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ABSTRACT

Severe accident management can be defined as the use of existing and/or
alternative resources, systems and actions to prevent or mitigate a core-melt
accident. For each accident sequence and each combination of severe accident
management strategies, there may be several options available to the operator, and
each involves phenomenological and operational considerations regarding
uncertainty. Operational uncertainties include operator, system and
instrumentation behavior during an accident. A framework based on decision trees
and influence diagrams has been developed which incorporates such criteria as
feasibility, effectiveness, and adverse effects, for evaluating potential severe accident
management strategies. The framework is also capable of propagating both data and
model uncertainty. It is applied to several potential strategies including PWR cavity
flooding, BWR drywell flooding, PWR depressurization and PWR feed and bleed.



TABLE OF CONTENTS

Page
ABSTRACT .............................................................................................................. iii

LISTOF FIGURES ................................................................................................... v ii

LIST OF TABLES ..................................................................................................... xiii

EXECUTIVE SUMMARY ...................................................................................... xvii

ACKNOWLEDGMENTS .................................................................................... xxi

1. INTRODUCTION ....................................................................................... 1.1

1.1 Background ......................................................................................... 1.1

1.2 Key Uncertainties .............................................................................. 1.2

1.3 Objectives ............................................................................................ 1,3

2. DEVELOPMENT OF A FRAMEWORK ................................................ 2.1

2.1 Introduction ....................................................................................... 2.1

2.2 Accident Management .................................................................... 2.3

2.3 Evaluation Criteria .................................................................... ,..... 2.4

2.4 An Example ....................................................................................... 2.5

2.5 Decision Trees and Influence Diagrams ...................................... 2.8

3, PWR CAVITY FLOODING ...................................................................... 3.1

3.1 Introduction ....................................................................................... 3.1

3.2 Construction of the Influence Diagram ....................................... 3.2
3.3 Construction of the Decision Tree ................................................ 3.13

3.4 Quantification and Discussion ....................................................... 3.14

4. BWR DRYWELL FLOODING ................................................................. 4.1

4.1 Introduction ...................................................................................... 4.1

4.2 Construction of the Influence Diagram ....................................... 4.2
4.3 The Decision Tree ............................................................................ 4.4

4.4 Node Probabilities ............................................................................ 4.4

4.5 Consequence Measures ................................................................... 4.16

4.6 Quantification .................................................................................... 4.18
4.7 Discussion ........................................................................................... 4.23

4.8 Conclusion ......................................................................................... 4,24



5. EVALUATION OF INFLUENCE DIAGRAMS .................................... 5.1

5.1 Basic Rules ........................................................................................... 5.1

5.2 An Example ......................................................................................... 5.8

6. MULTIPLE DECISIONS ............................................................................. 6.1

6,1 Introduction ......................................................................................... 6,1

6.2 Influence Diagram Model ................................................................. 6.2
6.2.1 Decision Nodes ....................................................................... 6.3

6.2.2 Chance Nodes ......................................................................... 6.4

6.2.3 Value Node ............................................................................. 6.13

7. UNCERTAINTY AND SENSITIVITY ANALYSIS FOR PWR
STRATEGIES WITH MULTIPLE DECISIONS ...................................... 7.1

7,1 Introduction ......................................................................................... 7.1

7,2 Types of Uncertainty .......................................................................... 7.2

7.3 Analysis ................................................................................................ 7.3

7.4 Base Case Results and Sensitivity ................................................... 7.6

7,5 Uncertainty Propagation ................................................................... 7.10

7.6 Uncertainty Importance Analysis .................................................... 7.10
7.7 Conclusions and Discussion ............................................................. 7.11

8, CONCLUSIONS AND RECOMMENDATIONS .................................... 8.1

9. REFERENCES .................................................................................................. 9.1

Appendix I- Thermal Considerations ............................................................. 1.1

Appendix II- Early Containment Failure due to Ex-Vessel Steam
Explosions ....................................................................................... II,1

Appendix III- The Assessment of Probability Distributions from Expert
Opinion .......................................................................................... II1.1

vl



LIST OF FIGURES

Page

2.1 Decision tree and influence diagram for insurance example ............ 2.10

2.2 Three cases with decision, chance, and value nodes ........................... 2.11,12,13

2.3 Three general cases with decision, chance, and value nodes ............ 2.14

2.4 Influence diagrams and decision trees associated with multiple
and sequential decisions ............................................................................ 2.15,16,17

2.5 Decision tree and influence diagram for the flooding cavity
example ......................................................................................................... 2.18

2.6 Decision tree for PWR cavity flooding example .................................. 2.19

2.7 An influence diagram equivalent to Figure 2.6 and reduced
diagrams ......................................................................................... :.............. 2.10

3.1 Initial influence diagram and influence diagram expanded to
include ECF, LCF, SGTR, and VB ............................................................ 3.26

3.2 Influence diagram expanded to include node VB, and the nodes
that influences, VB, and SGTR ................................................................ 3.27

3.3 Influence diagram expanded to include node LSGTR ........................ 3.28

3.4 Influence diagram expanded to include nodes EVSE, ECF, and the
nodes that influence them ........................................................................ 3.29

3.5 Final influence diagram ............................................................................ 3.30

3.6 Simplified influence diagram .................................................................. 3.31

3.7 PWR decision tree ...................................................................................... 3.32,33,34,
35,36,37

3.8 Risk results of base case calculations ...................................................... 3.38

3.9 Conditional probability results for base case calculation ................... 3.39

3.10 Risk sensitivity to the probability that the reactor cavity is flooded
before core slump ....................................................................................... 3.40

3.11 Risk sensitivity to the probability that AC power is recovered
before vessel failure ................................................................................... 3.41

vii



3.12 Risk sensitivity to the probability of a late steam generator tube
rupture given water in cavity, no vessel failure and high RCS
pressure ........................................................................................................ 3.42

3.13 Risk sensitivity to the probability of vessel failure given water in
cavity and no core damage arrest ........................................................... 3.43

3.14 Risk sensitivity to the probability of an ex-vessel steam
explosion given water present in the cavity ....................................... 3.44

3.15 Risk sensitivity to tile probability of early containment due to an
ex-vessel steam explosion ....................................................................... 3.45

3.16 A two-way sensitivity analysis with a criterion of early fatality for
two crucial parameters [P(EVSE/VB, WC, or R) and P(ECF/EVSE)] 3.46

3.17 A two-way sensitivity analysis with a criterion of early fatality for
two crucial parameters [P(No VB/Flood, High RCS Pressure) and
P(EVSE / VB,WC, or R)] ............................................................................ 3.46

4.1 The construction and expansion of the influence diagram for
BWR drywell flooding ............................................................................. 4.40

4.2 Influence diagram for drywell flooding strategy applied to Peach
Bottom SBO-LT sequences ....................................................................... 4.41

4.3a Decision tree for drywell flooding ......................................................... 4.42

4.3b Decision tree for drywell flooding ......................................................... 4.43

4.3c Decision tree for drywell flooding ......................................................... 4.44

4.3d Decision tree for drywell flooding ......................................................... 4.45

4.4 Fault tree for drywell venting ................................................................ 4.46

4.5 Fault tree for drywell flooding ............................................................... 4.47

4.6 Atmosphere trapping within tile reactor vessel support skirt
would limit water contact with the vessel wall in that region [i5] 4.48

4.7 Schematic diagram of the core material relocated in the vessel
lower head [28] ........................................................................................... 4.49

4,8 Temperature distribution in the vessel shell based on Mayinger
et al's correlation ....................................................................................... 4.50

4,9 A directed network ................................................................................... 4,51

viii



4.10 A collapsed influence diagram for drywell flooding strategy on
Peach Bottom LT-SBO sequences ........................................................... 4.52

4.11 Probability distribution of APBs for BWR decision tree .................. 4.53

4.12 Simplified decision tree for BWR (early fatality) ............................. 4.54

4.13 Simplified decision tree for BWR (latent cancer fatality) ............... 4.55

4.14 Sensitivity of probability that water reaches lower head given
drywell is vented (early fatality) ........................................................... 4.56

4.15 Sensitivity of probability that water reaches lower head given
dryweil is vented (latent cancer fatality) ............................................. 4.56

4.16 Sensitivity of probability of vessel failure given AC non-recovery
and water surrounds lower head (early fatality) ............................... 4.56

4,17 Sensitivity of probability of vessel failure given AC non-recovery
and water surrounds lower head (late fatality) ...................... ............ 4.56

4.18 Sensitivity of probability of early containment failure due to
HPME (early fatality) ................................................................................ 4.57

4.19 Sensitivity of probability of early containment failure due to
HPME (latent cancer fatality) ................................................................. 4.57

4.20 Sensitivity of probability of early containment failure due to
ex-vessel steam explosion (early fatality) ........................................... 4.57

4.21 Sensitivity of probability of early containment failure due to
ex-vessel steam explosion (latent cancer fatality) ............................. 4,57

4,22 Sensitivity of probability of late containment overpressurization
failure given CCI and no other failure modes (early fatality) ........ 4.58

4,23 Sensitivity of probability of late containment overpressurization
failure given CCI and no other failure modes (late fat.;lity) .......... 4.58

5.1 An example of arc reversal and node removal ................................ 5.11

5.2 Evaluating the influence diagram for buying a used car ................ 5.12

5.3 Equivalent decision tree for Figure 5,2a ............................................. 5,13

5.4 Basic influence diagrams (a) without and (b) with probabilistic
dependence ............................................................................................... 5,14

5.5 Evaluating the influence diagram up to node VB ........................... 5,15

ix



6,1 Influence diagram for PWR severe accident management
strategies with two sequential decision nodes .................................. 6.22

7.1 Results of importance analysis using partial derivatives for
strategy A1 ................................................................................................. 7.17

7,2 Results of importance analysis using partial derivatives for
strategy A3 ................................................................................................. 7.17

7.3 ECF sensitivity to the probability that feed-and-bleed is
successfully implemented ....................................................................... 7.18

7.4 ECF sensitivity to the probability that the hot leg or surge line
fails given SGTR ...................................................................................... 7.18

7,5 ECF sensitivity to the probability that the hot leg or surge line
fails given no SGTR ................................................................................. 7.19

7.6 ECF sensitivity to the probability that steam generator tube
ruptures occur ............................................................................................ 7.19

7.7 ECF sensitivity to the probability that ex-vessel steam explosion
occurs given bottom head failure of vessel ......................................... 7.20

7.8 ECF sensitivity to the probability that no vessel breach occurs
given water in the cavity and high RCS pressure .............................. 7.20

7,9 ECF sensitivity to the probability that vessel fails given water in
the cavity, low RCS pressure and no core damage arrest ................. 7.21

7.10 ECF sensitivity to the probability that alpha mode failure occurs
given high RCS pressure ......................................................................... 7.21

7.11 ECF sensitivity to tile probability that alpha mode failure occurs
given low RCS pressure ........................................................................... 7.22

7,12 ECF sensitivity to the probability that RCS pressure is high given
SGTR ............................................................................................................ 7.22

7,13 ECF sensitivity to the probability that tile reactor cavity is flooded
before core slumping ................................................................................ 7.23

7.14 ECF sensitivity to the probability that depressurization is
successfully implemented ....................................................................... 7,23

7,15 ECF sensitivity to the probability that depressurization and
flooding are successfully i!nplemented ................................................ 7.24

7.16 ECF sensitivity to tile probability that core damage is arrested
given AC power recovery ........................................................................ 7.24



7.17 ECF sensitivity to the probability that AC power is recovered
before vessel breach ................................................................................... 7.25

7.18 ECF sensitivity to the probability that early containment failure
occurs given the occurrence of ex-vessel steam explosion ............... 7.25

7.19 ECF sensitivity to the probability that ECF due to DCH occurs ........ 7.26

7,20 ECF sensitivity to the probability that high pressure melt ejection
occurs given high RCS pressure ............................................................. 7.26

7.21 ECF sensitivity to the probability that RP is high given
depressurization ......................................................................................... 7.27

7.22 A two-way policy region analysis for the variables X9 and X16
and decision alternatives Ai and A3 ..................................................... 7.28

×i



LIST OF TABLES

Page

3.1 Consequences of early and latent cancer fatalities
(99,5% evacuation) ....................................................................................... 3,17

3.2 Conditional probability for node VB ....................................................... 3,17

3.3 Conditional probability for node CDA .................................................... 3,17

3,4 The accident progress timing (rain) for the Surry TMLB'
sequence determined by three codes ....................................................... 3.18

3.5 Conditional probability for node WC ..................................................... 3.18

3.6 Conditional probability for node RP ....................................................... 3.18

3.7 Conditional probability for node LSGTR ............................................... 3.19

3.8 Conditional probability for node ECF ..................................................... 3.19

3.9 Conditional probability for node VHS .................................................. 3.20

3.10 Conditional probability for node CFE ..................................................... 3,20

3.11 Conditional probability for node EVSE .................................................. 3.20

3.12 Conditional probability for node LCF ..................................................... 3.20

3,13 Conditional probability for node S .......................................................... 3.21

3,14 Conditional probability for r.ode LR ....................................................... 3.21

3.15 Conditional probability for nodeCCI ..................................................... 3.21

3.16 Conditional probability for node ACCI .................................................. 3.22

3.17 Conditional probability for node RP for simplified influence
diagram ......................................................................................................... 3.22

3.18 Conditional probability for node VB for simplified influence
diagram ......................................................................................................... 3.22

3.19 Conditional probability for node SGTR for simplified influence
diagram ......................................................................................................... 3.23

3.20 Conditional probability for node ECF for simplified influence
diagram ......................................................................................................... 3.23

3.21 Conditional probability for node LCF .................................................... 3.24

xiii



3.22 Risk results of base case calculations ...................................................... 3.25

3.23 Conditional probability results of base case calculations ................... 3.25

4,1 Influence diagram and decision tree notation .................................... 4.2e_

4.2 The conditional probabilities for drywell venting ............................. 4,27

4.3 Calculated sequence of events for BWR (Mark II) long-term
station blackout [22] ................................................................................... 4.27

4,4 Plan_ damage states of long term station blackout (PDS5) [23] ......... 4.27

4,5 The conditional probabilities for reactor pressure ............................. 4.28

4,6 The conditional probabilities fur successful flooding ....................... 4.28

4.7 The conditional probabilities for vessel breach .................................. 4,28

4.8 The conditional probabilities fur high pressure melt ejection ........ 4.28

4.9 The conditional probabilities for ex-vessel steam explosion ........... 4.29

4.10 Expert opinion data fur the pressure increase due to HPME ........... 4.29

4.11 Expert opinion data for the pressure increase due to ex-vessel
steam explosion on high vessel pressure ............................................ 4,29

4,12 Expert opinion data for the pressure increase due to ex-vessel
explosion on low vessel pressure ......................................................... 4,30

4.13 The conditional probabilities ior ECF ................................................. 4,30

4,14 The conditional prot._abilities for linear melt-through ................... 4.31

4.15 The conditional probabilities for containment isolation failure .. 4.31

4.16 The conditional probabilities for the occurrence of core-concrete
interaction ................................................................................................ 4.31

4.17 The conditional probabilities for late overpressurization
containnaent failure, ............................................................................... 4.32

4.18 Frequency of "reduced" accident progression bins (APBs) [23] ...... 4,32

4.19 Annual risk at l'each Bottom [23] ......................................................... 4,33

4.20 Fractional APB contributions (%) to risk (FCMR) [23] .................... 4,33

4.21 Consequence of APBs ............................................................................. 4,34

4,22 Conditional probabilities for ECF conditional on VB, RP and WC 4,35

xiv



4.23 Conditio:_.al probabilities for LCF conditional on ECF, LM, IF, VB,
RP and WC ................................................................................................. 4.35

4.24 Summary of marginal probabilities for both flooding and do
nothing cases .............................................................................................. 4.36

4.25 Conditional probabilities of containment failure given vessel
failure ........................................................................................................... 4.37

4.26 Expected consequence measures for flooding and do nothing cases 4.37

4.27 NUREG-1150 long term station blackout result [23] ........................... 4.38

4.28 Comparison of do nothing risk result with NUREG-1150 SBO-LT
risk (PDS5 = 1.9x10-6/yr) ........................................................................... 4.38

4.29 Results for BWR bounding calculation ................................................ 4.39

5.1 Conditional probability for node VB ..................................................... 5.16

5.2 Reduced conditional probability for node VB with nodes WC, R,
and RP .......................................................................................................... 5.16

6.1 Conditional probabilities for node HQ1 ............................................... 6.15

6.2 Conditional probabilities for node HQ2 ............................................... 6.15

6.3 Conditional probabilities for node CDA .............................................. 6.15

6.4 Conditional probabilities for node RP .................................................. 6.16

6.5 Conditional probabilities for node HSF ............................................... 6.17

6.6 Conditional probabilities for node SGTR ............................................ 6.18

6.7 Conditional probabilities for node VB ................................................. 6.18

6.8 Conditional probabilities for node AM ................................................ 6.19

6.9 Conditional probabilities for node CFE ................................................ 6.19

6.10 Conditional probabilities for node VHS ............................................... 6.10

6.11 Conditional probabilities for node EVSE .............................................. 6.11

6.12 Conditional probabilities for node ECF ................................................. 6.12

7.1 Base case values for node probabilities .................................................. 7.13

7.2 Best estimate probability of early containment failure for the
base case ........................................................................................................ 7.14

XV



7.3 Expected value and standard deviation of the probability of
early containment failure ......................................................................... 7.15

7.4 Uncertainty importance ranking of input variables ........................... 7,16

xvi



EXECUTIVE SUMMARY

Severe accident management can be defined as the inrovative use of existing
and/or alternative resources, systems and actions to prevent or mitigate a core melt
accident. Such accident management strategies might include the use of alternative
sources of air, power and water (resources), alternative pumps and generators
(systems) and manual depressurization and manual injection (alternative actions).
For each strategy or combination thereof, there exist operational and
phenomenological uncertainties in the accident progression, including operator
behavior, system availability and information.

This report describes a method for making decisions regarding the selection of
severe accident management strategies, given the uncertainties mentioned above.
The method is intended for use prior to any accident, i.e. it is not intended for use in
real time. The method can be used to screen competing alternatives, sequential
actions and multiple alternatives, and can be used to assess the uncertainty inherent
in each strategy.

The method developed in this report is based on Decision Trees and
Influence Diagrams. A Decision Tree is a pictorial diagram of events, namely
decision events and chance events, arranged so as to depict the order in which they
might occur. The chance events describe the degree of uncertainty in the accident
progression, once a decision is made. Influence Diagrams are also pictorial diagrams
of decision and chance events, but also contain a value node, against which the

' decisions are measured. The nodes in an Influence Diagram are connected by arcs.
Arcs going into value and chance nodes are conditional and show probabilistic
dependence, and arcs going into decision nodes represent the chronological order of
events.

The method developed in this report is applied to several severe accident
management strategies. It is shown that the method can be very useful when tlle
conditional probabilities in the various chance nodes are known. Where they are
not known very well, they can be obtained by expert opinion elicitation, and
sensitivity and uncertainty analysis can be performed to obtain important insights
into the decision making process.

The use of Influence Diagrams and Decision Trees has a second valuable
benefit. It requires a systematic examination of the various potential factors which
could affect the outcome of a particular strategy. These factors include feasibility,
effectiveness and adverse effects. As a result, a more complete examination and
evaluation of a candidate strategy may result, and factors sometimes overlooked
may be identified and factored into the assessment.

In this report, data and models relied heavily on NUREG-1150, and oil
independent analyses by UCLA and other NRC contractors. This report does not
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contain any new experimental findings in assessing uncertainties. The method is
applied to the following cases: a) PWR cavity flooding, b) BWR drywell flooding,
and c) PWR cavity flooding, depressurization and feed and bleed cooling if AC
power is restored. Sensitivity studies for the key chance nodes are carried out in the
first two cases, and an uncertainty propagation study is carried out for the latter case.

For the PWR cavity flooding case, the major uncertainties include the
effectiveness of the water in removing decay heat and preventing vessel
failure/penetration, the potential for steam generator tube rupture before surge line
failure, and the potential adverse effect of an ex-vessel steam explosion. On balance,
water in the cavity appears to reduce risk regardless of the uncertainty, except for the
extreme cases (i.e. high probability) of a steam explosion or steam-generator tube
rupture. Water in the cavity has the secondary mitigating effect of reducing the
potential for early containment failure due to direct containment heating and late
containment failure. Calculations presented for the probability of PWR vessel
failure contain many uncertainties that need to be addressed.

For the BWR drywell flooding case, the major uncertainty is the effectiveness
of the water in preventing vessel failure. The drywell must be vented before
flooding can take place. Hence the major adverse effect is venting, followed by
failure to flood (on time). On balance however, BWR drywell flooding is a preferred
strategy. If the vessel should fail, isolation failure and linear failure are of concern
even without a steam explosion. Steam explosions are not a key factor influencing
the BWR drywell flooding strategy. Since the containment is vented, it is assumed
to have failed already. Drywell flooding reduces the risk regardless of the
conditional probability of early containment failure given a steam explosion.
Calculations presented for the probability of BWR vessel failure also contain a
number of uncertainties that need to be addressed.

As noted above, a combination of three strategies for a PWR was assessed;
cavity flooding, depressurization and, feed-and-bleed cooling if AC power is
restored. This study concludes that it is always better to initiate feed-and-bleed
cooling of the core, regardless of other strategies initiated, and irrespective of the
uncertainty in the key variables. In ranking these three strategies, taken singly or in
combination, the major uncertainties include the potential for direct containment
heating and the probability of an ex-ve_sel steam explosion.

The highest ranked strategy, with respect to minimizing the probability of
early containment failure, is dcpressurization coupled with feed-and-bleed cooling if
AC power is recovered. This is followed by cavity flooding coupled with feed-and-
bleed cooling, and third ranked is feed-and-bleed cooling alone.

As noted above, a key uncertainty is whether or not water in the cavity or the
drywell, up to the level of the top of the bottom head, is sufficiently effective in
preventing vessel failure. A detailed set of thermal calculations was performed and
is presented in Appendix 1 of this report. In this appendix, the effect of external
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cooling on the thermal behavior of the vessel lower head containing molten core
material was investigated using a two dimensional implicit finite difference
scheme. Results were obtained for the vessel shell temperature, pool temperature
and the crust thickness for both unsteady state (PWR) and steady state (PWR and
BWR) conditions. For both cases, the thermal behavior of the vessel lower head
was investigated by parametrically changing the emissivity of the pool free surface,
the vessel wall, the baffle plate (BWR), tile core shroud (BWR) and the upper
structure, and the temperature of the upper structure. For a certain set of
parameters, nucleate boiling on tile outer surface of the vessel wall was found to be
effective in lowering the temperature of the inner wall of the vessel below the
melting temperature of the steel. It was found that some melting of the PWR vessel
inner wall is predicted to occur, and that for most of the cases, melting of the BWR
baffle plate would occur.

Some preliminary calculations were made regarding thermal stress and
thermal creep. The thermal stresses across the PWR vessel shell are predicted to
exceed the yield stress of the steel vessel, introducing the possibility of a large plastic
deformation, in which case the survival of the vessel is in question. However, the
stresses in the BWR vessel shell are predicted to be lower than the yield stress of
steel. For a given system pressure, the creep rupture times after slumping of the
core material into the vessel lower head were determined by using the relationship
between the Larson-Miller parameter and the equivalent stress. A large uncertainty
exists in the prediction of creep rupture times becallse of the large temperature
gradients. Creep rupture times of only a few hours are predicted if the highest
average wall temperature is used. However, rupture times are very long if the
vessel outer wall temperature is used. Before any of these severe accident
management strategies are adopted for use, the uncertainties regarding vessel
failure need to be addressed.

For BWRs, consideration should be given to replacing the fire pumps with a
new high capacity, independently powered low pressure pump. If the fire pump is
used, the operator should foresee that AC power will not be recovered within 12
hours. In reality, tile operators might be reluctant to flood early, because DC power
and HPCI may still be available. Procedural changes have to be made if early
flooding using the fire pumps is to be employed.

Some potential severe accident management strategies are inherently
complex, involving both benefits and adverse aspects and subject to large
uncertainties. Decision Trees and Influence Diagrams represent a valuable tool for
examining and illuminating tile various factors involved, and provide a tool for
solving tile various outcomes of the potential strategy. They can also give an
estimate of the uncertainty inherent in such decision making.
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1. INTRODUCTION

1.1 Background

Severe accident management can be defined as the innovative use of existing
and or alternative resources, systems and actions to prevent or mitigate a core
melt accident. Together with risk management (changes in plant operation and/or
addition of equipment) and emergency planning (off-site actions), severe accident
management provides an extension of the defense-in-depth safety philosophy for
core melt accidents.

A significant number of probabilistic safety assessments (PSA) have been i

completed which yield the principal plant vulnerabilities. These vulnerabilities
can be categorized as, a) dominant sequences with respect to core melt
frequency, b) dominant sequences with respect to various risk measures, c)
dominant threats which challenge safety functions, and d) dominant threats with
respect to failure of safety systems.

The goals of severe accident management are to:

1) prevent core damage,
2) prevent vessel failure,
3) prevent containment failure, and
4) mitigate fission product release to the environment.

These goals may be considered sequentially, as an accident progresses, or
simultaneously, depending upon the resources available to the plant operators,
and their effectiveness.

Severe accident management strategies can be generically classified as:

• the use of alternative resources (i.e., air, water, power),
• the use of alternative equipment (i.e., pumps, generators), and
• the use of alternative actions (i.e., manual depressurization, manual

injection).
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1.2 Key Uncertainties

For each sequence/threat and each combination of strategy there may be
several options available to the operator. Each strategy/option involves
phenomenological and operational considerations regarding uncertainty. These
considerations include uncertainty in key phenomena, uncertainty in operator
behavior, uncertainty in system availability and behavior, and uncertainty in
available information (i.e., instrumentation).

In order to better scope the uncertainty associated with these strategies, two
workshops were held at UCLA as follows:

• May 15-17, 1990 : Severe Accident Management for Pressurized Water
Reactors (PWRs)

• Sept. 26-28, 1990 : Severe Accident Management for Boiling Water
Reactors (BWRs).

The workshop participants included representatives from academia, industry,
government and government contractors (national laboratories).

As a result of these two workshops a number of key uncertainties have been
delineated, and several new accident management strategies were developed, The
proceedings of these workshops were summarized in two NUREG/CR reports
II,21,

In general, the key uncertainties involve issues related to phenomena, operator
actions, instrumentation and systems availability. The uncertainty in phenomena
occur because operator actions change the progression of a severe accident, and
introduce new physical regimes such as temperature or pressure, and new
conditions such as the presence or absence of water. As a core-melt accident

progresses, the geometry change will also contribute to uncertainty. Uncertainties
in phenomena exist with respect to the occurrence of steam explosions (both in-
vessel and ex-vessel), hydrogen generation, hydrogen combustion and detonation,
and heat transfer in these new regimes and under these new conditions.
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In addition to the traditional uncertainties in operator and system behavior
regarding severe accidents, there is additional uncertainty in attempting to
manage a severe accident using innovative means. This occurs because of the
uncertain nature of the phenomena mentioned previou:_ly, a lack of knowledge
regarding the state of the accident progression, and because the operators may not
know whether or not their actions have been successful, Moreover, a lack of

sufficient information due to damaged instrumentation may lead the operators to
the wrong diagnosis and/or action.

1.3 Objectives

In order to include the various uncertainties mentioned above in assessing the
viability of a potential severe accident n_anagement strategy, a framework has
been developed using Decision Trees and Influence Diagrams. This framework is
described ill Section 2. The objective of this report is to develop this framework
for assessing severe accident management strategies given the key uncertainties
delineated at the workshops. Based on Decision Trees and Influence Diagrams,
the framework is applied to two case studies:

Cavity flooding in a PWR to prevent vessel penetration or vessel failure,

,Y.,Drywell flooding in a BWR to prevent vessel and/or containment failure.

Chapters 3 and 4 describe the application of this framework to the two case
studies, respectively. Chapter 5 contains a tutorial on the direct evaluation of
influence diagrams. Chapters 6 and 7 extend the framework to multiple decisions
and the propagation of uncertainty, and apply it to the PWR cavity flooding
strategy. Chapter 8 contains conclusions and recommendations. There are three
appendices to the main report. The first deals with detailed phenomenological
calculations regarding the effectiveness of both PWR cavity flooding and BWR
drywell flooding. The second appendix deals with assessing the probability of
steam explosions, and the third deals with obtaining probability distributions
from expert opinion.
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2. DEVEI,OPMENT ()F A FRAMEWORK

2.1 inlroduclton

Consider tt simple example in which a consumer is confronted with the option
of whether or not to purchase an extended warranty for an electronic component.

Suppose the extended warranty costs $100; o_I the uther-hand should failure
occur, the cost of repair is $500. The key uncertainty is whether or not the
electronic component will fail during its lifetime. The decision can be
graphically structured as shown in Figure 2. l, Suppose further that the consumer
wishes to minimize his/her expected loss, The upper branch of the Decision Tree
represents the purchase of insurance i,e., the extended warranty; the lower
branch represents "self insurance", The square is a "Decision Node", and the
circle is a "Chance Node" representing the uncertainty, if the chance of failure is
estimated to be 10% (0,10), then .he expected losses would be (EV = Expected
Value):

F.VI (l,oss)= - $!00 (2,1)

EV2 (l.oss) = ().9 (- $0) + 0.1 (- $500) = - $50

If the consumer used this simple "Fxpected Value Rule", he/sh,; would opt to
self insure because EV in this case is .$50. !t' the consumer were more

sophisticated, he/she could use an "Expected Utility Rule" in which a degree of
risk aversion could be tactt red in.

An Influence Diagram forthis type of decision is also shown in Figure 2.1, It
is used primarily to show what influences the value ot" the decision (given by the
clianlond), and it can be used to Ilelp struclure the decision tree.

Figure 2.2a - 2.2t" shows the three possible cases associated with a decision
problem, F,ach involves one node of eacll type: decision, chance, and value. In
l:igure 2,2a, the valttc depends on the random variable (chance node), which itself
depends upon the decision, "l'lle etluivalellt decision tree, Figure 2,2b, shows that
the decision node d_es not directly alTo'el lhe value. For example, let D represent
whether or not to purchase a new tire m_d C represent whether or not the tire
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(new or old) will filil. The probability of tire t'aiiurc depends on the mileage on
the tire, hence Pl = P2. I/owcver, since RI is assumed equal to R2 (the

consequences of tire fai!urc arc the same, rcgnrdless of the mileage), the value
node only depends on thc ch_lllCCrlode, C.

Figure 2.2c is similar, but here the value depends upon both the decision and
the random variable (chance variable), whi,..h dcpends on the decision. The
equivalent decision tree is also shown in Figure 2,2d. For example, let D
represent whether or not Io flood the rcactor cavity and C represent whether the
vessel fails or not, Since the probability of vessel failure depends on the decision
and risk RI is not equal to R2 (the risk ot"cnrly thtalities), the value node depends
on both the chance node C and the decisio=lnode 1).

In Figure 2.2e, the value depends on both, the decision and the chance node,
but the random variable is indcpendent of 1he decision. Suppose tha_a consumer
is confronted with thc option of whether or not to purchase an extended wan'anty
for an electronic component, l,et node C rcpresent whclher or not the electronic

component will fail during ils lifetime. The decision can _ graphically structured
as shown in Figure 2.2e. "lt_eprobability of failutv is independent on whether or
not one buys insur_lncc, but thc risk {cost) is depcndent on the purchase of
insurance and the probability of failure, _ls shown in Figure 2.2f. These three
cases are generalized in Figure 2.3.

In many cases decision trees and inl'lucnce diagrams will contain more than
one decision, Figure 2,4a shows an inl'lucnce diagram in which two decisions are
modelled, i.e,, whclhcr or not to flood the reactor cavity and whether or not to
deprcssurize the primary system. The cquiwllent decision trcc is shown in Figure
2,4b. Since the two decision nodes in I:igure 2.4a and 2.4b are nt,t separated by a
chance node, they can be c{_llapsedinto one decision having four outcomes, i.e.,
flood the cavity only, dcprcssurize the primary system on!y, do both, and do
neither, _lsshown in I:igurc 2.4c and Figurc 2,4d,

As shown in I:igure 2.4e, a scquenti_tl decision problem has chance nodes
bctwccn the decision nodes, The two decision nodes cannot be collapsed into _1
single node, and still preserve the logic ol"the origin_ll diagram. The equivalent
decision tree is _llsopresenled in Figure 2,41'.
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If decisionnode DI precedesdecision node D2 in a regularinfluence diagram,
then node D I and all of its informationalpredecessorsshould be informational
predecessorsof node D2. Figure2.4g shows the addition of an "no forgetting"
arc. Informationalarcs towardnode D2 denote that the decision makerknows
the outcome of node C when decision D2 is made,as well as decision DI when
decision D2 is made.

2.2 Accident Management

The Decision Tree and Influence Diagram shown in Figure 2.5 are simple
examples of how a severeaccidentmanagementstrategy can be represented.The
upper branch, "Do Nothing", means follow the normal emergency procedures
contained in the Emergency Operating Procedureswhich are incorporated in a
risk assessment such as NUREG-1150.The circle indicates a chance node with
two outcomes, In the first outcome, the accident progression is stopped, and
ends with risk RI. This risk(RI) might be zero (if there is no core damage or
release) or may be economic (if there is core.damage). In the second outcome,
the normal emergency procedures fail, and there is a risk, R2 such as that
calculated in NUREG-I150. The lower branch describes a severe accident

managementoption for preventingvessel failure(e.g., Floodingthe Cavity). This
option can lead to success, but with risk R3. The risk (R3) might be economic
with no radioactiverelease if the melt progressionis stopped,as above. Failure
of the strategymay lead to riskwhich may be greateror less than R2, depending

,

upon the physical and operationalstate of the system. Forexample, even though
the vessel fails, the presence of water might scrub fission products, thereby
reducingrisk.Or it may lead to a steam explosion thereby increasing risk. This
risk, R4 representsan adverseeffect.

The expectedvalue (EV) for the two options, as depicted in Figure2.5 are:

EV (DoNothing)= PIRI+ (I-PI)R2 (2,2)

EV (Flooding) = P2R3+(I-P2)R4
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The Influence Diagram for this example is also shown in Figure 2.5. In this
case, the diagram is simple because the chance node represents simple failure or
success.

2.3 Evaluation Criteria

When assessing a severe accident management strategy five criteria should be
considered:

1. the feasibility of the strategy,
2, the effectiveness of the strategy,
3. the possibility of adverse effects,
4. infomlation needs, and

5, compatibility with existing procedures

For the strategy considered in the example above, the feasibility is
essentially a question of whether or not the operators will be able to fill the cavity
up to the required level in sufficient time. The effectiveness has to do with
whether or not there is sufficient heat transfer to keep the rnolten core in the

vessel, A possible adverse effect is a steam explosion, should the strategy be
feasible but not effective, i,e., the core penetrates the vessel, and finds water in
the cavity, which otherwise would not be there, lnfgr!ll_lion ....needs refers to
instrumentation availability, and _:gmpatibility considers the impact on existing
rules and procedures.

Figure 2,6 shows a case with adverse effects. The lower branch, "l)o Nothing"
is as before, the risk associated with employnaent of standard emergency
operating procedures (the two branches i_ Figure 2,5 have been collapsed), The
upper branch, flood the cavity, has three chance nodes. The first chance node C I

represents the question of feasibility; whether or not the operators can fill the
cavity to the required level on time. The second chance node C2 represents

effectiveness; whether or not the water will keep the vessel cool enough. The
third chance node C3 represents adverse el'feels; whether or not there will be

a steam explosion if the strategy is not effective. Note that this last question can
also apply to the feasibility issue as well. The branch "flooding not successful"
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may also lead to the potential adverse effect (regarding a steam explosion) if the
cavity is partially filled with water.

The expected value for each case is as follows:

EV (Do Nothing) = R5 (2.3)

EV (Flood Cavity) = PIRa+(I-PI)I(I-P2)RI+P2(1-P3)R2+P2P3R3]

The evaluation of such a tree would proceed as follows. The risks associated
with each endpoint would be determined using PRA methodology. This risk

'i t'might be in terms of early or latent fatallt es, popula !on dose, conditional
probability of early containment failure, etc. The chance node probabilities would
be evaluated using both deterministic and probabilistic methods. For example, the
question of feasibility would require the use of Human Reliability Analysis (HRA)
and a knowledge of system behavior (e.g., pump capacities, flow rates, etc.). The
question of effectiveness would require mechanistic calculations regarding heat
transfer, materials behavior etc. The same is true for questions regarding adverse
effects.

2.4 An Example

As an example of the use of Decision Trees and Influence Diagrams, we
consider a decision regarding PWR cavity flooding as a means to prevent vessel
failure. The measure of success can be a reduction in the risk of early or latent
fatalities, of core.melt frequency or of early containment failure. For this simple

*nexample we consider as the measure of success the potential reduction I the
Conditional Probability of Early Containment Failure, denoted Pecf. Furthermore

we wish to determine whether or not flooding the cavity to prevent vessel failure
will reduce Pecf given a potential adverse effect (in this simple example, an ex-

vessel steam explosion). A detailed assessment of PWR cavity flooding is
presented in Section 3.

' 'if' "The slmpi lea Decision Tree shown in Figure 2.6 can be used along with
Equation (2.3), to evaluate this severe accident management strategy. Figure 7.3

2.5



in NUREG-1150 [31 gives a value of 0.025 for Pecf, given a Station Blackout

(SBO) sequence, in the Zion plant.

Early containment failure can be attributed to two phenomena: direct

containment heating and ex-vessel steam explosions. In Section 3 of this report we
derive the following values for the risks (Ri) and the probabilities (Pi) required in

Equations (2.3), as follows:

R 1-"0 If there is no vessel failure, the Conditional Probability of

Early Containment Failure, Pecf = O.

R2 = 0 If the vessel fails and the melt is quenched, Pecf = 0

R3 = 0.01 If the vessel fails and there is an ex-vessel steam explosion, but

no direct containment heating, Pecf is reduced.

R4 = 0.025 If flooding is not successful; same as "do nothing".

RS= 0.025 Given in NUREG-1150; "do nothing".
I

l'l = 0.41 The probability that the option is not feasible; that the arrival

of water is not timely.

P2= 0.098 The probability that the option is not effective, given the water
is there on time.

P3 = 0.5 The probability of an adverse effect; i.e. of an ex-vessel steam

explosion, given water in the cavity.

Before evaluating this strategy; we should note that if the flooding is not

successful, there is the chance of an ex-vessel steam explosion when the cavity is

partially full. This is treated in Section 3 along with other important phenomena.

Using Equations (2.3), the Expected Values can be evaluated as follows:
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EV (Do Nothing) = 0.025 (2.4)

EV (Flood Cavity) = 0.011

An influence diagram for this example is shown in Figure 2.7a. The value of
the consequence depends on the decision node (D) and the three chance nodes (C1,
C2, and C3) which are defined in Figure 2.6. The nodes C2 and C3 are not

directly dependent on the decision because the probabilities of occurrence of a
steam explosion and of vessel failure just depends on the success probability of
cavity flooding, which in turn just depends on the decision node. Since the
probability of a steam explosion is affected by the occurrence of vessel failure,
the node C2 depends only on the node C1

The value (2_) is a vector given by:

V= [ f(R1, R2, R3, R4), R5 ] (2.5)

where the function (f) for cavity flooding has four elements (R1, R2, R3, R4 ) as
noted in Figure 2.6. It is possible to remove C3 by chance node removal, one of

the operations for Influence Diagrams.

A given chance node can be removed if its only successor is the value node.
This chance node is then removed by conditional expectation. The value becomes:

V= [f(R1, R2 (1- P3) + R3 P3, R4), R5 ] (2.6)

where the function (f) for cavity flooding now has three elements.

Notice that the node C2 in Figure 2.7b becomes a direct predecessor of the
value node in this elimination process. Now this chance node, C2 , can be

eliminated by chance node removal and the value becomes:

V= [ f((l-P2) RI+ P2 (R2 (1- P3) + R3 P3 ), R4), R5 ] (2.7)
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In the same manner, the node C1 in Figure 2.7c now becomes a direct

predecessor of the value node, and can also be eliminated resulting in the value
being given by:

Y_=[PI R4 + (1- PI) {(I-P2) RI+ P2 (R2 (1- P3) + R3 P3 )}, R5I (2.8)

which is the same as the value obtained from Equations 2.3. Figure 2.7d
illustrates the final diagram, which has just two nodes. By comparing the value of
each altemative, the optimal decision can now be made.

In this example, and on an expected value basis, one would choose to flood the
cavity, in spite of the potential for adverse effects.

2.5 Decision Trees and Influence Diagrams

In this report, the use of Decision Trees and Influence Diagrams, first to
structure the decision and second, to assess the strategy via either an Influence
Diagram or a Decision Tree is presented. In searching the literature, we have
found the following regarding each:

AdvantaJzes of Decision Trees
v

• Actual sequences are shown.
• Evaluation methodology and computer programs are well developed.

Advantages of lnflu,e,,nceDiagrams

• A compact and unambiguous representation of probabilistic and
deterministic dependency.

• May be easier to modify and evaluate alternative strategies.
• Rapid identification of important parameters.

Disadvantages of D,ecisionTrees

• The large number of branches make them unwieldy.
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Disadvantages of influence Diaarams
--- v w

• Individual sequences are not shown.

In this report we utilize the Influence Diagrams and Decision Trees to evaluate
two strategies. Commercially available computer programs are available to
quantify decision trees [4]. One needs only to supply the probabilities at the
chance nodes and the risk values at the end of the tree. These codes calculate the

expected values given for example, by Equations (2.3) and (2.8). The results of
our studies are presented in Sections 3.0 and 4.0. In Section .5.0 the method for
quantifying Influence Diagrams is presented. Section 6.0 presents conclusions and
recommendations.
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tirefailuro

. Vl . RI

b)

_-_:_-.... '..... _. RI =R2

-p .....

D: buy new tire or not
pl: probabilityof tire failure (new tire)
p2: Probabilityof tire failure(old tire)
R1 = R2 = consequences of tire failure

Figure 2.2. Three cases with decision, chance, and value nodes.
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c)

VesselFailure

RI

d)
l-pl zerorisk

RI# R2
R2

1- zerorisk

D: flood the reactorcavityor not
pl: probabilityof vessel failure,cavityflooded
p2:probabilityof vessel failure,cavitydry
Rl: riskof early fatalitywithcavityflooded
R2:riskof earlyfatalitywith dry cavity.

Figure2.2 (continued).Threecaseswith decision,chance,andvaluenodes.
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e)

EquipmentFailure

RI

f) I- risk
RI# R2

R2

1 DI
R2

D: buy insurance
pl: probabilityof failure
R1:costof repair
R2:costof insurance.

Figure2.2(continued).Threecaseswith decision,chance,andvaluenodes.
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1)

b)

©)

RI
pl

d) t.pt R2

p2 RI

I.p2 R2

e) pl RI

I.p2 R4

f) RI
pl

1.pl R4

Figure 2.3. Three general cases with decision, chance, andvalue nodes.
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a)

In-vessel SteamExplosion

RI

No Success

Yes
R2

b)
' No Success

Yes
R3

No Success

Yes
R4

No Success

Figure2.4.Influencediagramsanddecisiontreesassociatedwith multipleandsequential
decisions.
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RI

d)
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t

R2

SUCCUl

R4
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Figure2.4(continued).Influencediagramsanddecisiontreesassociatedwith multiple
and sequential decisions.
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Figure2.4 (continued).Influencediagramsanddecisiontreesassociatedwith multiple
andsequentialdecisions.
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a)

b)

I°

Figure 2.7. An influence diagram equivalent to Figure 2.6 and reduced diagrams.
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3. PWR CAVITY FLOODING

3.1 Introduction

One of the candidate accident management strategies discussed during the
PWR accident management workshop held at UCLA [i1 is the idea of flooding the
reactor cavity to the top of the vessel lower head, with the aim of cooling the
vessel from the outside and possibly preventing vessel failure. This strategy
could be especially useful for station blackout sequences, in which the emergency
core cooling systems (ECCS) are unavailable. The operators could inject an
alternative source of unborated water, such as fire water, into the cavity since
they cannot inject it into the vessel due to recriticality concerns.

The evaluation of severe accident risks [3] has shown that the short term
station blackout sequence is one of the most important contributors to risk. This
sequence consists of the loss of off-site power as the initiating event followed by
the failure of the emergency diesel generators to provide backup AC power. In
addition, the auxiliary feedwater system fails to provide emergency feedwater to
the steam generators. Since the heat removal capability of the steam generators is
lost, the RCS will heat up and pressurize, leading to coolant loss through the
power operated relief valves (PORVs). The loss of AC power results in the
unavailability of all ECCS, and if power is not recovered, continued coolant loss
will lead to core uncovery and damage.

The Surry plant was chosen for this evaluation because of the extensive
information available on severe accidents, including the phenomena associated
with their initiation and progression, and their consequent risks. The short term
station blackout sequence was chosen because it is a significant contributor to risk
and because many thermal-hydraulic analyses have been performed relating to it
[5,6].

Since all emergency core cooling systems are rendered unavailable by the loss
of AC power, and heat removal by the steam generators is also unavailable, the
operators do not have any options available to them with respect to preventing or
arresting core damage (unless AC power is recovered). However, if they can
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cool the vessel from the outside they may be able to accomplish the second goal
of accident managenmnt, prevention of vessel failure.

Flooding the cavity would also have the additional benefits (called secondary

mitigative effects) of preventing high pressure melt ejection and associated direct

containment heating. This occurs because vessel breach via a penetration failure

would be eliminated wilh water present in the cavity, even if the vessel does fail.

Similarly, the presence of water would possibly prevent a core-concrete

interaction if the vessel fails anyway, tlowever, there may be adverse effects

associated with the strategy. One concern is that should the the strategy be

successful in keeping the molten core inside the vessel, continued exposure of the

steam generator tubes to hot gases circulating from the molten pool could result

in their failure, if the hot leg or surge line does not fail first. Another concern is

that should the vessel fail with the cavity full of water, an ex-vessel steam

explosion could result in early containment failure.

In assessing this strategy the potential benefits must be measured against the

potential for adverse effects, in an integrated fashion. The feasibility of this

strategy, which is concerned with whether or not the operators will be able to fill

the cavity up to the required level in time using the proposed equipment, must
also be considered.

These considerations involve determining what information would be needed

by the operators to diagnose the situation and implement the strategy on time.

The instruments that would supply this information have to be identified and their

performance under the accident conditioz_s must be assessed, The sequence of

operator actions necessary to successfiJlly implement the strategy must be

identified in order to formulate a suitable human reliability model in order to

evaluate the likelihood of success. Also the reliability oi" the systems and

eqtJipnaent involved must be evaluated.

3.2 Construction of the Influence Diagram.

For this study, we begin with the construction of the influence diagram, as
described below,
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Decision Node D and Value Node V.

For this strategy, the influence diagram begins with a decision node and ends
with a value node, represented by D and V respectively, in Figure 3.1a. The
decision modeled by node D is whether or not to instruct the operators to initiate
flooding of the reactor cavity using diesel driven fire pumps at the time of core
uncovery.

in order to evaluate an accident management strategy, a suitable criterion is
needed against which to compare the alternatives. This criterion is associated
with the value node of the influence diagram, and for this strategy there are
several possibilities: early fatalities, lhe conditional probability of early
containment failure, economic loss, etc. The criterion should be chosen in such a

way that all factors of the assessment are captured, including adverse effects and
secondary mitigative effects.

If there were no adverse effects or secondary mitigative effects after vessel
, 'tfailure for the strategy considered in this section the conditional probabill y of

"no vessel failure" would be a good criterion since it is a direct measure of the
feasibility and the effectiveness of the strategy. However, there are adverse
effects and secondary mitigative effects associated with this strategy. Since the
feasibility, effectiveness, adverse effects, and secondary mitigative effects all
influence the offsite consequences, risk is used as a criterion in this study.
Actually two measures of risk are used: early fatalities and late fatalities.

The values of the off-site consequences used for the two measures of risk in
this study are obtained from NUREG-1150 [3], and are shown in Table 3.1 as a
function of containment failure mode (ECF stands for early containment failure,
LCF for late containment failure, and SGTR for steam generator tube rupo,re).
Hence the value node has three direct predecessor nodes as shown in Figure 3.1b,
and the expected risk, conditional on D, is a deterministic function of these nodes,
i.e.

<V/(Di)> = V(ECF)P(ECF/Di)+ V(SGTR)P(SGTR/Di,ECF,)

+ V(LCF)P(LCF/DI,ECF,SGTR,), (3,1)
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where the bar denotes that the event does not occur, and the subscript i denotes
either flood or no flooding. In order to quantify the probabilities in Equation
(3.1), the influence diagram must be expanded until all nodes can be assessed.
The first step is also shown in Figure 3.1b, which shows that the containment
failure modes are influenced by the mode of vessel breach (VB).

Node VB.

Since tile primary aim of flooding the cavity is to prevent vessel breach (VB)
by cooling the vessel from the outside, it is modeled as a chance node in the
influence diagram. The mode of vessel failure is also included in this node. In
NUREG-1150 three modes of vessel failure are considered for the Surry
Accident Progression Event Tree (APET): penetration failure, gravity pour and
gross bottom head failure. In this study, it is only necessary to distinguish
penetration failure from the other modes, and only for the case where the RCS
pressure is high because this is the only case that affects early containment failure
due to direct containment heating. The mode of vessel failure is irrelevant if the
RCS pressure is low. Then there are three possibilities for the VB node: no
vessel failure (no VB), penetration failure at high pressure (HPME) and either
gross bottom head failure or gravity pour (BH).

The probability of vessel failure, and the mode by which it fails, depends on
whether or not the cavity is flooded to the top of the bottom head before the core
slumps (WC), the RCS pressure (RP), and whether or not core damage was
arrested, due to recovery of AC power (R) and ECCS (CDA). The influence
diagram is expanded to include these additional nodes, as shown in Figure 3.2.
The conditional probabilities for the node VB are shown in Table 3,2, and are
discussed as follows.

In case I core damage is assumed to be arrested via AC power recovery and
hence ECCS recovery. The probability of no vessel failure is then 1.0.

