-
modified, third-order bounded CCCT upwinded scheme (Nourgaliev and Dinh, 1997).
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Figure D.21-1. Upward Nusselt number from an internally heated fluid layer.
The numerical simulations utilize the no-model LES and the QUICK scheme.
* - simulation for Pr = 7; * - simulation for Pr = 0.45; 4 - simulation for Pr =
0.2. As the Ra increases to the range of 1012, the upward heat fluxes predicted
by 2D simulations tend to be somewhat lower than experimental correlations
(Steinberner and Reineke, 1978, Jahn and Reineke, 1974).
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Figure D.21-2. Simulation of heat flux distribution in a liquid pool.
Simulation of heat flux distribution (relative to the area-averaged value)
on the downward surface in a volumetrically heated semicircular liquid
pool (Jahn and Reineke data, 1974). (Solid black line, red circles, and
dotted blue line are simulations for Pr =7; 1.2; 0.6, respectively).

More recently we have used the Fluent CFD code as a platform to further pursue these
numerical issues in the scope of a new, unique, and highly sensitive experiment
conducted in our laboratory at UCSB.

Named the BETA-NC experiment, the experimental approach stems from our work
developed under a NASA grant to investigate pool boiling (Figure D.21-3). The objective
is to gain insights into the physics of unstably stratified layers, and in particular to obtain
transient data which characterize the emergence of flow structures. This kind of
experiment and the approach are unique to enabling an a priory testing of fidelity of this
type of (instability/self-organization) phenomena.

Uniform heat flux on the BETA heated surface is achieved by passing a direct electrical
current through a 460nm-thin Titanium film, vapor-deposited on 130 gtm borosilicate
glass substrate. The Titanium film is highly uniform in thickness, and so is the surface
heat flux due to Joule heating. Also, because of the small thickness of the Titanium film
and the glass substrate, temperature response and measurement are on a millisecond time
scale, which is much shorter than the time scale of the convection process (it occurs on a
time scale of seconds). The test section used is a rectangular glass vessel, closed at the
bottom by the heater element, it occupying the entire 27x40 mm2 cross section of the
vessel. We use an infrared camera to achieve a high-speed (1 KHz), high-resolution (30
gtm), highly accurate (±0.3K) thermometry of the heater surface (Dinh et al., 2004a,
2004b).
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Figure D.21-3. BETA-NC experiment for the study of thermal convection.
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Figure D.21-4a. Numerical simulation of fluid instability, and Rayleigh-Bernard
convection in fluid layer heated from below.
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Figure D.21-4b. Transient thermal convection patterns emergent upon heating,
as visualized by temperature maps of the heating surface.
Top: Surface temperature of a fluid layer as obtained from our numerical
simulations. Bottom: Heater surface temperature as measured by a high-speed
IR camera in a BETA-NC experiment (Dinh et al., 2004a). Both inception of
instability and thermal patterns can be reproduced in this basic-principles
simulation.

For these BETA-NC simulations, we examined first-order (SIMPLE), second-order
(SIMPLEC, QUICK) accurate numerical schemes, and tested the effect of parameters of
spatial and time discretization. Figures D.21-4 provide a sample set of simulation results.

In Section 21 .5 (BMP) heat transfer results obtained from natural convection simulation
for BiMAC melt pool configurations were presented and used for the thermal load
assessment. Additional perspectives on these numerical simulations are provided in
Figures D.21-5 and D.21-6 addressing aspects of temporal and spatial resolution.
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Figure D.21-5. Heat removal rates of a volumetrically heated liquid pool.
Heat removal rates to top and bottom boundaries of a volumetrically
heated liquid pool (Configuration C 2D simulation). During the first 800
time steps, the simulation was performed with a coarse time step, to
establish the overall flow pattern, after which the time step was reduced by
about an order of magnitude, to ensure adequate resolution of flow mixing
in the unstably stratified region (top boundary). The refinement lead to an
increase of both heat fluxes by - 20%, so the energy split remained the
same.
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Figure D.21-6. Grid with refinement in the near-wall region.
Grid with refinement in the near-wall region. Sensitivity calculations
were run on different grids to ensure that we achieved convergence.
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APPENDIX E.21. VALIDATION OF 2-PHASE NATURAL CIRCULATION
MODEL IN BIMAC
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E21.1 Introduction

In this Appendix we examine aspects of two-phase natural circulation in BiMAC, as
assessed by means of a model developed specifically for this work. The Model is
described in Section E.21.2. A validation exercise using the pressure drop data from the
SULTAN experiment is presented in Section E.21.3. Application to BiMAC is then
given in Section E.21.4. Our principal interest is two-phase pressure drop in heated, low-
inclination channels of a flow cross-section that is of the order of -0.10 m (large in
comparison to most past experiments in this area).

E21.2 The Two-Phase Flow Model

The governing equations for homogeneous two-phase flow in the ID equilibrium
approximation, are summarized in Table E.21.2.1 - the nomenclature can be found at
the end of this appendix. The vapor quality x is the local equilibrium value according to
energy conservation. The total pressure drop is obtained by integrating along the flow
path (do the differential pressure gradients due to gravity, acceleration, and viscous
losses, i.e.,

dp -dPb +pf + dp_ (E.21.
dl dl dl dl

The local void fractions, and two-phase viscous losses are from the Lockhart-Martinelli
(1949) correlation applied in a quasi-steady fashion (see Wallis, 1969 as a more
convenient reference). As second approach, we also make use of arbitrary specification of
uniformly applied values of vapor slip, and using it, we obtain the local void fractions
through the local quality. The correction for inclination (E.3) is similar to a generalization
from data obtained on inclined pipes by Sneerova et al (1961).
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Table E.21.2-1. Definition of the Two-Phase Flow Model.

Energy balance:

G d(xA) qU
dl Hfg

Void Fraction and Density

x
X + (1- X)pv

Pw

and += sd(a- xl)

, _(1+X, +,1/F )-(E.21.2)

w h e r e I X= °+ 0. 9 ( 1 p vl.
x P.,) (91tv)

a n d F , = m •d -x2 O 0 .

{Cav if 0=n/2 (E.2 1.3)

o = OC'° if 0 < x/2

Where + s .(1 - 8)
where• =j8 + Y.- s(m - 8)

Y=I+ l-5xlO-6uod'p)l- 1--)t 0)\ 2

Contributions to the Pressure Gradient:

dp = dpb + dP f+ +p.

dl dl dl dl
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Pressure gradient due to gravity:
d-pb- b (0apg + (1 -c)p,)gsin 0

Pressure gradient due to acceleration:

dPa 2( x2 (1-x) 2 /
x_+ I+

dl ( pvOc pP 1--))

Pressure gradient due to viscous losses:

- Single phase:

• [ 16 if Re< 2000
dP 2fG- 2 where f Re

dl pdI 0.064 if Re > 2000

I Re
0 '2

- Two phase, frictional pressure gradient (Lockhart-Martinelli):p2
dl 2 L~dz +~ PW ~d

(dýp _ 2f[(1-x)G] 
2  dp 2f (x.G) 2

I Iand-.dI 
- p

\dz 2 ip,. dz
2 (dPdz) (dp/dz)~ C. 1 2 (dp/dz)

(dpldz)W (dpldz)r X (dpldz)w

E21.3 Interpretation of the SULTAN experiments

The SULTAN tests were designed to investigate basic (separate-effects) aspects of
boiling convection. In particular the effects of several key thermo-hydraulic (e.g. system
pressure, heat flux, mass flow rate) and geometric parameters (e.g. channel dimensions)
on pressure drop and critical heat flux (CHF) were systematically studied. These tests
were conducted at the Grenoble Nuclear Research Centre (France/CEA/CENG) from
1994 to 1996. We make use here of the partial documentation available in the open
literature (Rouge, 1997).