In case 2 the RCS is at high pressure _lndthe cavity is assumed to be flooded
up to the top of the vessel lower head before core slump. Calculations performed
by Park and Dhir, (see Appendix I and in Reference I7J) have shown that some
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melting of" the vessel inner wall is very likely in this situation. In addition,

extremely large temperature variations in the vessel wall will result in thermal

stresses well in excess of the yield stress for pressure vessel steel over much of
the vessel thickness, but it is not known whether or not this will lead to failure of

the vessel due to excessive stress or thermal creep, although it is judged t¢) be

likely, These calculations are discussed in mc)re detail in Chapter 7, where a

sensitivity and uncertainty analysis is performed, aml in Appendix I. A base case

value for the probability of vessel failure fbr this case is chosen to be 0.9.

Given that the vessel fails, it was assunned that the vessel will fail by either

penetration failure leading to high pressure melt ejection (i IF'MI-) or bottonl head

failure (Btt), with equal probability for each.

In case 3, the RCS is at high pressure and there is no) water in the cavily.

l lence vessel failure is assured. The split fractions regarding the mode of vessel

failure were obtained from reference [8] fi)r this case.

Case 4 is similar to case 2 except that the RCS is at low pressure. The

probability of no vessel failure for this case is conservatively chosen to be 0.1.

This is also discussed in Chapter 7. Temperature and stress calculations are

presented in Appendix I. Since the RCS pressure is low when the vessel fails, the

probability of HPME is 0,0,

Case 5 is like case 3, but again, since the RCS pressure is low, the probability
of HPME is 0.0.

Node CDA.

Even if AC power is recovered and the vessel is flooded, there is still a chance

that the molten debris will not be in a co(_lable configtJration and the vessel will

fail anyway. There is also a chance that a fuel-coolant interaction could lead to

vessel failure. Tl_e probability of core damage arrest, given AC power is

recovered in time, is taken to be 0.9. 'i'his value was given in reference [8].

Obviously, if AC power is nc)t recovered, the probability of core damage arrest is
0.0 (Table 3.3).
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Node WC.

This node represents the question of whether or not tile rcaclt}r cavity is
flooclccl to the top of the vessel lower head, given that tile ()perators were

instructed to do so. The probability that this strategy is successfully implemevlted

is composed of two parts: the probability that the operators successfully initiate

the strategy in time anti the probability that the fire pump system functions

correctly.

Based on the facts that the station would be blacked out and the core exit

tl_ermc_couples (CI:,TCs)located in the core that may help in detecting core

uncovery, which is powered by the station batteries, would be available, the

failure of tl_e plant operators to correctly initiate the strategy woulcl be governed
by two uncertain variables' the cliagnosis and decision time, Td, which is the time

available for the operators to diagnose lhe situation, anti the action time, "l'a,

which is the tinlc required for the operators to initiate flooding of the reactor

cavity. The auxiliary operators outside the control roc_ru are assumecl to be

available to operate the fire pump system.

l:lc_octillgthe reactc_r cavity might involve the t'ollowivlg steps:

(I) The contrc_l room operators detect core uncovery and clispatch an

auxiliary operator to the emergency fire pumps.

(2) 'i'he auxiliary operator goes to the emergency fire pumps.

(3) "l'hc auxiliary opcrator starts the fire pumps.

The major uncertainty is associated with the critical time dcterminecl by the

phcrlc_rllena occurrixlg cluring the melt progression, in order for the cavity
flo¢_clinlgstrategy to have a chance at being successful in preventing vessel failure,

the water must reach the top of the vessel lower head before the core slumps into
the lower head. Thus the critical time, 'l'c = "l'cs- Tcu, is the time from core

unc()vcry ('l'cu) tt) core slun)p ('l'cs). The time to core slunlp is nettled because it"

the water reaches the vessel lower head at'ter a signit'icant amount ot" clebris has

relc_cated tlacrc, a t'ilnl bc_iling situation will exist and the heat transt'cr will not be

stntTicicnt to co¢_1the vessel enough to prevent melting aml failure, as slac_wnin

Appenclix 1 ancl in I'let'erence 171. Because the phexl_nlcna ass¢_ciatccl with luclt

3.6



progression alld relocation are very complicated, the linle to core slump is highly
uncertain. Tabh,, 3.4 shows estimates of Tcs obtaitled by three different conlputer
s imu Iations.

Another relevant parameter is the tinle required to fill the reactor cavity to
the required level, Tf. Tilts parameter is known 191and is a function of the Surry

reactor cavity volume (92,4.52 gal) and the fire pump capacity (2000 gpm) I I()1.
and is calculated to be 46,2 minutes.

"File Ilurnan error probability (tlEP), is the probability that t = Ta + Td + 'l'f

exceeds Tc = Tcs -Tcu, i.e.,

HEP -, P(t > Tcs " Tcu)
oo

,,, J [1 - Fl(t)]fTc(t)dt, (3,2)
0

where

t;l'c(t) = probability density t'tariction (pdl') ot' the critical time, 'l'cs -Tcu,
and

Ft(t) = cutnulative distribution futiction (cdt') of the tinle required

by tile operators to complete 111c strategy.

Since tile distributions in equation (3.2)are not available, the probability tlmt

tile operators successfully initiate the strategy on time can be obtained from tile
"Hun'tarl Frror ttandbook" I!11 usitlg times shown in Table 3.4. Since natural

circulation in the reactor coolant systenl was Ilot c¢_nsidered in the MARCII

c_lcu!ation in Table 3.4, these times calculated by MARCll are considered to be

too conservative. The time calculated by SCI)AP/RI_I.AI -_in Table 3.4 is used tk_r

this report, and based on this time a value of 0.62 for the success probability was

obtained t'ron! Figure 12-4 and 'l'ablcs 2(I-8 and 2()-13 of Reference I I I I. "!'11¢

value of 0.95 is assurl_cd for the availability o1' ,tie fire system. Therefore, the

probability tlmt tllcre is water in lhc cavily 1o the top of the vessel lower head

betbre the core s!unlps, P(WC), is lhc prt_dttct of stzccesst't_! operator actions,(I-

IIEP), and the availability of the fire systcln, Q (see Table 3,5),
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Node RP,

This node represents the RCS pressure at vessel breach. Two possibilities are

considered: low pressure (<2(i(I psi) anti high pressure (> 2()() psi). This node

depends on whether or not there is a temperature-illduced failure o1"the hot leg,

the surge line or a steam generator tube, as well as whether or not AC power is

recovered, since the operators are instrticted to depressurize the RCS if AC

power is available. Temperature-induced hot leg or surge line failure is modeled

hy node (IiSF), the possibility of a steazn general_)r iube rupture before vessel
' I2_("I'1_ 'breach is represented by a new node ( ..... J, ,.), and the recovery of AC power ts

modeled by the node (R), as shown in Figure 3.2. The conditional probabilities
for node RP are shown in 'fable 3.6,

Node R,

This node represents the probability c_fAC' power recovery (and subsequent
recovery of EC(;S) bet't_re vessel failure. The probability of AC power recovery
before vessel failure is

P(R) = P(Tcu < Tr < Tvb/Tr > Tcu)

',' P(Tcu < Tr < Tvb)/P(Tr > Tcu)

= [FRAC(Tvb) " FRAC(Tcu)]/[I"FRAC(Tcu)] (3,3)

where "l'cu is tile time t_ core uncovery, 'l'vb is the titlle to vessel failure and Tr

is the time to recovery c_t'A(" p_)wer. I:RAC(I) is lilt cdl" for time to recovery of

AC power at Surry, pr{}vi{led in Rel'erem.'e 1121. 'l'l_e fillies t{}vessel breach and

core uncovery are tile values given ill Table 3.4 for the S('I)AI_/REI,AP

caleulali(_ns. The pr()l_ahilily (_1"AC prover recovery is then (),26.

Node I ISI:,

In the TMI.I]' setluel_ce the core begitl.,, to nlelt willie tile I,t(.:'Sis at or near the

F)ORV Sell)()int pressure. Natural cil'culation (_I'h_)tgases exiting the core region

could result in tile failure ()f the hot leg _)r (nl(_re likely) the pressurizer surpe

line. The probability ot' a h()t leg ()r surge line lailure (llSI;) (lel')elltls ()1)
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whether ()r not a steanl generator tuhc rtlpttirc has occurred (F,SG'i'R) IXl. i!'

there is no S(]'I'R, the probability ot' I ISI: is ().72, otherwise the probal_itity i_
0.()34, due to the reduced pressure.

Node ESGTR and N()clc'SGTR,

There are two situations tllat could result in a steam generator tube ruplttrc

(SGTR). q+hefirst, which occurs _l'ore fore slump, is the situatiovl in whicll llw
core is rnelting =itthe PORV srtpoint pressure. '111¢steam generator tribes c{ml{l

be exposed to very hot gases circulatin_ from the core region. II" the hot Ic_ L_r

surge iinc does not fail first, one or more steam gcncrat()r tubes c'()uld ruplurt,,
This possibility is rcprcscntcd by node F,SCi'I'R in Figurc 3.2. The valuc of ().(}2

:) 'for the pro babtlity ot' the occurrcncc of an early steam gcv_crat(}r tube ruptt=rc is

given ivlRet_rcncc IH1. This re)tic af,t_cts tmtlcs (RP) and (SGTR),

The second situation arises when extcrttal cooling keeps the tlloltcn core in tlw

vessel, and the RCS remains at high pressure. In this situation, Icing tcr=_

exposure of' the steam generator tubes It) hot gases exiting tile core region vc}til{l
result in the rupture of one or more, given 111=1111{)other f.ailurc oi' the R('N

occurs first. This possibility is rcprcscntt'd by 11(}(IcI,SC;'I'R, which is sii(),,v=_i_

Figure 3.3, and which inf.lucnccsnode (S(;'I'R).

Node I,SGTR,

This node represents tile probability ot'a late SGTR, =Isdescribed ahovc. '1'1_,,

node depends c)n rlt)tle VB, nodc R and IIOde RI) =is shown i_! I:igurc 3.3. 'l'l_t'
conditional probabililics R_r this node arc sliowll in 'l'ablc 3.7. 'l'i)c _=)1),,cast, i_

which a late SG'I'R is possible is the case where there is _lt)vessel breach atltl tlt_:

RCS pressure is high. It is assumed that if. A(? p()wcr is recovered, t_ctl-alld-I_ic,'_t

cooling of the core will bc ir_itiatctl, xshich wt)uld preclude an S(;'I'R. I.t,_

completeness, it is c()tiservalivcly cht)sen l,)be (1.I.
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N_lcs I':('1:. D('I I. VI IS and ('I;E.

Nc..ic I-CF rcl_rc',enl.,,ihc l_r,)babilily ¢_t'early ¢onlailltll¢lil failure, either due

til direcl ¢ontilitlnlclil healing (I)CII)_r an ex-,.,c_el stc_lm expl_sion (F,VSF.).

Siiice early ¢¢lntailltllellt t'ailtlrc due tl_ all ex.vesst'l sl¢ltllz expl.sion i_ .apossible
adverne ¢t'1_¢I ,)1' t'lf._ding I11¢reaclilr cavil),, il is Irealed in Ibis reporl even

Ill¢_ughil has t_et.n discredilcd t,isev..hcrc (.,,c¢rci::rcncc I1'¢1andAppendixII).

'l'hc prohahilily itl' t'arly ¢(llililillllle!ll l'ailur¢ tier' t¢ian ex_ve.snel.steamexplnsit_n
is c'onservativt'ly cliosen tl_ Ix, ().(i!. A .sensitivitystudy regarding F.VSE and ECI:

i._prc.,,entcdin Seclittn 3..1I_cl()v..'.

At Surry. early ct.llairiincrlt t'ailtirc (.teet(I I)CII tlcpend._(.1 the occurrence

of a high llres,stlr¢ iil...'ll c iccti(.l. Ill,..'alli(lunt iif wll!er present ill the relit'lor
Cavity. the /dl|l{iLIl|l Ill' lilt' ¢_rc t'j¢ctt,d t'nitn tile,ve._selalid the si/¢ of tIle htfle in
the vessel after iiblalitln I set, I13l). Ret'c'rt'l|¢t.1131pr.vidc._ eunltllaliv¢

tlistribtltiiH1 i'tltik'ti_ltls i_r the c!llllainlilt'lit i_t't,.sstlrerise ;.It v¢._.s¢lbreach l'()r

Ilitlt, lcen dil'l'_retlt ea,,,c,,,'l'hcse cases t'llti,,,ist(if t'iiilihill_tliiltls ot"R('S PressureIII
vessel t'_rcach,I_icsellcc _1__,_,_llk'r ill lilt, cavil)', w.'._s¢l jl._lc size ili'ler ilblalilll|

(llirgc ()r .,,lllall)lint! lilt' t'nicliiltl l_i'cilrc ¢le¢lt'd >4()_r, 2(F;_'-4()g <20r,_ ). Of

tlle.,,e liinclccll c_,,e,,. _,ll)' llii!se II1;11II_IVe high R('S pressure apply here, of which

tller¢ arc twelve. I:t_r c_lt:h _t' lllc.',e Iv_elvc casts, the prilbability (if' early

c(>nt;linnient l'ailurc cat)bc f_illlltl by nl'_pl)itig tile Surry ctitltaintllefll iliean t'ailure

prc.s,,ur¢ (I 26 p.,,i_! t_ tlw Ctlllilllativ¢ tli,,trib,lti_ll ftlllCliiillS l'(_rthe pros.sure rise

at vex.sol t_r¢;.Icll. I1 is _lsnt_llletlin Iliin sltl,ly that ii' lhc cavily is filled with waler

tip Ill the ttll_ _!f tilt. vt,sst, I l_t_.vt,r head lilt' prtlbilbility tff c_lrly t,tllitainnlenl !'allure

title lit i)('ll is ilcgligihlc bcc_.ltist'tilt, t'tlr¢ debris will be tltlent'hed when it enters

tilt cavil),.

'l'h¢ base case ,.';lluc t_!_the prt_bal_ilil) _t' early c(_lll_lirllllent failure duc l_ ai)
trX'V¢.SSC'Islt'_llll cxph_r,it_il _is t'iiilSelW_lliV¢iyt'hlI.M'!I lit Ix' ().()1. I liiwcvcr, till t;'x-

vt,ssel sl¢_illi e_l_li_il_li is p_ible (lil!y if Ihert' is Wlllt'r ill Iht' c_ivil),.

'l'llc inflllcllcu tli;l_r;illi is Illl_t.<eXl_iilliletl til include ill,tics I-VSI,] Icx- vessel

slC_iliicxpl_it_il). !)('11 (tlirecl t'iinlailllil¢ill IIc'_ilin7i. Vl I_ (vt,ssi21hole size) alltl

('1:1:.It'ill%' t raclillll ¢it'cl¢_l)tin sll!l_Vli ill 1'iTtlrC J.4. "l'hc c_lltliiil,lal pnll_abililie._
ltlr illltlu' li('l ;11%'_llii_!i ill 'l'ablc 1._, ii_ (ibl_iiliCd t'rtilii R'tIt;"rt'llCt, I 131. 'l'hc
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probabilities for node VHS are shown in Table 3.9 and were obtained from
Reference 181, The probabilities for node CFF were obtained by applying the
fractions given above to the cumulative distributi(m function provided in
Reference i I3], and are shown in Table 3,I(), Node DCil is for rep_sentationa!
purposes only, and for the evaluation it is included as parl of node ECF.

Node EVSE,

This node represents the probability of the occurrence of a significant ex.
vessel steam explosion, and depends on whether or not there is water present in

the cavity, which occurs if the cavity is intentionally flooded by the operators
(_C) or if AC power is recovered and the containment sprays actuated (R), and
whether or not the vessel fails (VB), as shown in Figure 3.4. NUREG-I 150 uses
a value of 0,5 for the occurrence of a significant cx-vesscl steam explosion at
Surry, and that value is used here, even lhough a probability of 0,86 is given for
PWRs in Appendix II (Section A.2) of this reporl (it is questionable if the
experiments described there apply), The conditional probabilities fl_rthis node
are shown in Table 3, l i and arc given in Reference [81,

Node I.CF and Node S.

Node LCF represents the possibility of it late containnlcnt fitilure. Only tile
basemat melt-through mode of late containment hilurc is considered here. l,a(e
containment failure due to slow overprcssurization is possible only if the
containment heat _moval systems are lost tbr it period ot' several days, which is
highly unlikely - texcep for some external initmlors (see Rcl'crcncc 18l),

The probability of late containment failure due to hasemat melt-through
depends on the occurrence ot"core-concrete interaction (CCI), represented by
node CCI, the amount of the core participating in CCI, represented by node
ACCI, and whether or nc)t the spraysarc operating during the period ot"("CI,
represented by node S, These are sllowll it1 Figure 3.5, Ii' there is no CCI the
basemat will not melt, Also, continued dcpositi(m ot' water on top of tile core
debris in tile cavity by tIle containmentsprayswill ren)ovesomeo1'tIle decay heat
from thedebris amt will reducettlc amountot' ('('1, "l'lleccuiditiormlprobabiliti_.,s
of' no(h:,I_CI:are shown in Table 3,12 and are ()blainedfrom Rei'crencc181.The

3,11



c_;nditiunal prohal;ility that the sprays arvoperating durin_ the perit_d _1"CCI is

I,(1ifeitherA('pt_werwas recoveredi_el_revesselfailure(n(_deR),_rif'itis

n.'c_vered durin_ tile period ol' CCI, repre,,,entedby node I.R (See 'l'ahle 3,13 and
I;i_ur¢ 3,5),

N_de l.r,

Tllis node representsthe late recovery (L,R) of AC power, i,e., during the.,
period ul' CCI, The time pcriud0t'interest here is the time l'rom vessel fililure to

the somewhat _lrhitrary time ot'9 hours (as in Ret_rence ISl). As w==sdone for
m_deR, the prohahilily _1'recoverin_AC power durin_llle perimJor ['c.'! is

P(LR) = P(Tvb < Tr < Ta/Tr > Tvb)

=[FRAC(Ta)- FRAC(Tvb)]/[I"FRAC(Tvb)], (3.4)

where 'l'vh and I;RAC are as described ti_,rnode R and 'l'a is 9 hours, "l'llen the

pnfl'_ahilily ut' recover)' t_l'AC power duril_g CCI is (I.94 ir it was nt_trecovered
heli_re vessel t'ailun,,, and it is ().()il" A(; power ,,v_lsrec_ver'ed before vessel
I';lilure, "l'!_ese_tresh_wn in 'l'al_le 3, 14.

N_..h.'CCI,

'l'l|isnode represenln the _ccurrence ol'C'C'Iand depends on il"lhere iswater i_
ll_e cavity at the time t_t'vessel failure, eill_er due I¢_t'lt_,_ding by the operalors or

spr;ty ;tclu;llit_ll vi_l reck)very t)l' AC power I_l'ore Vlt, whelher _r nui lh¢ core

xv;_ne.jecled l'nml II_e vessel _I high pressure and whelher _r lhere was an ex-

vessel steam expl_si_u_, an nlu_wn i|i I;igure 3.S. The conditional l_rohahililies _|'e

I1'II_ere in m_ water i_ tile cavily ;11lieu,tinge of' vessel l'ailure the p|'ol'u_t_ilityoI'

('('! is 1.(I. if ll_ere in waler in Ihe cavily, lhe ex-vessel deh|'is n_igl_l nol I_e in a

¢_v_l;_t_lecc_l_figu|';_li_l|,n_ ll_ev'ein slill a p_ssibilily _t' ('C'I.
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Ncxte AC('I,

This n(_dc rePrenu,tltn the ;Iill(Itlllt (if" tile c(_re that in ;Iv_lil_lt'_leIr_ P[trticip_.ue in

CC! _.mddePeilds oti whelher Or tier the c_lt'e debris v,'_lsejcctetl Ill high Pressun:,

whether {it"not there wan _iste_illi expl_lsi_i, _iiltl tilt' I'ractillil _lt' the c{lreejectedlit

ve,s,sel t'liilur¢ ((71:1:.), i,is .shllwii eli l:igurc J,5, 'l'llc c'llilllilitlillil prtlb;ibililie,s l'!ir

lhis node are ._hown in "l'_ible 3. lii, illitl ill'e 7iveil in tlel'erencc IXl,

3.3. C()NS'rRU('TI()N (iF Till". I)I':(:ISI()N '1'1t1£1"..

Since the int'lueiice dil.igl'anl showll in Figure .t.5 ¢tlili;iins the piot,ibilislic

i'elliiionships _illd decisi!lil,s as developed by ihe ;in_il),,sl, _i cliilSisleni du'ci,_ion lree

olin be ¢(ln,_llucled directly l'l'_lln lhis diagr_illi and nece,sS:ll'y condililln_il

pmb_ibililies el.ill be li,_,ses,sctt,l!;i,st,,,silll ihe cll_iin rule, whicli will be de._ci'ibed in

{7'h_ipler 5, i.ill ordered Ii,_1 in con,_lrUc'led, The ortlering _11lhe top evelil,_ tit' the
deci,_i(m lree will be lhe ,S_illiel.i,_lhai t'or lhe _lrdei'ed list, I{_ich ch_inc¢ n(ld¢ _lt"

Ihe illl'llience (li_igrlinl coi're,sp_lild,s lil _i t'hallCc' llOde ill' lhc tleci,sion lree. The

br_lnclling probabililies i_t' lhe free ;ire lhe same _lSlhe conditional probabililies of

Ihe int'liience dia_,r;inl, and _,ire c_ndilillllal Oil lhc p_illl lhrliugh lhe iree,

I iowever, tile decisioll tree Col'respondill 7 tli tile inl'liic, ilce tliagraln in I:igure 71,5

would be vel')/ I_ii'Te', llellce il i,s de,sirablo i_t ,sillipIil'), lilt, iill'llience tlial_ranl a,s

nlucll _l,spos,sible, This can Iw ¢a,sil) dllne b), l'Ciiiltviii 7 till il_l_lc,s lllai llave tlnly
Olle _uccc,%,%Ol'node, ulliess I]1¢ tlircel siicccsx_!r II_ltlc is Ilic value ll_itlc, (cli_lllC'c

no(l¢ ronlov'il), l)tlill_. Ihis l'Clil_lve,s file c'lllltlili_lllalil)' lit' file dirccl ,sue'cos.stir

no(t¢ oil the node beillg relli(lved, anti lii_ikes lilt direcl slicccss/ir iltlde Ctllldilillnal

O11 the direct predecessor llottes ill' Ihe nllti¢ I'tein7, rellillvctl, i,c',,

P(S=SitPI, .... I'_) - _kl>(S -Si/N-Nk)I_(IN=Nk/i>I ..... Pn),

(J,._)

wllere N i,s tile lll_lt_ I_eill_ l't:lli_lvetl, S ix tile tlirccl Sllc,C'c'ssill lliltle ;ili(I PI, .... I'n

are lhe direcl predeces,sor ll_ltl¢.s, "l'hc delails lln tile llpt, r_ili_/il lit' ch_iliC¢ ntlde

i'¢inoval will be ,shl!wll in ('h_il)ier 5. 'l'llc rc._ullill!.t ,siiiipIiticd ilitltlcnce diagl'alll

is showll in 1:i7tiI'¢ J,6, ;illtl ihc l'esullill7 Ci/lltliiitlnal i_i_l_lbililie,s l'_r ilodes RIl,

Vlt, S(I'I'R, I_('1" alid I.('1: are 7iVC,ll ill 'l':ll_lc,s ;t,17- ,i,21, 'l'llc COli_liliollal



probabilities of the other nodes are unchanged. The decision tree corresponding

to this influence diagram is shown in Figures 3.7 - 3.12.

In the decision tree, branches which have a probability of 0.0 are not shown.

For example, consider the topmost path of Figure 3.7. The high pressure branch

of node RP will occur with probability of 0.0, and the low pressure branch will

occur with a probability of 1.0. Thus the high pressure branch is not

represented.

Also, branches which are irrelevant are not shown. For example, consider

the whole branch in which the cavity is completely filled with water. In this case

the mode of vessel failure is irrelevant since there is no possibility of containment

failure due to DCtl. Thus the branch that distinguishes HPME from the other
modes of vessel failure is not shown.

3.4 Quaniificalion and l)iscussion.

As a first step, the influence diagram shown in Figure 3.6 and its equivalent

decision tree, shown in Figures 3.7 - 3.12, were quantified using the "base case"
values described in Section 3.2. The base case results are shown in Table 3.22

and Figure 3.13. The conditional probabilities of vessel failure, early
containment failure, late containment failure, the occurrence of an ex-vessel

steam explosion and lhe occurrence of a steam generator tube rupture are shown

"l't.ole 3.23 and l:igure 3.14, for both branches of the decision node (flood/not

flood). Also shown is the expected risk (in terms of both early fatalities and
latent cancer fatalities) for both branches of the decision node. It can be seen that

the expected risk reduction, i.e.,

<AR> = <V(not floo_l)> -<V(flood)>, (3.6)

is positive for both nleasures of risk, so therefore iilstructiilg the operators to
flood the cavity is beneficial using the base case values for each chance node.

In addition to tile base case assessmellt, a sensitivity study was performed in

order to delcrn_inc which chance nodes are the most important in terms of

affecting the decision of whether or not to flood the reactor cavity. The
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influence diagram was evaluated with the following probabilities varied between
0.0 and 1.0:

P(WC/Flood) = the probability that the cavity is flooded to the top of the

lower head before the core slumps, given that the operators
are instructed to do so,

P(R) = the probability that AC power is recovered before vessel failure,

P(LSGTR/WC, no VB, high) = the probability of the occurrence of a late

steam generator tube rupture given that cavity flooding has

prevented vessel failure and the RCS is at high pressure.

P(VB/WC,No CDA) = the probability of vessel failure given that the cavity is

flooded on time and core damage is not arrested,

P(EVSE/VB,WC or R) = the probability of the occurrence of an ex-vessel

steam explosion given vessel failure and the presence of

water in the cavity or the restoration of AC power, and

P(ECF/EVSE) = the probability of early containment failure give ja the

occurrence of an ex-vessel steam explosion.

These probabilities were chosen beca_se the risk calculation is most sensitive
to them.

The results of these calculations are shown in Figures 3.10 - 3.15. The

risk reduction is positive for all values of the probabilities listed above, except

for P(LSGTR/WC, no VB, high), P(EVSE/VB, WC or R) and P(ECF/EVSE)
which are related to the adverse effects of the occurrence of a late steam

generator tube rupture or an ex-vessel steam explosion. For these three variables

there is a range over which the risk reduction is negative. This implies that the

decision to instruct the operators to flood the cavity is the preferred alternative,

regardless of the values of the probabilities listed above, except for those

associated with late steam generator tube ruptures and ex-vessel steam explosions.

If the probability of a late steam generator tube rupture is greater than about 0.6,
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flooding is detrimental. Furthermore, flooding is detrimental if the probability

of the occurrence of an ex-vessel steam explosion is greater than about 0.85, or if

the probability of early containment failure due to an ex-vessel steam explosion is

greater than about 0.012.

In order to investigate how these important parameters affect the decision of

whether or not to instruct the operators to flood the cavity, a systematic

sensitivity analysis was performed. This analysis systematically varies parameters
in order to determine in which cases one alternative is preferred over another,

and can be classified as one-way, two-way, or three-way, depending on how

many parameters are simultaneously varied. Figure 3.16 illustrates a two-way
policy region analysis for the parameters P(EVSE/VB,WC or R) and

P(ECF/EVSE) and Figure 3.17 for the two parameters P(EVSE/VB,WC or R)

and P(No VB/Flood, High RP). In the shaded region of Figures 3.16 - 3.17, the

decision to instruct the operators to flood the cavity is the preferred alternative,

while in the un-shaded region the opposite is true. It can be seen from Figure

3.16 that if tile occurrence of an ex-vessel steam explosion is assured, the

alternative to not instruct the operators to flood would be preferred for all values

of the probability of early containment failure due to a steam explosion. Figure

3.17 shows that the alternative to instruct the operators to flood would be

preferred for all values of the probability of no vessel breach associated with

flooding and high RCS pressure when the probability of an ex-vessel steam

explosion is below approximately 0.81.
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Table 3.1
Consequences of early and latent cancer fatalities (99.5% evacuation)

: - ._ ....... ......... ............... ,

Eariy Fatalities t..mntCancerFa ties
..........

ii ii Hill III I/I II II I11I I

Earlycontainment 2.0 2275
failure(ECF)

].,atecontainment 0 122
failure0-,CF)

Steam generator 0.067 1444
tuberupture (SGTR)

..... . i i iii i _i i i _

Table 3.2

Conditional probability for node VB
_:_J _ .... iii i ii Ilium_1 I I nlllll1 I I ........ mill I Ill I i iiilll .. iii ill ii [ i

CDA RP WC P(no VB) P(HPME) P(BH)
Illllll I I IIIllll II II I Illlll]llI I I I Ill L_

yes any any 1.0 0.0 0.0
no high yes 0.1 0.45 0.45
no high no 0.0 0.79 0.21
no low yes 0.1 0.0 0.9
no low no 0.0 0.0 1.0

.... ,111 11 , , , , , 11ii ....... . ill| : ii 1111 . __

Table 3.3
Conditional probability for node CDA

...................R P(CDA) ....

yes 0.9
no 0.0

........ _ i
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Table 3.4
The accident progress timing (min) for the Surry TMLB'

sequence determinedby three codes

MARCH SCDAP/RELAP5 _LPROG

Core Uncovery 97 129 117

Core Slumping 143 > 180 248

Vessel Breach 155 > 180 265

Time Interval

between core 46 > 50 130
uncovery and
core slumping

Table 3.5
Conditional probability for node WC

, ,I,H, .......................... _ ....

Success Failure

, , , , . i i ,l °, _- ......

Flooding (D 1) 0.59 0.41

Doing nothing (D2) 0.0 1.0

___ , ...... _ ,,,,, _

Table 3.6
Conditional Probability for node RP

R HSF P(High) P(Low)

yes - 0.0 1.0
no yes 0.0 1.0
no no 1.0 0.0 _..........
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Table 3.7
Conditional Probabilityfor node LSGTR

R VB RP ESO_ P(LSGTR)
-- i ..... i. i i

no no high no 0.1
else - . . 0.0

....
...................... iiiiI/ ii | iii

Table 3.8
Conditional Probabilityfor node ECF

WC R VB CFE VHS EVSE P(ECF)
- ,i , ,,i,,m i

- - no - - - 0.0
yes - hpme - - yes 0.01
yes - hpme - - no 0.0
yes - bh - - yes 0.01
yes - bh - - no 0.0
no yes hpme L L - 0.11
no yes " M L " 0.04
" " " S L " 0.0
" " " L S " 0.04
" " " M S " 0.0
" " " S S " 0.0
" no " L L " 0.19
" " " M L " 0.10
" " " S L " 0.0
" " " L S " 0.05
" " " M S " 0.02
" " " S S " 0.0
" yes bh - - yes 0.01
" yes bh " " no 0.0
" no " " " yes 0.01
" " " " " no 0.0
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Table 3.9
Conditional probabilityfor node VHS

Size PCvrHS)

large 0.I
._m_ll....... 0_9

Table 3.10
Conditional Probabilityfor node CFE

ii i],_ ...... , ...., ....................

Fraction P(CFE)
i1[1111i i] iiiii i ii iiiii i _ ]. i [] iiii IL i i _ i[I i iii i i i i i

large (L) 0.2
medium (M) 0.55
small (S) 0.25

.............. ,............. .

Table 3.11
Conditional Probability for node EVSE

bh yes - 0.5
" no yes 0.5
" no no 0.0
else . - 0.0

......................... ±_ _ _ i i_ . :_

Table 3.12
Conditional Probability for node LCF

S CCI ACCI P(LCF)

yes yes L 0.25
no " " 0.40
yes " M 0.05
no " M 0.20
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Table 3.13
Conditional probabilityfor node S

...... _

R LR P(S)
o[ Hill _--- ] t ttti ttltffjlt[ " -

yes any 1.0
no yes 1.0
no no 0.0

Table 3.14
Conditional probability for node LR

R P(LR)

yes 0.0
....nn .......0 94 ........

Table 3.15
Conditional Probability for node CCI

VB WC R RP EVSE P(CCI)
l, ,,,i ir,,f

no any any any any 0.0
yes yes any high any 0.2

" any yes " yes 0.2
" " " low yes 0,2
" yes any " yes 0.2
" " " " no 0.65
" any yes " " 0,65
" no no any any 1.0
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Table 3,16
Conditional probabilily for node ACCI

.... t ,, ,,, _ , , , ........... jl .......... : ..........

RP EVSE CFE L M S
I II I Illl /I Illl ItNll i i Ill :ll_ i i,, _,, iillll

high any L or M 0.0 1,0 0.0
high any S 1.0 0.0 0.0
low yes any 0.5 0.5 0.0
low no any i .0 0.0 0,0

} _ JI III1! I m _ i iiiii liar ii i i if[ ill imllll i i illll ii ..... i

Table 3.17
Conditional probabilityfor node RP for

.............. simplified influencediagram

ESGTR R P(ttigh) P(Low)
i,ii i i !, i ,11 i . i i ir i [11 I II ...........

yes yes 0,0 1.0
yes no 0.65 0.35
no yes 0.0 1.0
no no 0.28 0.72

...... ....... ii I ....... 11111

Table 3.18
Conditional probabilityfornode VB for simplified influence

diagram
• ................. j I ]T I I IIII H IIIIIII ....

R RP WC P(no VB) P(ttPME) P(BH)
JJLLII]l[...... _ ..... [ I[I II _ I I I[1[ IIH I_l[llf I I : II!llll II I Ill II I I

yes low yes 0.91 0.0 0.09
no low yes 0.1 0.0 0.9
no high yes 0.1 0.45 0.45
yes low no 0.9 0.0 0.1
no low no 0.0 0.0 1.0

.....no ...... hilzh no ......0,0 ..........0..79.... 0,21
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Table 3.19
Conditional Probabilityfornode SGTR for

simplified influencediagram

ESGTR R RP VB P(SGTR)

yes any any any 1.0
no yes any any 0.0
" no high yes 0.0
" " " no 0. I
" " low any 0.0

........ , ,, ...... , ..... , , ., ,,, ,. _L 1, ,,,1 ,,., -

Table3.20
ConditionalProbabilityfornodeECF for

simplifiedinfluencediagram
_ .... , , i _ilI[ ] III IliJ IIII .... _ I I

VB R EVSE CFE P(ECF)
L ] ..... i i iii tl .............

no any any any 0.0
hpme no any L 0.064
" " any M 0,028
" " " S 0.00
" yes " L 0,047
" " " M 0.004
" " " S 0.00
bh any yes any 0.01
" " no " 0.00

.... I _I__.[ II 1,11III , d J ' I, J I'[' 111 _ .....................
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Table3,2i
ConditionalprobabilityfornodeLCF

_u_ _ _ .... t ,,._ _ ..... 7_v illllII] .... ,...........r _JL ........

WC VB RP CFE EVSE R P(LCF)
Ill _ ji I ........ _ ....... i1111......... ii i - ! ...... i ............. i,_ IlI .......

any no any any any any O.00
yes yes high L " ye,_ 0.0ii
" " " " " no 0,012
" " " M " yes 0.011
" " " " " no 0.012
" " " S " yes 0.050
" " " " " no 0,052
" " low any yes yes 0.030
" " " " " no 0,032
" " " " no yes 0,16
" " " " " no 0.17
no " high I. any yes 0,011
" " " L " no 0,_
" " " M " yes 0.011
" " " " " no 0.06
" " " S " yes 0.25
" " " " " no 0.26

" " low any yes yes 0,03
" " " " no no 0.26
" " " " " yes 0.16
tt tl t; It

yes no .
I

.... i IIII II I I IIIIIIII "I1 i_ _;- . -- ....... i ,___ _ ....._ L:z
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Table3.22
Riskresultsof basecasecalculations

Criterion DONothing Flood & R(%)
......................... I Illl I I ir ] irlll flii i i[i] ii ......... i ._l i L i lift I .

Early Fatalities i,_ E-2 9.1'7E-3 15,9

Late Fatalities 5.63 E +1 4.86E+1 13.7
...................................... , ,,,i ,, .......... ,, , , H ,, ,,it

Table 3,23

Conditional probability resultsofbasecasecalculations

_-; _ 7-- __. - ._ == lull IIIIIIIII _ I IIII11!11111111II I_uii , i ......... ii ii_ ......

Event DoNothing Flood & P(%)
.... . ii i - i [rli _1 / i i i I iiii ii [ _ _ i iiiiii " i it II 111 _L__ _

Vessel Failure 7.66 E.I 7.21 E-I 5.9

Ex-vessel
SteamExplosion 1.30E-I 1.81E-I -28.2

EarlyContainment
Failure 4,86E-3 3.94E-3 18.9

LateContainment
Failure 1.63E-1 9.75E-2 40.2

SteamGenerator
TubeRupture 1,80E-2 1,92E-2 .6,7
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(a)

RI_ _ly,Late Fatalities)

Figure3,1. Initialinfluencediagramand influencediagram
expandedtoincludeECF, LCF, SOT]R,andVB.
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Figure3,2.InfluencediagramexpandedIoincludenodeVB,andthe
nodesthalinfluencesVB,andSGTR.
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Figure 3.3. Influence diagram expanded to include node LSGTR.
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Figure 3.4. Influence diagram expanded to include nodes EVSE, ECF,
and the nodes that influence them.
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OA:operatoraction ESGTR:earlySGTR CCI: core-concreteinteraction
WC: waterin cavity VB: Vessel breach ACCI:amountof CCI

HSF: hot leg or surgeLinefailure LR: AC powerrecoveredduringCCI S: SpraysduringCCI
CDA: coredamagearrested CFE: corefractionejected ECF:earlycontainmentfailure
R: AC powerrecoveredbeforeVB VHS: vessel holesize LCF:latecontainmentfailure

RP: RCSpressureat VB EVSE: ex-vessel steamexplosion SGTR:steamgeneratortube
rupture

Figure 3.5. Final influence diagram.
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Figure 3.6. Simplified influence diagram.
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Figure 3,N, Risk results ()f base case calculations.
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O_o

Flood Do Nothing

Figure3,9. Conditionalprobability results for base case
calculation.



0.01

-e-- DoNothing
0.00 _-_- ......._ • .......i_ _. ...........i_ -+-- ......._-_-_

0,0 0,2 0.4 0,6 0,8 .0

PC_VC/Flood)

50

DoNothing

0,0 0.2 0,4 0,6 0,8 1,0

P('WC_Iood)

Figure 3.10, Risk sensitivity to the probabilit._ that the reactor cavity is

floc_dectbefore core slump,
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0,016

0.014

0.012
0,010

' 0.0080,006
Flood' 0,004
Do Nothing

0.002
O0 0,2 0.4 0.6 0.8 1.0

P(R)

70

6O

4030

0,0 02 0,4 0.6 0.8 !.0

P(R)

Figure 3.11, Risk sensitivity to the probabilily that AC power is
recovered belt)re vessel failure,
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0.014

0.013 --o-- Flood
_ Do Nothing

•_ 0.012

_, 0.011 ; =

0.010 _n
0.009

0.008. • , • , • , • , .... •
0.0 0.2 0.4 0.6 0.8 1.0

P(LSGTR_'C, no VB, high)

70

• i,,,u

,_ 60
IT.

r_ 50

,..1 _ Do Nothing
40 ....... , . , . , . , .

0.0 0.2 0.4 0.6 0.8 1,0

P(LSGTR/WC, no VB, high)

Figure 3.12. Risk sensitivity to the probability of a late steam

generator tube rupture given water in cavity,

no vessel failure and high RCS pressure.
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0.02 ,

o0q,,,_

• t,,,_

• i ii , ii i i

u_ 0.01
___

_ Flood
_ Do Nothing

0.00 . , . ..., . , . _ , ..
0.0 0.2 0.4 0.6 0,8 1.0

P(VB/WC, low, no CDA)

0 , . i i, iiii

,-, 50

40

•-, .--.o-. Flood
_ Do Nothing

30 ..• ! " I " I "'_ "" I1' J'

0.0 0.2 0.4 0.6 0.8 1.0

P(VB/WC, low, no CDA)

Figure 3.13. Risk sensitivity to the probability of vessel failure
given water in cavity and no core damage arrest.
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0.02

0.01

-.o- Flood
Do Nothing

0.00 • , .....• , • , • , •
0.0 0.2 0.4 0.6 0.8 1.0

P(EVSE/VB, WC or R)

60

¢j

50

_ 40

_ _ Flood
_ Do Nothing

30
0.0 0.2 0.4 0.6 0.8 1.0

P(EVSF_B, WC or R)

Figure 3.14. Risk sensitivity to the probability of an ex-vessel steam

explosion given water present in the cavity.
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.4 : ..................

---o-- Flood ,,_
0.3

0.2

0.1

0.0
0.0 0.2 0.4 0.6 0.8 1.0

P(ECF/EVSE)

00 | ii ii1,1 ii

o ==o==Flood
:_. 40O

3oo
_ 200

" | " | '" " ' I rll " I

0.0 0.2 0.4 0.6 0.8 1.0
P(ECF/EVSE)

Figure 3.15. Risk sensitivity to the probability of early containment

due to an ex-vessel steam explosion.
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Figure 3.16 A two-way sensitivity analysis with a criterion of early
fatality for two crucial parameters [P(EVSE/VB,WC, or R) and
P(ECF/EVSE)].
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Figure 3.17 A two-way sensitivity analysis with a criterion of early
fatality for two crucial parameters [P(No VB/Flood, High RCS
Pressure) and P(EVSENB,WC, or R)].
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4. BWR DRYWELL FLOODING

4.1 Introduction

Many candidate strategies to manage severe accidents have been identified and
discussed during the two workshops held at UCLA. One of the candidate accident
management strategies for BWRs is flooding the drywell up to the top of the vessel
lower head. In this analysis, a BWR Mark I nuclear power plant (such as Peach
Bottom) is used to illustrate the framework presented in Chapter 2. The strategy to
be assessed is whether to flood the containment in a long term station blackout
sequence or do nothing different than is analyzed in NUREG-1150 [3]. Primary
containment flooding is already included in the BWR Owners' Group Emergency
Procedure Guidelines [141, but the concept is intended for LOCA situations where
the water within the drywell could enter the reactor vessel through the break. For
severe accident sequences not involving a LOCA, flooding of the primary
containment and the presence of water surrounding the reactor vessel might
provide sufficient cooling of the reactor vessel bottom head to maintain the core
and structural debris within the vessel [151. Furthermore, given the proposals [16]

for preventing failure of the Mark I drywell shell liner by flooding the drywell
floor with water, primary containment flooding is a strategy worthy of
consideration. Existing studies [17] indicate that a long time is required to raise the
water level within the wetwell and drywell to surround the reactor vessel lower
head, if existing systems are used. The long tex,n station blackout sequence is chosen
to examine the drywell flooding strategy because it is a dominant accident sequence
and it has a relatively long time to core slump.

There are two concerns related to the feasibility of the strategy. The first
concern is drywell venting in order to assure effective flooding. If the drywell is
not vented during the flooding operation, the resulting high back-pressure would
decrease the rate of low pressure injection from a system such as the fire pumps.
The small drywell and wetwelI volumes will result in pressures that may fail the
drywell if there is insufficient venting. In the Mark I containment, the wetwell
volume would not completely fill because of a trapped airspace in the top of the
torus above the wetwell-to-drywell vacuum breaker. The volume taken up by the
trapped air is significant in reducing the total free volume that must be filled when
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attempting to flood the drywell, so care should be taken to ensure that inadvertent
venting of the wetwell airspace does not occur during flooding. A method for
opening lhe vent path without AC power should also be considered. The second
concern is the capacity of the injection system used for flooding. Appro×imately 1.5
million gallons of water are needed to fill tile containment up to the top of the vessel
lower head. Early initiation of flooding using a fire pump is analyzed herein.

The effectiveness of this strategy relates directly to the probability of vessel
failure given that the water level in the containment covers the lower vessel head.
Whether the vessel would remain intact with water outside is currently a
controversial issue. Reference 1181suggests that since there is a trapped air region
inside the skirt and below some portion of the lower vessel head, natural circulation
of air is not sufficient to cool the lower vessel head; thus the temperature of the
lower vessel head would exceed the creep rupture temperature. An assessment
based on steam cooling of the vessel lower head in the air pocket region (with a
higher heat transfer coefficient than air) has been made in Appendix I, and the
results are used in the assessment presented below.

In assessing the drywell flooding strategy, the potential benefits must be
measured against the possibility of adverse effects by including other possible
phenomena such as an ex-vessel steam explosion. Whether or not the operators will
be able to flood the drywell up to the required level in the required time, using an
available injection system ( the feasibility of the strategy) should also be considered.
Containment isolation failure is expected after core damage since the vent valves
are open. Unfiltered ventirlg is only considered in this analysis. Flooding the
drywell could also help to reduce the chance of liner failure, if the vessel fails, a so-
called secondary mitigation effect.

Influence diagrams and decision trees are used for the analysis presented below.

4.2 Construction of the Influence Diagram

An influence diagram can be used to represent the probabilistic and
deterministic dependencies in a decision analysis. These kinds of dependencies
cannot be represented by decision trees.
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In a single decision problem, the initial influence diagram consists of two nodes,
a decision node and a value node. This influence diagram is called a "minimal
influence diagram" (See Fig.4.1. (a)). In this example, the decision node represents
whether or not the operators decide to flood the drywell using a diesel-driven fire
pump after the loss of off-site power. In order to evaluate the drywell flooding
strategy using a systematic decision framework, two measures of risk are used:
early and late cancer fatalities. The value node is decomposed into four direct
predecessor nodes: early containment failure (ECF), liner melt-through (LM),
containment isolation failure (IF), and late overpressurization containment failure
(LCF) after vessel breach (VB) ( See Fig.4.1. (b)). In this case, the following value
function is used:

<VIDj> =
i=1

= C(ECF)P(ECHDj) + C(LM)P(I.,MIECF, D_j)
+ C(IF)P(IFIECF, LM, Dj) + C(LCF)P(LCFIECF,LM,IF, Dj)

(4.1)

where i = ECF, LM, IF and LCF,
Ci = Consequence for each mode of containment failure, and

P = Conditional probability, per unit time.

In general, when nodes are constructed in a time-sequence manner on an
influence diagram, every direct predecessor will influence the next node. However,
we can usually take advantage of domain-specific knowledge which indicates that
some nodes are independent of some or all of their direct predecessors. Since
adding arrows increases the complexity of a domain, we should use such knowledge
as much as possible to reduce the number of arrows added.

Unlike the PWR case, the dependency between the four containment failure
modes are strozlg in a BWR (Fig. 4.1. (c)). A detailed explanation will be given in
Section 4.4. To be directly assessable an influence diagram should be expanded
further until phenomenological and sequential relationships can be represented.
Each containment failure mode is dependent upon several possible phenomena
during a severe accident. For example, early containment failure (node ECF) is
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caused by direct containment heating clue to high pressure melt ejection ( node
HPME) and/or ex-vessel steam explosion (node EVSE). These nodes should be
expanded between vessel failure (node VB) and early containment failure (node
ECF). Also, containment vent (node CV) is expanded for drywell flooding (node
we).

Fig. 4.2 shows the final influence diagram used to evaluate the drywell flooding
strategy. The directed arcs between nodes represent influences, i.e., the predecessor
node affects the successor node through the conditional probabilities. All nodes are
treated as probabilistic nodes. Table 4.1 shows the notation used in the influence
diagram and decision tree.

4.3 The Decision Tree

A decision tree for the drywell flooding strategy in the long term station
blackout sequence is shown in Fig. 4.3 (a) through Fig, 4.3 (d). This decision tree is
consistent with the influence diagram in Fig. 4,2. The top events of the decision tree
correspond to nodes on the influence diagram. The decision tree events are
arranged in a timely manner, i.e., the earlier event is located on the left side. Note
that if either the chance node probabilities are zero, or the consequence values are
equal, branches can be collapsed, and the tree becomes asymmetric. Base case
probabilities for each branch are shown above each branch. In some branches, the
base case value is zero. These branches are kept for the sensitivity analysis
presented in Section 4.6, APBI through APB 10 are accident progression bins used
in the NUREG- 1150 backup documents as consequence measures for each endpoint.
They will be discussed in detail in Section 4,5.

4.4 Node Probabilities

Node D

The analysis starts with tim plant damage states associated with the long-term
station blackout sequence (PDS5) for the Peach Bottom Unit 2 reactor. The long-
term station blackout sequence is composed of two scenarios [3]. High pressure
injection is initially working, AC power is not recovered, and either: 1) the
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batteries deplete, resulting in injection failure, re-closure of the ADS valves, and
re-pressurization of the RPV (in those cases where an SRV is not stuck open),
followed by boil-off of the primary coolant and core damage at high or low RPV
pressure depending on whether an SRV is stuck open or not; or 2) HPIC and RCIC
fail on high suppression pool temperature or high containment pressure,
respectively, followed by boil-off and core damage at low RPV pressure ( since if
DC has not failed, ADS would still be possible, or an SRV is stuck open). De
containment is at high pressure but less than or equal to the saturation pressure
corresponding to the temperature at which HPCI will fail (i.e., about 40 psig at the
start of core damage). Since all emergency core cooling systems are unavailable
after battery depletion, the operators have no options available to them with respect
to preventing core damage unless AC power is recovered. However, if the vessel
can be cooled from the outside, i.e., flooding the vessel up to the top of the lower
head using an independent injection system such as the fire pump, vessel failure
might be prevented. If not, water in the drywell might prevent or delay
containment failure.

The decision that has to be made in this situation is whether or not to initiate

drywell flooding using a diesel driven fire pump.

Node CV

The node CV represents whether or not drywell venting can be achieved before
the initiation of flooding. Drywell venting is needed for successful flooding.
Possible drywell venting lines for Peach Bottom are the following [ 191:

1) 2-in pipe from tile drywell to the Standby Gas Treatment System (SGTS),
2) 6-in Integrated Leak Rate Test (ILRT) pipe from drywell,
3) 18-in drywell vent via duct-work to the SGTS,

'14) 18-in drywell supply path, ,it d
5) two 3-in drywell sump drain pipes.

In accident conditions, tile 2-in lines will not be sufficient to prevent
containment pressure from increasing so the 6-in II.RT line or other lines must be
used. Also, if core damage has not occurred and the 6-in line is used, steam will be
released directly to the environment and no adverse environments will be created in
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the reactor building, 'I'oopen the 6-inch II,RT path, a flange nmst _ removed from
the line. Also, two motor.operated valves and two air-operated valves must ly_
opened locally, With a loss of power, motor-operated valves fail in an "as is"
position, '111esevalves can still _ opened with a handwheel or wrench on the stub
protruding at the top of the motor operator. With a loss of instrument air, all air-
operated valves fail closed. Backup air bottles are installed to facilitate opening air-
operated valves locally, l)ue to drywe!! water elevation considerations, the 18-in
lines to the SGTS might _ opened instead of the 6-in iI,RT line.

NUREG 1150 analysis assigned a probability of successful wetwell venting for
SBO sequencesasO.ibecauseopeningthevalvesofthevenlingsystemneedsAC

powerandisdifficulttodo intheharshenvironn'Rentinthereactorbuilding(i.e.,
radiationfromfissionproducts).Reference[19]givesa faulttreeforcontainment

venting.Fourfailuremechanismswereconsidered:localequipmentfailure,

operatorfailstovent,l_iilureofinstrumentairsystemtoprovideairpressure,and
lossofpowertoventvalves.IncaseoflossofallAC power,localandmanual

ventingisnecessary.Inthiscase,onlytwofactorsareimportantforcalculating
venting failure probability, i,e, local equiprnent failure and operator fails to vent.
Fig. 4,4, represents the fault tree in this case. In the figure, local equipment failure

probability (PCV-SYS-I/W-SYSTM) is l.Oxl 0 .4 (I/demand)[ i 91, and operator

fails to vent probability (PCV-XIIE-FO-PCV)is 0.5 1221.Using the above data, the
containment venting failure probability is 0.50,

It is evident that operator error probability dominates the venting failure
probability. As discussed previously, the operator error probability (0.5) as given
in 1191is too large for the case of drywell flooding, qlae operator has at least 2
hours to perform venting (this will be discussed in node WC) if the operator starts
to prepare for venting right after loss of all AC power, With AC power available, it
takes approximately 0,5 hours for the operator to defeat the interlock and open the
vent path 1201,Without AC power, defeating the interlock is unnecessary, but the
operator has to find the vent path and open the valve locally, in this case, 1hour is a
conservative upper bound and the time available is much larger than the time
needed, There is still human error when the time available is greater than the

critical time of about 80 minutes (non.response probability), The simulator
exercises provide non.response probabilities that are moderately high; in
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particular, it has been indicated that they are larger than 2×10 -2 [21]. In this

analyst_, operatorfailure probability is chosen as 2×10.2 and the containment
venting failure probabilityis then 0.02. This value is chosen as a realisticbase case
probability (Table 4.2),

Node R

In building the influence diagram/decision tree for the BWR strategy study,
some minor differences in approach were made, compared to the PWR study
discussed in Chapter 3. In the PWR study, node R representsthe probabilityof AC
powerrecoverybetween the time the core uncovers and the time of vessel breach.
For the BWR study, node R representsthe probability of AC power recovery
between the time the coreuncoversand the time the coreslumps, The BWRanalysts
assumed that after core slumping, recoveryof AC power would not affect whether
or not vessel breach occurred.

For modeling the recovery of AC, only off.site power is modeled. It is assumed
e 'that diesel generators can not be recovered astly after their failure Reference 112]

o o,,,, i ogives a Weibull di,_'tnbutlonfor non.recovery time of off-site AC power as follows:

f(t) = kl3._.t13-1expl.(kt)131 (4.2)

where _=1.1576, 13=0.6396;and hence

PIT a tJ =exp [-(Xt)131. (4,3)

Hodge 1221has addressed the timing for a BWR 4 Mark II reactor shown in
Table 4.3 1221.Since the Peach Bottom reactor is a BWR4, this result is assumed to
be valid for this analysis. According to the table, tcu = 10.6hr is the core uncovery
time and tcs= i2.3 hr is the core slump time.

In this case,the AC non-recovery (R) probability is calculated by

- P [T>tcsn T_tcu]
P(R) = P [T_ tcslT _tcul =..... P[ T_tCu i .........
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P IT _ tcs]
__:_-tc-_ =0.62 (4,4,

Uncertainties related to the quantification of the probability of recovery of AC
power before core slumping include the probability density function (pdf) for
recovery of off-site power and phenomenological uncertainty associated with core
melt and relocation progression which affect the timing of core slumping.

Node RP

Node RP represents vessel pressureat failure which is an important ex-vessel
phenomenological consideration. Unlike the PWR case, BWRs do not have a
primary system loop. The pressure in a PWR can change due to a leak in the
primary system such as a steam generator tube rupture or a st,rge line failure.
However, it is unlikely that the pressure in a BWR vessel might change, except after
operation of the ADS. Since we are starting with a long.term station blackout, it is
assumed that vessel pressure remains "as is" after opening the ADS valves. In other
words, the vessel is only at a low pressure state if the ADS valves are stuck open
after DC power is lost. Otherwise, it is a high pressure state. The probability of the
state of the vessel pressure is calculated below.

The long term station blackout consists of three sequences 1231:TI-PiBNUI i,
TI-BNU11, and TI.BUI INU21 (Table 4.4). These sequences involve a station
blackout with or without one stuck open ADS valve and initially, successful

operation of HPCI or I_CIC. Battery depletion may or may not occur before core
damage. If the battery is not depleted, the loss of room cooling can cause loss of the
HPCI or RCIC. The vessel remains at low pressure if an ADS valve is stuck open,
otherwise, it re-pressurizes on loss of DC. AC systems are available on recovery of

AC power, Venting is .aot performed due to loss of AC. The typical time for core
damage is between 10 to 13 hours.

Only if a valve is stuck open, can the vessel remain depressurized. According to
Table 4,4, accident Sequence TI.PIBNUII consists of a stuck open ADS valve;
hence the probability of low reactor pressure is
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P( R---PIR.) - P(T1-P1BNU11).......P(PDS5) = 0.07 (4.5)

When AC power is recovered before core slumping_ the vessel pressure is
definitely low because of ADS operation (Table 4.5).

Node WC

The probability of the presence of water surrounding the bottom head of the
vessel before core slumping is dependent upon whether or not the drywell can be
vented, and the capacity of the fire pumps. This analysis assumes that the injection
system is a diesel driven fire pump which is already aligned and fitted to the
containment spray system. It is also assumed that water has to reach the top of the
lower head before relocation of core debris begins (core slump), i.e., 737 minutes
after loss of AC power.

The fire water system at Peach Bottom consists of two 2,500 gpm capacity,
vertical turbine pumps (one electric-motor-driven and the other diesel-engine-
driven) [24]. There is a crosstie between the High Pressure Service Water system

and the RHR containment spray mode if AC power is available. In case there is no
AC power and the diesel engine fire pump is to be used, the operator should align
the fire protection system to the RHR containment spray mode. While information
concerning fire pump alignment is unavailable, Reference [25] analyzed a
representative plant from the BWR Mark I group of 24 nuclear units. The layout
and physical arrangement of this plant was used to evaluate typical requirements for
potential improvements. Among these improvements, the installation of a piping
cross-tie between the fire protection system(FPS) and RHR system was discussed.
Logic changes and electrical wiring are considered for proper valve alignments and
flow path isolation. To modify the typical plant, the length of the pipe cross-tie
between the FPS and RHR system was assumed to be 100 feet. Four additional
valves are needed as part of this modification. One of the two 8-inch manually
operated gate valves is considered for RHR heat exchanger isolation. The base case
total cost of piping and logic modification is given as $613,600 in 1988 dollars.
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It is estimated [15] that 208.000 ft 3 (1,550,000 gals.) of water would have to be
added to containment so that the water within the drywell can reach a level (about
35 ft above the drywell floor) sufficient to cover the reactor vessel bottom head. If
only the fire pump is used, the timing for achieving this level is 620 min.
Comparing this with the timing in Table 4.3., the latest time that operator could
start flooding using the fire pump is 737 - 620 =117 min (1.95 hr.) after loss of off-
site power, if water has to surround the lower vessel before core slump. At this time
DC power has not beer, depleted and HPCI/RCIC is still available. The operator
would be reluctant to start flooding. The only possible situation in which fire pump
flooding is likely to be employed is that it is hopeless to recover off-site power in
10 hours (e.g. large power grid damage due to severe weather) and it is also
hopeless to run the on-site diesel generators within 10 hours (e.g. due to
unrecoverable severe damage).

In this study, WC is defined as "water reaches 35 ft before core slump" and WC
is defined as "water in the drywell is very shallow" or "no water in the drywell".
Hence, the use of the the binary case (P(WC) + P(WC) - 1) omits consideration of
the possibility of an intermediate case.

It is assumed that the availability of water in the drywell is primarily based on
the successful operation of the fire water system. Fig. 4.5 is a simplified version of
the fire protection system fault tree of reference [26] in that valve and pipe failure
are not considered since the detail configuration and failure data of Peach Bottom
fire water system is unavailable. It is assumed that the proper fire system
modifications in Peach Bottom have already been performed and a fire pump for

flooding is included in the procedures. The operator only has to align the fire
system to the RHR containment spray mode by opening and closing valves, and to
start the diesel fire pump. The Grand Gulf plant has two nominally identical diesel
fire pumps, each has a flow rate of 2000 gpm while Peach Bottom has only one
2500 gpm diesel fire pump. An assumption is made that the Peach Bottom diesel
fire pump has the same reliability as any one of the Grand Gulf diesel fire pumps. In
Fig. 4.5, unavailability due to maintenance (FWS-DDP-MA-DDPA)is 0.01
(1/demand), diesel pump failure to start probability (FWS-DDP-FS-DDPA) is 0.03
(1/demand), diesel pump failure rate (FWS-DDP-FR-DDPA) is 8.0×10-4 (1/hour),

which gives a fire pump failure-to-run probability of 8.0x10 -3 for 10 hours. The
operator has 2 hours to perform the flooding operation, thus the operator error
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rate (OER) is 0.02 as discussed in the drywell venting section. The fault tree with
this data results in a probability of 0.07 for the flooding failure (Table 4.6).

It should be noted that uncertainty in the timing of core slump also influences the
success of containment flooding. In reality, the operator might not flood until the
core is uncovered. From Table 4.3, this leaves only 98.9 minutes to flood the
containment; large capacity (at least 15,670 gpm) low pressure pumps are needed,
and the pumps should have an independent power source.

Node VB

The vessel bottom head failure mechanism (Node VB) is dependent upon factors
such as the temperature and composition of the corium, and the timing of its release
from the degraded core region [27]. For example, a sudden release of hot molten
corium directly into the plug area such as a guide tube or a control rod drive
mechanism tube will mo_t likely result in a penetration failure. On the other hand,
if low-temperature (i.e. containing metallic constituents) corium is gradually
released into the lower plenum, a slow heat-up of the entire vessel lower head can
be anticipated, eventually leading to its gross failure.

When there is no water outside the vessel lower head, the most common failure

mechanisms postulated for the vessel bottom head are those of gross melt-through
and localized penetration tube failure. The chance of different potential modes of
failure is affected by the presence of water outside the reactor vessel head. This
matter is discussed in some detail in Appendix I.

When the water level reaches 35 feet above the drywell floor, part of the reactor
vessel lower head can come into contact with the flooded water. However, there is

trapped air in the vessel support skirt region during drywell flooding as shown in
Fig 4.6 [ 18]. Hodge et al [18] have investigated the effect of external flooding of the
drywell for the short term station blackout accident. They used a conduction model
to study the behavior of the debris in the vessel lower head. They also considered
heat transfer to the air in the vessel support skirt region. According to their
analysis, the average vessel shell temperature in the vessel support skirt region
exceeds the temperature at which the creep rupture can occur.
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Studies in Appendix I indicate that with flooded water in the drywell (Fig. 4.7
and 4.8), the vessel inner wall temperatures were below the melting temperature of
the vessel. These results were obtained by assuming flint decay heat produced by the
core material relocated in the vessel lower head produces convective motion in the
melt, and that the air pocket is filled with steam generated by nucleate boiling on the
outer wall of the vessel bottom head. Thus the outer wall temperature with the
steam-filled air pocket region was lower than that obtained from Reference [18]. It
is seen that the baffle plate temperature is predicted to be above the melting
temperature of steel (1700 K). As a result, the baffle plate will fail and any water
left in the downcomer region surrounded by the cylindrical vessel shell, the baffle
plate and the lower core shroud will spill over the core debris.

The following two factors are considered: AC recovery before core slumping
(Node R) and the presence of water in the drywell up to the bottom head of the
vessel before core slumping (Node WC). This analysis assumes that if AC power
could be recovered before core slumping, the vessel would not fail, whether or not
containment flooding is successful. However, this assumption does not necessarily
mean that node VB is a deterministic node. When there is water outside the lower

head, the probability of vessel failure is expected to be lower than without water.
For the base case calculation, the vessel failure probability given the presence of
water is chosen as 0.4 (for all failure modes). This value is deduced from the

temperature and stress analysis results given in Appendix I. If AC power is not
recovered and water does not reach the lower head, the vessel failure probability is

1.0. A sensitivity study concerning the effect of this parameter is performed in
Section 4.6. The conditional probabilities in Table 4.7 are used for the base case
calculation.

Node HPME

Node HPME represents the probability of the effect of the high pressure melt
ejection. Reference [29] gives a probability of 0.8 for this.

HPME might occur, both in case there is, or there is not water in the drywell.

However, we expect that an ex-vessel steam explosion is dominant rather than DCH
induced by HPME for the case of flooding in the drywell. Hence, the conditional
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probability of HPME given a successful drywell flooding is assumed to be zero
(Table 4.8).

Node EVSE

An ex-vessel steam explosion (Node EVSE) is dependent upon the vessel failure
mode and the presence of water in the dryweU. The contact mode of ex-vessel fuel-
coolant interactions is one of the important factors for determining the magnitude
of an ex-vessel steam explosion.

Due to the extreme uncertainty in the phenomena of an ex-vessel steam
explosion, it is hard to quantify the corresponding probabilities of an ex-vessel
steam explosion when there is water in the cavity. Table 4.9 shows the conditional
probabilities based on the Peach Bottom APET results. This is also discussed in
Appendix II.

Node ECF

The early containment failure (Node ECF) modeled in this analysis is either
caused by DCH induced by HPME, or various failure mechanisms such as dynamic
pressure (shock wave) and/or static pressure (overpressurization) induced by an ex..
vessel steam explosion.

For high pressure melt ejection case, the probability of early containment
failure due to DCH is extremely uncertain. This analysis uses expert opinions about
pressure distribution given by independent 4 experts in the NUREG-1150 backup
document for determining the probability of containment failure after vessel

failure at high pressure and dry cavity [23](See Table 4.10). in order to combine
these opinions, the method described in Appendix 4.A is used.

For this presence, we have three symmetric percentiles (0.1 th, 50th, and 99.9th)
from each of the four experts and use the values of Z 99.9 - 3.08 and wi = 0.25 since

we have no information regarding the experts. Then, 0rn ---0.599 and tom " 0.523

are obtained for the most probable log-normal posterior distribution. Then, the

containment failure probability due to HPME can be obtained by applying the Peach
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Bottom containment failure pressure (9.1 bar or 132 psig) to this log.normal
distribution as follows:

P [Pc_°F] = P [Z> !npF- OrnI =1- • [{nPF- 0mI (4.6)Om COrn

where Pc = random variable for containment pressure
PF = containment failure pressure
Z = standard normal variable

= standard normal distribution

The early containment failure probability due to HPME was obtained as 0.001.

The same method can be applied to calculate the probability of early
containment failure due to an ex-vessel steam explosion using expert opinion.
Tables 4.11 and 4.12 show expert opinion data for the pressure increase due to an
ex-vessel steam explosion for high and low vessel pressure. In this case, we have
0m = 0.3795 and tom -- 0.966 for high vessel pressure and 0m = - 0.0113 and tom =

1.096 for low vessel pressure. Using a containment failure pressure of 9.1 bar (132
psia), the probabilities were obtained as 0.03 for high vessel pressure and 0.02 for
low vessel pressure, it is assumed that the distribution of pressure increase due to an
ex-vessel steam explosion by the experts applies to the the case of 2 feet of water in
the pedestal area. However, flooding of the drywell can lead to a 30 feet height of
water in the pedestal area and reduce the free volume of the containment
considerably. Considering this factor, the probability of early containment failure
due to ex-vessel steam explosion for flooding drywell was estimated using a
different approach. This is described in Appendix II. The results are shown in
Table 4.13.

Node LM

An early failure mechanism in the NUREG-1150 study is liner melt-through
(node LM), i.e., penetration of a BWR Mark I containment resulting from thermal
attack of the steel containment shell by molten core debris [3].
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The scenario for this mode of containment failure assumes that as core debris

exits the reactor pressure vessel and is deposited on the floor within the reactor
pedestal, it flows out of the pedestal region through an open doorway in the pedestal
wall and onto the annular drywell floor. For the debris to contact the drywell shell,
it must flow across the drywell floor until it contacts the containment shell along
the line where the shell is embedded in the drywell floor. If hot debris contacts the

drywell shell, two failure modes may occur; the combined effects of elevated
containment pressure and local heating of the steel shell may result in creep
rupture, or, the debris may melt through the carbon steel shell if it is hot enough.

In a study on the liner failure issue [16], liner failure given a flooded drywell
was considered "physically unreasonable", and liner failure without water on
drywell floor was considered a "virtual certainty". Hodge [31] further commented
that "the current Mark I shell protection proposals are based upon a water level
within the drywell reaching only to the lower lip of the vent pipes (about two feet
above the drywell floor), with the overflow entering the pressure suppression pool.
If drywell flooding to tl_e level of the lower head (35 feet) could be achieved
quickly enough, then the water in the drywell might iu effect provide two lines of
defense against containment failure: first, by serving to keep the debris within the
reactor vessel and second, by protecting the drywell shell."

In this analysis, liner failure is conditional on vessel failureand the presence of
water in drywell, as well as whether ECF occurs. The dependency on ECF is
modelled such that when early containment failure due to an ex-vessel steam
explosion and/or HPME occurs, liner melt-through is not considered, i.e., LM has a
zero probability. If ECF does not occur, LM has a non-zero t_robability. This kind
of dependency is chosen for the following two reasons. First, different events are
arranged in a time sequence, and in general the later occurring event is dependent
on whether or not the earlier event occurs. Second, we do not have a consequence
measure for the case where both ECF and LM occur. In this case, we choose the

consequence measure for ECF. Table 4.14 is based on the results of NUREG-I 150.

Node IF

As stated earlier, venting of the drywell should be performed before flooding.
Hence, early vent of the drywell causes containment isolation :'ailure (Node IF).
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This is due the fact that the vent valves are open when vessel breach occurs (we
assume that the operator has already opened the vent valve for flooding and local
reclosure is unlikely due to the high radiation after the vessel fails.) Since the

capacity of the venting valves is not expected to be large enough to prevent the rapid
pressure increase due to EVSE or HPME, ECF is assumed to be possible in this
analysis. Also, LM is possible since it is not dependent upon venting. For simplicity,
IF is treated only if there is no early containment failure (due to EVSE and/or
HPME) or liner melt-through, that is it is given a zero probability if ECF occurs.
This is chosen since the consequences of ECF and LM are more severe than that of
IF. When ECF and IF both occur, for example, the consequence can be
approximated by that of ECF. This is equivalent to the case when ECF occurs, but
IF does not occur.

Node CCI

This is conditional on water being present in the drywell (node WC), the vessel
failure (node VB), and the vessel pressure (node RP). When water is not present,
the probability of a core-concrete interaction (CCI) is 1.0. When water is present,
the probability depends on the vessel failure mode. The chance of corium

participating in CCI in the high vessel pressure case is smaller than that of the low
vessel pressure case when there is water in the cavity, since the high ejection rate
makes the corium mix up with the water more rapidly and thus vaporize it to
produce a pressure increase in the containment instead of participating in CCI. The

'rlprobabilities i Table 4.16. are based on the Peach Bottom APET result [291.

Node LCF

Late containment failure (Node LCF) is conditional on the occurrence of CCI,

early containment failure due to steam explosion and/or HPME, liner melt-through
and isolation failure due to drywell venting. The previous assumption still holds. In
other words, LCF occurs only if ECF, LM and IF do not occur. For the case when

there is CCI, late overpressurization containment failure is expected due to the
small free volume of the drywell, without drywell venting (Table 4.17).

4.5 Consequence Measures
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The accident progression bins (APBs) in the NUREG-1150 backup
document[23] utilize thirteen characteristics and each sequence in the accident
progression analysis can be assigned to an APB. After calculating the frequency of
all the bins, the XSOR code is used to perfoma source tema calculations, the results

are put into the PARTITION code, and then the MACCS code is used to perfonn a
consequence analysis. The results of MACCS, combined with frequency, are used ill
the PRAMIS code to calculate the risk.

The purpose of this report is to develop a decision framework. A simplified
consequence is therefore desirable. For presentation purposes in NUREG-1150, a
set of "reduced" bins was adopted. There are 10 reduced bins fol_Peach Bottom.
For each bin, there are essentially five characteristics: core damage, vessel breach,
containment failure time, containment failure location, and reactor vessel pressure
at the time of vessel breach. For example, in Table 4.18, the reduced bin "APBI"
has the following characteristics: core damage occurs, vessel breach occurs.
containment failure time is early, containment failure location is wetwell, a11d
reactor pressure at the time of vessel breach is greater than 200 psia. Reference 1231
calculated the frequency of each "reduced" bin contributing to all internal initiators

(Fig. 2.5- 6 in Reference I231). This information is used in Table 4.18 to calculale
the frequency of each accident progression bin. "Fable 5.1-1 in Reference 1231give_
the total risk due to internal initiators. The mean value is reproduced in Table 4, I_,
Table 5.2-3 in Reference[23] gives the fractional contribution to mean risk (FCMR)
for each "reduced" bin to total risk due to internal initiators and is reproduced in
Table 4.20. Combining information from Table 4.19 and Table 4.20, ont_ can

obtain the risk induced by each accident progression bin.

Utilizing the concept that the risk of each bin is the product of frequency :_t

consequence of each bin, and combining the frequency information in Table 4.1_';
c,dcu atedand the risk information obtained above, the absolute consequence can be -' , 1

for each "reduced" bin. The results are shown in Table 4.21. we assume the

consequence measures in Table 4.21 are applicable for both the do nothing and the
flooding cases. Using Table 4.21 as the endpoint value in the decision tree ca_
bypass the process of source term and consequence calculations, llowcver, tlao
derivation of consequence in this manner averages the influence by difl_rcz_t

in....internal _t_ators and is only an approximation. For instance, when there is no
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vessel breach, APB9 in Table 4.21 gives a non-zero consequence; this is largely due
to a LOCA initiator. In this report, APB9 is set equal to zero.

4.6 Quantification

Influence Diagram

A formal algorithm for evaluating influence diagrams was developed by
Shachter[32]. The detailed algorithm is shown in Chapter 5. According to the
algorithm, the operation of the reversal of arcs is needed for handling the evidence
nodes which represent the observed or experimental evidence, and do not have

'nsuccessor nodes. However, in the influence diagram developed 1 this analysis, the

operation of arc reversal is not required since there are no such evidence nodes,
where each node has its own successors or a value node. Only operations of joint

probability are needed for calculation of the total probability and the dependence
between nodes determines the unique conditioning variable in each term of the
product. For example, consider the influence diagram with no decision node in
Fig.4.9., where the variables xl,..xz are marked 1,...,7 for short. We can now write

the product distribution by inspection, going from parents to children:

P(Xl,..,X7 )= P(xl) P(x2 ) P(x._Ixl,x2) P(x4 Ix3 )

P(x5 Ix4) P(x6 Ix4 ) P(x7 Ix4 ) (4.7)

Computing the marginal probability P(xi) would require summing P(xz,..x,, )

over all 2n'l combinations of the remaining n -1 variables which have binary values.
The following is the example of how to evaluate the influence diagram in Fig.4.2.

Vessel Breach

The vessel failure probability is dependent upon two factors: R and WC (See
Fig.4.2). The joint probability P(VB,WC,R) is calculated by

P(VB,WC,R) = P(VEIR,WC) P(R) P(WC) (4.8)

Since node WC is dependent upon node CV, the marginal probability P(VB) can be
obtained by:
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P(VB) = _ _ _ P(VBIR,WC) P(WCICV) P(R) P(CV) (4.9)
R WC CV

On the other hand, using the operation of intermediate chance node removal,
one can build a collapsed influence diagram. This can be obtained by the removing
the node which has only one successor unless the successor is a value node. The
collapsed influence diagram applying the operation is shown in Fig. 4.i0. The
following two examples show how to do this operation.

Early Containment Failure due to Steam Explosion or HPME

The conditional probability of early containment failure (ECF), given vessel
breach (VB), reactor pressure (RP) and water in the cavity (WC), can be obtained
by removing the two intermediate nodes HPME and EVSE as follows (See
Fig.4.10):

P(ECFIVB,RP,WC)

= _ _ P(ECFIHPME,EVSE,RP) P(HPMEIVB,RP,WC) P(EVSEIVB,WC)
EVSE HPME

(4.10)

The probability of ECF conditional on VB,RP, and WC is shown in Table 4.22.

Late Overpressurization Containment Failure

The conditional probability of late overpressurization containment failure

(LCF), given vessel failure (VB), vessel pressure (RP), water in the cavity (WC),

no early c_.ontainment failure (ECF), no liner melt-through (LM), and no isolation
failure (IF), can be calculated by eliminating CCI node (See Fig.4.10) as follows:

P(LCFI ECF,LM ,IF ,VB,RP,WC)

= _ P(t.CFICCI,ECF, LM,IF) P(CCIIVB,RP,WC) (4.11)
CCI

The probability of LCF conditional on ECF,LM,IF,VB,RP, and WC is shown in
'Fable 4.23.
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Base Case Results

Table 4.24 summarizes the base case results and Table 4.25 shows the

conditional probabilities of each containment failure mode given vessel breach.
Also, to evaluate the strategy with respect to beneficial and adverse effects, some
consequence measures could be assigned to each of the accident progression bins in
Table 4.24 and the expected consequence for both early and late fatalities could be
calculated. Table 4.26 shows these results.

From Table 4.24, the drywell flooding strategy seems to be beneficial for saving
the reactor vessel, and the containment for both liner melt-through and late
overpressurization failure in terms of marginal probability. However, this strategy
has an adverse effect on early containment failure due to steam explosions. Also, it
has an adverse effect on isolation containment failure due to drywell venting.

According to Table 4.25, the most dominant containment failure mechanism

(except liner melt-through at high reactor pressure) given vessel breach, is isolation
failure in the flooding case. More importantly, the contribution due to liner melt-
through could be reduced by half for the flooded case compared to the case of no
flooding. The reduction in probability of late overpressurization containment
failure is due to the dry well vent, which results in isolation failure before late

containment failure. While flooding is expected to increase the probability of an
ex-vessel steam explosion, early containment failure due to an ex-vessel steam

explosion or HPME is not a significant contributor compared to liner melt-through.

Whether one flood or does not flood the drywell does not change the total
conditional probability of containment failure, given vessel failure. However, the
most important result is that the risk reduction comes from the change of source
terms. This is due to the fact that the influence diagram is modelled in a time
sequential manner. In other word, when ECF does not occur, then either of LM, IF,

or LCF is expected to occur. Also, if ECF, LM, and IF do not occur, LCF definitely
occurs. In this sense, drywell flooding reduce the expected risk by shifting the
source term from liner melt-through to isolation failure because isolation failure
has a less severe source term than that of liner melt-through.
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Decision Tree

Comparison with NUREG- 1150

A computer code SUPERTRE [4] is used to evaluate the decision tree in Figure
4.3. The probabilities and consequences are as described above. The base case
results for "do nothing" and for "flooding" are in Table 4.26. It shows that the base
case risk reduction by flooding is 75% from doing nothing per a long term station
blackout accident.

A comparison between the do nothing result of the decision tree and the
NUREG-1150 result is desirable. Table 4.27 is based on information from

Reference [23]. Table 4.28 compares the do nothing result with the NUREG-1150
SBO-LT calculation. As mentioned earlier, do nothing means do nothing different

than analyzed in NUREG-1150. In Table 4.28, the absolute risk of the do nothing
subtree is obtained by the product of frequency of the starting plant damage state
(1.9x10 .6 for PDS5) and the expected consequence in Table 4.26. Table 4.28

indicates that the decision tree predicts a smaller but similar risk compared to
NUREG-1150. The difference is not surprising, since NUREG-1150 used 145
questions to model the accident progression while this analysis employs only 12
chance nodes to model the important phenomena relevant to the containment
flooding strategy. Some of containment failure modes are not considered for the
purpose of assessing the flooding strategy, e.g., wet well failure. As long as the do
nothing subtree and flooding subtree are treated unbiased, (i.e., same degree of
conservatism), relative risk reduction can still be used as a criterion.

Probability Distribution of Accident Progression Bins

Fig. 4.11 shows the probability distribution of each accident progression bin
used in the decision tree. In the figure, APB8, 9 and 10 all have zero consequence,
they are grouped together and denoted as "No failure" in fig. 4.11; they were put
into one group. APB3 is the case of vessel breach at high pressure and early drywell
failure, i.e., the most severe consequence. In Fig. 4.11 the flooding strategy gives a
smaller probability for APB3 than do nothing while it has a larger probability for
APB8, 9 and 10. A flooding decision is favored in this figure.
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Simplified Decision Tree

Fig. 4.12 and Fig. 4.13 show the simplified decision tree for containment
flooding with early fatalities and latent cancer fatalities as the criterion
respectively. The simplified decision tree is used to demonstrate the influence of
some important chance nodes. Only containment venting, water reaching the vessel
lower head and vessel failure are considered as chance nodes. Once the vessel has

failed, several containment failure modes are possible, depending on the physical
situation. These failure modes are combined together into the endpoint value of the

simplified decision tree. The results obtained from the simplified decision tree are
listed in Section 4.8.

Bounding Calculation

The probabilities associated with chance nodes CV, WC and VB are important in
determining the benefit of flooding. There are uncertainties in assessing these
probabilities, as discussed in Section 4.4. The bounding calculation listed eight
different probability combinations for the three nodes, each taking its extreme
value (0 or 1) as one case. Table 4.29 shows the results of the bounding calculation.
The best estimate result lies in the range of the bounding calculations.

Sensitivity Analysis

Sensitivity analyses are performed for those uncertain nodes, using the decision
tree in Fig. 4.3 and the SUPERTRE software. The sources of uncertainty have been
addressed above. This section summarizes the results of sensitivity analysis.

Fig. 4.14 and Fig. 4.15 show sensitivity analyses for the probability that water
reaches the vessel lower head before core slump, given the drywell is vented. The

ordinate is consequence conditional on the plant damage state. It can been seen that
if water cannot reach the lower head, do nothing is slightly better than flooding,

otherwise flooding is preferred.

Fig. 4.16 and Fig. 4.17 show sensitivity analyses for the probability of vessel
failure, given AC power is not recovered and water reaches the lower head. It can
be seen that even if the vessel is definitely failed, flooding is better than do nothing,

4.22



although the difference is small. The reason is, from the consequence point of view,
that liner failure is worse than containment isolation failure.

Fig. 4.18 and Fig. 4.19 show sensitivity analysis for the probability of early
containment failure due to HPME. It can be seen that in all cases flooding is better
than do nothing, and if the probability is high, the result is more favorable to
flooding. In both subtrees, HPME is only one of several competing mechanisms to
fail the containment. If HPME does not fail the containment, the other containment

failure modes occur. Furthermore, in the do nothing subtree, HPME is more likely
because there is no water in the drywell.

Fig. 4.20 and Fig. 4.21 show a sensitivity analysis for the probability of early
containment failure due to an ex-vessel steam explosion. Again, flooding is favored
regardless of the probability. The consequence of do nothing is not changed because
of no water in the drywell.

Fig. 4.22 and Fig. 4.23 show sensitivity analyses for the probability of late
containment overpressurization failure. This probability only affects the do nothing
subtree, and flooding is better than do nothing, based on the same argument as
above.

4.7 Discussion

The influence diagram and the decision tree are equivalent methods. Relative
risk reduction is a reasonable criterion despite the presence of uncertainty.
However, relative risk reduction is only a good measure if the existing plant
systems can be readily used with minor modifications, e.g., a fire pump for
flooding. If additional equipment is needed, absolute risk reduction should be
considered and value impact analysis may be necessary.

The decision analysis reveals that the difference in vessel failure probability,
given the presence or absence of water around the vessel lower head, is the most

important factor influencing the effectiveness of drywell flooding. While the
effectiveness of water is still controversial, analysis performed at UCLA (see
Appendix I) indicates water could keep the lower vessel head temperature below the
melting temperature.
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Should the vessel fail when there is water in the drywell, the large amount of
water (35 feet above the drywell floor) would help to reduce the liner failure
probability. But containment isolation failure due to venting can also set a direct
pathway to the reactor building or outside. However, flooding might be still better
from the view point of minimizing the consequences.

As indicated in the sensitivity analyses (Section 4.6), steam explosion is not a key
factor influencing the flooding strategy, if one has a high chance of saving the vessel
lower head. If the vessel should fail, isolation failure and liner failure are of

concern even without a steam explosion. The steam explosion is only one of the
several competing mechanisms to fail the containment.

Related to the feasibility of flooding, a fire pump(s) or a new high capacity,
independently powered, low pressure pump(s) [15,17] could be considered. If the
fire pump is used, flooding should be started no later than 2 hours after the loss of

AC power, The precondition is that the operator should foresee that AC power will

not be recovered within 12 hours (a possible scenario might be loss of power grid
due to severe weather so that repair can not be performed within 12 hours; also the

on site DG has unrecoverable mechanical damage). Modification of the existing fire
protection system needs to be prepared at the plant. In reality, the operator might be
reluctant to flood early, because DC is still available and HPCI is also available.

Another reason for operator reluctance is that flooding will induce loss of wetwell

function. Procedural changes have to be made if early flooding using fire pumps
should be employed.

New low pressure, high capacity and independently powered pumps represent a
plant modification. A value impact analysis should be performed if the new pumps
were to be introduced, because of the potentially high cost associated with the new
systems. The operator has to be able to monitor the status of the reactor core if late
flooding (e.g., starting from core uncovery) is desirable.

4.8 Conclusion

The drywell flooding strategy is evaluated in this analysis to cope with the long
term station blackout sequence in a BWR Mark I nuclear power plant, such as the
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Peach Bottom Power Plant, A decision-oriented framework, namely, the influence

diagram and decision tree method is employed for the analysis. The expected
consequence per a long term station blackout accident is used ,_sa decision criterion.
The base case results show that there is 75% reduction in the expected consequence

by flooding over doing nothing different as analyzed in NUREG-1150. Therefore,
this analysis concludes that flooding is better than doing nothing in case of long
term station blackout accident.

In addition, the following insights are also obtained through the analysis:

a) if containment is not vented, then flooding is equivalent to do nothing, since it
'nis assumed no flooding is performed without venu g,

b) if venting is performed but water does not reach the lower vessel head,
flooding is slightly worse than do nothing because containment isolation failure
is an early containment failure mode and is worse than late overpressurization
failure when do nothing is chosen,

c) if water is not effective, i.e., the vessel still fails when water reaches the lower

head, flooding is slightly better than do nothing; the main reason is in a flooded
drywell, while isolation failure is inevitable, the liner failure probability
decreases, resulting in a lesser consequence, and

d) if water is effective in preventing vessel faihtre, flooding is clearly better than
do nothing.
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Table 4,1 Influence Diagram and Decision Tree Notation

Notation ........................ Descri }tion._...........
D'ecision at' _h_""_'iartingplant damage state (i.el, long term station blackouC

[): Do nothing different as analyzed in NUREG-1150
D: Flood the containment

' ' _ ......... C0n_nmentvenfing .....

CV: Venting fails, CV: D_well is vented
- R - "" AC'reco'v'c_bcfo_c0_ sl'hmpfro_"com'ufib0very................. ' ........

R:AC notrecovered,R:AC recovered
RP - Vesselpressureatvesscifailure....................................

RP:Vesselpressureislow,RP:Vesselpressureishigh
WC ....................-Waterreachesl'_wcrve'sselhcad',"'"i.e.,35fcei"'abdvc_Wellfloor

_

WQ No waterinthedrywell
WC: Water reaches lower vessel head

.... T ........ J(ll]l IIIII

VB Vessel failure

VB: no vessel failure, VB' there is a vessel failure
'HP_ .......H]"gh'pressure""meltejection wla]_l can cau"s'_'a direct c0ntai_ent heating

(DCH)

HPME: there is no HPME, HPME: there is HPME
........ EvsE "ILai'g'e'ex-vesse_steani cxplt)si0n .............. ...........................

EVSE' no hu'ge ex-vessel steam explosion
EVSE: there is a large ex.vessel steam explosion

..... iiii I]IIIIEII i1[11 II I i I i i_111] iUgl[ll ii _ i iI iii i1[ [111]1[11[i . _ i iii i iiii lull ..... I II I I I[ Illlll II

ECF Early containmentfailure

ECF: No early containment failure,
ECF: there is an early containment failure, early failure means
immediate or soon after vessel faflu.re..dueto EVSE an_pr HPME ............

LM I I_1[11 . i[i __jjlllLiner melt-t"hr0ugh'"

LM: there is no liner melt-through, LM', there is a liner melt-thrgu.,,.,_,, _h ,, , ,
L I i ii _ iiliiii ii iiiii ! i1! .... -_7 _ i i i1[ ii i_IF Containment _solatmn failu

IF: there is no containment isolation failure,
IF: there is containment isolation failure

CCI Large core concrete.......... lnteracnon'....... '.................. ......................................

.... , CCI: there is no large CCI, CCI: there is a large CCI. it • inl -

LCF Late Coniai'nmefit ove_ressurization ' ']

LCF: no late over-pressurization failure,
LCF: there is a late over-pressurization, late failure means containment
0verpressurization hfilure due to slow pressurization caused by CCI
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Table 4.2. The Conditional Probabilities for Drywe!l Venting

......... 7 ............ + : : IIIII[ II I : I I I J [ II fl I! iiii lU ?t + ......... F]I --+

IDecision(D) P(CVl,)*v..o+: +l,
I IlYes :Flood........... ...................................................... ...........

I No'. No Flood 0 ,0 !.................... _ ....... II I I I .... IIII I I : III: 1 llllllM[ IIIIIII I III II ....... II

Table 4.3. Calculated Sequence of Events for BWR (Mark II)
Long-Term Station Blackout [221

lira._ t i ,,,,,, ..... I I Ii I

Event ...................... , time(rain)i I I.,,. ...... II I __ III _ llllnlllllll i iiiiIiii jlllllll[ I IIII II[ I I[ -- 1_ llllJ

Loss of AC power' ' ' 0 0initiated scram
_ II i ......... ]H!I I I l J lJ I I i II II

BWRSAR calculation initiated 630.0

::S I _ lIK. IIIII I IIII I ]II

Molten debris from reactor vessel esmped + 985.8_+

Table 4.4. Plant Damage States of Long Term Station Blackout (PDS5) [23]

Accident Sequence "Frecluency ........... PDS vector .............Descripti0_ ,,
T1-RNU11 1.64x 10-6 4-2iS-'2_'22.S- Loss of AC power,

,, 22222:!22 no,StUCko_nAD$
TI-P1BNU11 1.31x 10"7 ' "4-'21S-1-2323- Loss of AC power,

22222-122 StuCkopen ADS .....
tNU2"i' + 2iS 2 2'_STI-BUI 1.25x 10.7 Loss of AC power,

........................ 22222-122 no Stuckopen+ADS
PDS5 1.9x10-6 4-21$-2-22-X-

22222-122
....................... ,, - + +

Note:* denotesconditionalprobabilitygiventheconditionsintheprevious
columns
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Table 4.5 The Conditional Probabilities for Reactor Pressure

AC......................recovery _fore Core''..........................Slumping (R) [ ....- ..... P(RP,.) i_._]

'"' _;"'_ '_Yes'_..........._.........., .................I ........"....-_010 _ " -1
........................... ____ I I I I II I ---- __L ....... _ _ I III11 _ [l! ..... ....

Table 4.6 The Conditional Probabilities for Successful Flooding

[......... Drywell' Veniin-g(CXI")' ..........[ - _ ,,,,,_,,,,P(WCio) ...... !

._ ..... " ' _ ____ ]i IIIIIIII I IIIIIIIIIIes! _--_................-_ ................. .......... ---- i (i193: ...." ]
, No

Table 4.7 The Conditional Probabilities for Vessel Breach

recovery(R) Water in Drywell (WC)
" IIII ...... _ ' " II _ I ......... I_111111! ................

Yes Yes 0.0
..... Hflll Ill l _-- j] .... _ _ .... .............................. .___ : .... - .....

Yes No 0.0
.... L [ II 1111] --- __ -- itj- . [ I11 1[[1] III 111[1[I]11 11_, 11111 [IIUII [ 11]11111 [[[lll[[lll[ ---

I'4o Yes 0.4
.... II II II II III I[ IJl I1111111111 -- "....................... ..... II IIIIII

No Na 1.0
-- .AL. IIIII ....... I1! I L. IIU I J 1111111 -- ._._: : :; : L_ Z- !llJ: .... _ ..... __[j I]1 ....

Table 4.8 The Conditional Probabtllt es for High Pressure Melt Ejection

vessel Breach Reacior Pressure waterin DryWell ...................p(l.lplViEl.)
/vB RPI,, ,, , ,....1 _ lwcl.. -

No Any YesorNo 0.0
. it i iiii iii i iiil . i , ii ii i,[[ | Jr! |ll[i

Yes Low Yes or No 0.0
...........................................Yes High _...........................Yes 010 _- -

-- - ..... - . I -- iiiiiill I I - i ! I Ill III ]1[I II .... _--

_ Yes.....................High ...... No, 0.8 .......

4.28



Table 4.9 _ae Conditional Probabilities for Ex-Vessel Steam Explosion

..... " __ I/l_ll|llll_[ 1111 II : II I [11 ..... III _ II IIII J II III IlL I _][ f ..............

Vessel Breach (VB) Water in Drywell (WC) ' P(EVSEI): •
I II I IIIII _ II III II11 III I ............ |llllllrflllllll [1 __ "............................... I II ....... IMIIIIIII

Yes Yes 0.86
I iii ilia 2 i iiiiii 1..... ill ......... ii1 I[ I Jlillmlll[ "'" 11 II I[I ........ I] IIII I

Yes No 0.0
ii ..k ]llllllllllll ....... ]lnlllll I i ii I ............. : : : Ifflllll S --- :2 I J I [1[

No Yes 0.0
IIII __ - t " " _llt IIII Illll [ [ J J - _ Imllll I r I IHIII I II IrllJl ......... J J [ _

No No 0.0
j j .................. i ...... jjj - ii J i iiiiiii ijllli jJ i H [ [J

Table 4,i0 Expert Opinion Data for the Pressure Increase due to HPME

j,,, ,J _ ........ .... .............. : :::_ -"-_- .......

Pressure

Increase(bar) .........................
iiwii in_fl __

Expert .......Weig!lt' 0.1% 50 % 99.9 %
1 0.25 0.36 3.9 9.3

I I II __ IlflmlllU_flll Hill I tl I [ II IIIfllJllllnl I

2 0.25 0.2 2.4 5.2
........................................... ml_ _1 i j ...... rllrill ii J - _ i

3 0.25 (I.35 3,4 8.8

4 0.25 0.22 3.4 5.2
.......... , ... ...........

Table 4.11 Expert Opinion Data for the Pressure Increase due to Ex-Vessel
Steam Explosion on Itigh Vessel Pressure

__ J_.._t L ....... ..... ._ ' '--'''"' ' ' '' .................................

Pressure

Increase (bar) ....

Expert Weight O.1% 50 % 99.9 %..... IIll IIIIII iiiiiiiiiiiii _11 i i ii i ill ..... [ II ........ i HIIIIIII --- [

1 0.25 0.13 4.3 18.0
[I] II IIII _ H_J ii i111 ......................

2 0.25 0.041 3.3 17.0
IJU_ _ ..... II iiiiii ii [ I I ....

3 0.25 0.099 4.3 19.0
........ ?_qll ..... [ (I Ilrll I I I .......... IIIIIlllll -- ..........

4 0.25 0,0091 3,1 18.0
. III 11 IIII !1 ILl L ' ............... _ Ilia II II]1 I I I II II I II I lilt II I 1 II I I
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Table4.12 ExpertOpinionDataforthe PressureIncreasedue to Ex.Vessel Steam
Explosionon LowVessel Pressure

........... I I Ill III _111 I IIII __1 ilnl_llll ii illlllll j I -_

Pressure
Increase (bar) .....--.

_ --- ilr

Expert Weight 0.1% 50 % 99.9 %
" _ L_. 11 I]] I ] I II II I refill _ I II "

1 0.25 0.13 2.9 17.0
.... I _ I1111 I111 " ----I rl IIIIIIIII I I II..._lrl!llllll! II IIIIll I II I I ..... [

2 0.25 6.0X10-4 2.4 20.0
_J_ IIIIIII1 .L II I I ..... II I I I _ I{111111 .....

3 0.25 4.9x10"2 2.9 17.0
- __ --- I ..... f ..............

4 0.25 4,8x10-3 2,4 17,0
II]llllll IIIIIIIII . . .... 7 fl

Table 4.13 The conditionalprobabilitiesfor ECF
I Ill{

Ste_ Expl0sion HPME ...... Vessel Pressure........ P(ECFI,)
vsE) ,,  /RP/
No Yes Low .....O,O.....

..... ._ IIII II t III I ii ! I }11;____ IJ_l .

No Yes High 0.001 I......._l l I ! I LII ....

Yes No .....High ......' .......9.523 _"

....... u,,
...... I _:_L ,. I {i] III

Yes No Low
. iiiiiii i .... [| ..... lot J I Ill + ] II ]

No No Any
...... i L [ .. = "_ __ _ .... I........ III]11 "
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Table 4.14 The Conditional Probabilities for Liner Melt-through

............................................................. .........
I,_ ldl It | 13

Vessel Breach Water in Vessel Containment P(LMI,)
(VB) dtywell (WC) Pressure (RP) Failure (ECF)

__ nl __Snl/lllllllllalll !111i II IIIIIIIII1_ ..... 1 I1 I IIIII I II I i [I II ..........

L _ No Any ................Any Any ....... __0.0
_-..... Yes _ ....... Any Any i Yes ............. O' 0i. --

Yes No High No 0.79I II [fl 11 [

Yes No Low No 0.50
III1[III ....... [ IIII flail IIIII .... I I IIIII i11111 ii fll_ll]llf II II i[I] J .......

Yes Yes High No 0.38
.... t., ........ nil , im ..... _ .............................. i I __ n][ .......

Yes Yes Low No 0.32
...... _ I IIIl± 11 I I ] -- IJIl[ IIIIII fil ..... irulla ......... III I I I

• ''i"Fable4.15 The Conditional Probablht es for Containment Isolation Failure

............................................... Early ..... Liner Melts ........ - -- --
Vessel Breach Drywell Containment through P(IFI,)

(VB) Venting (CV) Failure (ECF) (LM)
iii ii gil ii ilii Jk]il i i i ill i i I l illi IH i II iiiii i I l!ili ii .....

No Any ............. Any ......Any . 0.0" fll LI I !1111 I 1 _ _-- --

.... Yes I",4o Any Any................. 0.O __
II I [ I!l]!llil II1_11 I III J I III ] II III I

Yes Yes Yes No 0.0
' .........................Yes ...............No........ No ........" Yes....... 00
................Yes...................... -Yes ......... No ......NO .......' I0

" :] ___,r_, k_'_'_ ...... _ , ' ', ....... I i ,

Table 4.16 The Conditional Probabilities for
the Occurrence of Core-Concrete Interaction

ii i i- --

-Vessel Breach vessei Pressure _"Water in'Dryweil P(CCil.)
ty,B) /Rp) (wc) .......

........ llll I II/Jill I LLI i I ii I ililill i i [ iii

No , Any ....... Any........ 0.0.......... _ _ ]_,, ,,,,,

........ Yes High No !..0 _ _
--- _3__ ....... ,1, ....... J

Yes Low No 1.0
_ML .... Jill(ill!]!1 Illlll -- I I ]1111]1111 _ II I ___l..J IlIIlIII [ Ill!lll!l [ I I III Illlll[I . -- _

Yes High Yes 0.28
......... , I ] I I_. ]HI.... ITIrllllllmlllllll _ ] I I II II U_. I IIIII III Ill IJt tl ...... -- .....

Yes Low Yes 0.84
2:: .......... im' _ ,l[Imlll..... ?..... ii!gi I . IIU IIIIIIIILUI.... , ........ |1|11 ,,,,al, r II lU

4.31



Table 4.17 The Conditional Probabilities for
Late Overpressurization Containment Failure

..................... Early Isolation
CCI Containment Liner Melt- Containment P(LCFIo)

Occurrence Failure through Failure
(CCI/,.... /EC,F_ ,, lTM) ,,,. ,,,,,(LIF)...... A ILL " I ....

I 0.0No Any Any .....Any .........-- __ ---- _ .... I I I iiiiiiiii .... L f I lid_

Yes Yes Any Any 0.0
_[ IIl]lllJ _ I : 11 I]1Ilmll.i i -- II JU_L - I i1[ _ i .... -

Yes No Yes Any 0.0
_,_ II[lll ii __ I __ _ lilt _ ...... J II [ II ]III_HII I I IIIlfll I IH III I I - i

Yes No No Yes 0.0
.........Yes.... No.... no no 1.0
...................... , ................... .,, -- ........ ,. _ -

Table 4.18 Frequency of"reduced" Accident Progression Bins (APBs) 1231

Bin name .............. Descrip-iion_ ...... Fraction of CDF Frequency (l/yr)
due to Internal

Initiators

APBI-- -- - VB:earlyCV, WW - - -- ........
failure, RPV>200 0.022 9.55x 10.8

S'p, _aat VB__
..... -- I IIIIIII ........ ]Z7 ___lllfffl .... IIII il]j_ -- .... _ X I J J I [I I

7APB2 VBI eariy CF, WW
failure, RPV<200 0.011 4.77x 10.8

S'p, la at VB
-- ,mll _ I it ..... ": .... i

-APB3 ....... VB(eariy CF, DW
failure, RPV>200 0.341 1.48x 10.6
psia at VB

-_- n I i ii i _ _ I _ iilii I IIIII ..........