The overall facility is illustrated in Figure E.21.3-1a. The test section (Fig E.21.3-1.b)
consists of a rectangular channel, heated from one of the side walls, and an outlet pipe.
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The heated side wall of the channel is a flat stainless steel plate 4 m x 0.15 m, and heat is
supplied by the direct Joule effect. The distance between the heating side and the
opposite wall, termed "gap", was varied between 8 = 0.03 m and 8 = 0.15 m. The cross-
section hence varied from 0.15 m x 0.03 m to 0.15 m x 0.15 m. The test section
orientation was also changed from the vertical (0 = 900) to near horizontal (0 = 100) -
with the heated side on top - to capture the effects of inclination. Data on pressure drop
and CHF were obtained for: pressures p, 0.1-0.5 MPa; inlet temperatures Te, 50-150 'C;
mass flow velocities G, 5-4400 kg/m 2s; and heat fluxes, 100-1000 kW/m2. We are
interested here in the pressure drop measurements-besides these data being very
appropriate to the inclined channels of the BiMAC, such information happens to be
hardly available in previous two-phase pressure drop work.

In this section, our predictions of the pressure drop in the test section alone, and the total
pressure drop including the outlet pipe, are evaluated against experimental data. Two
sets of data were used for comparisons: (a) 9 = 900 at p=0.5 MPa with 8 = 0.03 m, and
(b) 0= 10' atp=0.5 MPa with 8 = 0.15 m. The results are summarized in Figures E.21.3-
2 to E.21.3-7.

The Lockhart-Martinelli model appears to capture the general trend of the experimental
data quite well. Calculations with s = 10 and s = 40 also yield good, in fact somewhat
better predictions, especially for the low range of power levels which is of immediate
interest here. This power dependency is as expected for the low inclination case-here
we expect a stronger stratification, and/or slugging, with higher values of slip prevailing
on the average.
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Figure E.21.3-1a. Schematic of the SULTAN test facility (Rouge, 1997).
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Figure E.21.3-1b. Illustration of the SULTAN test section.
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E21.4 Two-Phase Natural Circulation Flow in the BiMAC.

As explained already in Section 21.5 (Section 21.5.4.4), one of the keys to the BiMAC
fragility is the performance of two-phase natural circulation through its pipes. The basic
question is whether there can be excursive, Ledinegg-type, instabilities due to two-phase
losses that could starve the flow for long-enough periods of time to cause local dryouts,
and perhaps temperature excursions that may be hard to recover in the natural circulation
mode of BiMAC operation.

Here we examine the most limiting case for this type of concern, and that is the
performance of the longest pipe thermally loaded all along its length. We use the
Lockhart-Martinelli-based model described above for both pressure drops and void
fraction calculations (Table E.21.2-1). Steady-state solutions are found by matching the
pressure drop requirements in the loop to the pressure head made available by boiling.
Different values of the power level are considered to cover the range of interest; they are
applied uniformly over the lehgth of the pipe. The effect of non-uniformity is also
examined. All important dimensions are summarized in Table E21.4-1. Besides the flow
rates, other important results of these calculations are the exit void fractions-they are
needed to be sure there is enough liquid to keep the wall completely wetted. These
results are presented in Figures E.21.4-1 (saturated water at the inlet), and Figures E.21.4-
2 (10K subcooling at the inlet). The effect of heated (pipe) length is shown in Figures
E.21.4-3.

As we can see in Figure E.21.4-la, for saturated water at the inlet, there is a broad
maximum in flow rate, which in fact is around the range of heat fluxes of interest here
(<100 kw/m 2). Moreover these results show that in this neighborhood, and even up to
600 kw/m2 the gravity head dominates riser performance, so that the flow is self-
adjusting, and self stabilizing-an decrease in flow would produce a more voided
condition in the channel, and thus a driving force for an increase in flow. More
specifically the "supply/demand" behavior for representative thermal loads on the
BiMAC is shown in Figures E.21.4-4. We can see that the condition Id APR /d GI > Id
APD /d GI is satisfied, thus ensuring that any disturbances (of mass flow rate) do not
escalate and rapidly return to the operating condition.

Finally, we must consider the size of downcomer flow area needed to supply all 100
pipes that make up the BiMAC jacket without significant pressure loss in the single-
phase region of the flow loops. Sample results for an area of 0.06 m2 feeding 30 and 60
pipes, at representative power loads are shown in Figures E.21.4-5. We can see that near-
single pipe behavior can be obtained with rather modest downcomer flow area increases.
The particular design choices will be subject to optimization, during the final design of
BiMAC at the COL stage.
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Table E.21.4-1. Geometric Parameters used in the BiMAC Flow Analyses.

Down-comer height/Diameter
Down-comer horizontal section length/Diameter
The riser length/Diameter
The hei2ht of the vertical section of the riser I 830 mm I
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Figure E.21.4-2a. Flow rate as function of applied heat flux. ATUb = 10 K.
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Figure E.21.4-2b. Exit void fraction as function of applied heat flux ATUb = 10K.
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Figure E.21.4-3. Riser void fraction distribution as a function of heated length.
Averaged heat flux 200 kW/mr. The water is saturated at the entrance.
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Figure E.21.4-5a. Mass velocity as function of applied heat flux.
Predictions of mass velocity as function of applied heat flux. Single-
pipe loop with Downcomer flow area of 0.06 m' ATIb = 0.
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Figure E.21.4-5b. Mass velocity as function of applied heat flux.
Predictions of mass velocity as function of applied heat flux. A loop
with 30-pipes for Riser and a Downcomer flow area of 0.06 m 2
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Figure E.21.4-5c. Mass velocity as function of applied heat flux.
Predictions of mass velocity as function of applied heat flux. A loop
with 60-pipes for Riser and a Downcomer flow area of 0.06 m2

AT.ub = 0.
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E.21-5 Conclusions

We have shown that the pressure drop data obtained in the SULTAN facility are readily
interpretable by means of a slip-equilibrium flow model using the Lockhart-Martinelli
correlation for pressure drop and void fraction. This "benchmarking" is important
because this experiment is matched quite well to the inclination and dimensions of a
BiMAC channel, including that heating was supplied from above.

Applied to BiMAC, this model yields results that indicate stable operation under natural
circulation conditions, while the flow and void fraction levels provide strong assurance
that the heated wall would remain well wetted, and not be subject to dryouts. Moreover
sample calculations show that the downcomer flow areas needed to supply the riser flows
are rather modest: they will be subject to optimization, along with other BiMAC
parameters during final design at the COL stage.
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Table E.21.5-1. Nomenclature for Appendix E.21.

Symbol Description Unit

D Hydraulic diameter of pipe m
F Friction factor
G Mass flux kg/(m2.s)
L Length of pipe m
th Mass flow rate kg/s
P Pressure Pa
Re Reynolds number
S Slip ratio
X Vapor (mass) quality
Xtt Lockhart-Martinelli parameter
Y Coefficient -
Z Pipe length m
ar Void fraction
or Void fraction in vertical riser -

'8 Vapor volumetric flow ratio -
2 Two-phase friction multiplier -

,a Viscosity Pa.s
0 Inclination angle of the riser degree
p Density kg/m 3

Coefficient

Subscripts
W Water
V Vapor
F Two-phase mixture

E.21-21



NEDO-33201 Rev 1
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This addendum provides the reviewers comments and the author's the responses.