AP_B4........................VB, earlyCF,DW --
failure,RPV<200 O.183 7.94x 10 .7

psiaatYB ............. _ .....-- ..... IIII ____ I1[. _ 7 _

APB5 VB, late CF, WW
failure 0.003 1.30x 10"8

-APTI]6 ............. VB,-iaIe-cF'I-Dw ............-.....
failure 0.047 2.04x 10.7

. II III llillililnqi ] _ j " _ _

-A'PB7 .......................VB, Vent O.110 4.77 x10-7
7APB8 ..................... VB, no CF ........ 0"18'4 - - 7.99x10 '-7 -

APB9 ............. NoVB..................... 61089 --- ........3,8dxi6':7
c6 :i 6 -....................................APBI0 No ' 0.010"- - _................4..4xi:8-

-- -- - .--- - .... I ..J ............... " ''" ' ' ' ''"' ' ---
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Table 4.19. Annual Risk At Peach Bottom [231
i i, i ..... nl iii i ] ! - -_ _ ......

Risk Measure ........Core Damage - Eariy -Late Cancer
(1/yr) , Fatalit (#/yr) Fatality (#/yr)I [I IIII __ Jill--- _ I .....

MeanValue 4.34xi0-6 ..... _ _ 2.6xlff 8 ....... 4.6x10 -3 .............

'b 'Table 4.20. Fractional APB contn utlons (%) to Risk (FCMR) [23]

I IIIIIII II IIII __ I I IL__ "-- II II I fill] _ __.] _L_ Ill I I .... Ill! I "--?1 _ - __ ..........

APBs ........ ,,,,,................ Early Fa_lit_,_ , ..... ,, Latent C_ce$ Fatality ......
APB 1 0,24 0.96

--- I II [ill ii j__ iiiiii1! I [11 __j .... i [jlllllll --- __ III _].__ ....... [lilll IIII _ .... _ " - - iii1 : " - " -

APB2 0.12 0.45
• [...... _z s- __ --- ii]11 i: r-- ii i !11 (l±[i --- ii iljl _ IIII __ .................... _ IIIlflll - i ........ [ --_S z -....

APB3 64.2 67.1
j • ....... . .... _ . . llllll __ _ -_ 11111,---7- ii iii _ IIIIII __ IIi/ i ii • j IIIIIIIIIi i .... i iiii

APB4 28.2 23.6
...... -- -_; I -- I - I " Jill I 10 I I III __ illl _2 I lJl ]ILIZ -- I .......... . ...............

APB5 0.0 0.1
_ [ I II I Illllml i ................ __ I[III IIIIIIIII iii I ]1 I II j _ iii i ii ! i __ i iii ....

APB6 1.8 1.5
HIll IIIJl . JlJ . Jllll J !lllllllllJ - 7 ..... 7- ....... -_-- J IIIIIIIJ_ J J] _ j ij -- j Jlllll I _ __ "- -7[ _ :;7:7 _-_

APB7 5.3 5.9
• 7 .... L III j_ ---- _" __ . • i j . iiiiiiii---. I[ _ --- ___ "_ ii i ]!11 _ ......... III I J

APB8 0.0 0.0
III[LS .- III [I l I I_lll 7Z . I ]lllll [ [ I - IIIIII -- II I -- ilil I ]1 - lift I " t II I II .

APB9 0.22 0.37
........ . -- i -- _ . iifilllllH i ...... -- -- _[ s ]1 ii I iflllli __ -_ - .....

APBIO 0.0 0,0
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Table 4.21 Consequence of APBs

Bin name Description Early Fatality Late Cancer
Fatality

APB1 VB, early CF, WW 6.54x10 -4 463.0
failure, RPV>200
psia at VB

APB2 VB, early CFIWW 6.54x10 -4 433.6 .....
failure, RPV<200
psia at VB

APB3 VB, early CF, DW 1.13x10 '-2 2086.0
failure, RPV>200
psia at VB

APB4 VB, early CF, DW 9.23x10-3 1367.0
failure, RPV<200
psia at VB

APB5 VB, late CF, WW 0.0 353.0
failure

APB6 VB, late CF, DW 2.29x10-3 338.3
failure

APB;7 VB, Vent 2.89x 10.3 568.5
APB8 VB, no CF 0.0 0.0
APB9 No VB 1.48x10 4 44.0
APB 10 No CD 0.0 0.0
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Table 4.22 Conditional Probabilities for ECF
conditional on VB,RP and WC

Vessel Breach Vessel Pressure Water in Drywell P(ECFIo)

,,,, (V,B),, ,_,, , ,(RP) (WC)
, , No ,,, Any ........ Any ........... 0.o

Yes ............... High ..... Yes. 0,.45..................

........... Yes ........... High ...................... N0. 0.0008
Yes Low Yes 0.45

_ ii i i i Bin i lili iiii iiiiiill i i i i ililll ill

Yes Low No 0.0
..... ii J ]i ii iii ii ....... iii

Table 4,23 Conditional Probabilities for LCF

conditional on ECF,LM,IF,VB,RP and WC

Early Liner
Vessel Reactor Water in Contain- Melt- Isolation

Breach Pressure Drywell ment through Failure P(LCFle)
(VB) (RP) (WC) failure (LM) (IF)

(ECF)

........Yes High Yes . NO ... NO . No 0.28 .
Yes High No No No . N° .. 1.0

... Yes i Low . Yes . NO No _ No .......0.84

i

Yes ] Low No No No No 1.0
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Table 4.24 Summary of marginal probabilities for both
Flooding and Do Nothing cases

.....Description ........... Flo0d!ng..............Do N0ihing ..... % change?_ [l I _ II IIll I I ' _ I I I'111 [ I

Vessel Failure 2.81x10 -I 6.20x10 -I - 55*

....Early coniainment failure ...................
at h!$h vessel pressure 9.46x10 "2 4.61 xl0 "4 2.5x104.*
Early Containment failure
at low vessel pressure ......... 7.!2x10 -3 0.00 N/A
Liner Melt-through at
high vessel pressure .......... 8.43x10"2 4.56x10-1 - 82*II II I ]] I]11 IIIII

Liner Melt-through at
l0 w vessel pressure 4.71X!0-3 ......2.17x! 0"2 - 78*

Isolation Failure 8.74x 10.2 0.00 N/A

Late Overpressurization ...........
Containment Failure 2.85x10 -3 1.43x10-I - 98*

I II I i I I

Note: * means a decrease due to flooding.
• * means an increase due to flooding.
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Table 4.25 Conditional Probabilities of Containment Failure

given Vessel Failure

Desc_pt.!on ....._.................' .......... " ' '" ............... ..... ,......... Flooding Do Nothmg %Change-

p(ECF,RPIVB). ........ 3.37x...!O-I 7.44x10 "4 4.5x1_*ii] ii I I iiiiiii n ii i iii i] iiii [ TI I

P(ECF,RPIVB) 2.53 x10.2 0.0 N/A
i I i 3[11riiiifll i I:1 I iii1[ iii ii iii

P(LM,RPIVB) 3.00x10 -j 7.35x10 "1 -59**

P(LM,RPIVB) 1.68x10"2 3,50x10 "2 -52**
]111 i iiiiii i [i]tl i i iiii ii i iiiii i[ iiii ii ii ii i i ill!lllllll ii i i ii

r'(zFavB)............... 3.]]xl0-...................o.o.......... N/A..........

P(LCFIVB) 1.01xl0 "2 2.30x10 "l -96**
I I ill III Ill II [I I IIIIII II I II Illlll III I]lllllll I I II [ III II I I I[111111 H I[I IIII --

Total 1.00 1.00
i ill I II I| I lill II IIIll"t II .................................. IIIl"l I I "l .......

Note: * means an increase due to flooding
• * means a decrease due to flooding

Table 4.26 Expected Consequence Measures
for Flooding and Do Nothing cases

ii L I I II IIIIlll J IIll I I I I[l ll IlllIIIl! I III I I II IIIIlll I I I I I II IIIII I 7 -

........ Decision Expected Early Fatalities Expected Late Fatalities..... I _ _ ' '" " IIq IIIII

....... Flooding ......... 2.390x 10.3 4.400x 102i....... ii . i ui ii ii i[ i i i i ii

..........Do Nothing .................. 5.676xl.... 0-3111!I I I I I I III 1.028x........103
Reduction (%) 58 57iiii _ ii_ i .-_ ii i i i iii i _ul ..... i ]l iii i __ iii ill i T_ ::T:zz_: -

4.37



Table 4.27 NUREG-1150 Long Term Station Blackout Result [231

..... , ,,, , .................................................................... : ..................

Core Damage Early Fatality Latent Cancer
Frequency Fatality

i iii mnrlllmlllll I 1111111III I IIIIIIIII1[ II I I[] I iliaI ...... __

Mean Risk Due to 4.3x 10.6(1/yr) 2.6xl 0"8 4.6x 10.3

Internal (fatality/yr) (fatality/yr)
Initiators(,!,,,)..................... .........

SBO-LT (PDS5)
Contribution 43,4 45.2 57.0

Percentage(2) ..................
Risk Measure of 1.9xlO'6(l/yr) 1.2x'i0 "_........ 2'6x10 "3.........

PDS5(3)=(i)x(2)/ (fatality/yr) (fatality/yr)
100

, ........... ....

Table 4.28 Comparison of Do Nothing Risk Result with
NUREG-1150 SBO-LT Risk (PDS5 = 1.9xl0"6/yr)

..... Early Cancer Faiaiity ....... L,ateni Cancer Fatality .......
(_fatality/yr) (fatality/yr)II Ii II III i I iii i i iiiiiiii II [I _- i I ii .. I iiii _ I I II

NUREG.1150 1.2x10.8 2.6x10 .3
[ , flll,ii i,,,,! ,,1 i ,1 r ii1!1 i , ,,lllJ., . Ilia'ill , ,Hill '!1 I LII : _L._ " _ -

Do Nothing Subtree 1.1xl0 "8 2.0xlO "3
I IIII !1 ii iiiiiiiii iii 11111111111 iii II I .... IIIIII I i iii l illl I I i 11 "
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Table 4.29 Results for BWR Bounding Calculation
- |1 i ifr[ i1[11 i iii i i ........ ....... ................ ,_

.... ,........probability .................... Early Fa!ality...... Late,,Fatality .....
m

P(CV) P(WC P(VBIR, Do Flood Do Flood
ICV) WC) No.thing _ Nothing ..........

1,0 1,0 0.0 5.68x10-3 0 1028 0.0

1,0 1,0 1.0 5.68x10-3 5.16x10.3 1028 951

1,0 0.0 0,0 5.68x10.3 5.76×10.3 1028 1061

1,0 0.0 1,0 5,68xi0-3 5,76x10.3 1028 1061

0.0 1,0 0,0 5.68x10.3 5.68x10.3 1028 1028

0,0 1,0 1,0 5.68x10.3 5.68x10.3 1028 1028

0,0 0,0 0.0 5,68x10-3 5.68x10.3 1028 1028

0,0 0.0 1,0 5,68x10.3 5.68×10.3 1028 1028
i[111111 _ iii1_1I ii i ii i iiir i .... iii ii i i i iiii iiii i ii ii

Note: P(CV):Probabilityof a successfuldrywellventing,
P(WCICV):Probabilityofthe presenceof waterin a drywellgivena drywellventing,

m

P(VBIR,WC):Probabilityof the vesselfailuregivennon-recoveryof ACpowerand
thepresenceof watersurroundinga lowervesselhead.
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ConsequenceMeasures
(Earlyand Late Cancer

(a) Fatalities)

(b)

V

(c)

V

Fig.4.1 The construction and expansion of the influence diagram for BWR Drywell
Flooding
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Drywall
Venting
Failure

Equipment Fail to

,.,,,,....... voo,....

PCV.SYS-HW-SYSTM PCV-XHE-FO-PCV

PCV-SYS-HW-SYSTM: i0.4(I/demand)

PCV-XHE-FO-PCV: 0.02(I/demand)

Fig. 4.4 Fault Tree For Drywall Venting
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FirePump
Failto
Flood

Hardware [ toAli_for ]

Failure l Flcxxilng ]

-()
FWS-DDP-MA-DDPA i OER

PumpFasl I PumpFail

toStart ,I , to Run

FWS-DDP-FS-DDPA FWS-DDP-FR--DDPA

PWS-DDP-MA-DDPA: 0,01 (I/demand)
FWS,DDP-FS,DDPA: 0.03 (I/demand)
FWS.DDP-FR.DDPA: 0.0008 (I/hour)
OER: 0,02 (I/demand)

Fig. 4.5 Fault Tree For Drywell Flooding
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Recirculation Pump Upper Structure

SuctionNozzle _t Tt __ _ R2r

t : Ro "T Core Shroud
Cylin _ Qt 1 ,Saturated
Vessel Qc X _, _ter

Jet Pump Qb 1_ e_ - -
Diffuser !w Plate

_._ .-- Q pper _ _
Spherical Qu Qg.n,p

Vessel 0z" H TpVp - -
Air

Subcooled --- --
Water

Vessel Support Skirt Reactor Vessel Lower Head

Qsen@= Heat Generation in the Pool
Qu = Heat Transfer to the Top of the Pool
Od = Heat Transfer to the Lower Part of the Pool

Qw - Heat Transfer to the Dry Wall of the Vessel Lower Head

Qb = Heat Transfer to the Baffle Plate
Qc -- Heat Tmnder to the Core Shroud

Qt = Heat Transfer to the Upper Structure

Figure 4.7. Schematic Diagram of the Core Material Relocated
in the Vessel Lower Head[28].
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Figure 4.8. Temperature Distribution in the Vessel Shell Based on

Mayinger et ars Correlatior. [28]
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Fig.4.9. A Directed Network

4.51



4.52



1,0

1'1 Do Nothing

0,8 HI Flooding

0,6

0,4

0,2

0,0
No failure APB6 APB7 APB4 APB3

Figure 4.11 Probability Distribution of APBs for BWR Decision Tree
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S. EVALUATION OF INFLUENCE DIAGRAMS

S,I Basic Rules

In Ileneral,once construe, influencediallramscan be quantifiedand solved
in o_r to evaluate decision stratelltes, Solvins the influencedit_ means to
compute the expected values associated with the attributesof the value node,
_iven the possible decisions. Computation of probabilities in the influence
dlallramts str_Bhtforw_, zlthoullhit is sometimes inefficient. Inefficiency of
computationresultsfrom evidence variableswhich representsone of'two kinds of
chance variables (parametervariables Minll the other) [34,351. A parameter
variable in any model corresponds to a _dom variable deno_d by a chance
node, while an evidence variable(whichmay be representedby a shard node For
convenience) is relevant to observed or experimental evidence. This evidence
introduces minor complications in the evaluation. The basic operations for
evaluatinllinfluencediallramscontaininBthese two kindsof chance variableshave
been developed [34,35,36] and aresummarizedas follows.

(1) Arc reversal. Given an influence diallram containin8 an arc from a chance
node X to anothernode Y, but with no other directed path from X to Y, this arc
can _ reversed to point from Y to X. In the modified diasram, both X and Y
inheriteach other'sconditionalpredecessors.

(2) Sink node removal, Any n_ in the influencediagramcan be convened into
a sink node by a suitablesequence of arc reversaloperations. A chance node that
has no successorscan be eliminated.

(3) Chance .ode removal. Two nodes with a directed arc from X to Y can be
replacedby a sinsIe node. The conditionfor this operationis that Y must be the
only successor of X.

(4) Decision noderemoval. A decisionnodeisremovedby optimization,i.e.,by
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_!ectln_ the decision alternativethatmaximizes(minimizes)the expectedvalue.

An example, the objective of which is to calculate P(Y/X), employing these
operattonA, is illustrated in F'iilure5.i. In this example, X and Y are
condittonaliy independentgiven Z. _e probabilitiesP(X_), P(Y/Z), and P(Z)
an lliven The diagramof Figure 5,1b follows from the reversal of the arc
[Z,X} in Figure 5.1a, where there is only one directed path between X and Z.
These two diallmms (Figures 5.1a and 5.1b) are equivalent. Then, the _orem
of total probabilityfor P(X) can be used, i.e.,

P(X). _z P(X/Z)P(Z) (5.1)

and from Bayes' thcorem, P(Z_) is obtained,

p(zJx). (s,2)
_zP(X/Z)P(Z)

where ZZ is the sum over all possiblevalues of Z.

Figure 5. lc is the final influence diagram. Thus, the conditionalprobability
of Y given X is calculatedusing the operationof chance node removal, i.e.,

P(Y/X) - _Z P(Y/Z)P(Z/X) (5,3)

wheretheequalityholds,becauseZ hasonlyonesuccessor,Y,asshownin Figure
5.lb.

The sink node removaloperationis also demonstratedin the same example.
The arc [Z,Y] of Fig. 5.1b is reversed (Fig. 5.1d). Here we need to add arc
IX,Y] to perform this arc reversal, because both node Z and node Y should
inherit each other's conditional predecessors, Applying Bayes' theorem once
more we obtain the probabilityP(Z_,Y) as follows:
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r,(zx.v). __ (s.4)
_zP(Y/Z)P(Z/X)

In order to show how these o_rations are applied, an example associated
wltha used car buyer is made as foilows. The buyercan decide whe_r or not
m buy a used car. There aretwo choices, D (Do not buy) and B (Buy). The car
can be of either good quality,or badquality. It is assumedthe the buyer knows
fromexperience thatthe chance of good quality is 0.7, andof poorquality 0.3.

Thereis an intimatefriend of thedecisionmaker,whois a mechanic.The
mechanicchecksthequalityof thecarforhisfriendwithoutcost.If thecarisof
goodquality,thereis0.7 probabilitythatthemechanicwill recognizeit (or say
"good"), thereis0.2 probabilitythathewill say"so.so(medium)",andthereis
0.1 probabilitythat he will say "poor". If the car is of poorquality, the
probabilities_f themechanicrecognizingit asgood,medium,andpoorare0.15,
0.25,and0.6, respectively.We shallassumethebuyer'sobjectiveis tomaximize
theexpectedsatisfactionvalue.

The following satisfaction values are assumed as follows. The buyer gets
satisfaction 100 if the car is of good quality and he buys it. He gets 0 if the car is
of poor quality and he buys it. The restare in-between values. He gets 70 if the
car is of poor quality and he does not buy it, while he gets 20 if the car is of good
quality and he does not buy it.

TheequivalentinfluencediagramisshowninFigure5,2a,wherenodeTR
and Q representthemechanic'sjudgementand theconditionof thecar,

• rrespectivelyThe influencediagramopeauonsdescribedaboveareshownin

Figure5.2b-5.2e.SincenodeQ hastwosuccessors,theoperationofchance
noderemovalcannotbeapplied.Inordertoreducetwo successorstoone

successor,theoperationofarcreversalisapplied.Sincetheinfluencediagram
containsanarcfromthechancenodeQ toanothernodeTR,butwithnoother

directedpathfromQ toTR,theoperationofarcreversalcanbeappliedusing
Eqn.(5.2),aspresentedinFigure5.2b.ThenusingEqn.(5.3),nodeQ is
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absorbed into the value node, as shown in Figure 5.2c. The decision node D is
removed by maximizing the expected value of the satisfacton, as shown in Figure
5.2d. The process ends when all predecessors to the value node have been
removed (Figure 5.2e). The detailed calculations are as follows;

Let QI = event "the car is good"
Q2 = event "the car is poor"

TR 1 = event "the mechanic judged the car is good"

TR2 = event "the mechanic judged the car is medium"

TR3 = event "the mechanic judged the car is poor".

D 1 = D = Decision not to buy the car
D2 = B = Decision to buy the car.

Then

P(Q1) = 0.70 P(Q2) - 0.30

P( TR! / Q1) = 0.70 P( TR1 / Q2) = 0.15

P( TR2 / Q1) -- 0.20 P( TR2 / Q2) = 0.25

P( TR3 / Q1) - 0.10 P( TR3 / Q2) -- 0.6

Probabilistic notation for the value is;

V(D1 / Q1) = 20 V(D2 / QI) = 100

V(DI / Q2) = 70 V(D2 / Q2) = 0

In order to find P(TR i) associated with Figure 5.2b, arc reversal operation is

applied as follows;

From the definition of joint probablity

P(TRi)- P(TRi, Qi) + P(TRi, Qi)

Using the Bayes' theorem
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P(TR1) = P(TRI / Q1) P(Q1)+ P(TR1 / Q2) P(Q2)
= 0.7 x 0.7 + 0.15 x 0.3 = 0.535

Similarly,

P(TR2) - P(TR2 / Q1) P(Q1)4" P(TR2 / Q2) P(Q2)
= 0.2 x 0.7 + 0.25 x 0.3 = 0.215

P(TR3) = P(TR3 / Q1) P(Q1)+ P(TR3 / Q2) P(Q2)
= 0.1 x 0.7 + 0.60 x 0.3 = 0.250

And to find P( Qj /TRi), the Bayes' theorem is applied again.

P(Qi ) P(TR i / Q;_
P( Qj / TRi) = - P(TRi)

0.7 x 0.7
P(Q1/TRI)- 0.535 _=0.92

0.7 x 0.2
P( Q1 / TR2) = 0.215 ---0.65

0.7 x 0.1
P( Q1 / "IRa) = 0.250 = 0.28

0.3 x 0.15
P( Q2 / TRI)- 0.535 _=0.08

0.3 x 0.25
P( Q2/TR2)- 0.215 _=0.35

0.3 x 0.6
P( Q2 / TR3) = 0.250 -=0.72

Figure 5.2c and 5.2d represent removal of the Q node and its absorption into the
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value node. Then we need V(D1/TR1), V(D1/TR2), V(D1/TR3), V(D2/TR1),

V(D2/TR2),V(D 2 / TR3).

UsingEq.(5.3)

2

V(D1/TR1) = E V(D1/Qi) P(Qi / TR1)
iml

= 20 x 0.92 + 70 x 0.08 - 24

2

V(D1/TR2) = E V(D1/Qi) P(Qi / TR2)
iffil

= 20 x 0.65 + 70 x 0.35 =_38

2

V(D1/TR3) = E V(D1/Qi) P(Qi / TR3)
i=l

= 20 x 0.28 + 70 x 0.72 - 56

2

V(D2/TR1) = E V(D2/Qi) P(Qi / TR1)
iffil

= 100 x 0.92 = 92

2

V(D2 /TR2)= E V(D2/Qi) P(Qi / TR2)
i=l

= 100 x 0.65 = 65

2

V(D2 / TR3) = E V(D2/Qi) P(Qi / TR3)
i=l

= 100 x 0.28 = 28

Hence,
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if TR 1 occurs, it is D2, "Buy"

if TR2 occurs, it is D2, "Buy"
"Doif _3 occurs, it is D1, not buy".

This is where one can stop since a guidance for decision is given. Figure 5.2d
represents degree of satisfaction associated with the decision optimization. Figure
5.2e shows total expected value; i.e., satisfaction.

The same result can be obtained from an evaluation of the equivalent
decision tree, as shown in Figure 5.3, and can be interpreted as follows: If the
friend says "good" or "so-so", then buy; if the friend says "poor", do not buy. As
shown above, the decision tree is more clear in representing outcome states and
policy results than the influence diagrams. The policy results of influence
diagrams are revealed by examining the values for each choice contained in the
underlined data structure as shown in Figure 5.2.

An altemate formulation of the solution is as follows [36]. First, a list is
constructed of all the nodes with no conditional predecessors. Then, we add one
node to the end of the list by choosing any node whose conditional predecessors,
if any, are all already on the list. This process is continued and, since there are

no cycles in the influence diagram, all of the nodes can be ordered this way.
There is at least one ordered list, say, IX 1,X2,X3,...,Xn], of the nodes in the

influence diagram. A fully specified influence diagram, which is not missing any
data or conditional probability distributions for any of the variables, contains the
joint distribution factored into conditional distributions (called the chain rule):

P(X1,X2,X3,...,Xn)- P(X1)P(X2/X1)P(X3/X1,X2)...P(Xn/X1,X2,...,Xn.1). (5.5)

Because directed cycles are not permitted in an influence diagram, the joint
distribution is always uniquely determined.

As an example, consider a case with independent nodes (chance nodes B and

C in Figure 5.4a are independent). The two possible ordered lists are [B,C,A]
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and [C,B,A]. Now, supposethatwe wish to computeP(A). Then, the calculation
p_ds as follows:

P(A) ,,,_B,cP(A,B,C)

-T..,B,cP(NB,C)P(CtB)P(B)

,,,T..,B,cP(A/B,C)P(C)P(B) (5.6)

where _B,C is the sum over all possible values of B and C. Clearly,the same
expression would have been obtained,if we hadused the otherorderedlist of the
nodes, it is importantthat the conditionalprobability P(A/B,C) be assessed in
termsof its direct predecessornodes.

For the case with dependencebetween nodes B andC (Figure5.4b), the only
orderedlist is [B,C,A]. In the samemanneras before we get

P(A) - T..,B,cP(A,B,C)

- T..,B,cP(A/B,C)P(C/B)P(B) (5.7)

where T'B,Cis the sum over all possible valuesof B andC.

5.2 Application to Vessel Breach

As a furtherexample, we consider the effect of PWR cavity flooding on
vessel breach. Looking at the final influence diagram(Figure 3.5), node VB is
influenced by three nodes, namely, WC (waterin the cavity), CDA (core damage
arrest),and RP (RCS pressureat vessel breach). Since node VB is considered as
the targetevent, it is changed into the value node, as shown in Figure 5.5a, where
the decision node (to flood or not to flood) affects only node WC.

The conditional probabilities for node VB are shown in Table 5.1. In case 1,
core damage is assumed arrested via AC power recovery and hence ECCS
recovery. The probability of no vessel failure is then 1.0. In case 2, the RCS is
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at high pressure and the cavity is assumed to be flooded. The probability of
vessel failure for this case is conservatively chosen to be i.0. Given that the
vessel fails, it is assumed that the vessel will fail by either a penetrationfailure
leading to high pressuremelt ejection (HI'ME)or bottom head failure (BH), with
equal probability for each. In case 3, the RCS is at high pressure, there is no
water in the cavity and vessel failureis assured. The split fractionregarding the
mode of vessel failure was taken fromReference 4. Case 4 is similar to case 2
except that the RCS is at low pressure. Th¢_probabilityof no vessel failure is
assumedto be 0.1. Case 5 is also similarto case 3. Since the RCS pressure is
low, the probabilityof HPME is 0.0.

Since each predecessor of the node VB have a successor into thatnode (node
VB), the operation of arc reversal is not required. For a single decision
problem, the operationof decision node removal is also not required.

In the first operation, chance node removal eliminates node CDA since the
value node is its only successor. The changed conditional probabilities for node
VB are calculated using Eqn (5.3) and are shown in Table 5.2 (VB is Y, CDA is
Z, and R is X). In the same manner, it is possible to remove node HSF and then
node ESGTR (Figure 5.5b). In the next operation in Figure 5.5b, since the R
node has two successors, the RP node is removed first (Figure 5.5c). Then the
conditional probabilities for the VB node are obtained in Table 5.3. The final
operation removes the WC node and the R node. Then the final diagram has just
two nodes (Figure 5.5d), and the final results are shown in Table 5.4.

The probability of no vessel breach as a result of the decision to flood the
cavity at the time of core uncovery is 0.267, while that for the "do-nothing"
decision is 0.234. Therefore, based on these results, flooding the reactor cavity is
somewhat better than not flooding it.

We can also use the second method described in the preceding section to
evaluate the diagram in Fig. 5.5a. A possible ordered list for the seven nodes is
[WC, ESGTR, HSF, R, RP, CDA, VB]. According to the chain rule, the
probability of vessel failure, given each decision, is as follows:
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P(VB/ D) - _/C,ESGTR,HSF,R,RP,CDA P(VB / CDA,RP,R,HSF,ESGTR,WC,D)x
P(CDA/ RP,R,HSF,ESGTR,WC,D)P(RP/ R,HSF,ESGTR,WC,D)x
P(R/ HSF,ESGTR,WC,D)P(HSF/ ESGTR,WC,D)x
P(ESGTR/ WC,D) P(WC / D)

" _/C,ESGTR,HSF,R, RP,CDA P(VB / CDA,RP,WC)P(CDA/ R)x
P(RP/ R,HSF,ESGTR)P(R) P(HSF/ ESGTR)x
P(ESGTR)P(WC / D). (5.8)

The probabilities required in Eqn. (5.8) are given in Tables 3.3 -3.6 and 5.1.
The results are as before.
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Table5.1
Conditionalprobabilityfor nodeVB

.... L I I _ I_l ........ _ II Z_ _illllll, ii iill j ill i illl i ill [ i ii ii i i! i iiiI II ---__It - ___ }l] H . J ] i II I _ ......

CASE CDA RP WC P(no _) P(HPME) P_H)
-- LI L I_ __ I. _ I _ ii I _lrlrll[ ilrl ii_ I I I II. --_LL II IlllllllII

1 yel - - 1.0 0.0 0.0

no hlih yes _ I_ I_no hlIh no 0.0 0.79 0.21

no 0.0no low 0.0 0.0 1.0
_ _ .... -- Illl I 'I I I !_ll !!! _ I!llll!llI Illll I I ....... . = EZ III _1 II I I ]l I ,Ill Illl I

Note: The underlinedvaluesare discussedInChapter3. The restare takenfromRef. [8],

Table5.2
Reducedconditionalprobabilityfornode VB

withnodesWC,R, andRP
...... II I I I II III J I I1111 _ II!11 I It . iiii -- ] iiii iii i i i illll ii I i i _......... _ I III llll I IIII1 -

WC R RP P(no VB) P(HPME) P(BH)
II!!l !11 _ " _ I IIIII IIIIlllll I IlIll [_I..

yes yes high 0.90 0.05 0.05
" " low 0.91 0.0 0.09
" no high 0.0 0.5 0.5
" " low 0.1 0,0 0.9
no yes hlsh 0.9 0.08 0.02
" " low 0.9 0.0 0.1
" no high 0.0 0.79 0.21
" " low 0.0 0.0 1.0

II! : _ - " ..... - _- LIIIii .iJ [lllllll[ ......
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6. MULTIPLE DECISION MODEL

6.1 Introduction

The decision analysis framework described in the preceding chapters is not
limited to the assessment of accident management strategy based on a single
decision. It can be employed to evaluate a sequence of strategies based on
multiple decisions. In reality, accident management is not just a single action
undertaken by plant personnel, rather it is an ongoing cyclic process of diagnosis,
decision making, action and observation, in an accident situation the o_rators
must diagnose the plant state using all of the available information, including

rv 'instrumentation readings, direct obse atlons and other aids, as well as their own

knowledge base. They must then decide on an appropriateaction among several
possibilities, undertake thataction and then see if thataction has the desired effect
on the state of the plant. This is an ongoing process, and will continue until the
o_rators have either brought the plant to a safe, stable state or have to evacuate
the control room,

Thus it is apparent that the assessment of a single strategy, in the absence of
other actions that may be implemented before, after or even simultaneously with
the one under consideration, may not be very meaningful. Sequential
combinations of strategies may have a much different effect on the plant when
considered together than would be apparent if they are evaluated separately. As

mentioned in C'napter3, for example, the strategy of flooding the reactor cavity
in order to prevent vessel failure has the adverse effect of exposing the steam
generator tubes to the risk of rupture if the RCS remains at high pressure.
However, if the RCS is intentionally depressurized by the operators, or a surge
line or hot leg failure occurs, the risk of a late steam generator tube rupture
would be eliminated. Therefore, the benefit of cavity flooding might be much

" es ' ,greater if it is _rfonned in conjunction with primary system oepr st unzatton.

It is also evident from the analysis performed in Chapter 3 that a best estimate
type of assessment may be misleading, especially when considerable uncertainty is
involved. For the set of strategies and sequences assessed in this chapter and in

e 'nthe next, uncertainty Is i volved. This uncertainty is associated with both
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operational issues and phenomenological issues. Therefore it is necessary to not
only evaluate the base case (or best estimate) scenario and perform sensitivity
calculations, but the uncertainty in the input variables must be propagated

through the decision model. Hence an uncertainty analysis should be performed
in order to assess the importance of the uncertain variables and issues.

In this chapter an influence diagram that models a sequence of three separate
accident management strategies is described. As in Chapter 3, the strategies are
assessed with respect to the short-term station blackout (TMLB') sequence at the
Surry plant. Each of the nodes contained in the model presented in this chapter
are described, including the input distributions used to represent the state-of-
knowledge uncertainty associated with the probabilities and the issues modeled by
those nodes. Many of the nodes described in this chapter are very similar to the

corresponding nodes discussed in Chapter 3, with the primary difference being
that they represent a state-of-knowledge distribution rather than a best estimate
point value.

It should be pointed out that two types of uncertainty are modeled here; that
due to stochastic variability in data, and that due to an insufficient state-of-
knowledge. Many of the nodes represent the occurrence of events which are
deterministic in nature, i.e., they will always occur or never occur, given the
state of the predecessor nodes, but due to insufficient knowledge one cannot
predict which. In these cases, a split fi'action over the states of "always" or
"never" is an adequate way to describe the state-of-knowledge about these issues.
A value of 0.5 would indicate maximum uncertainty and a value of 0.0 or 1.0
would indicate absolute certainty. For the nodes in which a stochastic process is
modeled, i.e., where there is a probability for the occurrence of an event or state,

the state-of-knowledge is described by a continuous distribution over a range of
possible probabilities, or, as in the case of the recovery of ac power, over the
values of the parameters in the distribution that models the stochastic variability.

6.2 Influence Diagram Model

The influence diagram described in this section, and shown in Figure 6.1,
models a combination of three separate accident management strategies:
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* flooding the reactor cavity at the time of core uncovery in order to cool the
reactor vessel lower head and prevent or delay vessel failure,
* depressurizing the primary system in order to mitigate direct containment
heating of the containment, and
* initiating feed-and-bleed cooling of the core, if ac power is recovered in

order to arrest core damage and prevent vessel failure.
The cavity flooding strategy and its associated benefits and adverse effects are
described in Chapter 3.

For the depressurization strategy it is assumed that the operators have the
ability to open the power operated relief valves (PORVs) during a station
blackout. The feasibility of this strategy is discussed in more detail later in this
section. 'The benefits of this strategy include the prevention of a high pressure
melt ejection (HPME) and associated direct containment heating (DCH), as well as
the fact that depressurization would make more systems available to the operators
for vessel injection should ac power be recovered, and would minimize the
likelihood of a steam generator tube rupture. However, this strategy has the
adverse effects of increasing the likelihood of an in-vessel steam explosion. If this
explosion is energetic enough, it could lead to vessel failure and possibly even a-
mode failure of the containment, and additional hydrogen generation.

In order for the operators to be able to inject water into the vessel, ac power
must be recovered first. If ac power is recovered and feed-and-bleed cooling of
the core is initiated, core damage could be arrested and vessel failure prevented.
This strategy also has the adverse effect of additional hydrogen generation which
could pose a threat to the containment later in the accident. Also, there is some
uncertainty as to whether or not the core would be in a coolable configuration,
especially if water is injected late in the melt progression.

6.2.1 Decision Nodes

Since both the cavity flooding strategy and the depressurization strategy
would be initiated at approximately the time of core uncovery, these two
strategies are modeled as one decision node. This node (D1 in Figure 6.1) has

four output alternatives: depressurize the primary system and initiate flooding of
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the reactor cavity, depressurize only, flood only, and do nothing irecall that in
Chapter 3, the decision nodes had two alternatives, to flood or do nothing.

Node D2 models the decision of whether or not to initiate feed-and-bleed

cooling of the core if and when ac power is recovered. This node has two output
alternatives: initiate feed-and-bleed cooling when ac power is recovered or do

nothing. Informational arcs toward node D2 in Fig. 6.1 denotes that the decision
maker knows the outcome of node R (recovery of ac power in time) when
decision node D2 is made, and decision D1 when decision D2 is made ("no

forgetting arc").

Since there are two decision nodes, one with four alternatives and one with

two, there are overall eight decision alternatives in this model. The diagram can
be evaluated for each of the eight alternatives, including uncertainty propagation

and analysis. The optimum set of alternatives can be found and the uncertainty
associated with each combination of strategies can be characterized.

6.2.2 Chance Nodes

Many of the chance nodes shown in Figure 6.1 are similar to those in the
influence diagram described in Chapter 3. However, in the influence diagram
described in this chapter, the chance node probabilities are modeled as

distributions representing uncertainty rather than point values.

Nodes HQ 1and HQ2

These nodes model whether or not the strategies are successfully
implemented. Node HQ1 is associated with both cavity flooding and
depressurization, and depends on the output state of the decision node D1. Node
HQ2 is associated with feed-and-bleed and depends on the decision node D2, as

well as the chance node R, which models the timing of AC power recovery.

The assessment of the human error rates associated with the three strategies is

limited in scope because the current Surry emergency operating procedures
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(EOPs) do not contain specific instructions associated with the severe accident
management strategies considered in this paper. This lack of specific procedures
prevents a detailed human reliability analysis. In order to assess the likelihood
that the strategies are successfully implemented, it is assumed that procedures
exist in the Surry EOPs for these strategies, and assumptions are made regarding
the actions required by the operators in order to successfully implement them.

The accident sequence evaluation program (ASEP) HRA procedure [_], a
shortened version of THERP [.LI.], was used to perform the HRA for the
important operator tasks associated with these strategies. This method considers a
task as two activities: diagnosis and action. Diagnosis refers to the detection and
recognition of an abnormal event and includes interpretation and decision
making. Action refers to performance of the activities indicated by written or
memorized procedures. Both definitions are based on the THERP method.

For the depressurization strategy, Reference [.38] provides human error
probabilities (HEPs) quantified via the ASEP procedure, assuming available times
for diagnosis of 5, 10 and 20 minutes. In this report, it is assumed that the
procedures will instruct the operators to initiate depressurization when the core
exit thermocouples (CETCs) read a temperature in excess of 922 K (the "late"
depressurization strategy described in Reference [2.8.]), and that cautions are

provided sufficiently early in the procedures so that the operators would be
prepared to initiate depressurization as soon as the CETCs read the high
temperature setpoint. Thus, 20 minutes is used for the available time for
diagnosis in this report.

For the cavity flooding strategy, it is assumed that multiple ex-control room
actions would be required for successful initiation. Furthermore, since about 45

minutes are required to fill the cavity at a flow rate of 76 Kg/s (2000 gpm), it is
assumed that the time available for diagnosis is 10 minutes to allow enough time
to perform the required ex-control room actions, which results in a total of 55

minutes. For the feed-and-bleed strategy, the time available for diagnosis

depends on when AC power is recovered. However, to keep things simple, a
nominal time of 20 minutes is assumed for the available time for diagnosis.
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As mentioned earlier, decision making is included in the diagnc_sl.,,part of the

ASEP procedure. The HEPs calculated by this procedure usuall_ ignore the
possibility that the operators would hesilate to initiate the action 1I there were
some economic consequences associated with it, and recovery by some other

means was still possible. During the Davis-Besse loss of feedwater accident [391
the shift supervisor hesitated to initiate primary system feed-and-bleed, even
though instructed by the EOPs to do so. Since primary system feed-and-bleed is
a messy operation that would cost several million dollars to clean up, and since
recovery of feedwater was imminent, the supervisor decided to wait.

For the depressurization strategy, if the "early" depressurization strategy
described in [38] was being considered, it is possible that the operators would
decide not to initiate depressurization at the time of steam generator dryout, and
wait for restoration of AC power or feedwater instead. However, for the "late"
depressurization strategy, when the CETCs reach the high temperature setpoint,

'ncore damage is imm_ ent and there is less time available for the RCS to
depressurize, so it is much more likely that the operators would decide to initiate
depressurization.

Also, the feed-and-bleed strategy considered in this report is applied to a much
different situation than the one the operators faced in the Davis-Besse accident.

Here, they would have to decide to initiate feed-and-bleed after core damage had
already started. In this situation, since the plant has already suffered a great deal
of damage, the additional damage caused by bleeding RCS water into the
containment would be negligible, and thus it is unlikely that the operators would
hesitate.

It should be pointed out that the distributions are conditional on whether or
not the operators are instructed to implement the strategies. For Node HQ2 there
is only one state-of-knowledge distribution since there are only two output states
of node D2, and one state is the case in which the operators are instructed to "do
nothing" i.e., they are not instructed to implement feed-and-bleed cooling of the

primary system. However, for Node HQ1 there are three distributions, one for
each of the combinations of the two strategies modeled by node D1, i.e. flood the
cavity, depressurize the primary system, or both. In this analysis the equipment
is assumed to always function properly. The parameters for the distributions
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associated with those elementary strategies are produced from Figure 8-1 and
Table 8-5 of Reference[_], andareshown in Tables6.1 and 6.2.

Node R

As describedin Chapter 3, Node R represents whether or not ac power is
recoveredbefore vessel failure. There is both stochastic variabilityand state-of-
knowledge uncertaintyassociated with the timing of ac power recovery. The
time to recoverac power can be modeledas a randomvariablewith a probability
density f(t/O),where O areparameterswhich are themselves unknownand whose
uncertainty can be describedby a state.of-knowledge distribution=(O). If actual
loss off off-site power events are used as evidence, =(O) can be obtained via
Bayesianupdating,as shown in [12].

For simplicity,the time to recoverac power is modeled in this analysis as an
' inexponentialdistnbuto , i.e.

fRAc(t) -- 7_e-_,t (6.1)

where 1/_.is the mean time to recover off-site power. The distribution
representingthe uncertaintyin _.,_(_), is obtainedvia Bayes' Theorem, i.e.

_(_.)= kxo(7,)7,ne-gY_iti (6.2)

where _o(_.) is the prior distribution of _, n is the numberof loss of off-site
power events, ti is the time at which ac power is recovered for the ith event, and
k is the normalizationconstant. Reference [12] provides the time to recovery of
AC power of 63 recordedincidents of loss of off-site power at nuclear power
plants. If the priordistributionof _ is takento be non-informative,i.e. _o(_.)ffi1,
then the posteriordistributionof _ is

x(_,) = (1.43E33)X63e.76.22_,. (6.3)
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Therefore,given _, and the time of core uncovery and vessel failure, the
probability of AC power recovery before vessel failure, given that it was not
recoveredbefore core uncovery,is

P(R_) = (e"_-Teu- e'_'Tvf)/(e"_.Tcu) (6.4)

where Tcuis the time of core uncovery and Tvf is the time of vessel failure.
These times are themselves uncertain,but in keeping with previous PRAs and
otheranalyses,a best estimateis used. Theseestimatesare discusedin Chapter3.

Node CDA

As describedin Chapter3, Node CDA representswhether or not core damage
is arrestedgiven that feed-and-bleedcooling of the core is initiatedbefore vessel
failure. Even if ac power is recovered on time and primarysystem feed-and-
bleed is successfully initiated,there is still a chance thatthe in-vessel debris will
not be in a coolable configurationand the vessel will fail anyway. In [8], the
state-of-knowledge uncertaintyin the probabilitythat the core is in a coolable
configurationis somewhat arbitrarilymodeled as a uniform distributionfrom0.8
to 1.0. Due to a lackof information,thesevalues areused in this analysisand the
distributionis given in Table6.3.

Node RP

ChanceNode RP representsthe RCS pressurewhen the vessel fails. Thisnode
has two outputstates:high pressure(> 200 psia) or low pressure(< 200 psia) and
depends on whetheror not the RCS is depressurizedby the operators(node D1,
nodes HQ1 and R), whetheror not a hot leg or surge line failure has occurred
(node HSF) and whether or not a steam generator tube rupturehas occurred
(node SGTR). If a hot leg or surge line failure occurs, or if the operators
depressurize the RCS, the RCS pressure will be low when the vessel fails.
However,there is some uncertaintyas to the pressureat vessel failure if an SGTR
occurs. Therefore, since this is purely a state-of-knowledge uncertainty,it is
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expresedas a split tractionover the states of high and low pressure. These split
fractions are given in Table 6.4.

NodeHSF

As describedin Chapter3, Node HSF representswhetheror ;iot a temperature
inducedhot leg or surgeline failure occursduringthe initial stagesof core
degredation.It dependson whetheror not the RCS is depressurizedby the
operators(nodeDl, nodesHQ1), and whetheror not an SGTR occurs(node
SGTR)beforehotlegor surgelinefailure.

If the RCS is depressurized by the operators, the probability of a hot leg or
surge line failure during the early stages of core degredationis 0.0, although it
could fail during the later stages when the RCS pressure is low anyway. If a
steam generatortube ruptureonly occurs, the probabilityof a hot leg or surge
line failure subsequently occurring is uncertain. The state-of-knowledge
distributionfor the probability is shown in Table 6.5. This distribution can be
found in [13] and was obtained via expert opinion. Note that there is a finite
probabilitythat this is a deterministicprocess, i.e., the probabilityof a surgeline
or hot leg failure may be 0.0 or 1.0. If there is no intentionaldepressurizationof
the RCS, and no occurrenceof an SGTR, the probabilityof a hot leg or surge
line failureoccurringis againuncertain. The state=of.knowledgedistributionfor
theprobabilityin this case is shownin Table6.5 and canalso be found in [13].

Node SGTR

As in Chapter3, this node representsthe occurrenceof a temperatureinduced
steam generatortube rupture early in the progression of core damage. This node
also depends on whether or not the RCS is intentionally depressurized by the
operators (node D1, nodes HQ1 and R). If so, the probabilityof an SGTR is 0.0.
Otherwise, this probability is uncertain and its state-of-knowlege distribution is
shown in Table 6.6, and can be found in [13]. Note that this distribution, and the
one for node HSF, were generated by expert opinion before recent studies on
intentional and unintentional depressurization [38,40], and do not reflect that
research.
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Node VB

As in Chapter 3, this node represents the mode of vessel failure. There are
three output states of this node: penetration failure (HPME), bottom head failure
or gravity pour (BH), and no vessel failure. These modes are described in
Chapter 3. This node depends on whether or not core damage is arrested (node
CDA), whether or not flooding of the reactor cavity has occurred (node D1,
nodes HQI and R), and the RCS pressure when the vessel fails (node RP).

The mode of vessel failure is uncertain for all of the cases. Since the

uncertainty is purely state-of-knowledge, it is expressed as a split fraction (a
discrete probability distribution between 0 and 1) over the possible modes of
vessel failure for all cases. These split fractions can be found in Ref. [8], except
for the cases where the reactor cavity has been flooded.

As discussed in Chapter 3, there are two ways in which the reactor cavity can
be flooded, either by operation of the containment sprays if AC power is
recovered early, or via intentional flooding using an alternative source of water
by the operators. Since it is possible that vessel failure can be prevented if the
water level in the cavity reaches the top of the lower head before significant
relocation of core debris, the probability of no vessel failure in this case is the

product of the probability that the cavity is flooded up to the level of the lower
head before the core slumps, and the probability that vessel failure is prevented
given the presence of water.

Since the containment sprays are actuated automatically if AC power is
recovered, and since it takes about one hour for the cavity to completely fill due
to the sprays, the probability that the cavity will be filled due to the operation of
the containment sprays is

P1 = [FRAc(Tcs- 1.0) - FRAc(Tcu)]/ FRAc(Tcu) (6.5)

where FRAc(t) is the cumulative distribution for the recovery of off-site power

(given I) and Tcs is the time to core slump (in hours). This is discussed in more
detail in Chapter 3. The probability that the cavity is filled with water due to the
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implementation of the cavity flooding strategy by the operators is contained in the
probability of Node HQI.

As discussed in Chapter 3 and Appendix I, it is uncertain as to whether or not

the presence of water around the vessel lower head will ultimately prevent vessel
failure. Calculations descried in Appendix I and in Reference [7] show that the
vessel will most likely not melt through. However, it is likely that the lower head
will still fail due to excessive thermal stress or thermal creep. The probability of

no vessel failure, given the presence of water around the lower head, is assumed
to be 0.1 for both the high and low RCS pressure cases. The effect of changes in
the state-of-knowledge of this issue will be investigated in Chapter 7 of this
report. Table 6.7 summaries the conditional probabilites associated with node
VB, Note thatvessel failure due to the possibility of an in-vessel steam explosion
which will lead to a-mode failure of the containment (node AM) is also contained
in Table 6.7.

Node AM

This node represents whether or not an in-vessel steam explosion leads to an
a-mode failure of the containment. It depends on the RCS pressure (node RP)

and whether or not core damage is arrested (node CDA). The split fractions for

this node are shown in Table 6.8 and can be found in [8]. If core damage is
arrested the probability of an a-mode failure of the containment is 0.0,

Node CFE

As in Chapter 3, this node represents the fraction of the core ejected from the
' Svessel. The split fract!on_ are the same as those given in Chapter 3 and are shown

in Table 6.9. Node CFE has no predecessor nodes.

Node VHS
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Again, as in Chapter3, tht,,,node representsthe size of the hole in the vessel
when it fails, It depend,_on the mode of vessel failure (node VB), and has the
same split fractionas tho_ given in Chapter3, which areshown in Table 6, i0,

Node EVSE

This node representswhetheror not an ex.vessel steam explosion occurs. It
dependson whetheror not there is waterin the cavity when the vessel fails (node
D1, nodes HQ1 andR), andif thevessel fails (nodeVB). Since thisis a stochastic
process,there is a probabilityfor the occurrenceof an ex.vessei steamexplosion,
which is highly uncertain. The state.of.knowledge distribution for this
probabilityis takento be a uniformdistributionfrom the values of O.1 to 0.9, as
was done in [8], This is somewhat arbitrary,but for lack of anythingbetterthe
same is done here. The state of i',nowledge parametersregarding EVSE are
shown in Table 6.11,

NodeDCH q

This is a deterministicnode (a doublecircle) in that it strictly depends on the
output of node VB, It representsthe occurence of direct containment heating
phenomena, If the vessel fails via a penetrationat high pressure (a high pressure
meltejection), thennode DCH is true,otherwiseit is false.