Independent Review Reports and Author Responses

Addendum Section Description,

Ad. 1. Review comments by F. Moody.

Ad.2. Review comments by R. Henry.

Ad.3. Review comments by B. Shiralkar.

Ad.4. Review comments by S. Visweswaran.

Ad.5. Review comments by R. Wachowiak.

Ad.6. Authors' responses to review comments by F. Moody.

Ad.7. Authors'. responses to review comments by R. Henry.

Ad.8. Authors' responses to review comments by B. Shiralkar.

Ad.9. Authors' responses to review comments by S. Visweswaran.

Ad. 10. Authors' responses to review comments by R. Wachowiak.

Note: The author's responses do not go into the detailed editorial changes made in light
of the reviewer's comments, and even more made on author's own initiative. Thus
addenda 1 to 5 reproduce the review reports in their entirety, while Addenda 6 to 10 deal
with responses on technical issues raised.
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Ad.1. Review comments by F. Moody.

Review and Verification

SEVERE ACCIDENT MANAGEMENT
IN SUPPORT OF THE ESBWR DESIGN CERTIFICATION DOCUMENT

By

Theofanis G. Theofanous & Truc-Nam Dinh
August 2, 2005

Reviewed by
F. J. Moody

August 16, 2005

OVERVIEW

The following abbreviated overview is intended to help put the reviewed and verified
report in perspective for those who may not be familiar with the extensive views of
severe accident considerations implied. It is indeed a report that provides detailed
discussions, evaluations, analyses, and conclusions reached for the ESBWR design
against severe accidents.

A basic message woven throughout the report portrays the design considerations for
which ESBWR is designed for the purpose of eliminating or confidently reducing
hypothetical severe accident threats to containment integrity. Dominant threats can arise
from,

a. Prompt energetic loading involving FCI (fuel-coolant interaction), HPME (high
pressure melt ejection), DCH (direct containment heating), and associated
containment pressurization;

b. Late, gradual loading, involving melt penetration of the containment base mat,
with pressurization of the containment system by steam or noncondensible gas
generation; and

c. Isolation failure, involving errors or equipment malfunctions, which leave flow
paths open to the outside, associated with activation of containment over-
pressurization systems.

Consequently, the report deals with the physics of EVE (ex-vessel steam explosions),
DCH, and BiMAC (base mat internal melt arrest and coolability) containment
penetration.

It is noted that the ESBWR design does not permit PWR severe accident management of
in-vessel retention of molten core debris. Instead, it was determined that ex-vessel
behavior could be managed so that coolability could be addressed with high certainty.
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Also, ESBWR has PCCS (passive containment cooling systems) to remove decay heat
from the containment. The BiMAC invention is intended to eliminate corium-melt
interactions, associated noncondensible gas generation, and base mat penetration. ICs
(isolation condensers) also are available for decay heat removal from the RPV (reactor
pressure vessel)I ............

Three chapters of the report, with supporting appendices address:

I. Containment Performance against DCH

II. Containment and BiMAC Device Performance against EVE

III. Containment and BiMAC Performance against BMP (Base mat Melt
Penetration).

T. G. Theofanous, the principal author has worked many years in the severe accident
arena, encompassing both theory and experiment, and has developed methodologies for
predicting the outcome of various severe accident scenarios. One of his major
contributions has been the development of ROAAM (Risk Oriented Accident Analysis
Methodology), by which it is possible to employ a probabilistic framework in which to
quantify the range of possible events in an accident scenario, and provide a believable,
supportable measure of possible outcomes. This methodology often results in obvious
improvements at the design stage so that containment threats can be reduced to desirable
levels. (The ROAAM is a methodology that was born from the nuclear industry, but is
by no means constrained to that industry alone.)

Event trees play a role in the evaluation of any given accident, with probabilities assigned
wherever multiple branch paths originate. Experience is supremely important in
determining the probabilities, and with an ever-increasing experience history, event trees
tend to embrace limiting risk numbers for a given design.

Theoretical models are wisely employed to predict thermal-hydraulic states, applied
forces and likely temperature environments, and effects on structural components. The
report describes numerous theoretical model verifications with experiments, and shows
that the geometry and initial states of ESBWR are sufficiently close to employ most of
the validated models where predictions are required. Failure probabilities are thus
generated for a system or component, which is readily factored into the event tree
analysis and probabilistic outcomes.

The three chapters of this report build strong cases with experimental, analytical, and
historical support, for low containment failure probabilities. The outcomes are
summarized briefly in the following paragraphs.

I. Containment Performance against DCH

DCH requires core degradation and vessel failure at high pressure. Many conditions are
required for this to happen, leading to a probability of about (2.8)10.9

The study examines the potential for energetic containment failure due to DCH. It shows
that such failure is physically unreasonable, because there is a large vent area from the
UDW (upper drywell) into the WW (wetwell), which provides a huge heat sink.
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Furthermore, the UDW head has water on top for cooling, and the containment steel liner
is backed by reinforced concrete.

Earlier work in PWR severe accidents produced two important time response parameters,
namely rm, the melt sweepout time, and rs, the blowdown time constant. PWR core

melt was first discharged to the cavity, from which it was swept out into the containment
by expanding, high speed steam from coolant blowdown. The sweepout and blowdown
times can be obtained from verified models and compared with the earlier PWR results
(which are sufficiently similar to permit application to BWR systems) for obtaining
containment pressure response parameters for the resulting dispersal. In that sense, DCH
considerations for the ESBWR benefit directly from extensive PWR studies.

It is noted that earlier GE ABWR (advanced boiling water reactor) analysis assumed 20%
of the molten core for dispersal in the 8000 m3 UDW volume in 2 seconds, leading to
overly conservative predicted pressurization. The methodology used in the present study
leads to the conclusion that that the earlier analysis done by GE is unrealistic, and
energetic containment failure is physically unreasonable..

The report also notes that if creep rupture of the MSL (main steam line) resulted from
steam heated above 1000°K, there could be a natural depressurization of the RPV, which
would negate a HPME. The low RPV pressure would also activate the GDCS (gravity
driven cooling system), which could arrest core meltdown. The outcome could prevent
melt ejection and the resulting DCH scenario in the containment.

II. Containment and BiMAC Device Performance against EVE

Since core melt ejection into a low or medium depth water pool would produce a low
pressure impulse that is not expected to crack concrete or topple the reactor vessel, or
crush all of the floor cooling pipes, associated threats to containment are judged to be
physically unreasonable.

The possibility of an EVE is of primary interest to BWRs, for which melt released from
the RPV falls into the pool, resulting in pressure spikes possibly in the kbar range.
Failure loads on structures have been characterized by resulting impulses. The rapid
formation of a high pressure steam volume by rapid heat transfer from dispersed molten
core debris clusters in a water pool, is largely determined by the solid boundaries, cluster
configuration, submergence, and free surface location. The ESBWR purposely
minimizes the likelihood of deep subcooled water pools in the LDW at the time of
possible vessel failure. Moreover, the shallow pool results in a reduced pressure impulse.
Also, if the pool water is saturated, premixtures of the core debris and water are highly
voided, and resist triggering. Any resulting explosion is inefficient, resulting in low
impulse loads.