Node ECF

This node represents the occurrence of an early containment failure (ECF).
This node depends on whether or not there is direct containment heating (node
DCH), whether or not an ex-vessel steam explosion occurs (node EVSE), whether
or not there is an a-mode failure event (node AM), whether or not there is water

in the cavity (nodes DI, HQ1, and R), the fraction of the core ejected from the
vessel (node CFE) and the size of the hole in the vessel (node VHS). The split
fractions for this node are the same as those used in Chapter 3, except for the
addition of the case in which there is an a-mode failure of the containment (node
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AM is true). In this case the probabilityof earlycontainmentfailure is 1.0. The
values for this node arepresented in Table 6.12. Note that the nodes ECF,VHS
and DCH have _n absorbedinto node ECF, as was done in Chapter3, and so
are not shown in the table.

6.2.3 Value Node.

In Chapter3, publicrisk(early fatalitiesand latentcancerfatalities) was used
as a criterion for the best estimate assessment of the cavity flooding strategy.
However, there are drawbacksto this approach. If all the characteristics of
accidentprogressionthat affect radioactiverelease, andthus risk, are considered
in the assessment, the resulting influence dtallramwould be quite large,and the
value node would have many direct predecessors. It would be preferable if a
criterionthatonly dependson a few nodes of thediagramis used.

In the assessmentdescribedin this andthefollowing chapter,node ECF is used
as the value node (it is a chance node in the influence diagram described in
Chapter3). The eight decision alternatives are evaluated with respect to the
change in the conditionalprobabilityof early containmentfailure (ECF). This
does not consider the adverse effect of a late steam generatortube rupture. In
order to do that, a value model would have to be constructedthat relates the

impact of a steam generatortube rupture to that of early containment failure,
'ewhich is outside the scope of this proj ct. However, this will be investigatedto

some extentthroughsensitivitystudiespresentedin Chapter7.
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'Fable 6,1
Conditional probabilities for node HQI.

Case Distribution P(success)

Type .........................
DI mean ....5% 95%_ [U'I ilii ..................... li I ...........

_,, flood........._-!ognormal, ,,0,73 _0.55 0.99
Fdepressurize Iognormal 0.91 0.68 0.99lillwlr -........ ii iiii ][ ............... i1_ ] 1]

both,,,,.iogno_al 0.67.......0.0__.0.98
do nolhing none 0.0 - -

'_lli ...... _2ll I_ ...................

Table 6,2
Conditional probabilities for node HQ2.

Case Distribution P(success)

D2 R "ry_ mean 5% 95%

....feed.and-beed"'i '"'""y""esIognonnal................0.91'_- 0.67' 0:99-_j .... i iiii L_] ii [i i illll i i z ii1[1[11 r n .... i i _

feed.and.bleed no none 0.0 - -
do'nothing ......... _= none........... 0.-0 - ...... -

IITIIII I -- i]11111 [I ---_ ]1[ [ II III I II I I I I I I I

Table 6.3
Conditional probabilities for node CDA

,,, ..... ,,, ,_... ,: .... ,/,,, ,,,, ,,,,,,,, ,, ,,/,, .... ,,,, _..

Case Distribution P(CDA)
11 - ii ........ JlliII1[

'""HQ1 Type mean 5% 95%

success uniform 0.9 ,,0.81 0.99- i i ii Jllll li!Lt! II ! : L I .

failure none 0.0 - .
I I ...... ii ii ...... i ii ' i i I I I
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Table 6.4
Conditional probabilities for node RP

Case Distribution RP

.......................... Type
D1 HQ1 HSF R SGTR P(high) P(low)

I

flood - yes - . none 0.0 1.0
i ii ii i i i

flood ....- .......no yes - n °ne 0.0 1.0
flood . no no yes discrete 0.67 0.33
flood - no no no none 1.0 0.0

I ii I

dep. yes _'es - .... - none ............ C, ...... 1.0
dep. yes no yes . none 0,0 1.0
dep. yes no no . discrete 0.0 1.0
dep. no yes _ . none 0.0 1.0
dep. no no yes - none 0.0 1.0
dep. no no no yes discrete 0.67 0.33
dep. no no no no n°ne 1.0 0.0
both yes yes - - none 0.0 1.0il i i i

both yes no yes . none 0.0 1.0
both yes no no . discrete 0.0 1.0
both no yes . . none 0.0 1.0

both no no yes - none 0.0 1.0
both no no no yes discrete 0.67 0.33
both no no no no none 1.0 0.0

io nothing no yes . . none 0.0 1.0
do nothing no. no yes - none 0.0 1.0
donothing no no no yes discrete 0.67 0.33
to nothing no no no no none 1.0 0.0
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Table 6.5
Conditional probabilities for node HSF

i

Case Distribution P(HSF)
i I I I1|II II II fl

D1 HQ! SGTR Type mean 5% 95%
IIII II I II °

_flood - yes expert opimon 0.022 0.0 0.10
flood - no expert opinion 0.76 0.0 1.0

i iiii

deo. success - none 0.0 - -

dep. failure yes ",xpertopinion 0.022 0,0 0.10
deo, failure no _.xoertooinion 0.76 0.0 1.0

both success - ...... none 0,0 - -
both failure yes exoert ooinion 0.022 0.0 0.10

both failur e no expert opinion 0.76 0.0 1.0
nothing failure yes expert opinion 0.022 0.0 0.10

nothinz failure no .... expert opinion 0,76 0.0 1.0

Table 6.6
Conditional probabilities for node SGTR

II i i i

Distribution P(SGTR)
I I

Type mean 5% 95%
II

expert opinion 0.014 0.0 0.0,93
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Table 6.7
Conditional probabilities for node VB

Case Distribution VB
L IIIIIII I I I IIH III I[111

D1 HOl AM CDA R RP Type HPME BH None
I1 [ I III III I III I I

- - yes - - - none 0.0 0.0 1.0
II i i i ii i iiiii ii iiii ii iiilll ii

- - no yes - - none 0.0 0.0 1.0
i ii

flood succ. no no no 'hi'gh discrete '0.45 0.45 0.1
I iiii i ii i ii i iiii

flood succ. no no - low d!screte 0 .0 0,9 ......o..1 ....
flood fail no no .yes ..low discrete...0"0 .....0.5 .....0:5...
flood fail no no no high discrete 0.8 0.2 0.0..........

flood fail no no no low none 0.0 1.0 0'.0
iii i Ill iii i i i i i i i iiii iii iii iii

i

dep. - no n° ),es low. d!screte 0.0 0.5 ....0.5
dep. - no no ...... no high d!screte.... 0.8 ..........0.0 ......0.0
dep. - no no no low none 0.0 1.0 0.0

ill, i i ill ii i ill , ,,,,,, i i i , ,,,, i

!both succ, no no no ..high d.iscrete 0.45 0.45 0.1
both succ. no,,, no .. ..l°w ...discrete ,0.0 1"1.9 . O,1
both fail no . no y,_ low discrete 0.0 .... 0.5 ........ 0.5
both fail no no no high _li_¢rete ..0.8 ....... 0.2 0.0
bath fail no no no low none 0.0 1.0 0.0

ii i j ii i , i ,

to noth fail no no yes low .d!scre.te 0.0 . 0.5 ....0.5
io no_ fail no no no high discrete 0.8 0.2 0.0

,,,°..........

to noth fail no no. no low none 0.0 1.0 ...... 0'0
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Table 6.8
Conditional probabilities for node AM

,i, I I .....

Case Distribution
P(AM)

CDA RP Type
i ii iii i i iii

yes - degenerate 0.0

no high discrete...... 8.0E--4
no low discrete 8.0E-3, ,,| , , , ii iH

Table 6.9
Conditional probabilities for node CFE

i iii ]11iiii

Distribution CFE
Type

High Medium lowI

disctere 0.2 0.55 0.25 .
i i i i ii ii

Table 6.10
Conditional probabilities for node VHS

Case Distribution VHS

VB Type large small
i I I

none irrelevant - -
PF disctere 0.1 0.9

i i ii ii i i i

BH none 1.0 0.0
,,,,,,,, , ,,,,, ,
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Table 6.11
Conditional probabilities for node EVSE

, ,,.,,,,,_J a,J,,,,,.,,|,,i ,

Case Distribution P(EVSE)
iiii iii I [ [ II .....

D1 HQ1 R VB Type mean 5'% '-_95_%
I I I II . I I

- - - no none 0.0 - -
i ,,, i ,,, i i _1 tl l

- .. fai.!ure yes yes uniform 0..5.. 0.14 0,86
- failure no yes none 0.0 - -, ,, , , ,

flood su..ccess......:.. yes uniform ........0.5 ....0,.14 0.86
dep. success yes yes uniform 0.5 0.14 0.86
dep. success no yes none 0.0 - -

both success - yes uniform 0.5 0.14 0.86- .,,, ,, ii , i i ,

do nothing - yes yes uniform 0.5 0.14 0.86
I I I II II IIII J I II I_ _ I II I I

I

donothin_ - no yes none 0.0 - -
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Table 6.12
Conditional probabilities for node ECF

............................ c ,e ........ P(EcF)..... = ....................... • •
I I]1 1HII

AM D1 R VB _EVSE .... mean 5% 95%
Yes - - - - " ]...............II[I J[I . I I

No Flood _ucceed - .ltPME Yes 0,0,1 0 0
........ No 0IO ! I m

.....
- 1,,.Hi, ,,,,,,,/ tt.t m II Ira.

...... - I_H Yel_ 0,01
[11r II IIIN II II III II I I i, i i i•11111 i ii

'....... N 0.................... " 0 ...... j ,,ilrnl I I

r Ji ...................HPME - -.... Yes ........,, ,,, , ,|l i ,,,m,

...... No " - 0 028 0 0
: _-iiiiii j[ ,1,,, iiiji I I iiiii II j i I [ ii i •111 iiii i i • i i "

...... V_._ EH V_ l_ Ci1-... .i i nl i 1,.i, mll . t I I i, i t ii ....

" No Nn,, 0i i i ii ii i ii i iij iiiiii i iiii JL , [ IIII IIIIII I

r)Pnres_lirtTm _llrrmmrt YR_ ....................v_9 n n l
.......... No 0

IlL "' ' ' "'" ,[ I i ii i iii ii iiiii Jl -

I'' I ...... ' I Fail HPME - m
" ............ " " . No " ...... - 0.028
" , ........ " .......... " Y_,_ ,BH YP_ O.O1
.......... 11o oi I i i , ,, ,_,,,,, , , , ,

" Both Succeed., - , HPME _Yes 0.01
......... - No 0

Illll I Ill I I -- Ill I • [ IIIJlLl[ • ...... I 1 Ill II

" " " ...... ;- BH Ye._ 0.0 1
...... - " No 0

iJ

I' i i ] 'l I ........ F _ 1 I i V_ _ H_F ! t in i ........

...... I Nn " - 00_flN H, , I H HII I " I *, . ]

IO ii li

ve__ BH ,Y_.. O.O!
.... '..... Nn 0i iii iii i i iii i i i i iii ii iiii i

" Nothing ",............. Y.._ HPMF . - m I .........

.... I ....... '' l.......... No " . - 0.028_ ,,

" . .... Yes BH Yes 0,01.
ii [i,

'I i; i I It • ' " " NO 0
i, i i ,i i i i i ...........
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AM: Alpha mode failure EVSE: Ex-vessel steam explosion
VB: Vessel breach HQ: Human reliability and hardware
CDA: Core damage arrested avaialbility
CFE: Core fraction ejected HSF: Hot leg or surge line failure
DCH: Direct containment heating R: AC power recovered before VB
DI: {Flood, Depressurize, Both, RP: RCS pressure at VB

Do nothing} SGTR: Steam generator tube rupture
D2: {Feed-and-bleed, Do nothing} VHS: Vessel hole size
ECF: Early containment failure

Figure 6.1. Influence diagram for PWR severe accident management strategies with
two sequential decision nodes.
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7. UNCERTAINTY AND SENSITIVITY ANALYSIS FOR PWR
STRATEGIES WITH MULTIPLE DECISIONS

7.1 Introduction

In the previous chapter, and in Chapter 3, a decision analysis framework is
described for assessing severe accident management strategies. Given a set of
possible accident management alternatives, a decision model is constructed that
allows the analyst to rank the alternatives, and (hopefully) to find the preferred
alternative based on a value criterion and assumptions regardingthe inputs to the
model. In the previous chapter a set of eight accident management alternatives
are described with respect to a set of initial conditions (the TMLB' accident
sequence or plant damage state). A value function is constructed that relates a
numericalcriterion to the eight decision aRe,natives through the chance nodes of
the decision model, which areintended to representthe possible ways the accident
sequence might progress, given the decision alternative and initial conditions.
The occurrence of various events and the values of parametersmodeled by the
chance nodes may be highly uncertain. How this uncertainty is characterizedand
propagated through the decision model depends on the type of uncertaintybeing
considered.

Resultsof the following calculationsare also describedin this Chapter:

1) A best-estimate assessment for the proposed strategies is performed.
The decision alternatives (strategies) are ranked with respect to the
conditional frequency of early containment failure (called the value).

2) Given the preferredbest estimate decision alternative, a sensitivity
analysis is performed. The input variables are then ranked with respect to
the effect on the value.

3) The sensitivity of the ranking regarding the decision alternatives to
changes in the input variables is presented.

4) The uncertainty distributions are propagated through the influence
diagram and the decision alternatives ranked.
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5) The sensitivity of the uncertaintyin the value to the degree of the
uncertainty in the input variables is investigated. Given the preferred
decision alternative, the input variables are ranked with respect to the
reductionin the variancein the outputdistributionof the Value.

7.2 Types of Uncertainty

As discussed in Chapter6.1, two basic types of uncertainty are considered
here: that due to stochastic variabilityand that due to inadequateknowledge or
data(state-of-knowledgeuncertainty). Some of the chance nodes in the influence
diagrams describing severe accident management represent phenomenological
events that aredeterministicin nature,i.e., they will always occuror neveroccur
given the states of the predecessor nodes; we just cannot predict which. The
uncertainty associated with such nodes is purely state-of-knowledge, and the
distribution that characterizes that uncertainty is a split fraction over the two
possible states, namely the event will always occur(with a probabilityof 1.0) or
never occur(with a probabilityof 0.0).

A few nodes, however, represent phenomenological events that are stochastic
in nature, i.e. they will occur with a rate of occurrence _,,but, due to inadequate
data, the value of _. is uncertain. In this case the distribution that describes the

state-of-knowledge uncertainty is a continuous probability density function (pdf)
over the possible values of the rate of occurrence of the event. A special case of
this is the recovery of AC power, represented by node R. In this case the event
in question is whether or not AC power is recovered by a certain specified time,
and the stochastic variability associated with the occurrence of this event is

"' t '-U'described by a a_srib t_on over time, which becomes a rate when the time by
which AC power is recovered is specified. Due to limited data, the shape of the
distribution for the recovery of AC power is uncertain, and this state-of-
knowledge uncertainty is characterized by a distribution over the values of
parameters contained in the expression for the distribution that describes the
stochasticvariability.
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Sometimes the distinctionbetweena deterministicevent and a stochasticevent

is not that clear cut, and we are uncertain whether a certain event is purely
deterministic or if there is some stochastic variability associated with it. An
example of this is the occurrence of a hot leg or surge line failure. In the
NUREG-1150 expert opinion assessment of this event, some of the experts
thought that it was deterministic, and others thought otherwise. The aggregate
distributionthat characterizesthe uncertaintyassociated with this event reflects
this, in that there is a finite probabilitythatit wouldneveroccur or alwaysoccur.

7.3 Analysis

The evaluation of the strategiesmodeled by the influence diagramdescribed
in the previous chapter involves four differenttypes of analysis, each of which
provides different information. The first is a best estimate assessment, which
involves evaluating the influence diagramwith the best estimate values of the
variablesfor inputs,as was done in Chapter3. For distributedvariables,the best
estimate is their mean values. This analysis results in a rankingof the decision
alternativeswith respectto the expectedvalue of the outputof the decision model,
and the preferred decision alternative according to this criterion can be
identified.

The second type of analysis, sensitivity analysis, investigates the effect of
changes in input variables on output predictions. Two types of sensitivity analysis
are conducted. A partial derivative measure sensitivity analysis determines the
effect the choice of the values of the input variables has on the value of the
output, given a (preffered) decision alternative. This is accomplished by
calculating the partial derivative of the output with respect to each of the input
variables, about the base case. If the model, in this case the influence diagram,
can be represented as a function, f, with n uncertain inputs xl,.. ,xn, i.e.

y = f(xl,...,Xn), (7.1)

and if xO= (xlO,...,xnO)represents the base case, or best estimate case, then the
partial derivative sensitivity measures are
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[/gy/_)xI Ixo,,.,, [_y/@x. Ixo, (7,2)

These sensitivities represent the slopes of the tangents to the response surfaceat
the best estimate values. This is a local approach in that it considers the behavior
of the function only in the vicinity of the best estimate values.

The second type of sensitivity analysis, a nominal range sensitivity analysis,
involves varying each input variable in turn, while the rest of the variables
remain at the best estimate or expected values, in order to see how the variation
in the input affects the variation in the output. Each variable is set at either
extreme of its input distribution, e.g., at either the 95% and 5% values for
stochastic variables and at the extremes of a reasonable range for the split
fractions for the deterministic events, Since the split fractions represent our
degree of belief about whether or not an event will occur, the concept of
confidence intervals for these variables is meaningless. The influence diagram is
evaluated for each of these cases, and the most important variables in terms of

tlcnal probability of earlytheir impact on the output, in this case the condi '_ '
containment failure, can be found. In this manner, the variables for which the

choice of values actually changes which decision alternative is preferred, can be
identified. This is more than a local measure because it evaluates the model for

extreme, values of each input variable, but it is less than global because it holds all
the other_ at their nominal values.

Given the two or three most important variables as determined by the
sensitivity analysis, a policy region analysis can be performed. This shows for
the range of values of the important variables which decision alternative is
preferred over the rest. This involves simultaneously varying the most important
variables over their entire range. The result for a two-way policy region analysis
(two variables are considered) is a two dimensional space. For every point in
that space the preferred alternative can be identified. This was done in Chapter 3
and is shown in Figures 3.24 and 3.25.

The third type of analysis involves the propagation of uncertainty. Here the
distributions of the input variables are propagated through the decision model,
and the result is a distribution over the values of the output, Since there are eight
decision alternatives in the case studied here, this technique results in eight output
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distributions,one for each alternative. _ere are several methodsdevelo_ for
the propagation of uncertainty; the method employed here is Monte Carlo
Simulation, How each variable is sampled is dete_ined by what kind of
uncertaintyis associated with it. Deterministic variablesare sampled zero.one.
This means thatevery s_ple observationcontainseither the value of 0.0 or the
value of 1.0 for the occu_nce probabilityof the event modeled by the node in
question, and what fraction of the observations contain the value of 1.0 is
determined by the split fraction that characterizes the state-of.knowledge
uncertaintyabout the occurrenceof theevent in question. Fornodes that model
stochastic events, the continuousdistributionof the occurrencefrequencyof the
event in question is sampled. Every sample observation then results in a point
value of the event occurrencefrequency. The influencediagramis evaluatedfor
every member of the sample, and results in a point value for the conditional
frequency of early containmentfailure for each decision alternative, for each
member. The sample set of these probabilities can be shown as a sample
distribution(one foreach decision alternative),and can be rankedwith respectto
the meanvalue of the outputdistribution(or the median) and the varianceof the
output distributions.

The fourthtype of analysis, uncertaintyimportanceanalysis, determines the
effect of changes in the input variable distributionson the output distribution.
Here, the uncertaintyin each of the uncertainvariablesis reducedto zero, one at
a time, and the remaining distributions are propagatedthrough the influence
diagram. For each variable being studied, the expected value is used as the input
distribution rather than the original state-of-knowledge distribution. For
stochastic variables the expected value is the mean of the continuous pdf. For
deterministic events, either a probability of 0.0 or 1.0 is used as the zero
uncertaintyinput, whichever is more likely, according to the split fraction that
expresses our state-of-knowledge uncertainty. Given a decision alternative,
therefore,the uncertain variablescan be rankedaccordingto the reductionin the
variance of the output distribution,when the uncertainty in those variables is
removed.
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7.4 Base Case Results and Sensitivity Analysis

The base case consists of the best estimatevalues for the ratesof occu_nce
of the events modeledby the nodes of the influencediag_ describedin Section
lIl, As mentionedearlier,the best estimatevalues am the expected values of the
uncertaintydistributions,and they are shown in Table 7.1. Tne distributionsare
discussed in Chapter 6. The influence diagram shown in Figure 6.1 was
evaluatedusing these values,as describedin Chapter5, andthe resultsareshown
in Table 7.2, for each of the eight decision alternatives. It can be seen that the
preferreddecision alternative is A3, depressurizethe primarysystem and initiate
feed-and-bleed cooling of the core, if and when AC power is recovered. The
next best alternativeis A l, floodthe reactorcavity andfeed-and-bleed,andso on.

An importantpoint to note is the factthatcavity flooding andprimarysystem
depressurizationareequallyeffective in preventingearlycontair,_,,.,_tfailuredue
to DCH, given that the strategies are successfully initiated. However,
depressudzation is preferredover cavity flooding in the base case because the
depresurizationstrategy has a higher probabilityof being successfully initiated
andcavity flooding has the drawbackof possibleearlycontainmentfailuredue to
an ex-vessel steam explosion. They are both preferredover A5 (initiate both
cavity flooding and depressurization, along with feed-and-bleed) because
instructing the operators to do both at roughly the same time decreases the
frequencythateither will be successfully initiated,andthere is no benefit gained
in termsof preventingearlycontainmentfailure.

r tThe uncertain variables were ranked according to the pa tlai derivative
measure of sensitivity described above, for the two preferred decision
alternatives: AI (flood and feed-and-bleed) and A3 (depressurize and feed-and-
bleed). The rankings are shown in Figures 7.1 and 7.2. The most important
variables for decision alternative A3 are: X9 (the probability of an a-mode
failure of the containment given low RCS pressure) and to a much lesser extent,
X16 (the probability of early containment failure due to an ex-vessel steam
explosion). The most important variables for decision alternative A1 are X9,
XI6 and X8 (the a-mode failure probability at high RCS pressure).
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It can _ seen from Figures7.1 and 7.2 thatX9 is by far the most important
in termsof its effect on the expected value of the frequencyof early containment
failure. Furthermore,it ap_ars that the variables related to the probability of
early containmentfailurehave the most impacton the value of the output(given a
decision alternative).

For the second type of sensitivity analysis (nominal range sensitivity
analysis), in orderto identifywhich variablesare importantin termsof changing
the preferreddecision alternative, all nineteen of the uncertainvariables were
varied over their plausibleranges. The uncertainvariablesare the same as those
shown in Table 7.1, and the results of the sensitivity analysis are shown in
Figures 7.3 - 7.21. In these figures, the conditional frequency of early
containmentfailure for each decision alternativeis shown as a function of the
value of the uncertain variable being studied, For most of the uncertain
variables, the relative rankingof the decision alternatives does not change,
variables that are important in terms of the decision alternative rankings,
according to Figures 7.3.7.21, are: X3 (the occurrence of a hot leg or surge
line failuregiven no SGTR), X7 (the failure of vessel given water in the cavity,
low RCS pressureand no core damage arrest),X16 (early containmentfailure
due to ex-vessel steam explosion), XI7 (early containmentfailure due to direct
containmentheating given a high pressureme't ejection), XI8 (high pressure
melt ejectiongiven a drycavity and high RCS pressureat vessel failure) and XI9
(the RCS pressure is low at vessel failure given that RCS depressurizationis
initiatedby the operators). All of these variablesactually change the preferred
decision alternative, depending on the value of the uncertain variable being
considered.

In Figure 7.5 it can be seen that if the rate of occurrence of a hot leg or
surge line failure (X3) is between 0.0 and about 0.2, the preferreddecision
alternativeis A I (flood andfeed.and.bleedonly), and if it is greaterthan0.2, the
preferred decision alternativeis A3 (depressu_'izeand feed-and-bleedonly). All
threeof the preferreddecision alternatives include feed-and bleed cooling of the
core, i.e. it is always betterto feed-and-bleed,regardless of what otherstrategies
are initiated,and regardlessof the value of X3.
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To understand the results of this sensitivity study, consider the following.
The conditional frequency of early containment failure, given either A1 or A3
and failure of whichever strategy is initiated, is the same, regardless of the
decision alternative or the value of X3. Also, if depressurization (A3) is initiated
and is successful, the value of X3 is irrelevant. Therefore, the question of
whether or not A 1 is preferred over A3 is driven by how the value of X3 affects
the conditional frequency of ECF, given decision alternative A1 and successful
flooding of the reactor cavity. In this case, if the hot leg or surge line fails, the
conditional frequency of ECF is 6.1E-3, which is higher than the conditional
frequency of ECF given A3 and successful depressurization (4.9E-3). However,
given A1 and successful flooding without the occurrence of a hot leg or surge
line failure, the conditional frequency of ECF is 2.6E-3, which is lower than that
for A1 and successful depressurization. Therefore, if the rate of HSF (X3) is
high enough, A3 becomes preferred over A1. If there is a hot leg or surge line
failure and AC power is recovered, A1 and A3 are equivalent. However, if AC
power is not recovered, depressurization (which in this case is equivalent to doing
nothing) is preferred, because of the adverse effect of a possible ex-vessel steam
explosion if the cavity is flooded. If a hot leg or surge line failure does not
occur, and AC power is not recovered, A1 becomes preferred because of the
adverse effect of a possible a-mode failure of the containment for A3.

In Figure 7.9, it can be seen that the decision alternatives that include the
depressurization of the primary system are affected by the values of X7 (vessel

failure given water in the cavity, low RCS pressure and no core damage arrest).
For values of X7 less than 0.9, A3 (depressurize the RCS) is the preferred
decision alternative, while for values of X7 greater than 0.9 A1 (flood the reactor

cavity) is the preferred decision altemative. This is because at high values of X7,
the benefit of preventing vessel failure (and thus early containment failure) if the
cavity is flooded outweighs the adverse effect of a possible ex-vessel steam
explosion.

In Figure 7.18, it can be seen that the decision altematives are affected by the
values of X16 (early containment failure due to an ex-vessel steam explosion).
For values of X16 greater than 0.002, A3 is the preferred decision alternative,
and for values of X16 less than 0.002 A1 is preferred. This is because the
adverse effect of possible early containment failure due to an ex-vessel steam
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explosion outweighs the benefit of possibly preventing vessel failure if the cavity
is flooded.

Figure 7.19 shows that for values of X17 (early containment failure due to
DCH) of less than about 0.008, decision alternative A7 (feed-and-bleed only) is

preferred, for values of X17 greater than 0.008, decision alternative A3
(depressurize and feed-and-bleed only) is preferred. At values of X17 below
0.008 depressurization in the absence of flooding becomes detrimental because
the benefit gained by preventing DCH is outweighed by increasing the likelihood
of an a-mode failure of the containment. The sensitivity results for X18 (high
pressure melt ejection given that the cavity is not completely flooded and the RCS
pressure is high) are similar, for similar reasons.

Figure 7.21 shows that for values of X I9 (the probability that the RCS does
not completely depressurize given that the operators initiate depressurization) of
less than about 0.16, A3 is the preferred decision alternative. It is interesting to
note that there is a small range of X19 (0.16 - 0.25) where A1 is preferred, but
above 0.25 A5 (initiate all three strategies) is the preferred decision alternative.
This is because, for high values of X19, depresssurization actually increases the
chance that the RCS will be at high pressure when the vessel fails, since
depressurization precludes an early failure of the hot leg or surge line. Since
DCH is assumed to be impossible if the cavity is completely full of water, this is a
beneficial effect from the viewpoint of preventing an a-mode failure of the
containment.

Figure 7.22 shows the results of a policy region analysis where the variables
X16 (early containment failure due to an ex-vessel steam explosion) and X9 (a-
mode failure given low RCS pressure) were simultaneously varied. It can be

seen from the figure that as the probability of an a-mode failure (given low RCS

pressure) is increased, at some point decision alternative A1 becomes preferred
over decision alternative A3, and the point at which that happens depends on the
probability of early containment failure due to an ex-vessel steam explosion. In
other words, Figure 23 shows how the competing adverse effects related to
decision alternatives A1 and A3 affect which of the two alternatives are

preferred.
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7.5 Uncertainty Propagation

A sample size of 10000 observations was used to propagate the uncertainty
in the key variables through the influence diagram. The result is eight output
distributions, one for each decision altemative. The ranking of the decision
alternatives with respect to the mean and the variance of the distributions is
shown in Table 7.3. Decision altemative A3 (depressurize the RCS and initiate
feed-and-bleed cooling) is preferred, with respect to the expected value of the
conditional frequency of early containment failure. Furthermore, A3 has the
smallest variance in the distribution of the conditional frequency of early
containment failure. Based on these results, it must be concluded that A3 is the

preferred strategy, even when uncertainty is considered.

7.6 Uncertainty Importance Analysis

Table 7.4 shows the results of the uncertainty importance analysis for the
preferred decision alternative, A3. The uncertain variables are ranked according
to the variance of the output distribution of the conditional frequency of early
containment failure for decision alternative A3. It can be seen that variable X9

(the probability of an a-mode failure of the containment given low RCS

pressure) is the most important in terms of contributing to the uncertainty in the
conditional probability of early containment failure, given decision alternative
A3. This can be taken to mean that reducing the uncertainty related to the
credibility of the occurrence of an a-mode failure would have the most impact on
reducing the uncertainty about the preference of decision alternative A3. Also,
variable X16 (the probability of early containment failure given an ex-vessel

steam explosion) is also important with respect to the uncertainty in the
preference of A3. As mentioned above, resolution of these two issues is
important to the identification of whether or not it is better to flood the reactor

cavity or depressurize the RCS (in terms of preventing early containment
failure).
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7.7 Conclusions and Discussion

In this chapter an influence diagram is used as the basis for a framework

for evaluating severe accident management strategies. This framework is very
flexible in that it can be applied to any kind of accident management strategy for
any sequence, including cases where multiple decisions are involved.

In a Chapter 3, public risk (early fatalities and latent cancer fatalities) was

used as a criterion for the best estimate assessment of the cavity flooding strategy.
However, there are drawbacks to this approach. If all the characteristics of
accident progression that affect radioactive release, and thus risk, are considered

in the assessment, the resulting influence diagram would be quite large and the
value node would have many direct predecessors. It would be preferable if a

criterion that only depends on a few nodes of the diagram is used. In this chapter
the conditional frequency of early containment failure was used to assess the
proposed strategies.

Three accident management strategies were evaluated with the decision
model described in Chapter 6. A best-estimate analysis was conducted in order
to rank the decision alternatives with respect to the expected conditional
frequency of early containment failure. In addition, sensitivity studies were
carried out in order to identify which variables are important in terms of
changing the preferred decision alternative, and which variables have the most

affect on the conditional frequency of early containment failure, given the
preferred alternative. Furthermore, an uncertainty analysis was conducted in
order to identify which variables are importantant in terms of their contribution
to the uncertainty in the conditional frequency of early containment failure for
the preferred decision alternative.

Based on the analyses described above, the following conclusions can be
drawn for the PWR short term station blackout sequence.

1. It is always better to initiate feed-and-bleed cooling of the core, no matter

what other strategies are initiated, and irrespective of the uncertainty in the key
variables.
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2. It is better to initiate depressurization of the primary system, over other
strategies, based on minimizing the conditional frequency of early containment
failure. This strategy is the preferred alternative with respect to both the

expected value and the uncertainty about that value.

3. The ranking of the eight altematives is sensitive to the values of several
variables, most of which represent phenomenological issues about which there is
considerable uncertainty. These issues include early containment failure due to
direct containment heating or ex-vessel steam explosions, and hot leg or surge
line failure due to natural circulation. The sensitivity studies show that further
research leading to changes in the state-of-knowledge about these issues could

change the ranking of the strategies.

4. The expected conditional frequency of early containment failure for the
preferred strategy is very sensitive to the value of the probability of the
occurrence of a-mode failure of the containment. Furthermore, the uncertainty
about this issue is the dominant contibutor to the uncertainty about the conditional

frequency of early containment failure for that strategy.

7.12



Table 7.1 Base case values for node probabilities.

Base
Variable Case

Value
H i lili iii I lii I iiiii i ilillilli li li01

XI P(HQ2) 0.91II _ I I . IIIIIIII I I III [ 11 i ii

X2 P(HSF/SGTR) 0.022_
lilili li i ii ii i li ii iiiif i ]l

X3 P(HSF/no SGTR) 0.76
I IIIIll .... II Illl I I I . _ I__

X4 P(SGTR) ........... 0.014
X5 P(EVSE / BH) 0.5IIIIII11 I IIIII I

X6 P(no VB / flood, high RP) . O.!_
X7. P(no VB / flood, low RP) 0.1
IIIIII II I III] I uIII I II I i i i[111 II . I ___

X8 ....P(AM / high RP) .... 0,0008_
X9 P(AM /!0wR P) ........ 0.008

XlO P( high Rp/SGTR } ...... 0.67
X11 P(HQ 1 / flood) 0.73

II ii Jl I i i i i I

X 12 P(HQ1 / depressurize) 0.91. . i . f i ,),,, ii II I i ii II . iii I I . I

X13 P(HQ,!/,,both) ....... 0.67
X14 P(CDA/HQ2) 0.9_ t,l, i,i1, ,i ,,1,. ii ii u i ii IH

X15 P(R) 0.51
iii llll [ill i i ii j _l I i ill i i

X16 P(_ECF/EVSE ) ..................... 0.01
X17 P(ECF / DCH) 0.028

" I I IHI H I I I, .

•Xl8 P(t_ME/noflood, hizh lip) 0.79
' X19 P(.high RP / aepressufizati0n) ' 0,0 ....
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Table 7.2. Best estimate probability of early containment failure for
the base c_e.

,, . .... _ ...... .......... _ • ..... _ ............. , _ , .... _ ........

Decision

Alternative Description P(ECF) Rank
_ ._

i ii i I I Ill _/ .... I I ........ -- I _ I Illll I I __ [

2A1 flood only/feed-and-bleed, 6.34E-3] iii iIui ui I _j I I . -_ -.... _ : _ __ __ IlL JII iii -. I --. --

A2 flood only / do nothing 1.15E-2 6
-- -- 11 __ II II inll _ I I -- iiii i L .. _ " _ I ......

......A3...... depressurize only / feed-and-bleed 5.25E.3 1-- L_ III I II I II IIFTII I ..... _ I -- i

A4 .depressurizeonly / do,n0thing ,, ,,,,,,....1.04E-2 5.
AS ..... flood an d depressuri _ / feed'and-bleed 7.14E-3 4..... I I IIIiII _ S . _

A6 flood and depressurize / do nothing 1.23E-2 8I iii ii1|11 II [I ]LII III I/ ii _ ii I _]_ I/1!11 _IL ....

A7 do nothing/ feed.and.bleed 6.89E-3 3
- IIII I [ II I I iiii1! ii i I _ I

, A8 ...... do noth,ing,/,do nothing ......... i,2pE-2 7
i
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Table 7.3. Expected value and standarddeviation of the probability of early
containment failure

Expected
Decision Value of Standard Rank

Alternative P(ECF) Deviation
.... i ........ t - -- it

A1 6.4E-3 0.056 2
iii iiiiiii . _ _- _ J _!11 L II I I Ul " _ _ I1| III

A2 1.2E-2 0.095 6- .... - .... II1[ IJ! Ill II iliij ..... iii iiiiii [__. T_ ii

A3 5.3E-3 0.053 1..... [ _ i ii lil [[ - i/ i i _ t IIlii t i

............A4 _I _!.IE-2 _ 0,093 5
......... J I .....

" _ .....A5 7.5E-3 0.065 ,,4 ....,

....A6 1.3E-2 0.100 8[ -- illll[-- " -_. _ I[ ..... _ ...... _ ] el

A7 7.1E-3 0.058 3.......... I I Illl I I IIII IIIIIII I

A8 1.2E-2 0.092 7
.............. ,,, , ,,, , ,



Table7.4. Uncertaintyimportancerankingof inputvariables.

Variable Uncertainty
Variance

mat IllilI " -

X9 0.015
.... o.o46
iiii.jl r i i i],l_fll011.....

X17 0.046
X15 0.048
Xl 0.O49..... ± ....

XI2 0.050_ _

....X!4i 0.050
X3 0.051

111.... ill [ / - i ....

.... X5 _ 0.051_
_ X8 .... 0.051

X18 0.051
X2 0.052

- __ ill fll ..................

X4 0.052_,,,,,,, ,,

XlO 0.052
....i]itl , t_ t, L _ ---

x_3 0.053 "
iiii tt . ii i[i i i -

x I1 0.053
.......... ; _ •

X6 0.053
.....x7 o.o53,,
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Importance rank for Flood andF&B (A1)
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Figure 7.1. Results of importance analysis using partial
derivatives for strategy A1.

Importance rank for Depressurizeand F&B (A3)
06 ...._- .................

la..
u O5

t. 0,4
O

4--

0,3

0,2

S oo
Ch tO I" tt3 _ ,-- Oq t/3 t'3 r. o:) oo _r tN o 4D _ _
X X _. X X X X _ X X _ X "-- ,--

X X X X X X X X X

Variable

Figure 7.2. Results of importance analysis using partial
derivatives for strategy A3.
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Xl P(HQ2/feed-and-bleed)
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Figure 7.3. ECF sensitivity to the probability that feed-and-bleed is
successfully implemented.
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Figure 7.4. ECF sensitivity to the probability that the hot leg or surge
line fails given SGTR.
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>'3: P(HSF/No SGTR)

0018

____., _ A 1

A2

.............•+_.............A3
..- 0.013

I._u"u _::::===_,m,._nb_-? : i-'.'.'.iii_i...._-¢ i__"" _ A4
,.., _. _. .......{:::'....... A5

t ......... ,_. ---0--" A6
0 008 ...... "-,-,.,..

IIt_QI A7

l /
0,003 / II JI .... I I " I "x "if " ] " I "" I

O0 0,2 0.4 0.6 0,8 1,0

P(HSF/SGTR)

Figure 7,5. ECF sensitivity to the probability that the hot leg or surge
line fails given no SGTR.

X4: P(SGTR)
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Figure 7.6, ECF sensitivity to the probability that steam generator tube
ruptures occur.
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X5: P(EVSE/BH)
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Figure 7.7. ECF sensitivity to the probability that ex-vessel steam
explosion occurs given bottom head failure of vessel.

X6: P(No VB/Flood, High RCS Pressure)
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Figure7.8. ECF sensitivity to the probability that no vessel breach
occurs given water in the cavity and high RCS pressure.
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X7' P(No VB/Fiood, Low RCS Pressure)
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Figure 7.9. ECF sensitivity to the probability that vessel fails given
water in the cavity, low RCS pressure and no core damage
arrest.

X8: P(AM/l-:gh RCS Pressure)
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Figure 7.10. ECF sensitivity to the probability that alpha mode failure
occurs given high RCS pressure.
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X9: P(AM/Low RCS Pressure)
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Figure 7.11. ECF sensitivity to the piobability that alpha mode failure
occurs given low RCS pressure.
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Figure 7.12. ECF sensitivity to the probability that RCS pressure is
high given SGTR.



X l 1. P(HQl/Flood)
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Figure 7.13. ECF sensitivity to the probability that the reactor cavity is
flooded before core slumping.

X12 P(HQ I/Depressurize)
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Figure 7.14. ECF sensitivity to the probability that depressurization is
successfully implemented.
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Figure ?.15. ECF sensitivity to the probability that depressurization and
, flooding are successfully implemented.
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Figure ?.l 6. ECF sensitivity to the probability that core damage is
arrested given AC power recovery.
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X 15: P(R)
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Figure 7.17. ECF sensitivity to the probability that AC power is recovered
before vessel breach.
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Figure 7.18. ECF sensitivity to the probability that early containment
failure occurs given the occurrence of ex-vessel steam
explosion.
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X17: P(ECFtDCH)
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Figure7.19. ECF sensitivity to the probabilitythatECFdue to DCH occurs.
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Figure 7.20. ECF sensitivity to the probability that high pressure melt
ejection occurs given high RCS pressure.
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Figure ?.21. ECF sensitivity to theprobability that RP is high given
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8. CONCLUSIONS AND RECOMENDATiONS

Some potential accident management strategies are inherently complex,
involving both benefits and adverse aspects and subject to large unce_inties.
Influence Diagramsrepresenta valuabletool for examining and illuminatingthe
various inte_lationships among the many factors involved. Decision Trees,
equivalent to the Influence Diagram, both represent a second way of illustrating
complex relationshipsand provide an automatedtool for solving for the various
outcomesof the potentialstrategy.

It appears to be practical to propagate uncertaintiesthrough the Influence
Diagramsand Decision Trees, therebyproviding muchmore informationfor the
decision-making process on whether or not to adopt a strategy, Moreover,
Decision Trees and Influence Diagrams can be used to evaluate strategies
containing sequential decisions, and to evaluate alternative (or multiple)
strategies,

Theuse of InfluenceDiagrams_cision Trees has a second valuablebenefit. It
requiresa systematic examination of the various potential factors which could
affect the outcome of a particular strategy. The factors required include
feasibility, effectiveness and adverse effects. As a result of this requirement,a
more complete examination and evaluation of candidateaccident management
strategies may result, and factors sometimes overlooked, such as spurious
informationand errorsof commission, may be identified and factored into the
assessment.

In this study, Influence Diagramsand Decision Trees have be_n used first to
examine two severe accident management strategies, PWR cavity flooding to
preventvessel failure, and BWRdrywell flooding to prevent vessel failure and/or
containmentfailure. A commerciallyavailablecomputercode called SUPERTRE
was used to quantify the Decision Tree, and a method for direct quantificationof
the Influence Diagrams was developed in this study. Data and models relied
heavily on NUREO.1150, and on independentanalyses by UCLA and otherNRC
contractors.
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For the PWR cavity flooding case, the major uncertainties include the
effectiveness of the water in removing heat and preventing vessel
failure/penetration,the potential for steam generatortube ruptureversus surge
line failure,andthe potentialfor an ex-vessel steam explosion. On balance,water
in the cavity appears to reduce risks regardless of uncertainty,except for the
extreme cases of a steamexplosion or sWam-generatortuberapture.Waterin the
cavity has the secondary mitigating effect of reducing the potential for early
containment failure due to direct containment heating and late containment
failure.

Forthe BWR drywell flooding case, the majoruncertaintyis the effectiveness
of the water in preventing vessel failure. Steam explosions are not a key factor
influencing the flooding strategy, if one has a high chance of saving the vessel
lower head. If the vessel should fail, isolation failure and liner failure are of
concerneven withouta steam explosion. The steam explosion is only one of the

conta nment.several competing mechanisms to fail the i The analysis shows that
flooding is favorable regardless of the conditional probability of early
containmentfailure given a steam explosion.

In addition to evaluating the single PWR cavity flooding strategy, a
combinationof three strategieswas assessed: Flooding the reactor cavity at the
time of core uncovery in orderto cool the reactorvessel lower head andprevent
or delay vessel failure; depressurizingthe primary system in orderto mitigate
direct containmentheating; and initiatingfeed-and-bleed cooling of the core if
AC power is recovered before vessel failure in orderto arrest core damage and
preventvessel failure. As a resultof this study, the following can be concluded.
It is always betterto initiate feed-and-bleedcooling of the core, no matterwhat
other strategies are initiated, and irrespective of the uncertainty in the key
variables. In ra_ing the three strategies, taken singly or in combination, the
major_mcertaintiesinclude the potentialfor directcontainmentheating, ex-vessel
steam explosions and hot leg or surge line failure due to naturalcirculation.

The highest ranked strategy,with respect to minimizing the probabilityof
early containmentfailure, is depressurizationand feed-and-bleed cooling if AC
power is recovered. This is followed by cavity flooding and feed-and-bleed
cooling, and thirdrankedis feed-and-bleedcooling alone.
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Related to the feasibility of flooding, a fire pump or a new high capacity,
independently powered low pressure pump could _ considered. If the fire pump
is used, floodin8 should be started no later than 2 hours after the loss of AC
power. The precondition is that the operator should foresee that AC power will
not be recovered within 12 hours (A possible scen_triomight be loss of power
grid due to severe weather so that repair can not be performed within 12 hours;
also the on site DG has unrecoverable mechanical damage). Modification of the
existing fire protection system needs to be prepared at the plant. In reality, the
operator might be reluctant to flood early, because DC is still available and l-IPCl
is also available. Another reason is flooding will induce loss of wetwell function.
Procedural changes have to be made if early flooding using fire pumps should be
employed.

If new low pressure, high capacity and independently powered pumps are to
be introduced, a value impact analysis should be performed because of the
potentially high cost associated with the new systems. The operator has to be able
to monitor the status of the reactor core, if late flooding (e.g., starting from core
uncovery) is desirable.

Influence Diagrams and Decision Trees have proven valuable tools in the
understanding of these two strategies. It is recommended that a method be
developed for propagating uncertainty through the trees and/or diagrams in order
to assess the magnitude of the uncertaintyassociated with the adverse effects.

8.3



9. REFERENCES

[1]. W. E. Kastenberg, editor, "Summary of a Workshop on Severe Accident
Management For PWRs," NUREG/CR-578 I, UCLA (November 1991).

[2]. W. E. Kastenberg, editor, "Sunm_ry of a Workshop on Severe Accident
Management For BWRs," NUREG/CR-5780, UCLA (November 199I).

[3]. USNRC, "Severe Accident Risks: An Assessment for Five Nuclear Power
Plants," I_.2REG.1150, vols. I and 2, (June 1989).

[4]. SUPERTREE Decision Analysis Software, Version 5, Copyright 1987 SDG
Decision Systems.

[5]. J, E. Kelly, R.J. Henninger and J. F. Dearing, "MELPROG/MODI
Analysis of a TMLB' Accident Sequence," NUREO/CR-4742, (Sept. 1986).

[6]. P. D. Bayless, "Analysis of Natural Circulation During a Surry Station
Blackout Using SCDAP/RELAP5," NUREG/CR-5214, (1988).

[7]. H. Park and V. Dhir, "Steady.State Thermal Analysis of External Cooling
of a PWR Vessel L,ower Head," AIChE Symposium Series, No. 283, Vol.
97, P,l, 1991.

[8]. R.J. Breeding, J. C. HeRon, W. B. Muffin, et al., "Evaluation of Severe
Accident Risks: Surry Unit l Appendices," NUREG/CR.4551, Vol. 3, Part
2, (Oct. 1990).

[9]. R.J. Breeding, J. C. Helton, W. C. Muffin, et al., "Evaluationof Severe
Accident Risks: Surry Unit 1 Main Report," NUREG/CR.4551, Vol. 3,
Part 1, (Oct. 1990).

[lO]."Zion Final Safety Analysis Report," Vol. 4 (9.9), Commonwealth Edison
Company, Chigago, (1982).

[11 ]. A. D. Swain and H. E. Outtman, "Handbook of Human Reliability Analysis
with Emphasis on Nuclear Power Applications," NUREG/CR. 1278, (1987).

[12]. R. L. iman, et al., "Modeling Time to Recovery and Initiating Event
Frequency for Loss of Off-site Power Incidents at Nuclear Power Plants,"
NUREG/CR.5032, (Jan 1988).

9.1



[13]. F.T. Harper, T.D. Brown, R.J. Breeding, et. al., "Evaluation of Severe
Accident Risks: Quantification of Major Input Parameters," NUREG/CR-
4551, Vol. 2, Parts 1 and 2, (Dec. 1990).

[14]. "BWR Owners Group Emergency Procedure Guidelines". Revision 4,
General Electric Topical Report NEDO-31331, (March 1987).

[115]. S.A. Hodge, "Recommendations for Further Assessment of Certain BWR
(IN-VESSEL) Late Accident Mitigation Strategies," Letter Report, Sept.
25, ! 990, ORNL_RC/LTR-90/19.

[16]. T.G. Theofanous, et. al., "The Probability of Linear Failure in a Mark I
Containment," NUREG/CR-5423, (September, 1991).

[17]. W.A. Condon, S.R. Greene, R.M. Harrington and S.A. Hodge, "SBLOCA
Outside Containment at Browns Ferry Unit One-Accident Sequence
Analysis," NUREG/CR-2672, Vol. 1, ORNL/TM-8119/V1, (Nov. 1982).

[18]. S.A. Hodge, et. al., "Extemal Flooding of a BWR Reactor Vessel As a Late
Accident Mitigation Strategy; Detailed Assessment of Boiling Water
Reactor In-Vessel Strategies Program," Letter Report, ORNL/NRC/LTR-
91/9, (August 27, 1991).

[19]. A.M. Kolaczkowski, et. al., "Analysis of Core Damage Frequency: Peach
Bottom, Unit 2, Internal Events," NUREG/CR-4550, Vol. 4, Part 1,
(August 1989).

[20] K.C. Wagner, et. al., "An Overview of BWK Mark I Containment Venting
Risk Implications," NUREG/CR-5225, EGG-2548 Addendum 1, (June
1989).

[21]. G.E. Apostolakis, "A Critique of Recent Models for Human Error Rate
Asse3sment," Reliability Engineering and System Safety, 22, pp. 201-217,
(1988).

[22]. S.A. t-lodge, et. al., "Identification and Assessment of BWR (In-Vessel)
Severe Accident Mitigation Strategies (draft)," NUREG/CR-5869, (May
1992).

[23]. A.C. Payne, et. al., "Evaluation of Severe Accident Risks: Peach Bottom,
Unit 2, Main Report," NUREG/CR-4551, SAND86-1309, Vol. 4, Part 1,
(Dec. 1990).

9.2



[24]. "Updated Final Safety Analysis Report, Peach Bottom Atomic Power
Station Unit 2&3," Vol. 5, PHILADELPHIA ELECTRIC COMPANY,
(March, 1988).

[25]. E. Claiborne, et. al., "Cost Analysis for Potential BWR Mark I
Containment Improvements," NUREG/CR-5278, SEA 87-253-07-A:1,
(Jan. 1989).

[26]. M.T. Drouin, et. al., "Analysis of Core Damage Frequency: Grand Gulf,
Unit 1, Intemal Events," NUREG/CR-4550, SAND86-2084, Vol. 6, Part 1,
(Sept. 1989).

[27]. W.I. Rij, "A Survey of Current Models of BWR Lower Head Failure Used
in the Severe Accident Codes APRIL, MELCOR, MELPROG and
SCDAP/RELAP," ORNL/NRC/LTR-90/26, Oak Ridge National
Laboratory, (Sept. 1990).