The report notes that there is no previous work on the fragility for a structure resembling
BiMAC subjected to impulsive loads. Early work indicates that an impulse of 100 kPa-s
could crack a reinforced concrete wall of 1.5 m thickness.

Based on low and medium depth water pools in the ESBWR, EVE failures of the reactor
pedestal and steel liner are judged to be physically unreasonable. However, for a
subcooled pool depth greater than 1.5 m, the liner and concrete structure integrity could
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be compromised. It is judged that any failures would be local rather than catastrophic,
and the reactor would not be toppled.

A worst case could result in the collapse of several buried cooling pipes from .an EVE
with melt ejection into deep, subcooled pools, but the remaining pipes could maintain
convective cooling of the debris by water, obtained from the GDCS (gravity driven
cooling system).

III. Containment and BiMAC Performance against BMP (Base mat Melt

Penetration)

It is judged to be physically unreasonable for corium pool heat fluxes to exceed CHF
(critical heat flux), with continued water natural circulation in the buried cooling pipes.
However, high temperature ablation and possible penetration of the refractory cover
layer by a melt jet from high or low pressure melt release is judged to be one level higher
than "physically unreasonable." Therefore, additional verification is recommended by
further confirmatory testing.

The report notes that the ESBWR readily satisfies the "24 hr core-on-the-floor" rule, for
which no base mat penetration by molten core debris or containment failure by
noncondensible gas generation could occur for 24 hours.

Potential failure of the passive BiMAC function from high temperature ablation and
penetration of the refractory cover layer by molten debris jetting from high or low
pressure melt release, is judged to be "one level higher" than physically unreasonable.

BiMAC local failures from corium pool heat fluxes that exceed the CHF (critical heat
flux) are judged to be physically unreasonable because it is shown that natural circulation
of water flow in the pipes leads to cooling heat flux that results in cooling of the melt,
over the range of expected decay heat levels. Furthermore, sumps are protected from
melt attack.

BiMAC cooling is noted to eliminate molten corium/concrete interactions, and ex-vessel
debris coolability eliminates noncondensible gas generation sources.

The report does, however, recommend additional verification and confirmatory testing
regarding BiMAC. Such testing could lead to the preferred pipe angle for optimizing the
design.

REVIEW SUMMARY

My review of the subject report is largely based on previous participation on severe
accident management groups, during which much of the methodologies were developed
for evaluating risk rankings for postulated scenarios. It would have been possible to
provide a more specific, in-depth commentary if selected references were readily
available, with extended time for in-depth examination of various descriptions. However,
each important conclusion stated in the report is coupled with specific references that
justify the statements made. A plethora of experimental, theoretical, and computational
references are used for generous backup of the ESBWR severe accident considerations.

It appears that Theofanous has provided insights and summaries of numerous studies that
should answer most questions that could arise in the mind of a realistic,, well-informed
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regulator/evaluator. Pertinent experiments, study programs, and predictive applications
are liberally used in explaining the safety features of ESBWR to prevent containment
failure from prompt energetic loading, late, gradual loading, and isolation failures.

The attached Review and Verification Comments & Resolutions sheets include mostly
text errors or possible clarifications, with several suggestions for expanded discussion.
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GE Nuclear Energy
Review and Verification Comments & Resolutions
Project. ESB WR
Subject. Severe Accident Treatment Report
DRF No./Section eDRF 0000-0028-6885

Dr. Fred Moody (Reviewer and Verifier)
Comments (Sign and Date)

Dr. Theo Theofanous (Responsible Engineer)
Resolution (Si2n & Date)

Pg. 3-19: Additional verification and
confirmatory testing was recommended
before finally concluding that failure of the
BiMAC function during a core melt
accident is "physically unreasonable." Can
you recommend the testing and verification
measures you believe would strongly
support the postponed conclusion?

F. J. Moody 8/16/05

Page numbers are given first in all the
following questions or comments.

A&B-1 2nd line from bottom, "...could
be addressed.."

A&B-4 Last line "..March 30..."

A&B-5 6th line of text, "see below.."

1-1, 14th line of text, "..due to its.."

1-12, 3 rd para., 3 rd line, do you mean
Figure 1.4.1.2 ?

1-17, 2nd line in text, do you mean Figure
1.4.2.2?

1-18, 5 th line, Fig. 1.4.2.2

1-19, 2nd para., 8 th line, "..even though.."

1-20, below Eq. (1.4.3.1), what is given in
Table 1.4.3.2?

1-20, last line, should it be R,= 0.27 ?
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1-21, "lower drywell"

1-22, Table 1.4.3.3, TRACG

2-1, 3rd line of text, "below.."

2-2, middle of page, "2.4 m..." Fig.
2.2.1 shows 2.5 m.

2-2, 9 th line up from bottom, should
"crashing" be "crushing" or "collapsing",
as on pg. 2-22 ?

2-3, 6 th line, "..defined by integrating.."

2-4, How about adding a sentence or
two briefly explaining a failure ?

2-4, 5th line up, "milestones in
understanding.."

2-6, 2 d par., 2 nd line up from bottom,
"..obtained.."

2-6, 5tl line up, "source"

2-20, last para., first & last lines,
"crushing or collapsing ?"

3-2, 8 th line, "to an extent.."

3-7, 1st para, 2 line up, "on the
average.."

3-19, (iii), "which are present.."

4-1, 4 th para, last line, "...below."

A-6, para. Below Fig. A.4.a, Table A.3
should be A.2.

A-7, top line, "resulting in lower
probability..." _

A-7, line above Fig. A.4b, "illustrated
in Figure.."
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A-10, 3 rd line below Fig. A.6a, "depend
on position." (one period)

B-1, 2nd line up from bottom, "the
transient pressure in..."

B-4, Fig. B.2.2 ?

B-6, 2 nd para, last line, "...the here-
intended use.."

-4

-4
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Ad.2. Review comments by R. Henry.

Robert Henry, FAI

Theo and Nam:

I have reviewed the reported entitled "Severe Accident Management in Support of the
ESBWR Design Certification Document", which includes:

* A. Overview of ESBWR Design Features to Eliminate Hypothetical Severe
Accident Threats to Containment Integrity

o B. ROAAM-Based Treatment of Containment Threats; Interfaces to Level 1 and
2 PRA

* 1.0 Containment Performance Against Direct Containment Heating (DCH)

* 2.0 Containment Performance Against Ex-Vessel Steam Explosions (EVE)

* 3.0 Containment Performance Against Basemat Melt Penetration (BMP)

* 4.0 ROAAM Results Translated for Containment Event Tree Quantification and
Conclusions

* Appendix A: Verification of the Transient CLCH Model for a DCH in Open
Systems

* Appendix B: Validation of the Vent-Clearing Model for DCH

* Appendix C: Validation of the Codes PM-ALPHA and ESPROSE-m

* Appendix D: Validation of Natural Convection Simulation in Molten Corium
Pools

* Appendix E: Validation of Two-Phase Natural Circulation in BiMAC

After reviewing this, I have the following comments.