[28]. H. Park and V.K. Dhir, "Effect of External Flooding on Retention of Core
Material in A BWR Lower Head," Proceedings of the 7th Conference on
Nuclear Thermal Hydraulics, pp. 315-322, ANS Winter Meeting, (1991 ).

[29]. A.C. Payne, et. al., "Evaluation of Severe Accident Risks: Peach Bottom,
Unit 2, Appendices," NUREG/CR-4551, SAND86-1309, Vol. 4, Part 2,
(Dec. 1990).

[30]. Ali Mosleh and G. Apostolakis, "The Assessment of Probability
Distributions from Expert Opinions with an Application to Seismic
Fragility Curves," Risk Analysis, Vol. 6, pp. 447-461, (1986).

[31]. S.A. Hodge, "BWR (In-Vessel) Late Accident Mitigation Strategies,"
ORNL/NRC/LTR-90/18, Letter Report, Sept. 15, 1990.

[32]. Ross D. Shachter, "Probabilistic Influence and Influence Diagrams,"
Operations Research, 36 (4), (1988).

[33]. J. Pearl, Probabilistic Reasoning in Intelligent Systems; Networks of
Plausible Inference., Morgan Kaufmann Publishers, Inc. San Mateo, CA,
(1988).

[34]. R.D. Shachter, D.M., Eddy and V. Hasselblad, "An Influence Diagram
Approach to the Confidence Profile Method for Health Technology
Assessment," presented at the Conference on Influence Diagrams for
Decision Analysis, Inference and Prediction, Berkeley, CA, (May 1988).

9.3



[351 R M. Oliver and J.Q. Smith, Influence Diagrams. Belief Nets _!!d Decision
Analysis, John Wiley and Sons, (1990).

136]. R.D Shachter, "Evaluating Influence Diagrams," Operations Research, 34,
No. 6, (1986).

[37]. A.D. Swain, "Accident Sequence Evaluation Program Human Reliability
Procedure," NUREG/CR-4772, (1987).

[38]. D.J. Hanson, D.W. Golden, R. Chambers, et. al., "Depressurization as an
Accident Management Strategy to Minimize the Consequences of Direct
Containment Heating," NUREG/CR-5447, EGG-2574 (1990).

[39]. G.A. Murphy, "Summary of NUREG-1154' Loss of Main and Auxiliary
Feedwater at the Davis-Besse Plant on June 9, 1985," Nuclear Safety, 27,
233 (1986).

[40]. C.A. Dobbe and D.L. Knudson, "Assessment of the Potential for High
Pressure Melt Ejection Resulting from a Surry Station Blackout Transient,"
Idaho National Engineering Laboratory, EGG-2689, May 1993.

9.4



APPENDIX I

THERMAL CONSIDERATIONS

I.!



EXECUTIVE SUMMARY

Floe(ling of tim cavity of a Pr_,ssurizod Water Remitter (PWR) _/llcltim
dryw(,ll of a Boiling Wat(,r Rca( tor (BWR) is on(, _f tlmlly _ic('i(l('nt man-
agemenl strat(,gi(,.s l_(,ing I)rol)o._,d t() manage sev(,r(, _'ci_lents iu light
water reactors. In this work the (,fleet of external cooling on the ther-
mal behavior of the vessel lower head containing molten core material
was numerically investigated using a two dimensional implicit finite dif-
ference scheme. Results were obtained for the vessel sh(,ll temperature,
pool temperature and the crust thickness for both unsteady state (PWR)
and st(,ady state (PWR and BWR) conditions. For hotll cases, the ther-

mal behavior of the vessel lower head was investigated 1)y parametrically
changing the emissivity of the pool free surface, the vessel wall, the baffle
plate (BWR), the ('ore shroud (BWR) and the upper structure; and the
temperature of the lq)I)rr structure. Steady state results were obtained
by using two (liffer(,nt heat transfer coefficients for the natur_ll convection
in the molten pool. This was done to understand as to how uncertainties
in the mo(lcling of a I)hysic',fl pro('ess can influence the (,valuation of ac-
ci(l(,nt maImg(,Inent strategies. For a certain set of parameters, nucleate
boiling on the outer surface of the vessel wall was found to |)r effective in
low(,ring th(, t(,mp(,ratur(, of the inn(,r wall of the vcss(,1])(,low the melting
trmi)(,raturc of th(, steel. It wins fi)un(l that some melting of the PWR
vessel inner w_fll is predicted to o('('llr and that for m_)st of the cases,
m(,lting of the BWR baffle plate wolll(I occur.

The axisymm(,tric distributions of effective stresses an(1 displacements
in the vessel sh(,ll are obtained by using the numerically calculated tem-
prratllrc (iistril)lltions in the hemispherical and cylindrical (B\VR) vessel
shells when the cavity (or the drywrll) is flooded with water. A finite
element scheme implemented through the computer code, NASTRAN is
used. The stresses in th(, vessel shell in accordance with Von-l_Iises crite-

rion are obtained for the clamped and the roller coIl(litions at the upper
region of th(, vessel shells. From the ela_stic analysis the stresses across
the PWR vessel shell are predicted to exceed the yield stress of steel ves-
sel, introducing the I)()ssil)ility of a large plastic deformation, in which
case the surviwd of the vessel shell is in question. The present calcula-
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tions suggest a high probability ,)f the PWR vessel fidl,lr,,, tt,,wt,ve,', t_,,
stresses in the BWR vessel shell are predi('ted to be h)wer than the '. l_J,i
stress of steel. For a given system pressure, the creel) rllI)tllre times aft_,r
shtmping of the core material into the lower vessel hea(l are (l(,ternfined
by using the relationship between the Larson-Miller parameter and th,,
equivalent stress. Because of largo temperature gradients across the ves-
sel wail, the creep rupture times for the reactor vessel are dependent upon
the temperature of the radial location chosen for the calculations.
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NOMENCLATURE

A area (m 2)

F radiation shape factor

g gravitational acceleration (m/s _)

H pool depth (In)

his latent heat of fltsion (J/kg)

h heat transfer coefficient (W/m 2 K)

k thermal conductivity (W/m K)
M total number of nodes in r-direction

N total number of nodes in 0-direction

P pressure (Pa)

Q rate of heat transfer (W)

Q#_n heat generation rate (W)

q heat flux (W/m _)

q#_. volumetric heat generation (W/m 3)

R. Rayleigh number

R0 inner radius of core shroud (m)

R,1 inner radius of vessel lower head (m)

R:2 outer radius of vessel lower head (m)

r radi_d (listance (m)

S eqltivalent stress (Pa)

T temperature (K)

Tm melting tenq)erature of the pool (K)

t time (see)

u displacement (HI)

V v,)llml,,(m
X height of water in the downcomer region (m)

x vertical distance from the top of the hemisphere (m)

y vertical distance from the upper surface of the pool (m)

z vertical distance from the vessel inner wall (m)
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Greek Letters

emissivity

0 angle along the vessel wall (d_,g)

80 pool angle ((,leg)

6 crust thickness (m)

p density (kg/m 3)

a thermal diffusivity (m2/s)

_5 coefficient of thermal expansion (I/K)

v kinematic viscosity (m2/s)

a Stefan-Boltzmann constant (W/m 2 h:4)
av yield stress (Pa)

aq stress tensor (Pa)

Subscript s

a steam in the air pocket

av average,
c core shroud

cd lower crust

cu upper crust
d lower

e water in the downcomer region
L subcooled water

0

max maximum

p pool

r rupture

s upper structure (PWR)

t upper structure (BWR)

u tipper

v cylindrical vessel shell

w spherical vessel shell
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1.1. INTRODUCTION

Severe accidents in light water reactors initiate with core ,.recoveryand
continued undercooling the reactor core. During prolonged undercooling,
the core starts to degrade and lose its geometry. If the operators are suc-

0 0 e _cessful in mj ctmg water into the vessel during the degradation period,
the accident can be terminated as was demonstrated in the T_ee Mile Is-
land (TMI) accident. In the absence of water injection, the core material
will go through several quasi-stable melting-freezing scenarios before relo-
cating into the lower plenum of the vecsel, Existence of water in the lower
plenum at the time of relocation wiU lead to fuel-coolant interactions. At
high system pressures these interactions are expected to be benign. How-
ever, at low system pressures concerns with respect to cons_uences of
energetics of the interactions still exist. If the fuel-cool_t interactions in
the lower plenum are not energetic or not of sufficient strength to fail the

'8reactor vessel in time and quenching of the core material i not sustained,
the core material can melt through the vessel.

One of the management strategies currently being considered for severe
accidents is to flood the cavity of a Pressurized Water Reactor (PWR)
and the drywell of a Boiling Water Reactor (BWR) and thereby con-
tain the core material in the vessel indefinitely. The idea her° is that
cooling of the reactor vessel wall will prevent the molten core material
contained in the vessel lower head from melting through the vessel, The
BWR Owner's Group Emergency Procedure Guidelines (EPG's) [1] (con-
tingency #6) currently provide for primary containment flooding where
all other meats of reactor vessel injection have failed, but the concept is
intended for LOCA situations in which water within the drywell could
enter the reactor vessel through the break. For severe accident sequences
not involving LOCA, however, flooding of the drywell and the presence of
water surrounding the lower portion of the reactor vessel might provide
sufBcient cooling of the reactor vessel lower head to maintain the molten
core within the vessel.
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1.i.1Overview

The earlieststudyon theeffectiveness,J',,_ulingtheouterwallofthe
vesselincontainingtherelocatedcoreinth,vesselisthatofCondon et
al[2].Intheiranalysis,thepoolcontmm,_ moltencorematerialwas
assumedto be intheformofstratifiedlayersofUO2 and steel.One
dimensionalsteadystateanalysiswas conductedwitha specifiedtem-
peratureforthevesselouterwail.Itwu shownthatforrea_sticdecay
h,satgenerationrates,thefloodingofthereactordryweUwillpreventthe
vesselmeltthrough.Theydidnotconsiderthecreepruptureoftheves-
selshellbecausetheyperformedthesteadystateanalysis,itwas also
concludedthatforBrownsFerryplant,RHRSW pumpingcapacitywill
havetobeupgradedtofloodthedrywellin30minutes(thetimeelapsed
betweenbeginningofmeltingand majorcoreslumpingcalculatedwith
MARCH code).Also,anissuewasraisedwithrespecttooverpressuriza-
tionofthedrywellwhichcouldpreventfloodingunlessthecontainment
was vented.

O'Brienand Hawkes [3]haveperformedthethermalanalysison the
viabilityofexternalwaterfloodingofthecavityofthePWR incaseof
a severeaccidentwithpartialcoremeltingandcorerelocationtothere-
actorvessellowerhead.Forthemoltenpoolinthereactorvessellower
head,theturbulentnaturalconvectionheatfluxdistributionpredicted
fromtheFIDAP simulationwas usedtodeterminethevesselwalltem-

perature.Vesselwalltemperatureand heatfluxeswereobtainedovera

rangeofdecayheatingvaluesusinga one-dimensionalheatconduction
model.Itwasconcludedthatifthenumericallypredictedturbulentnat-
uralconvectionheattransfercoefficientsarecorrectandthehigherwater
levelcan be maintained,some localizedwallthinningmay occur,but
vesselthermalfailureisunlikely.

Hodge etal[41haveinvestigatedtheexternalfloodingofa Boiling
WaterRe_tor (BWB) vesselasa lateaccidentmitigationstrategy.Cal-
culationsweremade basedupontheshort-termStationBlackoutsevere

accidentsequenceforBrownsFerryorPeachBottomplant.The HEAT-
ING codewasemployedintheirstudyfordetailedanalysesofthereactor
vesselwalltemperatureincludingheatconductionthroughthewall.The
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thermal behavior of the debris in the ves_l lower head and the effect of
this debris bed upon the reenter vessel wall temperature were considered

I'in their study by app ymg the BWRSAR code developed at ORNL, Their
lower plenum debris bed models represent decay heating, heat conduc-
tion and r_ative heat transport within the debris _ well _ the effects
of material melting, relocation _d freezing. While their model has no
representation of the liquid circulation, the _sociated increase in heat
transport was crudely represented by increasing the m_-averaged and
pha_e-averaged l_a] thermal conductivity by a factor of 10 whenever the
liquid mass wit_n a control volume exce_ed two-thirds of the total con-
trol volume mass. Due to the poor heat loss to the atmosphere trapped
in the vessel support skirt, the highest average wall temperature beneath
the skirt attachment weld reached levels at which creep rupture would be

e e W _ A_anticlpated. For the case Ira complete venting of the ves_l support skirt
(so that the pocket of trapped gas is entirely eliminated), creep rupture
of the wall w_ not predicted. It was concluded that the most impor-
tant contribution of dryweU flooding will be to shift the expected failure

emode from pen _tratlon failure to creep rupture of the ves_l bottom head
beneath the support skirt attachment.

! Thinnes [5] performed the TMI-2 lower head creep rupture analysis
by using ABAQUS, a structural elem_,nt code with geometric _d mate-
rial nonliear capabilities. Material creep behavior a_Jdultimate strength
properties were derived from data resulting from material tests prefonzied
up to 922K. The results of the creep analysis show_ that the stress gra-
dient throughout accident was dominated by the temperature effects even
though the maximum integration point temperature w_ only about I000
K. The conclusions drawn from his calculations were that rupture of the
lower head resulting from large temperature differenc_ across the vessel

'wall is not probable and that even though the wall mn r surface tem-
perature is important, average wall temperatures are more critical to the
structural capa_:ityof the vessel.

Stress calculations by Thinnes to assegs creep failure of the re_tor
vessel lower head during the TMI-2 accident showed the need for creep
properties at very high temperatures, To extend the structural property
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database and to aid further structural ca]c_tions, creep tests at tem-
peratures up to 1473 K have been perfo_ed at INEL [6]. Because of
high oxidatlon rates on the test coupons, the creep tests were performed
in an inert atmosphere, which requires an environmental ___r filled
with argon gas. The guard heater outside the chamber was installed in
order to achieve high material temperature. The temperatures of the
test coupons were found to be u_fo_, Due to the high ductility of the
material at high temperatures, extensometers were installed inside the
environments] ch_ber to measure the entire time-de_ndent creep re-
sponse. The test coupons for the creep tests were fabricated from samples
oriented with longitud/nally (meridional orientation with respect to the
vessel) and transversely (radial or through-wall orientation) in the vessel
plate material.
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1.1.30bjectivm of the Present Work

The purpose of the this work is to investigate in detail the effectiveness
of flooding the cavity of a PWR and the drywell of a BWR in contain-
ing the core in the vessel in case melting and relocation of the core to
the vessel lower head occurs. Two dimensional transient and steady state
_alysm [7,8] for the flooding of a PWR cavity were carried out including
the heat loss by radiation to the upper regions of the reactor vessel and
the unwetted portion of the vessel lower head. Two dimensional steady
state analysis for the flooding of a BWR drywell was also c_ied out [9]
including the heat loss by radiation to the unwetted portion of the vessel
lower head, the battte plate, the core shroud and the upper structure. The
heat loss to the steam-containing air pocket of the BWR vessel support
skirt was also considered. Effect of internal circulation in the molten core

material on heat transfer at the bounding walls is determined by extrap-
olating to the desired range the correlations a_aiiable in the literature.
in carrying out the analysis, various constituents of the core material are
assumed to be mixed homogenously.

Known temperature distributious in the vessel shell are used to cal-
culate the thermal stresses and to assms the possibility of failure of the
reactor vessel due to creep rupture at temperatures that are lower than
the melting temperature of steel. In this work a two-dimensional finite el-
ement scheme with two types of boundaxy conditions in the top region of
the hemispherical (PWR) and cylindrical (BWR) vessel shells is used to
calculate the stress field in the vessel wall. The Von-Mises yield criterion
is then applied to each element in the vessel shell. Also, in the present
work the creep rupture times after slumping of the core material into the
vessel lower head are determined. A master creep curve is obtained using
the data reported in reference [6].
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1,1,3 Problem Analysk

In carrying out the analysis, it is assumed that the cavity of a PWR
and the drywell of a BWR are flooded prior to sloping of the core.
Insulation on the lower head is generally instafl_ in sections and is not
req_red to be water-tight as such water can flow through the joints in
the insulation and directly contact the vessel surface. Any net steam pro-
duced during boi_g is also assumed to escape freely. The temperature
of the flooded water is taken to be 323 K. The lower head of a PWR is
cladded with 18Cr-SNi stainless steel with a thickness of 0.32 to 0.95 cm.
And the BWR bottom head is cladded with Inconel with a thickness of
0.32 cm. Since the thickness of the clad is much smaller th_ the vessel
shell thickness (I 7.15 cm for a PWR and 24 cm for a BWR), the dad on
the vessel inner wall is not included in the modeling of the vessel lower
head. The slumping of the core material into the vessel lower head oc-
curs instantaneously and at the time of core slumping the core material
temperature is the melting temperature (2500 K) of corium. Upon core
slumping, it is assumed that no fuel.coolant interactions occur.

Since the cont,_£t temperature between the relocated core material and
the vessel inner w_,1is below the freezing temperature (2500 K) of corium,
a crust will begin to form on the inner wall of the vessel immediately after
core slumping. Because of radiative heat loss, corium will freeze at the
free surface of the pool as well. During this initial period, the rate of
heat transfer from molten corium to the vessel inner wall will be higher
than the heat loss to water at the outer surface of the vessel. As a
result, the reactor vessel will heat up. Corium will stay at its melting
temperature until all of the solids present in the slumped material axe
completely melted. If after complete melting of the solids, the decay heat
exceeds the heat loss rate at the pool boundary, the pool temperature
will begin to rise. Since the fraction of the solids initially present in the
slumped core material is not known, in this study, the pool temperature
was arbitrarily assumed to remain at the melting temperature of corium
until the heat transfer rate to the vessel wall of the reactor vessel was

equal to the heat loss rate at the outer wall. The transient analysis
provided the crust growth, remelting and heatup of the pool as a result

1,12



of mismatch between heat generation rate and heat loss rate. In the
steady state analysis, equilibrium pool temperature was determined by
equating the heat generation rate in the pool with the heat loss rate.

The decay heat in the corium was taken to be about 0.9 % of full power

(PWR) and to be the value at 10 hours (BWR) after reactor shutdown.
These values were obtained from references [10,11]. The internal heat
generation resulting from the radioactive decay of fission products assures
that most of the pool remains molten and also induces natural convec-
tion in the pool. The heat transfer coefficients due to free convection in
the molten pool can be used to estimate the heat transfer into upper and
lower parts of the hemispherical molten pool. Relatively few experimental
and theoretical studies of natural convection in internally heated fluids
contained in hemispherical vessels have been performed. These stud-
ies have been mostly limited to Rayleigh numbers ranging from 104 to
1012 which are much smaller than the Rayleigh numbers of interest here
(Ra=l.57x1017 for a PWR and Ra=l.24x101_ for a BWR). Mayinger
et al [12] solved the partial differential equations governing natural con-
vection with volumetric energy source in a hemispherical cavity. They
used the finite-difference form of these equations with a semi-empiricc-I
model of the eddy diffusivities for heat and momentum. Gabor et al
[13] performed experiments in a hemispherical pool container made of
spun copper to study of heat transfer with internal heat generation in
the pool. The pool container served both as a heat transfer surface and

as an electrode. ZnSO4-H20 electrolyte was used as the heat generat-
ing liquid. Frantz and Dhir [14] performed experiments to investigate
natural convection heat transfer in inte_:nally heated spherical pools with
external cooling. In their experiments, Freon-113 was used as the test
liquid in a Pyrex bell jar, which was cooled externally with subcooled
water. The pool was heated using a 750 Watt magnetron taken from a
conventional microwave. Experimental data of Frantz and Dhir appear
to lie closer to the numerical predictions of Mayinger et al. Whereas, the
results of Gabor et al for average Nusselt number were found to be much

smaller than the numerical predictions of Mayinger et al. As recognized
by the authors themselves, one of the identified reasons for this is the

non-uniformity of heat generation rate in the pool since the electrical
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current density decreasesradially from the center electrode to the wall.
To be complete, correlations suggested by Mayinger et al and Gabor et
al have been applied in this work. The results based on these correlations
are also compared. However, emphasis should be placed on the results
obtained by using the correlation of Mayinger et al.

The thermophysical properties of corium at elevated temperatures
have considerable uncertainty. The extreme conditions under which core
meltdown occurs make the measurements and calculations of properties
extremely difficult. For this reason, an estimate of these properties can
only be made when the composition of the molten core materials is known.
The results presented in this work are based on the mean values of ther-
mophysical properties of corium. Earlier studies [15,16,17] in this area
were reviewed. Knowing the possible range of temperatures of interest,
mean values were determined. The mean values of these properties are
listed in Table 1.1. Figures 1.1 and 1.2 show schematic diagrams of the
core material relocated in the PWR and BWR vessel lower heads respec-

tively.

In this study a finite element code (NASTRAN) in conjunction with
the linear elasticity theory is employed to calculate the displacement and
stress fields in the spherical (PWR and BWR) and cylindrical (BWR)
vessel shells. Large deformation theory or plasticity analysis may be

appropriate to obtain more reliable results. The creep rupture times
after core slumping are determined by using the properly chosen wall
temperature and the master creep curve obtained from the data reported
in reference [6]. Various assumptions made in carrying out the analysis
are:

1. The cavity of a PWR is flooded prior to slumping of the core mate-
rial.

2. The temperature of the flooded water is taken to be 323 K.

3. No fuel-coolant interactions (FCIs) occur upon core slumping.

4. The pool temperature remains constant until the heatup of the pool.

1.14



Table 1.1: Properties used in the calculations

Corium pp -- 8200 kg/m 3
cp,p = 470 J/kg K
kp = 3.6 W/m K
C_p= 9.3 x 10-7 m2/s
up = 4 x 10-7 m2/s
_p = 1.4 × 10-4 1/K
Qo_.,p = 29.5 MW (Veore, PWR)
Q_,,.p = 16.757 MW (2/3 Vco,.,, BWR)

Vessel Shell p_ = 8000 kg/m 3

%,_ = 600 J/kg K
kw = 50 W/m K
_w = 1.04 x 10-5 m2/s

Crust p = 8100 kg/m 3

% = 520 J/kg K
k=8 W/mK

c_p= 1.9 x 10-6 m_/s
hI,=2.7 x 105J/kg
ebb. (PWR) = 8.0 x 105 W/m 3
qoe. (BWR) = 3.0 × 105 W/m 3
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Figure I.l: Schematic of the core material relocated in the PWR vessel
lower head
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Qg,._= Heat Generation in the Pool
Q. = Heat _ansfer to the Topof the Pool
Qd - Heat Transfer to the LowerPart of the Pool
Qw = Heat Transferto the Dry Wall of the Vessel LowerHead
Qb - Heat Transfer to the BattlePlate
Qc = Heat Transferto the CoreShroud
Q, = Heat Transfer to the UpperStructure

Figure1.2:SchematicofthecorematerialrelocatedintheBWR vessel
lowerhead
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5.The heatuptimeofthepooltoreachsteadystatetemperatureis
aboutthes_e asthetimeneededfornaturalconvectionprocessto
attainsteadystate.

6.Mean valuesofthethermophysicalpropertiesofcoriumcanbeused.

7.The temperatureoftheuppersurfaceofthepoolisuniform.

8.The radiativetransportofheatisindependentofwavelengthand
direction,

9.The radiationshapefactorscan be calculatedby ass_ng that
structuralelementsbetweenthepoolfreesurfaceand thecoreplate
do notparticipate.

10.Steamistotallytransparenttoradiativetransferofenergy,

11.The linearelasticitythoerycanbeusedtocalculatethedisplacement
and stressfieldsinthevesselshell.
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1.2 THERMAL BEHAVIOR OF THE PWR VESSEL SHELL

1.2.1 TRANSIENT ANALYSIS

Govern_z Differentkl Equation of the Vessel Shell.... _, ....... _ ...... ; =

' e 'The differential equation for the two-dim nsionsl transient tempera-
ture in the spherical she]] of the vessel is given by

1 0 ( __ 1 0 ( . 0-_) 1 OT. (I.1)r_Or r_ + .... --- stnO =---- Or ) r2aino oo aw ot

where the finite difference form of Equation (I.1) is shown in Appendix
I.A,

'llt • t IThe initial temperature of the vessel shell is arDltrarl y assumed to be
420 K at tffi0. Outer vessel wall temperature during nucleate boiling will
be close to this value. Prior to core material relocation, the vessel inner
wall will be in contact with steam. If the system pressure is known, the
vessel inner wall temperature can be easily prescribed. Here, it should be
pointed out that the calculated transient and steady state vessel temper-
atures are not sensitive to the assumed value of the initial temperature
of the shell.

The corresponding boundary conditions at t > 0 are

OTto OTcd
-kw-hr... _ kcd Oz ' 0<_0 <0o, r = Rl,z ffi O

-kw_'r w = qw,rad, O0 <0 <_ 7r/2, r = RI

OT_
-kw_r = hL(Tw- TL), r - R2

if1',.
o-T = o, o= o,¢/2

For single phase natural convection on the outside of the vessel, the
correlation proposed by Churchill and Churchill [18] is used. Since in the

1.19



lowerportionofthehemisphereheattransfercoei_cientisaweak function

ofposition,an averageheattransfercoe_cientisused.Incasesubcooied

boilingoccurson thevesselouterwall,approximatecorrelationsreported

inreferences[19,20]axeused.The radiativeheatfluxesfrom theupper
surfaceofthepooltothetmwettedvesselwalland theupperstructureaxe

calculatedby usingtheenclosuretheoryoftheradiationheattransfer[2i].
Afterthepooltemperatureincreasesabove themeltingtemperatureof

corium,heattransferfromthepooltothecrust/poolinterfaceisassumed
V ' ,totakeplaceby natu_rMcon ectlonForfreeconvectionwithinternalheat

sources,the correlationsdevelopedby Mayingeretal [12],Gabor et al

[13],Kulackiand Emaxa [22]and Jahn and Reineke[23]axeemployed.

Variation of the Crust Thickness

AfterrelocationofthecoremateriMintothevessellowerplenum,the
coriumin thevessellowerhead can have both theliquidand the solid

phases.Itisassumed herethatthepartiallymoltenpoolremainsat a

uniformtemperature,Tin,untilthepoolheatsup toa temperatureabove
itsmeltingtemperature.

At any locationalongthewettedvesselwall,one-dimensionaltransient

heatconductionequationwithadistributedheatsourceinthelowercrust

is given as
OYcd 02Ted qgen,cd
_-_ = O_cd-_Z 2 "4"_ .... (1.2)PcdCp,cd

The corresponding initial and boundary conditions are

Ted--Tin, t = O

Ted f Tm, z f 6cd,t >0

Ted = Tw, z = 0, r = Rl,O <_0 <_Oo,t > 0

The equationgoverningthetimedependentthicknessofthelowercrust
is

d_cd = kcd_Tcd
Pcdhl''_ "_z [:=6,d -hd(Zp - Tin) (I.3)

where hd is zero prior to the heatup of the pool.
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Assuming that the crust thickness is uniform along the upper surface
of the pool, the one-dimensional transient heat conduction equation in
the upper crust is written as

aTo. a2T (1.4)0--7"= a_ aV---T
where

T_ = T_, t=0

kcuOT"uov ffi v= o,t > o
T_.= T_, v ffi6_.,t > 0

The time dependent thickness of the upper crust is given by

d6_. OT_

where hu is set to be equal to zero before the heatup of the pool.

If the heat generation in the upper crust is included, the term (¢ben,eu/2keu)
6eu_ should be considered at any time. This term is negligible when the
thickness of the crust is small. As an example, the difference between the
upper surface temperatures with and without the generation are found

M to be within 1%. Therefore, in writing Equation (1.4) heat generation
in the upper crust is not included because the thickness of this crust is
expected to be small.

The boundary conditions can be determined by considering the ra-
diation heat transfer from the upper surface of the pool and the time-
dependent pool temperature and by using the heat transfer codiicient for
natural convection from the pool.

Radiation Heat Transfer

Assuming that the surfaces are diffuse and gray and that the steam
--'a'*vabove the pool surface is totally transparent to raal ti e transfer of en-

ergy, the relationships for radiative heat exchange using the enclosure
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theory can be _|tten as

Qi E _j(1 ej)( j ,- _,A,o T'4 j-1_F_j (I.6)

for t > 0 and i, j = u, w, s.

Simple calculations are performed in Appendix I.B to estimate the ef-
fect of the steam on the vessel wall temperature. It is found that about
13 % of the radiative heat flux from the pool surface is predicted to
absorbed by steam, which does not affect the vessel inner wall tempera-
ture significantly. However, the superheated steam (above 2000 K) may
interact with the structure remaining in the vessel, resulting in a subse-

quent melting of the vessel internal. Also, the circulating steam in the
reactor coolant system (RCS) raises the possibitity of the failure of the
hot leg or the stream generator tubes.

Using Tw as the average temperatures along the unwetted vessel wall,
the desired radiation heat transfer rates and the shape factors are ob-
tained as

Qu (f5 4. fe!fa +(ft - f2)f, (I.?)

Qw _--(f6 - f4)f3 - (f2 + i)f7 (1.8)
/ll

and

Fu-, _ffil-_(Z-"_) (1.9)

where the expresslon for f's Y and Z are listed in the Appendix I.C.

The value of Qw can be used as the bound_y condition along the dry
wall and Qu can be used to determine the pool temperature for a certain
set of parameters of eu, eto, e. and T..

_Qn¥_t!ve Heat Transfer Coefficient In the pool

The average heat transfer coefficients due to free convection in the
molten pool were used to estimate the heat transfer into upper and lower
parts of the molten pool. The local heat transfer coefficient along the
hemispherical surface was introduced to reflect the convective motion of
the molten corium in the vessel lower head.

I ,22



The sverase heat tr_sfer coefficients for the hemispheric_ ws_ were
obtained from the work of Maying_ et sl [12] and Gabor et al [13] and
for the upper surface of the pool _om the result of Kulackl and Emara
[22]. Ass-ruing that these correlations can be extended to large Rayleigh
numbers as encountered in this problem, the average heat transfer coef-
ficient bss_ on the correlation of Mayinger eta] can be _itten for the
lower curved surface as

h,,..-o.ss.....o,,,,k,..../ Rl

The correlation of Gabor et sl on the other hand yields
1,|

Based on the data of Frantz and Dhir [I4], weak effect of H/RI on Nus-
self number is found and their experimantal data appear to lie closer to
the numerics] predictions of Mayinger eta]. Therefore, the heat transfer
coef_cients predicted from Mayinger et al's work is more reliable.

For the flat top of the he.spherical pool, the correlation of Kulacki
and Emara gives

hu.,u==0.34,5 .....-Oj,v_k_, ,/ H (I.12)

Streamlines shown in reference [3] indicate the presence of a single
convection cell for turbulent natural convection, with upfiow near the
centerline and downflow along the hemispherical boundary. An experi-
mental investigation performed by Frantz and Dhir [14] shows that loc_!
best transfer coefficients increase monotonice.l]y from the bottom of the
reactor vessel to a peak value in the region near the pool free surface.
Their results are consistent with those for _ semicircular obtained in ref-

erence [23].

Baaed on the theoreticnJ results of the ]ocaJdistribution of heat trans-

fer coefficients in a semicircular cavity t23], the ]oca_ heat tr_sfer coe/_-
cient along the hemispherical wall is assumed to v_ry sinusoida]ly s_d is
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expressed u

hd(O) m hd,.. (blsin_e + b_) (I,13)
The constants, bl sad b_, csa be determined by intes1'atins the above
equation over the pool angle, e0, equating it to the averqe heat transfer
c_fficlent, given by Equations (I,I0) or (1.11) sad _oosing the sppro-
priate value of h_(0)/_,., from [23], This appro_h yields bl sad b2

9.z2_-co,Oo)
bs= 8 - 9cosOo+ _a30o' Oo0 0

snd
b_,= 0.24

The above expressions for the local sad average heat transfer coeffi-
cients can be used to calculate the crust thickness sad heat flux into the
vessel wall at say time,

Time-Dependent Pool Temperature

After the start of the hestup of the molten pool, the pool temperature
increases with time, The equation governing the temperature of the pool
bounded by the upper and lower crusts is given by

p.c.,._._ d-_ = Q"""- (Adhd,._ + A.h.,.) (T. - Tin) (1.14)

with T_ ffi Tm at t ffi tl, where tl is the time when the pool begins to
superheat above its melting temperature.

The solution of the above equation is

T,- T_+ O.(I- exp[-O,(t-t_)]) (1.15)
where

G. = ............Qn,.__,............
Adh_,.v + A.h.,._

G, = A_hd,._+ A.h.,._
p,c,._v,

Since the upper crust is thinner th_n the lower crust, during heatup of
the pool the upper crust would disappear at some time t = t2, Thereafter
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the pool temperature without the upper crust (by __g a _form
temperature of the upper surface of the pool) is dete_ned as

" Q'°".'- T,) - A,h..,(T, - T,) (1.16)
for t ) t_.

From Equation (I.7), the pool temperature can be related to the tem-
perature of the upper surface of the pool, Tu(t), as

Q, = A,h,.,(T,- T,) = (f6+ f0)jr8. (f!,_,..f2i,f,, (1.17)
jrll

Hsat ri_ansfer to,Subcooled Water

The outside vessel wall temperature, Two(O), varies Mong the hemi-
spherical nurface of the vessel lower head, Heat transfer coefficients for

Vnatural con ection, nucleate, transition and film boiling at different outer
wall temperatures _e needed to calculate the heat loss into the subcooled

'Swater, in this study it I assumed that water is at one atmosphere pres-
sure and has a subcooling of 50 K.

The average natural convection heat transfer coefficient for a sub-
merged hen_sphere is obtained from the general correlation suggested by
Churchill and Churchill [18]. The proposed overall correlating equation
for all geometries is of the form

R/300 ]

where Nu0 is equal to 2 for spheres, 0.36 for horizontal cylinders and 0.68
for vertical plates.

It can be seen that in the above correlation, the effect of Nu0 is rela-
'Vts ely smMl compared to the second term which is only dependent upon

the characteristic length and the Prandtl number. Hence, the relation
O 'for a sphere can be used to appr xlmatc the heat transfer coefficient of

V 'naturalcon ectlonarounda hemisphere.
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For a liquid subcooling of 50 K, the heat transfer coefficient is deter-
mined from Equation (I.i8) as

hL ffi 0.135(1.414 + 21,76(Two- FL)I/_)2, 323 _ Two<_409K (I.19)

For fully developed nucleate boiling on a sphere, the effect of the grav-
ity is negligible. Thus the heat transfer coefficient on the lower and upper
portions of the sphere axe approximately same. It is reasonable to assume
that the heat transfer coet_cient for fully developed nucleate boiling on
a hemisphere can be approxi_ted by that for a sphere.

The heat transfer coefficients in the nucleate and transition boiling are
obtained by extrapolating the experimental results of Dhir [19,20]. For
liquid subcooling of 50 K, the heat transfer correlations in nucleate and
transition boiling are found to be

(Two- T,°,)3
hr. = 0.55-(T_o__TL )....., 409 _<Two<_633K (1.20)

and

hL= sa2.s,i;w0-T.., , 63a_< _<926A"

Sinceevenwiththeradiativecontributionincludedthetotalamount

ofheattransferinthefilmboilingregionismuch less(bya factorof10)
thanthatinthenucleateboilingregionasshowninAppendixI.D,the
outerwalltemperatureinthefilmboilingregionwas foundtoexceed
themeltingtemperatureofthesteelvessel.Therefore,when vesselout-
sidewalltemperatureexceedstheminimum filmboilingtemperatures,
completefailureoftheves_lwallisexpectedtooccur.

Concernshavebeenraisedabouttheapplicabilityofthenucleateboil-
ingattheverybottomofthehemisphere.Due tothedownward-facing
orientationofthehemisphericallowerhead,vaporfilmmay formon the
wall,leadingtofilmboilingata reducedheatfluxcomparedtonucleate
boilingheatfluxes.SimplecalculationsaxeperformedinAppendixI.Eto
assessthepossibilityoftheformationofvaporfilmon thevesselbottom
surface.As an illustration,insulatedboundaryconditionisusedon the
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bottom wallfortheangularposition(0)from0 to4.5°.Itisfoundthat
thepredictedtemperatureofvesselbottom at0 = 0° islowerthan the

minimum filmboilingtemperature(about926 K). Therefore,itcan be
assumedthattheformationofvaporfilmon thebottomwallisraredue

tothehighdegreeofliquidsubcooling.

Duringthecoolingprocessofthereactorvessellowerhead,thewater
surroundingvesselwallwillbe heated,resultingina reducedheatlore
fromtheouterwall,asa resultthevesselshelltemperaturewillincrease.
An extremecaseisconsideredinAppendixI.Etoassesstheincreaseofthe

vesselshelltemperaturewhen saturatedwaterinsteadofsubcooledwater

ispresentaroundthevessellowerhead.Itisfoundthatthevesselouter
walltemperatureswillexceedthe meltingtemperatureof steelvessel

(1700K) overa wide regionand thecompletefailureof vesselshellis

expected.

I .27



1.2.2 STEADY-STATE ANALYSIS

For various pool volumes, several equilibrium states are characterized
by the steady state pool temperature and the thickne&_ of the crust sep-
arating the molten pool from the vessel.

Governing Differential Equation of the Vessel Shell

The differential equation for the two-dimensional steady-state temper-
ature in the spherical shell of the vessel is given by

1 o a aq',
The corresponding boundary conditions are

_ dTcd--kw O_fiw -- kcd 0< 0 < 0o, r--Rl, Z =0Or dz ' - -
OTw

--kw Or --qw'rad' 00 < 0 < r/2, r-R1

-kw c9"-_- hL(Tw- TL), r -- R2

-0, 0 = 0,_/200

The boundary conditions along the vessel wall are determined as fol-
lows :

Equations (I.10), (I.11), (I.12) and (I.13) for the average and local heat
transfer coefficients can be used to calculate the equilibrium crust thick-
ness and the rate of heat transfer into the vessel wall. The expressions

for the radiation heat transfer given by Equations (I.7) and (I.8) and
the shape factor given by Equation (I.9) can be used for the boundary
condition along the unwetted vessel wall and in turn can be employed to
determine the pool temperature for a certain set of values of ¢,, ew, e,
and T_.

For a uniform temperature of the upper surface of the pool, the tem-
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perature of the pool without the upper cruh; ,, ,btained as follows :

Qoea,p = Adhd,av(Tp- Tin) 4-.,_ ',, _(Tp- r.) (I.23)

or

Tp -- Qoe.,p + Adhd,avTm 4:-4_yhu,a, Tu (I.24)
Adhd,a,, + A_hu,a,,

where

1

Auhu,av(T_, - Tu) = f1"_1(fa(f4 -- fefg) 4- fT(fl + f2fg) "4"£o(flfe 4- f_f4))
(x.25)

For a particular temperature of the vessel outer wall, the heat transfer
coefficients in natural convection or nucleate and transition boiling can
be used to calculate the heat loss to the subcooled water.

Equilibrium Crust Thicknesses

At any location along the wetted vessel wall, one-dimensional steady
state heat conduction equation with a distributed heat source in the lower
crust is given as

d2Ta
+ q_.,o____d= 0 (I.20)dz 2 kcd

The corresponding boundary conditions are

Ted = Tw, z = O,r = R1

T_d= T_, z = _od

The equation governing the equilibrium crust thickness is

dT_d
kcd"_z Iz=6.,-- hd(Tp- Tin) (I.27)

The resulting expression for the equilibrium crust thickness at any
location along the vessel wall is obtained as

-h,(T,- T_)+v/[h_(T,- T_)]_+2ko,q,_..o_(T_- T_,)_cd = (I.28)
qoen,cd
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where Tw,- Tw(rfRi).

The heat flux into the wetted vessel wall is obtained as

dTcd qo_,cd _cd kcdqtoi = kcd-_ z I,:o = 4-(Tin - Tw,)_cd (I.29)

In the above equations Tw_varies along the vessel inner wall.

Assuming that the crust thickness is uniform along the upper surface
of the pool, the one-dimensional heat conduction equation in the upper
crust is written as

d2r°"- 0 (I,.30)
dy 2

where

T_u = T., y=O

The equation governing the upper crust thickness is

k dTcu

_u'_y I_=,..= h.,.v(Tp- Tin) (I.31)

The resulting expression for the upper crust thickness is obtained as

kcu(Tm - T,,) (I.32)
_¢" = h,,,v(Tp - Tin)

where Tu is determined by considering the radiative heat transfer from
the upper surface of the pool,

In writing equation (I.30) heat generation in the upper crust is not
included because the thickness of this crust is expected to be small.
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1.3 THERMAL BEHAVIOR OF THE BWR VESSEL SHELL

Governing D,_erentia I Equation of the Vessel Shell

The differential quations for the two-dimensional steady-state temper-
ature in the spherical and cylindrical shells of the vessel are given by

r2 0r r2 + r2sino00 sinO =0 (I.33)
and

m .J_,B;*

r Or r + Oz2 _0 (I.34)

where the finite difference forms of Equations (I,33) and (i.34) axe shown
in Appendix I.F,

The corresponding boundary conditions are

OTw dyed 0 _< 0 _< 0o,-kw--_ = k_d_, r = Rl , z - 0

-kw_r w = qw,rad, 00 < 0 _< 7r/2, r ----RI

OTw
-kw 0-'_ = hL(Tw- TL)' 0<_0501,03 <0 < _'/2, r=R2

-kw alw = hn(Tw - Tsat) el < e < 02, r -----R2
Or _ "- "-

OT_
0--7-= O, O_<_0 <_03, r = R_
OTw
o--V= o, o= o
T_=T_, 0 = r/2, z=0

k OT.
w_- r = h,(To- T..,), r = RI

_ kwOT_
0--7 =" hL(Tv - TL), r = R2

OT,, O, z = XOx

where

01 = Angle of subtended by free surface of water in the vessel support
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skirt.

82, 83 = Angles between inner and outer walls of the vessel support skirt
and the vessel outer wall.

Equations (I.10), (I.11), (I.12) and (I.13) for the average and local
heat transfer coefficients can be used to calculate the equilibrium crust
thickness _d the rate of heat transfer in the vessel wall. The radiative
heat fluxes from the upper surface of the pool to the unwetted vessel wall,
the batiie plate, the core shroud and the upper structure are calculated
by using the enclosure theory of the radiation heat transfer [21]. For the
nucleate, transition and film boiling occuring on the cylindrical vessel
inner wall, the appropriate correlations reported in references [24,25,26]
are used.

Radiation Heat Transfer

Assu_ng that the surfaces are gray and using an arbitrary black sur-
face along the top of the hemispherical vessel lower head as shown in
Figure 1.2, Equation (I.6) can be used for i, j = u, w, b, s, c and t where
the subscript s stands for the arbitrary black surface along the top of the
hemispherical vessel lower head.

Using Tw, Tb and Tc as the average temperatures along the unwetted
vessel wall, the bat_e plate, and the core shroud respectively, the desired
radiation heat transfer rates and the shape factor are obtained as

l (AlE 1 + A2_2 + A3E3) (I.35)Q"=

1 (A4E2- AsE1- A6E3) (I.36)=

1 (ATEI + AgE2 + A_E3) (I.37)
Qb = a--_

1 (B,GI- B2G2) (I.38)Qo
and

1 ( = ) (I.39)F._.=I- Z- VZ2 4Y2
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where the expressions for A's, B's, E's, G's, Z and Y are listed in the
Appendix I.G.

The values of Qw, Qb and Qc can be used as the boundary conditions
along the dry vessel wall, the bafi]e plate and the core shroud respectively,
and Qu can be used to dete_ne the pool temperature for a certain set
of _ues of eu, ew, eb, ec, et and Tt.

Equilibrium Pool Temperature

The temperature of the pool bounded by the upper and lower crusts
is obtained from an energy balance as

Q,gen,p = (Adhd,av + Auhu,av)(Yp- Tin) (I.40)

or

_oen,p

Tp =Tm + Adhd,av+ A.h,,i'_ (I.41)
where

1 (ALE1 + A2E2 + AaE3) (I.42)
A,,h.,.v(rp- Tin)ffi A"'_

For a uniform temperature of the upper surface of the pool, Tu, the
temperature of the pool without the upper crust is obtained as follows:

Q.e. = Adhd.av(Tp- Tin)4- Auh...v(Tp- T.) (I.43)

or

Tp = Qeen,p "b Adhd,avYm 4" A.h.,.vT.
Adhd,.v + A.h.,av ..... (I.44)

where

1 (AIE] + A2E2 + A3E3) (I.45)
A.h.,.v(Tp- T.) = _----_

For a particular temperature of the vessel outer wall, the heat transfer
coefficients in natural convection or nucleate and "_rans't'lmn boiling can
be used to calculate the heat loss to the subcooled water and the steam

in the air pocket of the vessel support skirt.
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Heat _ansfer _om the Vessel Outer Wall

Equations (I.20) and (I.21) for the nucleate and transition boiling heat
transfer coefficients can be used to calculate the heat loss to the subcooled

water, Water level in the BWR vessel support skirt is about 4.0 inches
above the vessel bottom head when the dryweU is flooded with subcooled
water up to near the top of the recirculation nozzle. It is assumed that
the pocket formed in the vessel support skirt contains mostly saturated
steam generated from the nucleate boiling occuring on the bottom of the
vessel outer wall. For the steam in the air pocket, the heat transfer coef-
ficient is found to be

h, = 0.00367(1.414 + 13.84(Two - T,a,)'/o) 2 (I.46)

While a stationary water level in the vessel skirt is used in this study,
the variations in the water level could occur because of chugging cycle
established by the generation of steam within the skirt, the expulsion
of water, the condensation of steam on the inner skirt surface, and the

reentry of the water to again contact the bottom head [4]. A detailed
analysis of the cyclic variations of the water level within the vessel skirt
would require further investigations of the amount of steam generated,
the rate of steam condensed, and the heat transport from the vessel outer
wall to the skirt inner and water free surface through steam-air mixture.

Heat Transfer into Water in the Downcomer Region

Due to radiation heat transfer from the upper surface of the molten
pool, the temperatures along the baffle plate and the lower core shroud
become much higher than the saturation temperature of water in the
downcomer region. The heat transfer coefficient for film boiling on the
inner wall of the baffle plate and the inner wall of the lower core shroud
are used to calculate the heat transfer to the saturated water in the

downcomer region. In this study, the downcomer region is assumed to
be filled with water up to the height of the recirculation outlet nozzle.
Water is at the saturation temperature at one atmosphere pressure.

The correlation for the film boiling heat transfer coefficient on the flat
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plate is obtained from Berenson [27]. The heat transfer coefficient ex-
cluing radiation is found to be

h, ffi (451.4 + 0.3Te_)(Tei- T,.t) -1/4 (I.47)

where Te_ is the inner wall temperature of the battle plate.

The correlations for the heat transfer coefficients in the nucleate, tran-
sition and film boiling on the vertical wall are obtained from the results
of D_r sad Liaw [24] and Bui and Dhir [25,26]. The heat transfer coef-
ficients in nucleate, transition and film boiling are determined to be

he = 4.881(Te_- T,at)2's83, 373 __.T_i _<393K (I.48)

hc = 4.512 × 107(T_i- Y,at)-2'8°3, 393 _ Tci __517K (I.49)

and

h_--(463.8+ 0.31Tci)(T_-T.a,)-'/4,517K <_Tel (1.50)

where Tci is the inner wall temperature of the lower core shroud.

In writing the heat transfer correlations (I.47) and (I.50), the variations
in vapor properties with temperature are included by using a least square
linear fi_.
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1.4 STRESSES IN THE VESSEL SHELL

The tenq)crature distribution obtained in tile henfispherical (PWR
and BWR) and cylindrical (BWR) vessel shells can be used to calculate
ttle effective stresses at. a given system prrssure. In this work, linear
el_ticity theory is used as a first step in obtaining ttle distribution of the
stresses and displacements in the vessel shell and no allowance is made
for relaxation of stresses. Tile results of present analysis are accttrate for
the regions of vessel wall in which the stresses are lower than yield stress
of steel. For regions in which stresses are above the elastic limit, the
analysis only provi,les the possibility of pl_tic deformation. In order to
get more reliable results, large deft)creation theory or pl_ticity analysis
will be required.

Using the axial symmetry of the w,ssel shell, the equilibrittm equations
in spherical coordinates (r,0,4,) are given by [28]

Oct,,, 10erro 1
0---7--I r 00 t- -r(2or,, - see - c_¢,_+ a,ocotO) ffi0 (51)

' and
OrrrO 10aoo 1
-0,-:-+ r OO + -r +3,r,,]= 0

where crij is tll,, ij c,mq)onent of the stress tensor,

The linear stress-strain-tolnl)eratlm, relations can I)e exl)ressod as [28]

cy,.,.= Ad 4" 2tw,.r - (3A + 21t).T (53)

cyoo= Ad + 21u'o#- (3A + 21t)t_'T (54)

cy_ = Ad+ 2/u'_ - (3A + 21t)trT (55)

a,.# = 2tle,.o (56)

(' ' Twh(,r(, eij is the ij component of the strain tensor, (1is the Illatatmn,
is the t(,lnI)erature increase, A and It are the Lain(, constants anti _ is the
('o(,_('ient of thermal exI)ansion of the material.

d = er,. + coo+ r'_
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The strain-displa('ement relations are given by [28]

0i11.

_" ffio-7 (_7)

1 ..)vooffi ; (_;° + (58)
1

¢'6¢= rsin-'--O(ursi.6+ UecosS) (59)

i(_0,,,0,,,_£) (60)e,0ffi_ 0-_+ 0-7-
whereuiisthei'hcomponentofthedisplacementvector,

Using stress-strain and strain-displa¢'ement relations given by Falua-
tions (I.53) - (I.60), stresses can be exprc_ed in terms of disphwements
and temperature gradients. Substituting these in Equations (I.51) and
(I.52), a system of coupled second-order differential eqttations for the
displacement components u, _¢1 u0 are obtained.