1. Direct Containment Heating

(1) I agree that the potential for containment overpressure given a High Pressure Melt
Ejection (HPME)/DCH event in a BWR with a pressure suppression containment is
related to the formation of noncondensable gas (hydrogen) and the transport of this
gas and nitrogen to the wetwell gas space. In this regard, one needs to evaluate the
potential over which the vent pipes would be cleared as is done in Appendix B of
this report. This was also the focus of the BWR evaluation performed by myself
and Marty Pilch OECD in the state-of-the-art report, 1996, i.e. "High-Pressure Melt
Ejection (HPME) and Direct Containment Heating (DCH)," NEA/CSNI/R(96)25.
While approached somewhat differently, the assessment in the OECD report was
that the vent pipes would clear during the early part of the blowdown transient.
Hence, the suppression pool heat sink would be available to condense steam that is
discharged to the containment as well as that which would be produced as a result
of debris quenching. It should also be noted that all US plants (PWRs and BWRs)
were required by NRC Generic Letter 88-20 to do individual plant examinations
including assessments of severe accident issues such as DCH. With this history, I
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disagree with the statement in the first sentence of the third paragraph in Section 1.3
Previous Work, which says "...the singular prior assessment of DCH for a BWR."
While the focus of the statement is on the oxidation of unreacted metals during the
HPME event, there have been numerous other assessments of DCH for BWR
designs.

(2) The strength of the ROAAM methodology is that it considers a spectrum of
uncertainties in the accident progression, including variations in the melt
progression. This was particularly well done in NUREG/CR-5423, "The
Probability of Liner Failure in a Mark-i Containment," when considering the
Probability Distribution Function (PDF) of the melt volume released from the
reactor vessel at the time of vessel breach. The volume of melt release (the initial
mass of corium in the lower drywell in Table 1.4.3.5) needs to be expanded in the
mass of melt that is considered to be consistent with the MAAP4 results as well as
generally consistent with the PDF values considered in NUREG/CR-5423. When
considering the containment pressurizations associated with a larger melt volume,
Cases A through E does not show a strong influence of melt volume, but there is
some influence and this needs to be addressed. Furthermore, since the containment
pressurization is determined by the extent of noncondensible gases in the
containment, the extent of oxidation needs to be discussed more thoroughly.
Considering the difference in peak containment pressure between Cases A and C,
the hydrogen produced during the blowdown and immediately after needs a more
extensive discussion.

(3) In Section 1.4(c) Blowdown, I assume that the words "shocked flow" should be
"choked flow".

(4) Table 1.4.3.4 does not give the wetwell gas volume. This is a key component for
assessing the containment pressurization due to the transport of noncondensible gas
to this volume. This needs to be included in this table.

II. Ex-Vessel Steam Explosions

(1) In Section 2.2, the first paragraph, the word "crashing" should be "crushing".

(2) In Section 2.2(b) there appears to be one or more words missing in this discussion.

(3) Below the caption for Figure 2.4.3.3 the text states the following.

For the high subcooled test, the predicted pressure pulse is of the resulting explosions on
the containment boundaries and delivered impulses, are summarized in Figures 2.4.3.4-
2.4.3.6. The set of explosion modeling parameters used was found to render a
conservative high efficiency of energy conversion (converting almost all allowed
thermodynamically).

I agree that the resulting explosion interactions that are calculated are a conservative
assessment of what could occur in a BWR containment under severe accident conditions.
Since these pressure loadings are insufficient to challenge the ESBWR containment, as
evaluated in the structural response segment of this section, I agree that the Ex-Vessel
Steam Explosion issue has been addressed with respect to the structural integrity of the
contaimnent.
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III. Basemat Penetration

(1) In Section 3.4.1(a) at the end of this section several numbers are given to develop a
feel for the downward and sideward heat fluxes. These are attributed to previous
experience as given in the reference Angelini and Theofanous, 1995. It would be
appropriate here to show key figures from this reference or illustrations, such as
Figure D-5 (from Appendix D) or Figure D-2 showing the data of Jahn and
Reineke. Without some set of data or analytical results for foundation, these are
only numbers that the reader may have no feel for the pedigree. Also note that the
ordinate for Figure D-5 should be changed to W/m 2 instead of W.

(2) Under the discussion of the sacrificial material, I would suggest that the melting
point for zirconia be listed in the text again as a convenient reference for the reader.

Appendix A -

No comment.

Appendix B

I agree with the conclusions of this appendix. This a fundamental aspect of the response
for BWR pressure suppression containments to HPME events.

Appendix C

No comment.

Appendix D

I agree with the natural circulation formulations and conclusions derived from this
appendix. However, I would like to see a discussion of the role of the upper radiative
heat flux and the influence this has on crust formation at the upper boundary. Also, how
does this influence the numerical calculations that are produced? Obviously, this only
applies to the calculational results since the experiments quoted here are performed with
water. Such a discussion of the upper heat flux and its influence on the circulation, etc.
would be beneficial to the reader.

Regards,

Bob

Ad.21-13



NEDO-33201 Rev I

Ad.3. Review comments by B. Shiralkar.

* Abbreviations: ESBWR is Economic Simplified Boiling Water Reactor

* Chapter A: The IC is improved but not more passive compared to earlier BWRs

* Chapter A: How are the GDCS deluge lines to the BiMAC protected during a
severe accident?

" Chapter B: It would be useful to have a flow chart that shows how the ROAAM
based treatment interfaces with Li, L2, L3 and DCD - input and outputs from/to
these documents.

" Chapter 1: The timing of vent clearing, though important, does not determine the
peak pressure for LOCA for the ESBWR and is not crucial. The peak pressure
occurs many hours into the LOCA and is determined by the transport of
noncondensible from the drywell to the wetwell.

* Chapter 1: The wetwell volume is not much larger than that of the upper drywell.
It is actually smaller (-4500 m 3 vs. 7000 in 3 ).

" Chapter 1.4.3: The Large Scale Demonstration Test Facility refers to the Pressure
Suppression Test Facility?

* Chapter 1.4.3; The equation for DCH scale is based on a model qualified against
IET tests? Are the model parameters qualified over the range of ESBWR
parameters? What is the basis of the value of 12.5% for the standard deviation?

" Table 1.4.3.1: Where does the drop size and interfacial area for the combustion
reaction feed into the equations?

* Figure 1.4.3.4a: The caption Suppression Pool should be replaced by Wetwell.

* Chapter 2: I am not familiar with the codes PM-ALPHA and ESPROSE.m, but
the results are impressive and there appears to have been extensive validation of
the codes prior to the ESBWR application.

* Chapter 2: What are the explosion parameters 'P' and 'Y?

* Chapter 2: It is not clear why 1.5m was picked as the boundary of unacceptable
water depths for EVE from the results in Chapter 2

* Chapter 3: How critical is the choice of a 20 cm sacrificial layer above the tubes?

Page 3-7: How were the heat fluxes estimated - what are the assumptions in this
estimate?

" Page 3-9: Where are the 6 pool configurations delineated?

* Agree that there is a large margin to failure of the BiMAC device based on
information presented in Chapter 3.
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Ad.4. Review comments by S. Visweswaran.