2 0,,. I'0_". i' 0,,.
(A+ 21,) + 7,(A+ 2t,)-0-7+ ,,'_0A_ + _eot0----r00

2(A + 2t,)u, + 1 02.o ¢'otOr _(A+ I,)O00v+ r (A+j,)Or-
OT

_ O.e_ ,,o_0(',_1(A+ 3p)_-ff --_ A+ 31,).e- (3A+ 21,)_-_7r ffi0 (61)1,2

and

-r 0,'0--'0+ (A + 2t, 08 + l"_r2" + --r "Or

1 0',,o l(A + 2t,)eotO 0_;-_(A+21,)30_+ ,,_
I 1 OT

_(A + 21,),,o- ;(3A + 21,)_. = 0 (62)

The above equations can, in prin(ilfle be solved for the displacements
in the spherical shell on¢'e the temperature profiles arc known. The ob-
tained displacements can then bc used to calculate the strains given by
Equations (i.57) - (i,60) and the stresses given by Equations (I.53) -
(I.56). However, it is difficult to obtain an analytical solution due to
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tlle rOmlflexity of tlw tenqwratlu'_, fi(,Icl, isl this st ltcly a finite c,h,nwnt
' tl( tl wltlt the lllwar elastWlty theory j._era-code (NASTRAN) its (,on]liil¢' ', ......

ployed to ralrulate the ¢li,_lflarfqzwnt and stress fields in the sl,heriral
vessel shell. Large deforslmtion th_,(,ry or l_lastirity analysis are required
to ot_taill lll()re relial_le r_,sttlts. Sillc'_,at t,,llll)erature ll(,tlr 1000 K, rar-

bon .,;t_,elundm'go(,s a ferrit_,-to-attsteltite l)h_L'_etrallsformation [6] which
affects the. nmterial properties ¢'ollsiclc,ral_ly, the. roefficient of thermal
expansicm is evahmted at 8()() K. AxisyniIiwtrir analysis using a G-node
triangularelenmntis_Isecl.IntheFEM tzlodding,wh¢,ntheaveragetelli-

pc,rature of an elenwslt _,xree¢Is tli_, melting t_,mlwratltre of st(,el (1700
K), the ¢,(a'respon¢lmg c,lt.lli_.nt _s _.l_iHate_[.

The eaieulate¢l prinril_al stresses ar_, _se¢l to determine tlw effectiw_
stress in a¢'ror_hm¢'e with the \'_a_-Nlis_,s rriterion that yielding o¢'curs
when the (di'(,('tive stress rem'h(,s a val_w tl_at is e(i_tal to tlm yield stress,

j, oo) + (,7oo-o0) + - _> (63)

Inordertoiml_lexnentthefis,it,,eletn(,s_tcodeitixneressarytospecify
thelmm,daryconditions.Th,,v,,ss,,lin_wrwalliss**l_.jectedtothesystem
pressur,,. Th,. w,ssel out,,r wall is _,ss**_**,¢l¢o J_,,tra¢'tio_, free, negle¢'ting
th,' atmOsl)l_,,ric l)ressure. Tl,is assl,,iq_tio** is **_t x'ali(l for tlw syste,l,
pressure less than 1 MPa. Be(,aus,. of tit,, g_,ml,_,tri(, sy_m,wtry of tlw ves-
sel shell, a roller type bo,,nclary ron¢litio,_ is al)l_li,'_l at tiw botton, of the

hemispl,_,riral shell (0 = 0"). Si_we tlw **pl_,,rl_¢_rti_s,_f th(, hemisIflwri¢._d
(PWR) vossel sh,,ll _***,rgesinto th,. ryli,_iriral w,ssel shell, it is difficult
to obtain tlw exa('t boun(lary _'on¢liti¢_, on the, lower vessel head unless
tlw Ul)per cylindriral shell ix in('htd,._i in tl,is mmlysis. Because of this
un('ertai_ty, two types of bo_n¢lary ('(_l,¢liti_ltSm'_, _'_q)l_y['d to estimate
tlw extr[,me bel_avior of the vess(,l sh(,ll (l!w to tlwrs_ml stresses. The two

(,xtro_no r(mditions are a ('lmlq)e([ an_l a roll(,r type i_(_ndary condition
()n tl_e Ul)l)er part _)f the v(,ss_,l slx(,ll.

Figures 1.3 an(l 1.4 show tlw tyl)iral finit(, (,l(,_n(,nt modeling of the
PWR an(l the BWR v(,ss_,l slwlls resl)('rtiw,ly with the t_(mn¢lary (,ondi-

tions at the lower m_(l at th(, _l)l)_,r l)arts of th(, v(,ss(,l sl_ell.
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Clamped Boundary Condition

ate., _/2

m

Roller Boundary Condition

atO = =/2

Figure 1,3: Finite element modeling (PWR) with boundary condition
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Clamped B.C.
I

P.

Clamped B.C.

Roller B.C.

P_

Clamped B.C.

Figure 1.4: Fiaitc elemeat modclixlg (BWR) with boundary coziditiozl
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Itsllolll_lbe llot_'¢Itll_ttthe'rollerl_olln_lm'yc'on¢litions;Lreonlyapprox-

imately satisfi_:,_l in the FEM niodel, dllc to the fact that the vanishing

of the shear stress at the sllpport is satisfied in a global sense. In the

I_resent pro]_lenl, tllc FEM code yielcled shear stresses at the boundary

nodes wllose lliagnit_l¢les are of the order of {).3 MPa. Since the other

nonzero stress components in the w_ssel wall are significantly higher than

this. the FEM solution is demned to be satistactory.
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1.5 CREEP RUPTURE ANALYSIS

The effect of creep on the vessel shell is quite complex and is not
easily quantified when the temperature varies in the vessel shell. Even

though the temperature distribution used in reference [5] restricts the
temperatures on the inside surface of the vessel lower head to a high value
of 1255K, the transient is not really long enough to cause any significant
creep in the wall which could in turn lead to rupture. For transients of
short duration, creep only causes the high thermal compressive stresses
on the inner surface to relieve rather quickly and in turn allows the wall
to carry load on its outer portions.

The reactor vessel lower heads are generally fa]_ricated from the plate
material, SA533B1 Carbon Steel. The INEL [6] has performed isothermal
creep tests up to 1423 K to extend the structural property database for
vessel steel. For the SA533B1 Carbon Steel, the master creep curve shown
in Figure 1.5 was developed by employing a least-sqlmres fit to the creep
rupture data obtained in the INEL tests [6].

The rupture time for the reactor vessel lower head sujected to the given
system pressure at several elevated temperatures are calculated. For a
given stress, S(in ksi), the Larson-Miller [29] parameter is given by the
equation

T(20 + logt,.)= 10'_[49.01- 13.1061ogS] (64)

where T is the absolute temperature in degrees Rankine and t_ is the
rupture time in hours.

The hoop stress in the hemispherical shell is given by

P,.R
aee= 2(R - (65)

Since the hoop stress from the above equation is the principal stress,
the equivalent stress in the hermspherical shell subjected to system pres-
sure Pi is obtained by using the criterion that yielding occur when the
maximum shear stress reaches a value that is equal to the yield stress in
the tensile test, [30].

S = aoo + _ (66)
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Figure 1.5: Master creep rupture curve for SA533B1 carbon steel
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where the stress value, in Pascals, is converted to ksi using the following
relationship:

1 ksi = 6.895 MPa

For a given stress, the time to rupture is related to the average temper-
ature in the vessel shell by the Larson-Miller parameter given by Equation
(I.64).

It should be noted that a large uncertainty exists in the prediction of
creep rupture times for situations in which large temperature gradients
occur across a vessel wall. The calculated rupture times based on the
properly chosen wall temperatures and accumulation of damage can be
used to estimate the probability of vessel failure during flooding of the
cavity of a PWR and the drywell of a BWR.

1.44



1.6 RESULTS AND DISCUSSION

1.6.1 FLOODING OF THE PWI:t CAVITY

_ansient and steady state temperatures in the PWR vessel shell were
obtained when half or full core was assumed to drop into the vessel lower
head. Calculations were performed by varying between 0.1 and 0.8 the
emissivity, ew, of the vessel, the emissivity, ej, of the upper structure and
the emissivity, eu, of the free surface of the pool. The upper structure
temperature was assumed to be either 800 or 1600 K. For the calculational
convenience, the temperature of the upper structure is limited to 1600 K
which is around the melting temperature of the structure. No subsequent
melting or relocation of the core material are considered in this study.
Results were obtained by using heat transfer coefficients for the lower

part of the pool as given by Mayinger et al [12] and Gabor et al [13].
This was done to understand as to how uncertainties in the modeling of

physical processes can influence the evaluation of accident management
strategies.

ior of A PWtt Vessel Shell

Figure 1.6 shows the variation of the pool temperature and crust thick-
ness with time when the molten pool contains full core and Mayinger et
al's correlation is used. The results are plotted for the time period up to
about 3 hours after relocation of the core material into the vessel lower

head. According to the experimental correlations (shown in Appendix

I.H), the time scales required to develop steady convection in the vol-
umetrically heated pool are about 2 _ 3 hours. These heatup times
are predicted by extending the correlations to large Rayleigh numbers
encountered in this problem. The heatup of the pool begins at 2000
seconds after relocation of the core material. As stated earlier this is a

result of the assumption that pool remains at the melting temperature
of corium until heat loss rate from the pool equals the heat loss rate
from the vessel outer wall. This duration is considered to be sufficient
to allow solids contained in the molten material as it relocates to melt.

Steady state condition is assumed to prevail at the start of the heatup
period. This may be somewhat optimistic since much longer times may
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be needed for convective flows to fully establish. Because initial heatup
of the pool occurs very rapidly, the effect of use of steady state heat
transfer coefficient on time to reach steady state will be small. The pool
temperature is observed to increase asymptotically to the steady state
value of 2865 K. The thickness of the crest at 0 = 0° increases with time

up to about 2000 seconds. Thereafter a gradual remelting of the crust
occurs. It appears that time periods much longer than 10000 seconds are
needed for the crust to attain its steady state value of 4.7 cm. The upper
crust, however, very quickly remelts after pool begins to heat up. Similar

results were obtained for Vp = 1/2 Vc_e.

Figure I. 7 shows the variation of crust thickness around the vessel inner
wall for different times when Mayinger et al's correlation is used. Prior to
heatup of the pool, the thickness of the crust around the vessel is nearly
uniform. However, after the pool heats up and convective motion sets in,
the crust thins. Under steady state conditions the crust is the thickest
at the lower stagnation point, The crust thickness decreases along the
vessel inner wall. The variation of steady state crust thickness along the
vessel is the reflection of the dependence of the magnitude of convective
heat transfer coefficient on the angular position along the vessel wall.

The temperature along the vessel inner wall is plotted in Figure 1.8
for several times after relocation of the core material when Mayinger et
al's correlation is used, The predictions plotted in this figure are for
full core when the upper structure temperature is chosen to be 1600 K.
It is very difficult to determine apriori the temperature of the upper
structure as it depends on several unknowns such as fractions of core
and structural material that remain in their original location and the
development of natural circulation between the the reactor vessel and
the steam generator. It is seen that for the chosen set of emissivities,
inner wall temperatures are predicted to exceed the melting temperature
of steel over a wide region below and above the pool free surface. The
highest vessel inner wall temperatures occur near the free surface of the

pool because of the radiative heat transfer to the unwetted portion above
the pool and the very high convective heat transfer coefficient just below
the free surface.
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Figure 1.6: Variation of pool temperature and crust thickness with time
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Steady state pool temperature_ when vessel lower head contains the
full core or half of the core are plotted in Fi_e 1.9 as a function of
emissivity of the pool free surfacer Since the correlation of Mayinger et
al yields average downward heat transfer coefficients that are about 12
times (for Vp = Veo_,) and 19 times (for Vp = 1/2 Veo,,) higher than
those given by Gabor et al, the pool temperatures predicted by using the
correlation of Mayinger et al are lower than those obtained by using the
correlation of Gabor et al. The pool temperature decreases as the pool
free surface emissivity increases or heat loss from the pool free surface
increases. The pool temperature predicted by using Gabor et al's correla-
tion shows a strong dependence on the pool surface emissivity. This is due
to the higher radiative heat loss from the pool free surface. However, the
pool temperature predicted by using Mayinger et al's correlation shows
little effect of the pool surface emissivity. This is due to the higher heat
loss to the vessel wall when Mayinger et al's correlation is used. The pre-
dicted pool temperatures are lower for Vp -- 1/2 Vcoremainly due to large
reduction in pool volume in comparison to pool surface area. It was also
found that the pool temperature increases as the structure temperature
increases and as emissivity of the vessel wall decreases.

I

Figure 1.10 shows the thickness of the crust along the vessel inner wall
for a given set of parameters. For the correlation of Mayinger et al, the
crust thickness profile shows an inverse dependence on the profile of the
heat transfer coefficient along the pool boundary. The crust thickness for

'Sangular positions larger 4001 very thin. However, when the heat transfer
coefficient is small, a thicker crust is predicted to be present along the
vessel inner wall.

The vessel inner wall temperature is plotted in Figure I.11 as a function
of angular position. For higher internal heat transfer coefficients, circum-
ferential conduction becomes important. Because of the much higher heat
transfer rate into the wetted wall of the pool and the lower pool tempera-
ture when Mayinger et al's correlation is used, less heat is transferred by
radiation to the unwetted portion of the vessel inner wall. This in turn,
results in a large temperature drop in the unwetted wall of the vessel.
It can be seen that the inner wall temperature increases sharply up to
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about the melting temperature of the crest (2Sou K) for angular positions
larger than about 400 and rem_ns at this high temperature near the pnol
free surface.

Under steady state conditions the fraction of generated energy that
goes into structure, the _wetted and the wetted portion of the vessel wall
are plotted in Fi_e 1,12. It is seen that for Msyinger et al's correlation
as much as 50-70 % of the total energy generated in the pool is lost to
the wetted portion of the vessel. However, only about 10 - 20 % of the
energy generated in the pool is lost to the wetted portion of the vessel
when Gabor et a]'s correlation is used, It is noted that between 70 to 80

% of the decay heat is absorbed in the structure that does not relocate
with the core and the vessel upper walls when Gabor et al's correlation is
used. This energy must get redistributed in the remainder of the reactor
coolant system (RCS) by natural circulation, As such this raises the
possibitity of the failure of the hot leg or the steam generator tubes.
Such a failure will open a new path for escape of radioactivity into the
containment.

Isotherms in the reactor vessel wall when full or half core relocates
are plotted in Figures 1.13 - 1.15, It is seen that significant variation of
temperature occurs with radial and angular positions and it points to
the shortcomings that may exist in predictions made by employing one
dimensional analysis. The highest temperature occurs near the vicin-
ity of the triple interface between wetted and unwetted portion of the
vessel wall and the pool free surface. Figure 1.13 shows the isotherms
obtained by using the two heat transfer correlations for Vp ffi Veers, For
the correlation of Mayinger et _ which yields average downward heat
transfer coefficients that are about 12 times higher than those given by
Gabor et al, higher inner wall temperature and lower pool temperature
are predicted to occur. The vessel inner wail temperature under the crust
exceeds the melting temperature of steel (1700 K) over a wide area when
Mayinger et al's correlation is used. However, the inner wall tempera-
ture when Gabor et al's correlation is used does not exceed the melting
temperature of steel for the parameters considered.

Figure 1.14 shows the isotherms for the same conditions as Figure 1.13
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but with ew increased to 0.5. In this case melting of the unwetted portion
of the vessel wall is predicted to occur when Gabor et al's correlation

is used. The contour of the unwetted wall after melting has occured
has been obtained from the steady state calculations. Although transient
calculations were not carried out to precisely determine the contour of the
unwetted vessel when melting stops i.e. the inner wall temperature drops
below the melting temperature of steel. Simplified analysis, however,
shows that melting will stop with further thinning of the vessel wall.

Figure 1.15 shows the isotherms when only half of the core material
is assumed to relocate into the vessel lower head. For the correlation

of Mayinger et al which yields average downward heat transfer that are
about 19 times higher than those obtained from the work of Gabor et al,
higher inner wall temperature and lower pool temperature are predicted.
The inner wall temperature under the crust in the upper portion of the
vessel when Mayinger et al's correlation is used exceeds the melting tem-
perature of steel over a region just below the pool free surface. However,
the inner wall temperature with Gabor et al's correlation does not exceed
the melting temperature of steel for all sets of parameters.

Simple calculations are performed to estimate the possible minimum
vessel shell thickness if the molten steel along the vessel inner wall is
mixed with the molten corium because of the instability of the very thin
corium crust separating the molten corium from the molten steel as shown
in Figures 1.13 to 1.15. After the trapped molten steel is allowed to mix

with the molten corium, the melting of the vessel wall will not propagate
further if the inner wall temperature falls below the melting temperature
of steel. Using the one-dimensional heat conducton through the vessel
wall, the heat flux is given by

kw

qw = _w(Tms - Two) = hL(Two- TL) (I.67)
or

%,,,cd $cd+ (T,., - Tin,)k_d (X.68)
qw = 2

where Tin, is the melting temperature of steel (1700 K), _w is the mini-

mum wall thickness, hL is given by Equations (I.20) and (I.21) and the
equilibrium crust thickness is given by Equation (I.28) in which Tin0 and
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hd,mazat 0 = 00 can be used instead of Twi and hd(0). Using T_ = 2865 K
with the set of parameters as shown in Figure i.14, the max__ outer
wall temperature Two of 770 K which is in transition boiling region, the
crust thickness _cd of 4.5 mm and the minimum wall thickness _w of 3.3
cm are obtained. This small value of the wall thickness will not be able
to sustain the thermal stresses which in turn will lead to vessel failure.

The effect of emissivity of pool free surface, of structure and of the
unwetted region of vessel on the vessel inner wall temperature is shown
in Figures 1.16 and 1.17 when Mayinger et al's correlation is used. The

predictions are plotted for Vp - Vcore. From Figure 1.16a, it is seen that
the vessel wall temperature over the region wetted by the pool increases
as the emissivity of the free surface of the pool decreases. However,
the effect on the unwetted portion of the wall is opposite in that the
vessel wall temperature decreases with a reduction in the emissivity of
the pool free surface. This is due to the fact that as the pool free surface
emissivity decreases, the reduced heat loss to unwetted vessel wall and to
the upper structure causes the pool temperature to increase. The results
plotted in Figure 1.16b show that the structure emissivity plays a role
similar to that played by emissivity of the pool free surface. It is noted
that the effects of emissivities of the pool free surface and the upper

structure are small. This is due to the fact that large fraction of energy
is transferred to the vessel inner wall when Mayinger et al's correlation
is used. As shown in Figure 1.17a, the effect of emissivity of the vessel on
the temperature of the unwetted portion of the inner wall is opposite to
the effect of emissivity of the structure. With increase in emissivity, the
temperature of the unwetted wall increases. However, its effect on the
temperature of the wetted wall is very small. As the emissivity increases,
more radiative energy is intercepted by the un_,etted wall. The effect of
structure temperature on the vessel inner wall temperature is shown in
Figure 1.17b. It is found that increased structure temperature causes an
increase in the temperature of both the wetted as well as the unwetted
portion of the vessel wall. However, the effect is predicted to be small.

Reduction in the decay heat can occur due to the loss of volatile fis-

sion products from the fuel-clad gap and during subsequent fuel heatup,
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Figure 1.16: Effects of the emissivities of the pool free surface (a) and the
upper structure (b) on the inner wall temperature
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melting and relocation. Hedge et al [4] suggested that abollt 80.3 % of
tile total de('ay pow(,r at the time of lower plenum dryout is predicted to
remain within the fiwl in the debris bed. An additional reler_se of gases
(equivalent to about 3.5 % of the total decay power) from the tirol within
the del)ris bed is predicted as a result of fuel melting within the bed. The
effect of decay heat on the PWR vessel lower head was considered. Using
the base case with the decay heat of 29.5 MW for filll core, the deca_"
heat after accounting the release of volatiles and noble gases (about 23
% reduction) is obtained as 22.66 MW. Figure 1.18 shows isotherms ob-

tained by using Q.q_n,v= 22.66 MW when Mavinger et al's correlation is
used for Vp = Vco,._. It is seen that lower temperatures of the pool and
v(,ssel shell compared to those of the base cruse (shown in Figqlre 1.14) are
predicted. The inner wall temperature under the crust still exceeds the
melting temperature of steel vessel over a region.

Sin('(' the tlwrmal conductivity of the steel vessel (k,,_s_t) decreases
as vessel temperature increases, the effect of the lower value of kvessel

(smaller than that for the base case with k,,_sel = 50 W/mK) on the
vessel shell temperature was considered. Figure 1.19 shows isotherms
obtained by using k,_i = 30 W/InK (value of thermal conductivity of
carl)on steel at about 1000 K obtained from reference [6]) when Mayinger
et al's correlation is used for Vp = Vcore. It is seen that in comparison to
the base higher temperatures for the pool and the inner wall and a lower
temperature of the outer wall (shown in Figure 1.14) are predicted. Also,
as shown in Figure 1.19, the temperature of unwetted wall is predicted to
t)e about the melting temperature of steel vessel.

Mechanical Behavior ofthe=P_R Vessel Shell

It appears that for the range of emissivities and structure temperatures
studied in this work, molten (:ore material can b(, contained in the reactor

vessel indefinitely (from thermal considerations alone) if the reactor vessel
is cooled from outside. In the absence of cooling with water, the simple
calculations (not documented here) show that reactor vessel will fail even

' 'nwhen Vp = !/16 V_o,._.The temperatllre distributmns i the vessel shell
such as those shown in Figures 1.13 - 1.15 need to be used to calculate
eff()ctive stresses in th(, reactor vessel sh(,ll and to determine the reponse
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Figure 1.18: Temperature distribution in the vessel shell for Qee.,p = 22,66 MW
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Figure 1.19: Temperature distribution in the vessel shell for k_,,,l = 30 W/nn_
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of the reactor vessel to vreep rupture Iwfi)re an un(,(l_tivcwal conclusion
with respect to indefinite retention of core material in the w,ssol can be

drawn. Since the heat transfer correlation predicted from the work of
Mayinger et al is more representative of the physical sittmtion than that
of Gabor et al as mentioned earlier, tile temperntttre distril)tttions ill the
vessel shell obtained by using Mayinger et al's correlation are used to
predict the thermal stress distributions in tile vessel shell and the creep
rupture times.

/e . t4) *Figure 1.20 shows the stress (anstrlv utmns in the hemispherical vessel
shell for the roller boundary condition on tile top of the PWR vessel shell
during the normal operation. Teml)erature of the vessel shell is tak(,n
to be 580 K whi('h is about the mean telnl)eratttr(, of the ('oolant of a
PWR with the system pressure of almttt 15 MPa. The ('alc,ulatc,d stresses
are uniformly distributed in the vessel shell (between 13 an(l 15 ksi) and
much lower than the yield stress of the steel vessel (al)(mt 50 ksi). The
primary stresses in the PWR vessel lower head (dtte to system pressures
ranging from 4 to 15 MPa) m'e in the range of 35 (5.1 ksi) to 130 MPa
(18.8 ksi) [30]. For a BWR the normal operating wall stress is 68.75 MPa
(9.97 ksi) [4]. Therefore, the r_,stllts el)rained by using the NASTRAN
code seem to b(, reliat)le in the pr[,(li('tion of the stress distril)lttions in
the vessel shell. Using the clmnpe(! boundary (.ondition at _) = _/2,
the calculated stresses exceed the yield stress of the steel vessel near
the area of the top of the hemisl)heri('al vessel shell. Thc,ref()re, use of
the clamped boundary condition at _)= v/2 seenis to l)(, conservative in
predicting the stress distributions near the to l) of the vessel shell. In the
absence of quantitative information as to how the vessel is r(,strained, the
rigid boundary condition at _9= _'/2, can |)e ('onsi(lered as an extreme
boundary condition that in used to precli('t th(, stress distributions in other
regions of the vessel shell.

Based on the temperature distribution in the vessel sh(,ll, the effective
stresses are d(,terniined for a given system pressure. Figllre 1.21 shows
the distribution of the effective stresses iu the vessel shell for the two

types of boundary conditions on the top of the lwmisl)heri('al shell when
Mavinger et al's correlation is used and the system pressure is 15 MPa.
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Figure 1.20: Stress distribution in the PWR vessel shell during the normal
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Ft,r tilt, clailq_e_l IHnultlary comtitmn ,t 0 = lr/2, tilt, c_llcuh|ted stresses
art' I_redicte_l t_ excee_i tilt' 111timntestress of the steel vessel (about
100 ksi n,s ms ilPlwr limit) over n wide region of the vessel shell. For
the r_,ller btnlntlnry comlition nt 0 = 7r/2, tilt, stresses are predicted to
ext'ee(! tim ultil_mte stress ow,r a relatiw,ly narrow regit,n n('ross the vessel
shell. F_,r instil cases iniliil,mln stresses ocmlr along the mid plane of the
w,ssel shell l_ecallse the imler half of the shell is in compression whereas
the miler half is in tension. Becnuse ()f the deformation t)f tlle vessel

sht'll (lln' to the l)|rge tmlq)t,rntlm, gradient across the shell thickness,
the stress distrii)utit)ns iti the onter eh,ments which are in tension are

lligl_.r at sonn? ang,l!nr l_OSilOns than those in the inner elements which
are iil ctnnl_rc,ssic_l!.Tliis t'nl_l_ee×plnined i_ythe filet thnt the tangential
stress increases wit ll the radial p¢_sititm when the temper_ture gradient
exists _tcrt,ss tl_, sl,l_eri¢'_lshe'll [31}. Sim'e tl_e _ninimum stresses _dong
the _itl l_ln_e _,f ti_' v_,ss_,lsl_,ll _,xceed the yield stress of the steel vessel
l'_r I_tl_ t,,'l_eSof I_lt_',,' c_ntliti_s i_l_lmsetlon tl_e top of the vessel
shell, _ larg_' l_la.sti_' tlef_r_ati_m is I_retlit'ted tt, ocm_r in that region.
TI_' s,_rvival _,l'tl_, vessel sl_'ll is i_ tl_lesti_m IIIII_'sS it is proVell otherwise

In t_rtl_,r_, i_v_,stignt_,the _,fl'ectof the syste_n press_re on tl_e effective
stresst,s, tl_' efl'_,t'_ivestresses in the vessel shell nre consi_lered for tl_e
l_w syst[,_ i)r[,ss_rc. Fig_lr_'1.22 sl_t)ws tilt, (listril)_ttion of tile effective
stresses i_ tile vess[,1sllell with the r_,ller t,ountlt_ry condition at 0 = _'/2
fi>rV,, :-: V,.,,,.,wl_,,_ll_laying,,r ,,t al's ;',,rrt,hltit,n ix _setl an,I the system
I,r,,ss_r,,s _r,' nss_,.,l t,, I,,, 5 an¢l 1 _iPa. C,,mlmring the stresses with
Pi = 15 _IPa (sh,,wn in Fig_lrt 1.2i), it is se,,n tlmt the system pressure
_lt>t's_t,t play a ,l,_d_la_t role _n t ll,' effective stresses i_ tile vessel shell.
_Iost _f the ct_ril_lti_m to the str_,sses <'_mesfron_ temperat_lre gradient
ncross the, vessel sl_ell.

Fig_re 1.23shows the _listriimti_ul _:,fthe stresses in the vessel shell with
the' r_dl_,rI_o,_n_it_ryt'tm_liti_,n il_qmse_l m_ the top of the hemispherical
sh_,ll with V_,= 1/2 V,.,,,.,.In ol_tt|inin_; tl_e effectiw, stresses Mnyinger et
al's c_rrelati,,_ was _s_,_lwith systel_l i_ress_res of 15 nn,_l5 _,IP_. Since
the _eltin_, ,:_t'tile i_u_er wall of tile vessel shell when Mnyinger et a!'s
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Figure 1.21: Stress distribution in the PWR vessel shell
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correlation is used occurs for all sets of parameters considered in this
study, the effect of temperature distribution on stresses is dominant. For
the roller boundary condition at/9 = 7r/2, the stresses are found to exceed
the yield stress over the region just below the pool free surface. However,
it is found that for the clamped boundary condition at 0 = r/2, the
calculated stresses exceed the ultimate stress of the steel vessel over a

wide region across the vessel shell. For both cases the minimum stresses
occurring along the mid plane of the vessel shell are predicted to exceed
the ultimate stress of steel, resulting in a large plastic deformation in that

region, tience, from the results in which relaxation of the stresses is not
considered, the survival of the vessel shell cannot be guaranteed.

The total displacements of the outer wall of the vessel shell are plotted
in Figure 1.24 when Mayinger et al's correlation is used for Vp = Vcore. It
is seen that differences between displacements for different system pres-
sures are very small.

Based on the results of the steady st ate temperature distribution in the

vessel shell, a large plastic deformation in the vessel shell is predicted to
occur due to excessive thermal stresses when Mayinger et al's correlation
is used.

To assess the failure of the vessel due to creep rupture, the creep rup-
ture times are calculated by using the relationship between the Laxson-

Miller parameter and the equivalent stress in the vessel shell. Figure 1.25
shows the dependence of rupture time on the temperature of the vessel
shell for system pressures of 15 and 5 MPa. The maximum steady-state
average temperature across the vessel sheU and the maxima of steady-
state outer wall temperature of the vessel are obtained for Vp = Vcote, _to
= eu = E8 = 0.5 and Ts = 1600 K when Mayinger et al's correlation is
used. It can be seen that much longer rupture times are predicted when
the maximum steady-state outer wall tempearature of the vessel shell
is used, but immediate creep rupture of the vessel shell would occur if
the maximtml value of steady-state average wall temperature across the
vessel shell is used.
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After slumping, ,_, ,,:, _,,,.,,:,a_, ij_to the rca,,t<,r vessel lower h_.a,d,
tile pool temperatlt ,.,,,:, ,,.ses a),ove :It_ " ._, ,,,mperat.ure of corium

(2500 K) and the vessel shell temperature .,i-, _:,,'roases and reaches a
steady state value. From to the transient anal._si-: ,,i the thermal behavior
of the PWR ve.sels"lower head, time periods hmger than 10000 seconds
are needed for the vessel wall temperature to attain its steady state value.

,,

Since the average wall temperature across the vessel shell and the outer ,.,
wall temperature at any time after slumping of the core are lower than the
maximum steady-state temperature as shown in Figure 1.25, the rupture
times are predicted by using the highest average or outer wall temperature
at any time. The isotherms and the rupture times are considered for
system pressures of 15 and 5 MPa. Figure 1.26 shows the isotherms

in the vessel shell for V1, = V_o,_ and 1/2 V_o,_ when Mayiuger et al's
correlation is used an(l the system pressure is assumed to be 15 MPa.
The creep ruptlm, times are determined by using the highest average wall
temperature ((T_,,),,,ox), th(: highest mid plm:e temperature ((T,,_ie).,_=)

and the highest outer wall temperature ((Tr=R2),n..) at ,-my time after
slumping of the core material into the vessel lower head. The creep
rupture is predicted to occur within 2 and 3 hours after slumping of the

core material into the vessel lower head for Vv = Veore and Vp = 1/2
Vcorewhen (Tar)max and (Tmid),nar, are used. However, much longer creep
rupture times are predicted when (T,=R2),,,, is used.

Figure 1.27 shows the isotherms in the vessel shell when Mayinger et
al's correlation is used for a system pressure of 5 MPa. Using the highest
average temperature across the vessel shell at any time, creep rupture is
predicted to occur in 3 hours for half core and in 2 hours for full core.

Using the highest mid wall temperature at any time, creep rupture is
predicted to occur in 11 hours fl_r full core and in 231 hours for half core.

However, much longer creep rupture times are predicted when the highest
outer wall temperatures of the vessel shell ((Tr=R_)mar) are used instead
of the average temperatures across the vessel shell.

Thus, the creep rupture times for the reactor vessel shell are dependent
upon the average temperatures chosen for the calculations. The calcu-

lated rupture times b_used on those temperatures can be used to estimate

the probability of vessel failure during flooding of the cavity of a PWR.
No data on rupture time could be located in literature for situations in
which large temperature gradients exist across a structure. It should also

be noted that creep rupture times were not obtained by carrying out time
dependent stress calculations mid by evaluating time integrated damage
to a particular element in the vessel wall.
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Figure 1.23: Stress distribution in the PWR vessel shell
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Figure 1.26: Transient temperature distributions in the vessel shell using
Mayinger et al's correlation
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Figure 1,27: Transient temperature distributions in the vessel shell using
Mayinger et al's correlation
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1.6.2 FLOODING OF THE BWR DRYWELL

Steady state tellq)er_ltllr('._ in the B\VR v_,ssel ._ll(,ll win'(, ()})taiue(l wh('u

two-thirds of th(, c'()r(, xv_l.__l._._lulW(lt(, t)(, 1)r(,._ellt ill th(' x'('us('l l_)wer lw_(|.

Calculations were 1)orf(_rlll('(l l_y '_'_ryillg })('tw('eU 0.2 _m(| 0.8 th(' ('ufissiv-

ity, e,,, of the v(,.ss(,l, th(' [,llfi._._ivity, e,,. of th(' I)o()i sllrf;l('o, the (,zllissivity,

_t,, of the baffle l)l_lt(,, th(, (,mi._sivits'. e,., of tll(, ('ore ._llr()11(lau(l th(, (,mis-

sivity, et, of th(, lq)i)er .strll('t_lre. The lli)I)('r strllc't_lre teml)or;itllr(' w_m

a,ssumed to lie ])(,tw(,eu 100()I( _m(l 1500 I(. F_)r th(, (.;fl('lllati()u pllrl)os(,s,

the teml)(,ratl_re of tl_(, _l)l)('r str_('t_r(, is li_fit(,(| to 1500 K. _I(,ltiug

an(-| sul)se(lu('ut r(,lo('_ti()u ()f tlw ('_)r(, _t_,rial ;_r(' u()t ('()usi(l[,r('(1 iu t l, ,

study.

Thermal Behavior of A BWR Vessel Shell

The thickness ()f tlw ('r_st _)_xth(, I)¢)_)lf'r_,(,s_rSt('(, i._ I)l()tt_'(| iu Fig-
ure 1.28a a.s a 5m('ti(_ ()f' tl_(, ('_issix'its" _)f' tl_(, I>_)()lf'r_,(, s_u'f',_('e. For

the correlatiou (>fGM)()r (,t _1 whi('l_ 5"i_'l_lsax'(,r_g(, (l_)w_w_u'(1heat trains-
for coeffici(,nts th;_t _tr(, ;_])(_t 1() ti_xws l_)w(,r tl_;_u tl_o._, ()])t;_iue(l fr()u_

the exl)ressiou of _i_yi_g(,r _,t _l. _) _tl)l)('r ¢'r_st is I)r('_li_'t(,(l to f()rm
for enfissiviti(,s l(,s,_ th_u 0.3. It(_w_,v(,r. ;_s l_,;_t l()ss fr()_ tl_(, fr('_' sur-

face be(,onws l_igh (,no_gh. _t _'r_:t fi)r_s ;_u(1 its thi('k_wss iu('r(,ases with

emissivity. With the use of _ht3'i_g_'r (,t M's ('orrel_ti(m, _ u_wh thick(,(

crust is i)redi('t(,(l to for_ _t tl_, 1)()()lfie(, s_u'fa('e. Fig_u'(" 1.2SI) shows the

dependence of I)ool t('ml)('rat_r(, ()u the (,_nissivity of the, l)_)()l free sur-
face. In the al)senc(, _)f_ <'rust, th(, st(,;_ly st;_t(, i)ool t(,lui_orat_r(, shows a

strong depen<h'u('(' on the (,_fissivity. Tlw I)<)()lt(,uq)eratur(, _l(,cr(,ases as

the emissivity in('reas(,s ()r he_t loss fl'_)_ tl_(, l)o_)l fr(,(' surfa('(, ira.(eases.

However, iu th(, I)r('s('u('( ' ()f' ('r_st. tlw ther_M r(,sist_m('(, of the crust

dominates an(l i)o_>1t('llll)(,ratln'[' is n('arly i_._,,nsitiv(, t(> th(, (,_fissivity of

the pool free m_rSw('. Iu the 1)r(,s('u('(, ()f _ ('r_st. th(, 1)_)_)lt eI._I)erature

predicted by _si_lg th(, ('()rr(,l_ttiou ()f _Iayi_g(,r ot ;_1is ;_l)o_t 100 K less

than theft ot)t_due(l ])5; _miug the (.()rr(,1;_ti(m of G_l)or (,t M. This is (lu(,

to the higher h(,_t lo._s t(_ tit(, v_,ss(,11)r(,tli('t(,(l 1)y usiug th(, ('¢)rr(,latiou of

Mayiuger et M.

Figure 1.29 sl_()ws tlw tl_i('ku(,ss of the ('r_tst ;_l()_g the vessel i_u('r wM1
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c'orrelati(,_l of :klaying('r (,t al, the (.rllst thi('kness profil(, shows an inverse

¢lep,'n¢l_'ll('e on the, x'ariati(m of the lie,at transfer coefl:i¢'ient along the pool
])o,lll_lary. Hmvr,ver, when the heat transfer coefficient is small, a thicker

crllst is l)re_licte(l to ])e In'esent along the vessel inner wall. Also, as is

shown ])y the clotte(l lin(', for a low wdlte of the internal heat transfer

coef[ic'ient., the ('rllst thic'kness increases as the cooling conditions on the

olltsi&, wall improve. It can l)e seen that the crllst thickness variations in

the r_,gion of the vessel sllpport skirt (01_<0_<82) are different from those

in tll,' ()ther regimls.

Tll(' steady state w'ssel imler wall temperature is plotted in Figure

1.30as a fl_n¢'ti,,n ,,f angular position. Becmlse of interllption by the

air-stea.iil pock,'t of goo(l cooling con,litions created ])y water, the tem-

peratllre along the v(,ssel wall shows oscillatory ])ehavior. For lfigher
int(,rnal heat transf,,r coet-li('imlts, ¢'ondlwtion along the w,ssel wall be-

conl¢,s important a_¢l no distinct hot spot over the area covered by the

steax_ I)o('ket is o))s('rv('_l. Sin{'e the pool temperat_re in the case of Ga-

1)()I'et al's correlati_m is high('r, rmliative heat transfer caa_ses a rapid rise

in temI)erat_re of the _mwetted port imi of the vessel wall. However, a

_lx'_)I) in tmtll)eratt_re is pre(licted when the correlation of l_layinger et al

is _se_l. B(,ca_se of the much higher heat transfer rate into the lower part
of the pool an(l tl_e lower pool temperat_re when Mayinger et al's cor-
relati_)x_ ix use_l, less ra, liation heat transfer into the _mwetted portion of

the x'(,ss_,l inner wall is predi('ted. This, in turn, res_dts in a temperature

drop along the _nwetted wall of the vessel. It can ])e seen that the inner

wall tmnperat_re increases sharply for ang_lar positions greater than the

a_gl(' 0_. The large tmnperat_re os_'illations in the vessel will lead to high
t l_erx_ml stresses.

The fl'a('tions of (lecay heat that are transferred downward, to the

_m'etted vessel wall. the upper str_wt_re, the core shro_ul and to the

]mr-It(, 1)late are l)lotte(l in Figures 1.31a and 1.31b for the correlations

of Ga])(n' et al anal M;_3"ing('r et al. It is seen that for l_Iayinger et al's

_'_wr_,lation as _'h as 52 ¢/( of the total energy generated in the pool is

lost t_) th(' wt,tt,,tl i),)rtio_ of the vessel. However, only al)o_t 10- 20 _,

()f tl_e energy gm_,,rate(l i_ the pool is lost to the wettetl portion of the
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vessel when Gabor et al's correl_lt,ioll is llS('¢l. It, shollld be uoted that

these fractions do not include the energy t,hat is generated in the crust
bllt is also transferred to tile vessel wall, Since the predicted crust is
lm_f'h thicker when Gabor et al's correlation is used, actual fraction of

energy tr_msferred downward can be as higll a.s 40 % when Gabor et al's
correlation is used.

Figures 1.32a and 1.32b show the effect of emissivity of the pool fl'ee
surface on the vessel inner wall temperat.ure. Comparison of the predic-
tions plotted for the two correlations shows that, emissivity of the pool free
surface has lit.t,le effect when a large fraction of decay heat, is transferred
to the vessel wall by natural convection in the pool.

The isotherms in the vessel wall and the temperature of the core shroud
and baffle plate are shown in Figures 1.33 and 1.34 for the correlation of
Gabor et, 31 and Mayinger et al respectively. It, is seen that in both cases
the baffle plate temperature is predicted to 1)e above the melting tem-
perature of steel. As a result baffle will fail and any water left in the
downcomer region will spill over the core debris. The failure will also
lead to exposure of the reeirculation pump seals to superheated steam.
This failur_ of the seals will cause radioactivity to escape into the contain-
ment. The isotherms plotted in Figure 1.34 show the two dimensionality
of conduct, ion heat transfer in the vessel wall.

The effect of the pool volumes on the thermal behavior of the BWR
vessel lower head has also been considered, Figure 1.35 shows the vari-
ation of the inner wall temperatures for different, pool volumes in the
vessel lower head. Since the total amo,lnt, of heat generation in the pool
decreases due to the reduction of the pool volume, the inner wall tem-
perat, ure decreases as the 1)ool volume decreases. However, the inner wall
temperatures in the skirt, region, for Vp = 1/3 V¢or_,are predicted to be
higher than those for other pool w_hmws. This is due to the fact, that the
local heat transfer coefficient is high near the skirt region when the pool
angle, 0o, is approximately eqlml to the skirt, angle, 02. Also, less heat is
removed from the outer wall of the vess_,l in the skirt, region.
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Figure1.33:TemperaturedistributioninthevesselshellbasedonGabor
etal'scorrelation
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Figure 1.34: Temperature distribution in the vessel shell based on
Mayingeret al's correlation
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Figttr(, 1.3G sh()ws t l., ist)tll,'rlll in tilt' v('ss('l sil('ll fl)r \'p = 1/3 V,.,,,.,.
Higltest inner wall tolill)c,ratltrt, is s(,_,ltto rea('lt tit(, ltwltiu_ tetttl)oratttrt'
(,f st('('l vessoi.

The ft()o(lo(I wator withill tlw skirt ro_iotl is riot wvil tttix_,(i with the

water (mtsi(h, tlt_' skirt, especially tit(' wator lwar tit(, vesst,l ]tortoni mul
tllc, free sttrfa('e of water ill tlw skirt. Tit(, sttl,(.t,olt,tl water ttoar tit(, vessel

])ottont will }w lwato(l all(I oV('llttlnlly roa('l| tllo satttrati(_ti tollll)oratttw
of water. As w,|t(,r tolill)erattlro llOar tlw vossol ]tottoll! r_,adws its sat-
llration tenil)(,rature, tilt' Val)()r flhn will ])(, fortlw(1 ()It tll(, ()llt(q' wall of
tlw vessel ])ottoln lloa([, l'esuitiltg ill illcl'easo of _'('sst,l wall tollll)t,l'atllro.

Collsi(lerillg tit(, water v(thllllO (V/) ])otwOell tho vossol ])ottolll h('ad aim
the free surfa('e of watvr ill the skirt, tilt, tOllll)oratllt'e iu('reaso of water
volttlllo (Vt) is deterll|ille(I })y ltsing a sill|l)h, lttil|l)tql-('nlmvity lllt,tl|()(l by

= (o9)

wllore Qt is tho allmttnt of heat transfer rate fl'()lti tlw wall to wat(,r vohtnw
an(l TI = T l. at t = 0.

Th(, tilno ro(lttil'ot[ for the wat(,r voltlllW tt) l't'm'li its sattll'ati(m tPlll-

lwratttre is o]_taitw(l })y

t _ (T,,,, - TI.)t't"v.II ;
'"""- (70)

Assmning that a fraction of heat trnusfl,rr(,(i front tit(, v(,ssel I)¢)tt()nl
wall (luriug nu('l(,at(, i)oiliug is tts(,(l t(} heat lip t]|(' wator V()llilIIi'. it is
fmm(l that al)(ntt 4 hottrs ar(, ll('('(l('(l to r('a('ll th(, satlll'atit)ll t(,ll!l)(,ratttro

of wat('r volulll(, (showl| ill Ta])le 1.2) Wli('l| al)i)ttt 10 '/ t)f l/oat trallS-

f(,r rate froni t]lo vt,ss(,] is tts(,(l. Fig!tro 1.37 sllt)v,'s t]|(' isc)tll(,rlll ill th(,

vossel shell for Vv = 2/3 V,,,,., with T/. = T.,,,l. It is s(,('ll tlltit tlw wall
tr,llil)(,ratures al'()ttn(! th(' v(,ss('l])()tt()lll all(1 th(' skirt l'('giol| al'(' ili('l'(,as(,(l
l).va t_mxitnmii of !70 h:. With stt('h at! itl('r(,as(, in tollll)('rattll'(' t|l(' V('S-
s(,l wall t('Ull)('ratttr(, is still ttttt('h ]()wet thall th(, lil(,ltillg t(,llll)(,rixttlr(, of
st('('l vessel (17()() K). Tliis is (lit(, t() tll(' fa('t that tlw sllrfa('t' ar('a of th('
])(}ttolll h(,a(l stll)l|l('l'gt'(I ill water is vt,ry Sll|al[.
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Table 1.2: Times required for water volume to reach
its saturation temperature

Vp = 2/3 Veo,, ,ei's = 0,5, Tt = 1200 K
Q_oit,tot.t= 37.074 x 104 W

Ql/Q#o,l.t,tat(%) tma=(sec./min./hrs.)

i00 1440.8 / 24,01 / 0.40
so is01,0/ 3o.o2/ 0.5
60 2401.3 / 40.02 / 0.67
40 36o_.9/ _o.o3/ i.oo
20 7203.8/ 120.05/ 2.00

10 14407.7 / 240.13 / 4.00
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Effe('tsofthedecayh<,atinthecorilunpooland thetherlnalcon&w-
tivities of the coriltm aml the r(.act()r vessel shell on the thermal l)ehavior

of the BWR vessel lower hea(l are ('onsidere(I in Appmldix I.I. It is found
that the Inaximlml inner wall temperaturt, ol)tained 1)y using the 1)_et

value of Qu_.,t, is predictetl to be about 200 K lower than that of the
base case (the upper 1)olm(l of Q,q.,,4,for Vt, = 2/3 V.,.), The effects of
k,,_.,.etand kp on tile BWR vessel shell temperature are follnd to l)e not
significant,

Mechanical Behavior of A BWR Vessel Shell

Based on the temperature distribution in tlie BWR vessel shell, the
° v _effeetl e stresses are determined for a given system pressure. Figures 1.38

and 1,39 show the tlistrilmtiou of the stresses in the BWR vessel shell

for the two types of 1)oltndary conditions on the top of the cylindrical
shell when Mayinger et al's correlation is used and tim system pressure
is 7 MPa. The minimu]ll stresses or'curing along the mid plane of the
hemispherical w.ssel shell are lower than the yiehl stress of steel vessel
(about 50 ksi) ex<'eI)t in the region near the vessel support skirt. However,
the stresses in the cylindrical vessel shell arc, higher than the yield stress of
the steel vessel over a with, region. Since the largest temperature gradients
occur across the hemisl)ht,rical vessel shell al)ove the skirt attachment, the
corresponding stresses in that region are high. B,,nc!ing moment aroltn(l
the skirt attachment will result and affect the stress distril)lltion in the

cylindrical vessel shell connected to the hemisphere.

In order to investigate tile effect of the system pressure on the ther-
mal stresses, the thermal stresses in the vessel shell are consi(lered fi)r a

low system pressure. Figure 1.40 shows the distribution of the thermtd
stresses in the vessel shell with the roller 1)oundary ('onditiml _m the top
of the cylindrical st,('tion when Mayin_ier et al's correlation is used and
the system pressure is _/ssume(l t() 1)(, 1 l_lPa. Comparing the thermal
stresses with Pi = 7 lklP_l (shown in Figlu'e 1.38), it is seen that th(, sys-
t,em pressure (lo(,s n()t 1)l_y_ldt)nfin_lnt roh, on the therln_!l stresses in th('
hemisl)lleri(.al vessel sh('ll. It is _llso note_l that the 1)(,n(ling (,tft,ct ()n tim
('ylinth'ical vessel shell ix re(lu('e(1 as the systeln pressure (h,('reast,s.
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Figure 1.41 sll()ws th(' (l('f(,rlll(',l shal)(' of tll(' vessel sh(,ll fi)r the rolh,r
boundary ('onditi()ll on the t()l) of the eylin(Irical set'tion. Ew,n though
th(, severely (i(,fl)rlll(,(i sll_ll)(' of tll(' sliI)P()rt skirt is ol)ttfined ])y llsing tilt,
elasti(' theory, it can ])(' (,Xl)(,('t('(l tlmt the effective stresses in the skirt
strlwtalr(, will 1)(, iillwh higll(,r tllan the yield stress of st(,el, (,specially
ne)_r the arlxq)i) w(,l(l r(,gi()n. If th(, skirt armpit w(,l(I fails, w)iter existing
o11tsicle th(, skirt cm! fl()w into ill(, skirt region mul disl)la('(, the tr)q)l)('d
g)ts.

Tll(' total (iispl)l('ellWntS of the o_lter w,ll of the vessel shell ar(, plotted
in Figure 1.42 whell M_lyinger (,t al's correlation is 11se¢1for Vp = 2/3 V,.o,.,..
It is seen that difft,renct,s ])et.ween dispb_coments of the oilter wall of tho
hemisI)heric'al vessel shell fl)r different system I)r_"ssures are v(,ry sllmll.

Fig_r(, 1.43 shows th(, (listril)_tion of the effective stresses in th(, ves-
sel shell with th(, roller ))o_md)try ('ondition imI)osed ()n the tOl) ()f thP

cylindrical section fi)r V),- 1/3 V,,,,,.,.. In ol)t)fining tho efft,('tiv(, stresses
Mayinger (,t)tl's correlation wa.s used witl_ a syat(,m l)re,_sure of 7 MPa.
Since the vessel wall teml)('ratures in the skirt region, for V), = 1/3 V,.o,.,,,
are higher than t hoso for ()thor 1)()olvolumes as shown in Figure 1.35, the
('alculat(,d stress(,s are 1)r(,di('te(1to ex('(,ed the yield and ultiL,u_t(, str(,ss(,s
of steel over a wid(, region across the hemispht, rieal vessel shell. This
r_tis(,s the possibility of _. large l)iasti( ' (l(,formation an(l th(, s_u'vival of
the vessel is i)la('('(1 in (l_wstion.