ESBWR SA Verification Comments
Review Comments by Vishu Response by Theo and Nam
C-1. It is not clear if we have taken credit for DW R-1.
Sprays, specially in coming up with the DCH failure
probabilities. I think we need DCH probabilities with
and without DCH. Also, the document should
clearly state that while the Spray is included in the
design, it is not credited in the Level 2 PRA. It will
then be consistent with the containment event trees.
Currently, in Section B, on the third page, in item 2,
there is a statement that "The timing and the source
term will depend on the availability of drywell spray,
as considered in the Level 2 PRA". The Figure B. 1
also has notes that refer to sprays being available and
sprays failing. Note that Level 2 PRA does not
consider DW spray.
C-2. The failure probabilities for DCH and EVE R-2.
appear to be based on engineering judgment and not
on a Mote-Carlo type simulation. Please state that it
is based on engineering judgment.
C-3. The success criteria for the systems being used R-3.
in the L2 PSA needs to be documented by Theo.
Specifically, we need success criteria for PCCS. Is
the Level 1 success criteria of 4 out of 6 PCCS valid
for L2 PSA also in the presence of aerosols and non-
condensable gases. If so, what is the basis of this
claim? If necessary, references to the past SBWR
tests, which included aerosols and non-condensable,
should be made. Note that the Level 2 PRA does not
include a success criteria discussion.
C-4. The even tree branch for Class I with pre- R-4.
existing water level of> 1.5 m, shows 1.0 probability
of pedestal failure. I think following pedestal failure,
we should just take this event directly to containment
release and not examine the 1% chance of being
transferred to the CSET. This will simplify the CETs
with negligible impact on the results.
C-5. Many Level 1 PRA results have been stated in R-5.
the report. All these should be based verified input.
C 6. What happened to the likelihood of natural R-6.
depressurization through IC tube failure. This will
result in a containment bypass event. Please include
the event or provide a justification for its exclusion.
Perhaps, we should attribute it to the features that
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isolates the IC on high-temnerature.
C -7. Explain why the hydrogen generated y the R-7.
metal water reaction is not an issue - i.e., inerting,
etc.
C-8. Provide a basis for excluding the class II and R-8.
class IV analysis.
C-9. In Section B, second page, line number 11, R-9.
there is a statement "Now turning to containment, we
see that DCH is only relevant to Class I while EVE is
to Class III". The classes are reversed.
C- 10. In Section 1, subsection 1.1, Overall R-10.
Considerations, line 6 states that there are six motor-
operated valves available for depressurization. What
are those valves?
C-11. The Ultimate Pressure Capabilities of R- 11.
ESBWR Containment in Table 1.4.4.1 needs to be a
verified input to the report.
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Ad.5. Review comments by R. Wachowiak.

Doc Title: SEVERE ACCIDENT MANAGEMENT in SUPPORT of the ESBWR
DESIGN CERTIFICATION DOCUMENT

Revision: 0

Resp Engr:Theofanous & Company, Inc.; Theofanous & Dinh

Reviewer: GE; Wachowiak

Section Location Comment
Chapter A 1St page, last Design changes to make IVR work should be

paragraph characterized as "unworkable" rather than
"undesirable"

Several places "(Panlyon, 2005)" is not the correct reference for
the Level 2. It should be NEDC-33201, or (GE,
2005)

Figure A. 1 Figure shows DPV, SRV, and BiMAC valves in
open position. The valve icons should be filled in.
Figure shows BiMAC valves as squibs. This has
not yet been decided. It will probably be of mixed
type for diversity
SRVs alone are not capable of depressurizing the
reactor down far enough for GDCS to actuate.
While they may be able to accomplish this with
certain valve designs, the design specification
only says that they must be able to depressurize
down to 60 psid (RPV to suppression pool)
Containment boundary should really contain the
PCCS heat exchanger. We are claiming that this
is part of the primary containment, not a device
that penetrates it.

Chapter B 2nd page, 3rd Remove DCD as a reference. This document
paragraph supports the DCD, not the other way around
2'n page, 1st Text has Class I and Class III definitions reversed.
paragraph

Says that EVE is only relevant to LP cases. Later
in the section (#1 for ET clarifications) it says
EVE is common to both. It also comes up later in
Chapter 4. This should be made consistent.

Clarification #3 This section is not clear. It implies that DW
failure mode in DCH can be liner cracking. It
should say that if the energetic portion of the
event does not fail containment, cracking could
still occur.

Chapter 1 1.1 There are 8 DPVs and they are squib valves
_____ Figure 1.2.1 6.6m dimension shown on the drawing does not
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have an arrow
1.4.1 a Is the conclusion that natural depressurization is

likely or not likely? The paragraph is not clear.
Several places The units for pressure vary between MPa, Bar,

and Atmosphere. They should be consistently
presented as MPa.

2nd paragraph after This paragraph states that all that needs to be
Table 1.4.3.5 considered is liner failure. The following

paragraphs then discuss the different cases in
Table 1.4.3.5 with no mention of liner failure. I
did not find the discussion of the liner failure.

Last paragraph of Unclear why this paragraph is here. It seems
1.4.3 disconnected with the rest of the section.
1.4.4 The ultimate strength calculation is in NEDC-

33201, Chapter 8
Table 1.4.4.1 Needs to be consistent with corresponding table in

NEDC-33201
General The report needs a way to correlate the Level 1

numbers to the thresholds and conclusions in the
report. We need to know when the L I numbers
are approaching some value that will change the
results of this report.

Chapter 2 2.1 The acronym SE is not used in the report
anywhere except where it is defined. It is
probably not needed as an acronym.

2.2 a As stated earlier, squib valves have not yet been
decided. You should just say valves.

2.3 The last two paragraphs seem out of place. They
need introductory statements.

Chapter 3 3.2 a The angle E is not defined or identified in this
section of the report prior to using it in the text.

3.3 first paragraph What is the consequence of the "focusing effect"?
Why is BiMAC not susceptible?

3.3 last paragraph "Boiling Crisis" is not defined
Figure 3.4.2.1 I don't understand the significance of this figure.

It is presented like a flowchart, but it really isn't.
3.4.3 Formula for q doesn't follow from previous

equation. Did you mean:
q = Nu (km/di) ATm

Appendix A General Need to state why PWR experiment is applicable
Chapter 4 General It is not clear how the various sections translate

into the numbers used. Each of the previous
chapters should have a conclusion that states how
the evaluation translates into the specific value (or
category)

Chapters 1 - 3 General What seems to be missing is the demarcation of
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when a phenomenon (what parameters or results)
moves from one category to another (i.e. from
physically unreasonable to out of the spectrum).

There is a discussion of this in 3 that covers how
much margin is in BiMAC, but only using the
base case parameters.

Chapter 3 General Is there some maximum amount of melt that
would make BiMAC fail (not from impingement,
but from burnout)? Analysis uses 160 tons. What
if there is more?
Chapter seems to indicate that there is 100 tons of
core debris. Total mass of core, clad, cans, and
control rods is -280 tons. (U02 is -160 tons)
Where is the discussion of sump protection? A lot
of work was done to locate the sump toward the
wall and show that corium exiting the vessel will
not come into contact with the sump.
Why was the discussion of the likelihood of the
melt mass exiting the vessel left out?
There should be a discussion of how long is
available to actuate BiMAC valves from first
contact of the melt with the floor.
What happens if there is a local penetration of the
melt through one or more of the pipes?

Chapter 1 General What happens to the lower drywell liner during
the DCH event? How about the equipment hatch?
Is there sufficient core material in contact with the
liner/hatch to cause failure?

General Document needs page numbers
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Ad.6. Authors' responses to review comments by F. Moody.

We agree with the summarizations provided by the reviewer and we find that no further
elaboration is necessary.

All corrections indicated in the detailed comments have been implemented, and we are
grateful to the reviewer for the care he took in pointing these out.

Below is our response to a question he raised about the testing of BiMAC.

GE Nuclear Energy
Review and Verification Comments &
Resolutions
Project: ESB WR
Subject: Severe Accident Treatment Report
DRF No./Section eDRF 0000-0028-6885

Dr. Fred Moody (Reviewer and Verifier)
Comments (Sign and Date)

Dr. Theo Theofanous (Responsible
Engineer) Resolution (Sign & Date)

Pg. 3-19: Additional verification and The experiments would need to address
confirmatory testing was recommended the two failure modes defined in the report,
before finally concluding that failure of the and perhaps more importantly show a model
BiMAC function during a core melt BiMAC actually working to dissipate thermal
accident is "physically unreasonable." Can loads in the range of interest. For up to a few
you recommend the testing and verification BiMAC channels this can be done at full
measures you believe would strongly scale. A multi-channel apparatus would also
support the postponed conclusion? need to be used to address the global

behavior.
F. J. Moody 8/16/05
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Ad.7. Authors' responses to review comments by R. Henry.

I. Direct Containment Heating

Comment:

(1) I agree that the potential for containment overpressure given a High Pressure Melt
Ejection (HPME)/DCH event in a BWR with a pressure suppression containment is
related to the formation o noncondensible gas (hydrogen) and the transport of this
gas and nitrogen to the wetwell gas space. In this regard, one needs to evaluate the
potential over which the vent pipes would be cleared as is done in Appendix B of
this report. This was also the focus of the BWR evaluation performed by myself
and Marty Pilch OECD in the state-of-the-art report, 1996, i.e. "High-Pressure Melt
Ejection (HPME) and Direct Containment Heating (DCH)," NEA/CSNI/R(96)25.
While approached somewhat differently, the assessment in the OECD report was
that the vent pipes would clear during the early part of the blowdown transient.
Hence, the suppression pool heat sink would be available to condense, steam that is
discharged to the containment as well as that which would be produced as a result
of debris quenching. It should also be noted that all US plants (PWRs and BWRs)
were required by NRC Generic Letter 88-20 to do individual plant examinations
including assessments of severe accident issues such as DCH. With this history, I
disagree with the statement in the first sentence of the third paragraph in Section 1.3
Previous Work, which says "...the singular prior assessment of DCH for a BWR."
While the focus of the statement is on the oxidation of unreacted metals during the
HPME event, there have been numerous other assessments of DCH for BWR
designs.

Response:

We were familiar with the OECD report. It is a review and summarization report that and
we should have included along with the Pilch et al (1997) review. This is now added
along with the statement that it contains a recognition of the importance of vents and vent
clearing in making available the heat sink in the wet well.

Our statement on the other hand refers to the absence of complete, specific, and .fully
documented assessments-and this of course has to be in regards to the open literature.
We cannot speak for the IPE's because these certainly are not open literature. As one can
see in the results of our report, especially after the enhancements made after this review,
the DCH phenomenon in BWRs involves very rich physics, and it would be curious that
any previous work going into these physics in a serious manner would not be introduced
in the open literature (as we were able to find none).

Comment:

(2) The strength of the ROAAM methodology is that it considers a spectrum of
uncertainties in the accident progression, including variations in the melt
progression. This was particularly well done in NUREG/CR-5423, "The
Probability of Liner Failure in a Mark-i Containment," when considering the
Probability Distribution Function (PDF) of the melt volume released from the
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reactor vessel at the time of vessel breach. The volume of melt release (the initial
mass of corium in the lower drywell in Table 1.4.3.5) needs to be expanded in the
mass of melt that is considered to be consistent with the MAAP4 results as well as
generally consistent with the PDF values considered in NUREG/CR-5423. When
considering the containment pressurizations associated with a larger melt volume,
Cases A through E does not show a strong influence of melt volume, but there is
some influence and this needs to be addressed. Furthermore, since the containment
pressurization is determined by the extent of non-condensable gases in the
containment, the extent of oxidation needs to be discussed more thoroughly.
Considering the difference in peak containment pressure between Cases A and C,
the hydrogen produced during the blowdown and immediately after needs a more
extensive discussion.

Response:

Yes, this is a very important and valid point. The reason these aspects did not come
trough well enough is because at the time we were still lacking a complete understanding
of the DCH dynamics in an open system such as the ESBWR. In the meanwhile, and by
means of many additional calculations we were able to reach this understanding which is
conveyed in the final version of the report, and which addresses this point of the reviewer
completely.

II. Ex-Vessel Steam Explosion

III. Basemat Penetration

(1) In Section 3.4.1(a) at the end of this section several numbers are given to develop a
feel for the downward and sideward heat fluxes. These are attributed to previous
experience as given in the reference Angelini and Theofanous, 1995. It would be
appropriate here to show key figures from this reference or illustrations, such as
Figure D-5 (from Appendix D) or Figure D-2 showing the data of Jahn and
Reineke. Without some set of data or analytical results for foundation, these are
only numbers that the reader may have no feel for the pedigree.

Response:

The purpose of all key physics sections in this report is tutorial, and introductory, to show
the reader how we have approached the problem, rather than to provide specific answers.
We make this more clear in the final version. Also, since there is no previous experience
with geometries such as the one of interest for the BiMAC, we now use and refer.to the
results obtained in Section 1.4.3.

Appendix D

I agree with the natural circulation formulations and conclusions derived from this
appendix. However, I would like to see a discussion of the role of the upper radiative
heat flux and the influence this has on crust formation at the upper boundary. Also, how
does this influence the numerical calculations that are produced? Obviously, this only
applies to the calculational results since the experiments quoted here are performed with
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water. Such a discussion of the upper heat flux and its influence on. the circulation, etc.
would be beneficial to the reader.

Response:

As long as there is a crust on top the natural convection process is not affected by the
mode of ultimate energy escape process. This is already stated under key physics. We
have combined participation of film boiling, and radiation initially that, given the low
level of fluxes involved (see Table 3.4.3.1) will produce quenching, and elimination of all
irradiative flux at later times. As results show in all cases the upward heat fluxes are low
enough to lead us to expect quenching and the build-up of crusts. So we could confuse
rather than enlighten the reader if we were to get into these details here.
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Ad.8. Authors' responses to review comments by B. Shiralkar.

GE Nuclear Energy
Review and Verification Comments &
Resolutions
Project: ESBWR
Subject: Severe Accident Treatment Report
DRF No./Section eDRF 0000-0028-6885

Dr. Bharat Shiralkar's (Reviewer and
Verifier) Comments (Sign and Date)

Dr. Theo Theofanous (Responsible
Engineer) Resolution (Sign & Date)4

3. General Comment: Section A: How are
the GDCS deluge lines to the BiMAC
protected during a severe accident?

3 As explained in more detail now in Ch 3,
the deluge lines come down the pedestal wall
and they offer no significant target to melt
during its relocation. Moreover there also
three lines that discharge directly into the
LDW, and these stop at some elevation well
above the RPV lower head, and are protected
from any melt impingement during a HPME.

4. General Comment: Section B: It would be
useful to have a flow chart that shows how
the ROAAM based treatment interfaces with
L1, L2, L3 and DCD - input and outputs
from/to these documents.

4. As explained in the text these
"connections" are simple enough to not
compel us to add new graphics.

8. Yes, as already stated. Yes, as already
8. General Comment: Section 1.4.3; The stated. The choice of 12.5% was based on

equation for DCH scale is based on a model comparison to experiments and that is quality
qualified against lET tests? Are the model
parameters qualified over the range of of data representation by the correlation. This
ESBWR parameters? What is the basis of is not used here.
the value of 12.5% for the standard
deviation?

9. General Comment: Table 1.4.3.1: Where They do not. The calculation assumes
does the drop size and interfacial area for the equilibrium, which is bounds the loads.
combustion reaction feed into the equations?

This is a very rough measure, to express
13. Comment Chapter 2: It is not clear why "large amounts" of water, which is also
1.5m was picked as the boundary of subcooled. Clarifications added
unacceptable water depths for EVE from the
results in Chapter 2.

This can be surmised from the penetration
14. Comment Chapter 3: How critical is the depths found in the analysis. This thickness

choice of a 20 cm sacrificial layer above the provides enough margin to claim that
tubes? protection is robust. Larger thickness would

work too. A thinner layer is not worth arguing
about since savings would be minimal, and
probably it would be much harder to apply.
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Ad.9. Authors' responses to review comments by S. Visweswaran.

GE Nuclear Energy
Review and Verification Comments &
Resolutions
Project: ESB WR
Subject: Severe Accident Treatment
Report
DRF No./Section eDRF 0000-0028-
6885

i ____

Srinivasa Visweswaran's (Reviewer and
Verifier) Comments (Sign and Date)

Dr. Theo Theofanous (Responsible
Engineer) Resolution (Sign & Date)

1. It is not clear if we have taken credit for
DW Sprays, specially in coming up with the
DCH failure probabilities. I think we need
DCH probabilities with and without DCH.
Also, the document should clearly state that
while the Spray is included in the design, it is
not credited in the Level 2 PRA. It will then be
consistent with the containment event trees.
Currently, in Section B, on the third page, in
item 2, there is a statement that "The timing
and the source term will depend on the
availability of drywell spray, as considered in
the Level 2 PRA". The Figure B. 1 also has
notes that refer to sprays being available and
sprays failing. Note that Level 2 PRA does not
consider DW spray.

1. The report was clear enough. With
sprays it is obvious that there is no high
temperature issue. The analysis of UDW
liner failure was done in the absence of
sprays, and it was noted explicitly that
sprays are not needed to reach our
conclusions. The statement about the
source term being affected by sprays
refers to reality, and it is correct. This
report does not present a source term
analysis. Level 3 PRA will do it
according to the rules, which are
unrealistically conservative, and this is
not our problem here.

2. The failure probabilities for DCH and EVE
appear to be based on engineering judgment
and not on a Mote-Carlo type simulation.
Please state that it is based on engineering
judgment.

2. We strongly disagree with this
comment. It implies that Monte-Carlo type
calculations are not based on engineering
judgment! This is incorrect. The basis for
the probabilities given is by bounding loads
and fragilities. Because of the bounding
nature of the analysis there is no need to
track uncertainties-maybe this is what the
reviewer means by Monte Carlo. All this is
clear enough and no further clarification is
needed.

3. The success criteria for the systems being
used in the L2 PSA needs to be documented by
Theo. Specifically, we need success criteria
for PCCS. Are the Level 1 success criteria of 4
out of 6 PCCS valid for L2 PSA also in the

3. This question is for L2 PRA, as
we have already noted in the report.
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presence of aerosols and non-condensable
gases. If so, what is the basis of this claim? If
necessary, references to the past SBWR tests,
which included aerosols and non-condensable,
should be made. Note that the Level 2 PRA
does not include a success criteria discussion.

4. The even tree branch for Class I with pre- 4. The event trees are already simple
existing water level of> 1.5 m, shows 1.0 enough!
probability of pedestal failure. I think
following pedestal failure, we should just take
this event directly to containment release and
not examine the 1% chance of being
transferred to the CSET. This will simplify the
CETs with negligible impact on the results.

5. Many Level 1 PRA results have been stated 5. Done by Level 1 PRA (R.
in the report. All these should be based Wachowiak).
verified input.

6. As already stated this pertains to
6. What happened to the likelihood of natural water depletion on the secondary side,
depressurization through IC tube failure. This which is a system event and left to be
will result in a containment bypass event, treated in Level 2 PRA. No change
Please include the event or provide a warranted.
justification for its exclusion. Perhaps, we
should attribute it to the features that isolates
the IC on high-temperature.

7. Explain why the hydrogen generated by the 7. See page 2 on Chapter A. Top of
metal water reaction is not an issue - i.e., second paragraph.
inerting, etc.

8. Provide a basis for excluding the class II 8. All needed explanations are
and class IV analysis. already given.

10. They are the DPVs and actually
10. In- Section 1, subsection 1.1, Overall there are 8 of them.

Considerations, line 6 states that there are six
motor-operated valves available for
depressurization. What are those valves?

11. The Ultimate Pressure Capabilities of 11. Done, on basis of material
ESBWR Containment in Table 1.4.4.1 needs to available in the ESBWR DCD.
be a verified input to the report.
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Ad.1O. Authors' response to review comments by R. Wachowiak.

Section Location Comments and Responses
General Comment: The report needs a way to correlate the

Level I numbers to the thresholds and conclusions in
the report. We need to know when the Li numbers are
approaching some value that will change the results of
this report.

Response: The results and conclusions of the work
presented in the report do not depend on Level 1
results. The only case excluded from consideration (on
basis of Level 1) is HP scenarios with deeply flooded
LDW.

3.3 first Comment. What is the consequence of the 'focusing
paragraph effect"? Why is BiMAC not susceptible?

Response: Focusing in PWR IVR can fail the vessel if
it is strong enough. It cannot happen in BiMAC
because there is water on top. This was explained
already in the report.

Appendix A General Comment: Need to state why PWR experiment is
applicable

Response: Obvious from the context. Same kinds of
compartments and connections between them, same
level of pressure in the RPV, same kinds of melts and
compositions, similar mechanisms of failure of lower
head.

Chapters 1 - 3 General Comment: What seems to be missing is the
demarcation of when a phenomenon (what parameters
or results) moves from one category to another (i.e.
from physically unreasonable to out of the spectrum).
There is a discussion of this in 3 that covers how much
margin is in BiMAC, but only using the base case
parameters.

Response: This is a valid criticism, and we knew it
ourselves. This information had not yet developed at
the time of Draft preparation because of time
pressures. In the interim we managed to complete the
understanding needed for stating clearly the case, and
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this can be found in the final version of the report.

Chapter 3 General Comment: Is there some maximum amount of melt that
would make BiMAC fail (not from impingement, but
from burnout)? Analysis uses 160 tons. What if there
is more?

Response: Same response as above. The answer is No.
See chapter 3.

Comment: Where is the discussion of sump
protection? A lot of work was done to locate the sump
toward the wall and show that corium exiting the
vessel will not come into contact with the sump.

Response: This discussion was missed, now it is in
Chapter 3, along with some graphics.

Comment: There should be a discussion of how long is
available to actuate BiAAC valves from first contact
of the melt with the floor.

Response: Yes. This has been added in Chapter 3.

Comment: What happens if there is a local penetration
of the melt through one or more of the pipes?

Response: This is a hypothetical question, as the
BiMAC pipes have very great margins to melt-through
failure. If we postulate such an event, we would expect
that the melt would run in, cooling and freezing along
the way. The failure would be local in that only the
pipe(s) affected would be not coolable any more (due
to the parallel structure of the BiMAC). If sufficient
localized then the impact of such a failure would be
minimal.
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