Fig_re 1.44 shows th(' tot)d (lisl)l_('enmnts of th(, o_t(,r wall ()f th(, vessel
shell for difl'er(,nt pool volumes when l_l_.vinger et al's ('orr(,b_tion is _se(1
fi)r Pi -- 7 MPa. It is seen that larger (lisI)lacenw_ts in th(, skirt region

for V), = 1/3 V_,,,.,are 1)r(,dit't(,(! to oce_r (l_w to l_igl_(,rwall te_|q)(,rature
(listril)ut, i()ns in that region.

A dryw(,ll fl()o(li_g st rat(,gy t()('o_l)l(,t(,ly (.over tl_(, B\VR r(,)_('t()rv(,s-
s(,1low(,r l_('a(1witl_ wat(,r in whi('h a gas r(,l(,ase I)atl_way fr()_ th(, v(,ss(,1
skirt n_igl_t1)(,l)r()vi(l(,([is ()))tai_e(l))y (irilli_g sev(,r)_ls_mll l_()l(,sthro_gh
th(, skirt a),l)()i_)_ j_s)l)(,l()w tl_(, att_('l_)_('_t w(,l(l [4]. Fr()_ th(, start(l-

) ) ( 0i)()i_! of r(,g_)lat()rv r(,(1)ur('_('nts. ('()'<)-l)(q_(,H)a_a]ys(,s, r)_I_ati()_ ('Xl)()-
s_r(, (() i)ers()_)n('l, (,(('., tl_is is ('l(,arly _)())a l)ra('ti('al I)r()I)OS_]f()r existing
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Deformed Shape

Figure1,41:DeformedshapeoftheBWR vesselshell
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FIGUU 1.441 Comparison of total displacement of outer vail of the BWR
vessel under different pool volumes.
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fa¢'ilitios; it _liight IH,c'c_llsicl_,r_,cl,hc_w_,vc,r,fi_r a¢lvml¢'o_llflmlt dosigns,

Figure, 1.45 sl,ow,_ tile, isc}tll_'r.ls ol}t.itlf'_l IJy roh,asitlg tho g_m tral_p{'d
in the support skit'! wlle_l M_kvitlgeret .l's corrolatioti is llSC,dfor Vt, =

7' 0

2/3 _, .,,,.r, It is seen th.t the, otltor wall totllln.ratures in the skirt region
are significatltly lmw,r tlt,m tliose witllollt w,llting tlle tr.plWd gas in tho
skirt.

Air optixltistl _'.se t'{}rtire, clistt'ilnttiotl cJf tlt_, offoctlx'o stressvs in tho

vessol sholl v,'ithc.tt the, lr.l}lH,¢l g.s in tho skirt is cotlsi_lored, Basod on
the t_,tnporatttro _listrilntti_}_tin tho voss_,i sltoll as shown in Figure 1.45,
tho thormal str{,sst,s aro ol}taittt,d for a system presmtro of 1 l_lPa and V_,
- 2/3 V,.,.,. Fig_t't, 1.4Gsltt}w._tlt{. {li.stt'il,_tit}_ of tl_t, tl_,r,_ml strosses in

tl_t, w,,ss{,l,shell for tl_t, rollt,r I}t_t_tlarv co.tlititm o. the, top of tile cylin-

h¢'_fisl}lt{'ri¢'.lv{,,_,_{,lsh{,ll att{I .r_, h}w_,rt ll_tl! t]lo yiohl stress of the st,eel
vessol. Bo{,mtse _}f. v_,r,vl.rgo t{'llll}ortttlli'_, {liffot'ottc{,.¢,ross tho honfi.

spherical w,ssel shell al){}v_,tit{, skirt att.¢,l_t_tont mtd tho high thormnl

w,ssol sholl is ol}s{,rve{I.

Fig_tr{, 1,47 shows tlz{,_li,_tt'il}_tti{}tt{_ft}lo st l'{'ss{'s ill th{' vessol shell
with{}ttt tit{, S_tl}l}{}rt,_kir! ;l,|lil('lllllt'll| (_lSslllllOtl |(} 11{' f.il{'{I) on the outer

wall of tits, voss_,l l{_worh{'._l h}r a s).st_,_t l}r{,ss_tro{}f1 l_IPa att¢l V:,
-- 2/3 V,.,,,,,. Tire _lti_ti_lt_t_tst r{,,_s{}{'{'_t'i_tgal{}tig tit{, _lti_l l_hmo of flto
h{,_fisl}lt{,ri{'alv_,s,_{,ll_}w_,rlt_,_.l is l_}wer thmt t]w yi_'l{l str_,ss of steel
voss{,l (,x('(,l}till t l_{,_.rr{}w r{,gi_}_t,j_tst l}_,lowtl_{,i}_}olfi'{,_,s_trfac(, where
the larg{,,_t t{'_l}_,rat_r_, _liff,,r{,t_{'{,,__}r'{'_tra{,ross the, w,s,_,l wall, Since
tl_,r{, is t_} I}{,_l_li_tglll{}llll'llt 1}11t']11'_'ylitl{Iri{'al v{,ss{,ls]_,ll for tl_is case,

i_the,Im'S_'_'_'_ftl_,skirt.

Fr_ tlt_,r_,_Its,_ftl_,st_,_iystat_,t_,_q_,r_t_tr{,_listril,_tim_intho

13WR ,,'_'_s_'l_it_'lll'_}r\_,= 2/3\ ,,,,.,._I _,,'l_,_zI_l_yi_g_.r_,t_Is _'orrola-
ti_}llis_I._,_I.str_,_,,,..;_{'I'_}_tl_,l_'_ti,_l}l_'ri_'_l_'_,s_,l_I_,II.r_,l'_}_n_lnot
_,x_'_,_,_ltl_,yi_,!_lstt'_,ss_}f,_t_,_,l_,×_,_,l_ti_ tl_,l_rl'_r:.,r_,giolim'o_til_lthe

_kirt,H_}w_,,,'_,r.l',,r\'.- I/3V,,,,,,.,_tr_,s,_,,_i_tl_,l_,_isi_l_,ri_,_lw.ssd
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sllell _lr(,1)reclic'to(It()exc(,o(I the yiel(I stress over _lwicle regioli t,rmm(l th(,
skirt _uld _t largo l)l_lsti(' (l(,fi)rnmti(m in predicted to ()(,(.ltr. L_lrge (l(,f_)r-
m_ltimt tlt(,ory or pb_sticity tlHJery neecls to he _pl)lied 1)efore _l('oltchtsiw,
st_tement witll resl)eCt t(, fldlttr(, of the vessel c_m t)e m_ule.

To _Lssc,sstlJe fidlltr(, of the BWI'{ vessel shell due to creel) rltptltre, rttp.
tttre till,'s _r(, ('tllcttl_lte(i I)y rising the rel_tionship l)etween tile L_u's(m-
Miller lmr_u_eter nnd tl_e equiv_dent stress in the vessel shell. The de-
l)('t_(It'n('('of rttptttre titti(,s ()n v_xriottsvessel shell teml)er_ttttres is shown
ill Figttr(' 1.48 f(_r (liff(,r(,ltt syst(.t_l l)rt, ssllros. Froth th(, trltllSiollt tumlysis

()f tilt: th(,rlntd I_ehavior t)f tilt, PWI't vessel lower |l(utd, it wn.s follnd tlmt
time period longer titan 3 hottrs _tfter slttmping of the core m_tteri,_l into
tilt, vessel lower h(,,ul in n(,(,(l(,d fi)r the vessel w,dl teml)(,r_tttre to ,tt.t_in

,t stmuly st_te ('ondition. Is()tlternis in the vessel shell fi)r V;, - 2/3 V,.o,._
when M_t.vit,ger et _tl's (.orrel_tti(m in ttse(I _tre shown in Figttr(, 1.34. The
vorr(,sl)on(ling tm_xittitttiist muly-st_tt(, inner wMl t(,mperntttre, th(, _m_xi-
tillllll ste_uly-stnte niid l)l,tlle t('nll)('rnttlro and the nlaximillll st(,ady-state
()ttt(,r wMl tol_ll)erltttlr(, ,tl'(, ()l)tMn(,(I to ('alt'ttl,tte the creep rtll)ture times
for (liff(,r(,nt S3'StOlil I)t'('SSllI'('S.It iNft)ltll(l tlmt for syst('lll l)rossllrvs ()f 4
_tn(I 7 MPt_. it_mie(li_tte ('reel) faihtre (_f the w,ssel shell will occttr if the
_mxit_lttttt st(,_t(ly-stttt(, imt(,r wMl tmill)('rntttre ()f the vessel lower het_(l
is tts(,(I. H,,wev,,r, t_l,()_tt 1 hmtr (,f r_ti,t_tr,, thn(, _fft(,r (l_u_si-ste,uly con-
([iti(,ltS ill't, ()l)t_till(,(I in l)r(,(lit.to(I W]I('Ii tile lllitXilllllIli st('tt(ly-st_lto outer

w,dl tmtll)ormttre of tile vessel lower hmul is use(I.

For _t s,,,st(,_li 1)ress_tr('()f'l MPa. _l,)ttt 1 hour of rttl)tttre t i_(, _fft:(,r
tl_(, 1)()()1_tt_it_s its n(,_r st(,_uly strut(, t(,mi)er_t_tr(, in 1)r(,(li(,t(,(1wh(ui tl_(,
timxi_t_ st(,_(ly-st_te inn(,r wMl t(,t_l)(,r_tttre is _ts(,(l. H()wt,v(,r. rttl)t_tre
tilll¢' ()f tilt' ()rtl('r ()f ]()(i ll()lll'S in l)r('di('te([ Wll('ll tit(, IlI*IXilIIIIIII st('a(ly-
st,it(, (_ttt(,r w_tll t(,tttl)(,r_ttttr(,is ttse(I.

If tit(, tt',tl)l)e(I l_ts ill trill, skirt l'ogioll is x'ollt(,(l I)y ,_()lll(' lilt'tillS tl_ lll(ql-

ti_)_l(,(!(,,tl'li(,r, tlio lll_'lXillllllll stott(13'-stttto ()ttt(,r w,til t('tlll)Ortltlll'(' (s]IowII

itt Fiv,ttr(' 1..t.7_)ix l,ro(lit't('(I t(_ 1)(, l(_wer thtui theft witlt()_tt v(,titing th(,
trttl_l)('(1V,_tsi_l t ll_,skirt, i)si_lv, tills ()ttt(,r wttll to_t_l)ort_tttr(,._iitt('l_l()_g(,t"
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Th(' ('r('('l) I')ll)tlll'(' til)1('s ar(, d(,l)('ll¢l('nt Ill)On the v(,ss¢.l w)lll t,enq)(,r-

atilre ('h¢)sen f()I"t])(' ('al(',_lati()ns. TI_(' ostimate(l rul)(11re t.ilil(,s can ])(,
ils('¢l t() ass(,ss ill,, i)r()l)_))ilitv ¢)f v(,ss(,l fail,Ire during flooding of the dry-

w(,ll t)f a BWI_. It sh())il¢l ;Ig;ii)i l)(, not('tl that tree I) r111)tllre times have

n()t been ¢,alcul;tt(,(l l)y ('>trr.vi)ig ()1)t tinle del)endent strt,ss ('a]culatit)ns

all¢l l)y eval,latilig tiIIl(' i))t('gr_tt('(l ¢lamage to a particlllar elt,nlent iI) the
vess(,l wall.

Calvlil;_tions ar(, I)(,rf()rlJl(,(l in AI)pendix I.J to d(,termine the effect of

tll(' water l('w'l in )11(,(lr.vw(,ll ()11tlw llpi)(,r vessel wall t(,nH)oratllre wll(,)l

conq)l('tc' v(,ntiIlg of th(' S_l)l)()rt skirt oc¢'_rs ))y sore(, means. It is fo_n(!

tl_at, for tl_(', att;_inal)i(, wat(,r l(,w,1 (at)o_t two-thir(ls vess_,l height) in

the dryw(,ll, the' _li)I)_'r v_.ss_,lwall te_q)erat_res are predict¢,d to be lower

tl_a_) th(, )_(.lti_g t(,_l)(,r;_t)_r(, ()f stoc,l v(,s:_el. This is v_li(l as long a.s

heat loss rat_, fro_ (l(,l)ris t() tl_(, _i)i)(,r v(,ssel wall is l(,ss tl_an 10 MW.

Tl_(,r('for(,. if th(' w_t(,r l(,v(,1 i_ tl_(, (lrywell is kept hig]_ enol_gh and the

s,_I)I)()rt skirt ix w.l_t(,(1, i_(l(,fi_it(, r(,t(,nti()n of cor(, _at¢,ri;_l i_ the vessel
low(,r h(,a(l ca_ l)(, m'hi(,v(,(l.
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1.7 CONCLUSIONS

Two diInensional transient (PWR) and steady (PWR and BWR) state

thermal analysis of the reactor vessel shell have been perforIned after
('ore material relocates into the vessel lower head with ('avity (or dryweil)

already floodetl with water. Results were obtained by using two different

heat transfer ('orrelations for the natural convection in the molten pool. In

the analysis, the emissivities of pool free surface, the vessel wall, the upper

structure, the ])aftie plate (BWR) anti ('ore shroud (BWR) were wtried

parametrically. Cal('Itlatiolls were i)erformed for stru('tllre temperature

between 800 and 1600 K (PWR) and between 1000 and 1500 K (BWR).

Effeeitve stresses and displaceInents in the reactor vessel shell were

investigated by llsing the lmmerit'ally calculated steady state t eml_erature
distributions in the vessel shell when the cavity (or the <h'ywell) is flooded.

An axisylnmetric finite element s<'henle was implemented l>y means of

the computer code, NASTRAN. The clampe<l anti the roller boundary

conditions on the top of the vessel shell were employe_l as extreme cases.

For the given system pressure, the creep ruptllre times after slumping of
the core material into the vessel lower head were determined by using

the relatonship between the Larson-Miller parameter and the equivalent
stress. It was found that:

• it may take sew, ral hours t>efl)re qlmsi-steady state <'on_litions are

established in the PWI1 vessel lower head. During the transient

period the pool temperature will increase accompanied l>y remelting
of the cr_lst.

• Some melting of the PWR vessel inner wall is precli<'tecl to occur.

The thickness of the vessel wall after mixing of the nmltt,n steel with

the molten ('ori_un is allowed is small anti may not ]>e al_lt, to s_lstain

the imposed stresses. This in tlml may lead to vessel faihlre.

• Melting of the BWR baffle l)late is predi<'ted to o<'('llr anal this may

open a new path f()r the releas(' of sltperheate<l steam and fission

prodlwts.

• The effe<'t of _,llfissivities of the pool slu'fa¢'e, strlwtllre, the vessel
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wall, tim l)atfl_, l)lat_' (BWR) an_l the core shrolld (BWR), and tile

structllre t ellq)erat_lre on tile vessel inner wall is predicted to be

small when Maving('r et al's correlation is used. However, the emis-

sivity of the lmwett(,d wall has a larger effect on the lmwetted wall
temi)(,rature.

• The (,ff(,ct of variation in the decay heat in the nmlten corimn on

the vessel sh',ll tenq_(,ratlire is predicted to be small when Mayinger
et al's correlation is used. Howe,vet, the thermal conductivity of the

w, ssel shell has a largo eff_,ct on the mlwetted wall temperature.

• From therInal analysis, it is folmd that for the range of parameters
sUldied, some melting of the vessel inner wall will occur, hence flood-

ing of the cavity of a P\VR may not provide an effective means of

r(,taining the, <'ore zimt(,rial in the re_lctor vessel lower head. How-

ew,r, floe(ling of tlw (lrywell of a B\VR may provide sllfficient cooling
of the reactor vess(,1 lower heacl to maintain the molten core within
the vessel lower hea(1.

• Significant deviations in the l)r('(lic'ted temperatlm, s ('an occur be-
('mls_, of lmcertainti(,s in th(, internal natllral convection correlations.

At I)resent no (lata ar(, availal)le at very high Rayleigh number en-

('()llnterod in the calc'ulation of nat llral convection in the molten pool.

• The eff_,c.tiw, stress(,s in th(, PWR w,ssel shell at(, predicted to ex-

ceed the yiel_i stress of vessel steel for both the roller and clamped

))o_mdary con_liti()ns an_! fi)r pool volmnes considered in this paper

when Mayinger et al's ('orrelatioi! is llse(1. The effect of temperature

variation _m the st r{,sses is fi)_m¢l to l)e mlwh znore i)ronolmced than
that (_fsyst_'ll! 1)r('ssllr(,. There, fore, a largo I)lastic (lefi)rmation of the

w,ss_,l sh(,ll is 1)r(,(li('t(,_l to oc'('llr. The present cal('lflations in which
l)lasti(' (l_,f_)rzlmti()n an(l r('laxatiolx of stresses was not considered

s_tgg(,st a high 1)r_l)al_ility of the P\VR vessel titillate,.

• For Vp = 2/3 V_,,,., t l_(,rmal stress(,s in the BWI1 vessel lower h('ad

at(' 1)r_'(li('t_'¢l to 1)_,l()w_,r tl_an the yi_,l(1 stress of steel except in a
narrow r(,gio_ iz_ th(, S_l)l)ort skirt wlmn Mayinger et al's ('orrelation

is us_,(l. H_)w(,v¢,r, f'(_r Vp - 1/3 V,.,,,.,, the .stresses ar_, predict('d to
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be mut'h higher thml the yieltl stress of steel and the sllrvival of the

vessel lower head is ill qlwstion. Again no plasti(' d_,fl_rmation or

relaxation of t]wrnlal stresses haw, |wen in('hl(le(l in the analysis,

• Venting of th(' t raI)I)('(i gas in the B\V1] vessel sui)I)ort skirt is fl)1111<l
to lower the stress distriJmt, ions in the BWR vessel lower hea(l ml(l

' ein t_lrn in('reases ('re(, I) r_l)t_lre t_in s.

• The t)oun(lary ('on(lit, ions used in the effe('tive stress ('al('lflatiolls are

only al)proxilnate. Fllrther refinement of the model can l)e achiev('(l

t,hroltgh a more detailed analysis in('lllcling the llI)I)er ('ylindri('al por-
t,ion of the vessel.

• Large deformation t,heory or plasti('ity analysis nee(,_ls to l)(, al)l)li('d

to predict more reliable (lisplacement and stress (listril)lltions in the

vessel shell. However, the I)lasti( ' l)ehavior of the w'ssel mat(,rial at

high t,emperat.ure is not, yet ('learly lm(lerstoo(1.

• A large uncertaint, y exists in t,he pre(li('t, ion of ('ree l) rill)tilt(' t,iln('s.

Cree I) rupture times of only a few hollrs are l)recli('tecl if high('st av(,r-

age wall t,emperature is 11se(l. However, r_lI)t,llre t im(,s are w,ry long

if vessel outer wall temperature is used. Creep rupture times haw'

not 1)een ol)t.ained 1)y carrying ol_t time depen(lent, stress ('al('_flati(_ns

and by evaluating time integrate(1 (lamage t,o a I)arti('_lm • (,l(,_(,nl in
the vessel.
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Appendix I.A
Finite D[Rerence Form of the Transient Energy Equation

for the Vessel Shell (PWR)

Using central differences for the spatial derivatives and the forward
• fference for the time derivative in Equation (i.1) and defining Arffi(R2-
Rt)/M, A0=_r/2N, r-Rl+i_r for i=0, 1, 2,..., M and Offij_O for j=0,
1, 2,..., N, tin=mAt for mffi0, 1, 2,... and T_')ffiTw(r,0,tm), the finite
difference form of Equation (i.1) becomes

T,IT.')- (_- 2U,)T/7+__%+U,_,._!_+U,T,_,+_',T,7+',
where

U_ffia_t + r_02

"2" ;I;1±
(, oo,,)
(r z cotO)

a_d the superscripts in the above equation denote the time step.
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Appendix I.B
Effect of the Steam on the Radiative Heat Transfer

A simple calculation is performed to estimate the effect of the steazn
on the r_ative heat transfer _om the upper surface of the pool. Two
p_lel plates are considered to simulate the upper structure and the
pool free surface as shown in Figures 1.1 _d 1.2.

it is assumed that scattering is coherent _d isotropic and that the
ste_ temperature distribution is usociated with the condition of ra-
diative equilibrium. For the radiative equilibrium condition, equation of
transfer is given by

OJ(z,_) of_ tU O_ +°J(z't_) = _ I J(fi)dfi (I.71)

where/z = cosO, z is the distance from plate 1 having temperature Tl, o
is the aborption coefficient and J(z,/_) is the radiative intensity which is
indendent of frequency,

The corresponding boundary conditions axe

acT_447r 0j(0,D) Jfi Idfi, t_> 0 (1,72):(0,j,)= +2(1-

aCT24 /OIJ ,= ...............+ 2(I -¢_) (L,_)_d_ U < 0 (1.73)J(L,l_) e2 47r

where b = ac/4, c is the speed of light, b is the Stefan-Boltzmann con-
stant, L is the distance between two parallel plates, el and Ca are the
surface emissivities, and T l and T_ axe surface temperatures.

Using th.c definition of the radiative flux of energy in terms of the solid
angle, f/, given by

P(r") = f4, f]J(_' f])df] (I.74)

and integrating (!.7!) over all/z, we get

OF
0-7 = 0 (1.75)

The classicaldiffusiontheorystates

I d
F(z) = 30 dz (cE) (I.76)
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where E is the radiative energy density defined as

E(r") - } _4,3(_',t_)dt_ (1.77)

Combining Equ&tions (I.75) sad (I.76), we find the following

d_
_(cE) =0 (I.TS)

or

cE(z) = A + B_z (1.79)

To determine the constants A sad B, we need the Msrshak boundary
condition corresponding to (1.72) sad (1.73). In diffusion theory, we have

1 [cE(z) + 3#F(z)] (I.80)J(_'_)=4"7

Using Equstlon (1.80) in (1.72), multiplying by 2_r/_and integrating
over 0 _</_ _<i, we hsve for z = 0,

_IOTI 4 I'm _,l"- - (cE) (1.81)
4 60 dz ,-o

Similarly, at z = L, we have

e_OT24= e cE4 + (2-e_)__d (cE) (I.82)6a dz ,.L

Using Equstion (I.79) in (I.81) and (I.82), we get

e_T__ _A - (2- e_)V (I,S3)= 4 ......6.......
sad

Solving the above two equations simultaneously, the constants A and
B can be obtained as q

= _(h_g4+ h292) (I.85)
A
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and
q

= _(h_g_- h_oa) (1.86)B

where
m 9t94 "4"_93

gi= 4
(2-el)

6
m

gs= 4

o,= _L + 6

hl= _l_Ti4

UsingEquations(I.85)and (I.86) in (I.79), the radiativeenergydensity
becomes

a

E(z)= _ [(h,04+h_a_)+ (o_h_- h_os)_z] (I.87)

From Equations(1.76)and (1.87),the radiativeflux of ener_ becomes

F(z) = -l[gsh_ - hlgs] (1.88)
Oz_.s

B * W'The temperature distribution as octated ith the conditionof radia-
tive equilibriumbecomes

E(z) I
T4(z) = ...................= _ [(big4+ h_g_)+ (glh_ - hlgs)oz] (1.89)a 4c)_

If the radiationheat transferbetweentwo parallelplates without the
participatingmedia is considered,the radiativeheat flux fromsurfaceI
to surface2 is obtained as

",T,')
F ffi1/(1 + 1/e_- 1
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Using the psrticipstlng media ss ste_ between plates, the radiative
heat flux is cal_at_, in which the emissivities of eac_ surface are taken
to be 0,5. The co_esponding surface tem_ratures are taken to be Tl
= 2500 K which is the melting tem_ature of the molten pool and T9
- 1600 K which 18cl_e to the melting temperature of vessel structure.
A_o_tion coemcient of steam is about 0.7 m"i at T.f..m _ 2200 K _d
1 atmospheric p_ure. This value is obtained from the reference listed
below,

The ca/c_sted he&tfluxu reaching the muffle2 with and without the
p_ticipattng steam between two pwdlel su.._aces are F(with steam) =
0,6393 MW/m _ and F(without steam) = 0,7344 MW/m s. It cambe seen
that about 13 % of the radiative heat is absorbed by the participating
steam, Therefore, t_s small amount of the radiative heat abosorbed by
the participating stesrr do_ not s.q'ectsignificantly the calculated vessel
inner wall temperature.

Reference for Appendix I.B

E. M. SPARROW AND R. D. CESS, Radiation Heat _sfer, McGraw.
Hill Book Company, mY, 1978.
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Appendix I.C
_diatlve Heat Transfer Parameters (PWR)

The expre_ons for f's, Z and Y used in Equations (i.7), (1.8) end (i.9)
are listed below:

eeAu

, _uAu

18 ==euAuo(T. 4 - Fu-.Tu, 4- Fe-.T. 4)

,,ctoAw

f4= Fw-e(1 -e,) euA.

h = I-Y,._.(i-e.)
,ewAw

/e= r._,(i-_._e.A.
Jr7==e.Awa((l- Fw-w)Zw4- fu,_.Zu 4- Fu,_.T,4)

I_=(/_-.:_)/4+(I_+I)16+(/_+ I)/_
1 + coa200

I

8inOo
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(ma)n 'll'eA_._a_n0 aq_ jo _uamaa'_Ids!d [_:to,.t.,
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Appendix I.D
Comparison of the Hea_. Fluxes in Film Boiling

Simple calculations are performed to determine as to how much the
vessel wall during film boiling increases and to compare to that during
nucleate boiling occuring on the vessel bottom outer wall.

Heat fluxes are calculated by using the following expressions:

q..cl_,t_ = 0.,55ATwo,409 _<Two < 633K

qrad = ea(T_o - T4at), qfilm = hfilmATwo

qtotal = qfilm q" qrad

where _ = 0.5, A T_o = T_o - Ts,t and the film boiling heat transfer
coefficient for the liquid subcooling of 50 K is obtained from the reference
listed below.

ar..
hfilm = 0.45 t P'-__oD']/ J + 0.7 _ J AT_'-'-_

where

DI= g(Pl P_)

and

A T,_ub = T, at- Zliquid

Since even with the radiative contribution included the total amount

of heat transfer in film boiling region is much less (by a factor of 10)
that than in the nucleate boiling region as shown in Table 1.3, the outer
wall temperature in the film boiling region is found to exceed the melting
temperature (1700 K) of the steel vessel.

Reference for Appendix I.D

R. VIJAYKUMAR, "Hydrodynamics and Heat Transfer Aspects of Sub-
cooled Film Boiling on a Vertical Surface," Ph.D. Thesis at UCLA, 1991.
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Table 1.3: Heat fluxes under different outer wall temperature

Two q/ilm (MW/m 2) qrad (MW/m 2) qtotal (MW/m 2)

, ,, , ,. ,f ,

I000 0.2969 0.0280 0.3249
1200 0.3388 0.0586 0.3974
1500 0.4021 0.1437 0.5458
1700 0.4433 0.2375 0.6838

Two (K) q.uet,a, (MW/m 2)

, ,

450 0.2494
500 1.1226
550 3.0421
600 6.4207

_
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Appendix I.E
Effects of Liquid Subcooling and Downward-Facing

Orientation of the Vessel Bottom Head

The flooded water in the cavity will be heated during cooling of the
reactor vessel lower head through the nucleate boiling occuring on the
outer wall. The increase of water temperature around the vessel outer
wall can be anticipated if the cooling process takes long enough time. A
simple calculation is performed in this Appendix to estimate the increase
of vessel wall temperature when water is heated up to its saturation
temperature. Under such conditions, the result as shown in Figure 1.49
indicates that the temperatures in most of the vessel shell exceeded the
melting temperature of steel veil (1700 K) and complete failure of vessel
shell will occur.

Concerns have been raised about the applicability of the nucleate boil-
ing at the very bottom of the hemispherical vessel lower head. Due to
the downward-facing orientation of the hemisphere, vapor film may form
on the wall. A simple calculation is performed by applying the insulation
boundary condition on the bottom wall for the angular position (0) from
0 to 4.5° in order to determine the temperature increase at the bottom
head. Figure 1.50 shows the isotherms obtained by using the insulation
boundary condition at the bottom wall when Mayinger et al's correlation
is used for Vp = Vco_e. It is seen that the highest outer wall temperature
at the stagnation point is less than the minimum film boiling temperature
(about 926 K). Therefore, the formation of vapor film at the very bottom
of the hemisphere is expected to be rare due to the high degree of liquid
subcooling.

References for Appendix I.E

V.K. DHIR AND G.P. PUROHIT, "Subcooled Film Boiling Heat Trans-
fer from Spheres," Nuclear Engineering and Design, Vol. 47, p. 49, 1978.
R. VIJAYKUMAR, "Hydrodynamics and Heat Transfer Aspects of Sub-

cooled Film Boiling on a Vertical Surface," Ph.D. Thesis at UCLA, 1991.
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Figure 1.49: Temperature distribution in the vessel shell for Tw°,e_= T,.,
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Figure 1.50: Temperature distribution in the vessel shell obtained by
using the insulation B.C. for 0 - 0 ,,, 4.50
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Append_ I.F
Finite Difference Form of the Steady-State

Energy Equations for the Vessel Shells

Gauss-Seidel iterative method in conjunction with central-difference
approximations for the derivatives in Equations (I.22), (I.33) and (I.34)
are used to solve the partial differential equations. Defining Arffi(R2-
RI)/M, A0ffilr/2N, AxfX/L, rfRl+iAr, 0=jA0 and xfkAx for iffi0, 1,

..., M, j-0, 1, ..., N, and k=0, 1, ..., L, and T_(_)fT.(r,0) and T_)fT_(r,x),
the finite difference form of Equations (I.22), (I.33) and (I.34) become

_j + + +-- ¢-"_-I,j t"31_,j-I ,j _5_i,j+1

and

.-. ,..(.+I) (T.(.) ...(.+!)_

where

c_=2 _-Tj+ _-_
r 2 r

C2= Ar 2 _r
1 cotO

C3= A0 2 2A0
r 2 r

c4- X-j+ _
I cotO

1 1

D2 = _r 2 + 2r'Ar
i 1

. D3 = Ar-'-"_ - 2rAr
1

D4=

Initial values T.!°) and .,(0),,_ 1i,k are assumed to be given for all variables and
the superscripts in the above equations denote the iteration number.
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Appendix I.G
Radiative Heat Transfer Parameters (BWR)

The expressions for A's, A's, B's, E's, G's, Z and Y used in Equations
(I.35), (I.36), (I.37), (I.38)and (I.39)are listed below:

A_=/F+/H(h+I)

A2 =/A - fc(/L + 1)

An - --fAftt - fC/F

. A4 =-fc(fK + 1)- 1

AS-----fE-- fH(fK + I)

A8= -/C/E-/.
A7 = fE(fL + l)+ fF(fK + I)

A8 = fA(fK + I) + fK + I

A9 = fr-- fAfE

B1 = gF -- gE

B2=gB+I

A'E= (fc+l)(fF--l)+fH(.fA+&+i)+fE(&fC+fL--.fA)+fK(,fAfn+fFfC)

_G = gD(gB + 1) + gF(_A + l)

eua_

{uAu

fc = F,,_b(1- _b)7--_
e=Aw

IF = 1 - F._w(1- ew)

ewAw
fn = F__b(1- _b)-----

*bAb

Ao

Is = F,__(1- _.)_A-----:
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A8

fL ffi F,-.(1- e,)e_Aw

El = ,.A.a (T.4- F__.TJ - F__.To4- F__,T?)
E_ _.A._ ((1 - T, 4ffi F,_-w),_- Fw-,,Tu4- F,,-,,T,4 Fw-,T,4)

E, ffi A.a (r. 4- F,_,T, 4 - F,-.T,v 4)
A.

gA ffi F.-e(1 - 'e),eA---_

A,
gB= F,_t(1- ,t)_tA---7
gc - 1 - Fc-e(1 - ec)

._cAc

gr= Fc-,(1- _.t)_--_

G1 = a,a (T, 4 - F,_eTc4 - F,-tTt 4)

G2 ffie.Aca ((1 - F,_,)Tc 4- F,_.T. 4- Fc-tTt 4)

I + cos20o
JL. ut_Lu_.... ,,!...... i J

Z ffi l + sin_Oo
1

sinOo

1.129



Appendix I.H
Heatup period of Volumetrically heated pool

Measurements of the transient thermal responses of the fluid layer
bounded from below by a segment of a sphere were performed by Min
and Kulacki to determine the time scales of developing convection when
volumetric heating is suddenly started. The thermal boundary conditions
imposed on the convection chamber were zero heat flux on the lower sur-

face and sidewall And constant temperature on the upper surface. In an
effort to determine the time scale of developing convection, measurements
of time-dependent temperature profiles within the fluid were made for a
step change in Rayleigh number from zero to a certain value. Accor_ng
to their experiments, an over.shoot, or excess, in the temperature profile
was predicted in the upper portion of the layer in the early stage of flow
development when volumetric heating is suddenly started. This behavior
was to be expected in their experiments owing to the influence of con-
duction near the upper surface in the early period of flow development,
However, in the remainder of the layer, buoyant forces and mixing effects
were expected to be strong enough even at the start of volumetric heat-
ing to produce the well mixed isothermal core characteristic of turbulent

convection. This was believed to be due to a dominance of strong mixing
and eddying effects and possibly strong secondary flows in early period
of flow development. The time scales required for the temperature at
any vertical positions of z/H =0 and 0.5 within the fluid layer to reach
its steady-state value, tmaz, were correlated in terms of the Fourier num-

ber (Fo = at/H) of the fluid layer with the Rayleigh number (Rail -
g_,HS/c_vk) by

Cttma__.._z
Fom.x = H2 = 23.577Rail -0'_23 (1.91)

where z/H = 0 for 1.266 x l0 s _<Rail _<2.90 x 1013and

Fore.: = atm.__ = 58.055Ran_O 266
H2 (I.92)

where z/H = 0.5.

Frantz has investigated the natural convection in spherical segments
of volumetrically heated pool. The transient pool temperatures were
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Table H.4: Heatup time required for the pool
to reach steady state

Correlations by z/H Heatup time (hours)

Min & Kulacki z/H = 0.0 3,24
z/H = 0.5 1,62

Prmtz z/H - 0,0 1.86
z/H = 1.0 2,57

measured for different sizes of the hemispherical bell jar. Based on the
experimental results, the time scale, for obt_ning steady convection is
correlated in terms of Fo with Ran by

O_tmaz -0.2096

Fore,: = _H2 = 8.20Ran (I.93)

where z/H = 0 for 1.38 x 109 _<Ran _<2.74 x 1012 and

_tm.,r -0+1893 (I.94)FOr,,,= H2 --5.350Ran

_,:here z/H -.- 1.0.

Assuming that these correlations for the time scales for obtaining
steady convection in the volumetrically heated pool c_ be extended to
large Rayleigh numbers encountered in this problem, the heatup times
can be determined as shown in the Table H.4. it can be seen that the

shorter heatup time of the pool at the bottom is predicted when the cor-
relation by Frantz is used. This is due to the fact that the conduction
near the pool boundary plays a role in developing the naturM convec'tion
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in the volumetri_y heated pool.

lteference, for Append_!.H

J.H. MIN AND F.A. KULACKI, "Steady and _snsient Natur_ Con-
vection with Vol_etric Ener_ Sourcenin a Fluid Layer Bounded from
Below by a Segment of a Sphere," NUREG/CR-0006, 1977.
B. FRANTZ, "An Experimental investigation of Natural Convection in
Spherical Segments of Volumetrically Heated Pools," Master's Thesis at
UCLA, 1992.
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Appendix I.l
Effects of Q,,,._, k_ and k_,,l

Reduction in the decay power can occur due to the loss of volatile
fission products from the fuel-clad gap during subsequent fuel heatup,
melting sad relocation. Hodge et al suggested that about 80.3 % of the
tots] decay power at the time of lower plenum dryout is predicted to
remain within the fuel in the debris bed. An additional release of volatile

gases (equivalent to about 3.5 % of the total decay power) from the fuel
within the debris bed is predicted as a result of fuel melting within the
bed.

The effect of decay heat on the BWR vessel shell temperature was
considered here. Using the full power of 3293 MW for Pe_h Bottom
or Browns Ferry Pl_t, the pre_cted decay heat based on SANDIA-
ORIGEN is about 20.72 MW at I0 hours after reactor scram. The decay
heat after _counting the release of valatiles and noble gases (about 23
% reduction) is obtained _ 1,5.91 MW. T_ing the base case with the
decay heat of 25.14 MW for full core as the upper limit and the case with
the release of the volatiles and noble pases as the lower limit, vessel shell
temperatures are obtained. Figure 1.51 shows the variation of inner wall
temperatures obtained by using the upper and lower values of Qte,.p in
the pool when Mayinger et al's correlation is used for V_ =, 2/3 Ve=,. It
is seen that the predicted inner wall temperatures obtained by using the
lower value of Qee,.pare about 200 K lower than those obtained by using
the value of the base case. The reduced vessel shell temperatures in the
skirt region will produce the reduced thermal stresses in the vessel and
the longer creep rupture times.

Since the large content of metals exists in BWR debris, the higher value
of corium thermal conductivity can be predicted. Since the composition
of the moltem corium relocated in the reactor vessel lower head is not
known, an increase in the thermal conductivity of corium by a factor of
2 compared to the base case (kpoot= 3.6 W/inK) is used to predict the
vessel shell temperature. Figure 1.52 shows isotherms obtained by using
kpool= 7.2 W/inK when Mayinger et al's correlation is used for V_ = 2/3
Veo,. Since the average heat transfer coefficient based on the correlation
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ofM_¢ingeretalforthelowercurvedsurfaceisenh_ced by a factorof
1,74comparedtothebasecase,thehighervesselwalltemperaturesare

predicted,especiallyintheskirtregion,

Sincethethermalconductivityofthesteelvesselshelldecreasesasits

temperatureincreases,theeffectofthelowervalueofk_t..t:on thevessel

shelltemperatureisconsidered.Figure1,53showsisothe_ obtmned by
usingk_.,etffi30 W/m K (valueofthermalconductivityofcarbonsteel
at about1000K obtainedfrom Rempe etal'swork)when Mayingeret

al'scorrelationisusedforVv ffi2/3Vco..Itisseenthatthereductionof
thermalconductivityofvesselshellproduceshigherinnerwalltempera-
turesand lowerouterwalltemperaturesintheskirtregioncompared to

W'thebasecase Ithkr_.el--50 W/InK. The largetemperaturevaiation
acrossthevesselshellintheskirtregionwouldresultinthehighthermal

stressesinthatregion,

References for, ,Append_ I.I,_,,,,,

R.M. OSTMEYER, "An Approach to Treating Radionuclide Decay Heat-
ing for Use in the MELCOR Code System." NUREG/CR-4169, i985.
J. METZINGER AND H.V. KLAPDOR, "New Results on the Decay
Heat of Nuclear Reactors,' Max-Planck-Institute fur Kernphysik, Heidel-
berg, Germany, 1985.
S.A. HODGE, J.C. CLEVELAND, T.S. KRESS AND M. PETEK, "Iden-

tification and Assessment of BWR (In-Vessel) Secere Accident Mitigation
Strategies," NUREG/CR-5869, ORNL/TM-12080, 1992.
J.L. REMPE, S.A. CHAVEZ, G.L. THINNES, C.M. ALLISON, G.E. KO-
RTH, R.J. WITT, J.J. SIENICKI, S.K. WANG, C.H. HEATH AND S.D.
SNOW, "Light Water Reactor Lower Head Failure Analysis," NUREG.CR-
5642, EGG-2618, 1992.
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Appendix I.J
Thermal Response of the Upper Reactor Vessel Wall

Above the Water Level in the Drywell

DryweU flooding with complete venting of the BWR vessel support
skirt by some means would maintain the core and structural materiaJ
relocated subsequently in the vessel lower plenum. Since the water level
in the drywell can not rise above the elevation of the dryweU vents, at
about two-thirds vessel height, the upper portion of the reactor vessel can
not be covered by water. Due to the thermal loading applied by radiation
from the upper debris bed surface, any possible failure of the upper vessel
wall above the waterline in the drywell may occur.

Simple calculations are performed to see how the upper wall tempera-
ture varies with different water levels in the dryweU and various amounts
of radiative heat transfer from the relocated debris upper surface. It is
assumed that the structural material in the vessel relocates into the ves-

sel lower plenum as shown in Figure 1.54. Because the time required to
collect all the relocated structural material in the vessel lower plenum is
not known, arbitrary values of the decay heats from the relocated debris
bed were taken.

Assuming that the surfaces are diffuse and gray and that steam above
the debris upper surface is totally transparent to radiative transfer of
energy, the relationships for radiative heat exchange using the enclosure
theory can be written as

-y"7-OJ = eiAia Ti 4 - FijTj 4 (I.95)
°._

where i, j = 1, 2, 3.

Using T2 and T3 as the average temperatures along the vessel inner
wall and T1 as the temperature along the arbitrary black surface as shown
in Figure 1.54, the desired radiation heat transfer rates and the shape
factors are obtained as

a(C+D)+b(A-B)
= (I.96)Q1 AI
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Figure 1.54: Schematic of reactor vessel wall exposed to radiation heat
from the upper surface of debris bed
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Q2 = aD- b(B + 1) (I.97)
A_

Q3 - aC + b(A + 1) (I.98)

and

=1-
where

AI
A=F_2(1- +2)_

A1
B =F_3(1- _3)+-;Z._
C = 1 - F22(I -e2)

_2A2
D = F23(1 - e3)_-_-_q

a = AIa(T14 - FI2T24- FlsT34)

b = e2A2a((l - F22)T24- F21T14- F23T34)

A1 =C(B+I)+D(A+I)

.gw)2z=2+(_

Using a one-dimensional heat conduction through the vessel wall, the
vessel shell temprature below the water line is given by

X

T(z) T2 ++(T_;:- _)--_-_ (I.100)

where AR = R2 - Rl and x is the distance from the vessel inner wall.

The heat loss to the outside water is given by

qL = hL(T4 - TL) (I.101)

where the natural convection heat transfer coefficient on the vertical plate

is given by

kL 0.387Ral/O 2
- -- 0.825 +

hL- Hw (1 + (0.492/Pr)9/16) 8/27
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where
g_(T4 - TL)Hw 3Ra=

VO{

For the upper vessel wall above the water level, the insulation bound-
ary condition on the oater wall is used as an extreme case.

Table 1.5 and Figure i.55 show the variation of the upper vessel wall
temperatures for different heat transfer rates from the upper debris sur-
face. The upper vessel wall temperature increases monotonically with the
amount of heat transfer rate from the debris bed and exceeds the melting
temperarature of steel vessel (1700 K) for the lower water levels, even
for the low heat transfer rates as shown in Figure 1.55. The vessel inner
wall temperature (T2) below the water level increases monotonically as
the heat transfer rate increases and approach the upper wall tempera-

ture (T3). However, the outer wall temperatures below the water level
are not sensitive to the heat transfer rate and are much lower than the

melting temperature of vessel shell. It can be seen that, for the maxi-
mum attainable water level (HL = 2/3 Hv) in the drywel!, the upper wall
temperatures are lower than the melting temperature of steel vessel even
though the heat transfer rate is high enough as shown in Figure 1.55.
Therefore, for the higher water levels in the drywell, the integrity of the
reactor vessel can be guaranteed as long as the energy transfer rate from
the debris does not exceed 10 MW.

References for Appendix I.J

R. SIEGEL AND J.R. HOWELL, Thermal Radiation Heat Transfer, McGraw-
Hill Book Company, NY, 1981.
S.W. CHURCHILL AND R.U. CHURCHILL, "A Comprehensive Corre-
lating Equation for Heat and Component Transfer by Free Convection,"
AIChE Journal, Vol. 21, No. 3, p. 604, 1975.
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Table 1.5: The upper vessel wall temperatures
above the debris upper surface

Water Level = 2/3 of Vessel Height

Q1 (MW) T2 (K) T3 (K) T4 (K)

:_r_;:_; _;_ ..... ,,J,,,f ,,' ''i,f",,IT,_,li',1,_,f,i,,,,,, , ,_ - L[,

5 847 995 348
6 950 1083 351
7 1053 1171 355
8 1156 1261 358
9 1259 1353 361
10 1361 i446 364
11 1464 1539 366
12 1566 1634 367
13 1668 1730 371

14 1771 1827 374
15 1873 1924 376
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Table H.1 contd.

Water Level = 1/2 of Vessel Height

Qi(MW) T2(K) T3(K) T4(K)

5 1187 1323 359
6 1360 1472 363
7 1527 1624 368
8 1697 1779 372
9 1866 1937 376
10 2035 2097 379

Water Level, =,,,,1/,3,,,0f Vesse!,.Height

Q] (MW) T: (K)T3 (K) T4 (K)

1 834 1066 347
2 1335 1480 362
3 1834 1925 375
4 2331 2392 385
5 2826 2870 394
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Figure 1.55: Variation of the upper vessel wall temperature above the
debris bed relocated in the vessel lower part
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APPENDIX Ii

EARLY CONTAINMENT FAILURE DUE TO EX-VESSEL STEAM
EXPLOSIONS
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11.1 introduction

A steamexplosion occurs whenthe time scalefor heat transferfrom a hot
liquid to water is smallerthanthetime scalefor pressurewavepropagationand
expansionin a localregionof thehot liquid-watermixture.Industrialand natural
experience has revealed that such explosionsare an important or at least
potentiallyimportantclassof damagingexplosionaccidents,

When water is presentin the reactorcavity (for PWR) or the pedestalregion
(for BWR) at the time of vesselfailure, thecontactof moltencore debriswith
watermay resultin a steamexplosion,This is calledanex-vesselsteamexplosion
andmay resultnotonly in an impulseload,but alsoin aquasistaticpressureload
oncontainmentstructures,]f theconsequencesof a steamexplosioncan resultin
impairmentof thecontainmentfunction,suchascontainmentfailure,thensuchan
explosioncouldconceivablycontributesignificantlyto the risk associatedwith
coremelt accidentsin light waterreactors.Currently,floodingthe drywallor the
reactorcavity with the aim of coolingthe vesselfrom the outsideand possibly
preventingvesselfailure is consideredas oneof the severeaccidentmanagement
strategies,Ex-vesselsteamexplosionsmay be the mostseriousadverseeffectof
this strategy. The purposeof the presentstudy is the investigationof the
consequencesof an ex.vesselsteamexplosionwhenflooding the drywel] or the
reactor cavity strategy is used.

11.2 Issue Definition and Technical bases for PWR

There are three possibilities for the mode of failure of the lower reactor
vessel head (penetration, gravity pour alzd gross failure) and two conditions at
which it might happen (low and high pressure). At high pressure, no vessel
failure (no VB) may lead to failure somewhere else in the primary system. If the
failure is in the steam generator, then early containment failure or bypass is the
result. Alternatively, the hot leg or surge line failure may occur first. All
locations result in primary system depressurization and possible actuation of the
accumulators leading to possible in-vessel steam explosions, A penetration failure
requires consideration of direct containment heating (DCH) and gross failure
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requires consideration of upward loads on the vessel. The gravity pour is not
probilbleat highpressure,

At low pressure, one must consider in.vessel steam explosions prior to loss of
primary system integrity. The probability of its occurrence and its consequences
are, however, part of the base case considered in Chapter 3 and will not be
considered further in this appendix. Again there are three possibilities: I) no
vessel failure, 2) penetration failure, and 3) gross bottom head failure. "!'hefirst
is the result of successful accident mamtgement, whereas the second and third
require consideration of ex-vcssel steam explosions. These two lead to a cerium
pour to the reactor cavity by gravity. For large dry containments, however, only
hydrogen production will be a concern. The presence of water will most likely
preclude basemat pe,tetration.

A penetration failure at high pressure could result in DCH even though water
exists in the cavity. At least two scenarios arc conceivable I1]. One scenario is that
one or more steam explosions will occur after only a fraction of the debris has
_en injected into the cavity and the cavity water will then be dispersed ahead of
the bulk of the injecte(l debris, '_e other scenario is that the cavity water will be
co.dispersed with the debris, exiting the cavity region as small droplets
intemlixed with the transported debris, steam, and hydrogen, l:xperirnc,lts with
water-filled cavities have _en inconclusive, in part Mcause of the tendency of the
experimental facilities to be destroyed by the debris-water interactions. Reality

n t imay involve some cot btnationof these two scenartos.

' 1 )' 'A gross failure at high pressure could result tt upward I¢ads on the vessel.
The lower head separated from the vessel would impact with high velocity on the
lower concrete bottom structure of the containment when it fails, The two-phase
water and steam mixture together with the core melt would flash out of the RPV
downwards into the containment space. The impact forces acting on the upper
support structures of the RPV would be it dynamic force of about 300 MN over
about 100 ns [2],

l_xperimental results 13] show that 32 out of 37 tests (86%) involving the
release of' molten therrnite at ambient pressure and water temperature resulted in
spontaneously triggered steam explosiotls. The probability of ex-vessel steam
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explosions which occur under amhien! pressure and water temperature can then
be assumed to be approximately, 0.86. The expected explosion expansion would
be truly three dimensional and there are many paths through which the explosion
can expand. The amount of water needed to flood the reactor cavity was
estimated to _ about 245 metric tons which corresponds to equivalent volume of
the reactor cavity volume and 4.54 m in depth from the vessel zero. If the

explosion occurs, the expansion would _ more hemispherical in nature and the
pressure pulse generated from the exph_sion would travel to the containment
walls through atmcsphere, not through water. The early time pressure pulse
travelling through water might damage the reactor cavity wall, but it is below
ground level and separated from the containment walls, therefore, leakage is not
likely. This pressure pulse would expel large quantities of water through the
cavity exit into the containment and fragment water and debris into fine droplets.
The late time explosion expansion could relieve itself in one of three ways; up to
the refueling pool, through the outlet nozzle clearance or out to the personnel
access door. The strength of the late time expansion would be reduced rapidly
because the e×pansion moves hemispherical and interacts with thc structures
inside the containment, tlowever, how the explosion could efficiently couple its
energy to some solid material to fom_ a missile is very uncertain. The ex-vessel
steam explosion probably could not cause containment failure by dynamic
pressure pulses since water in the cavity would not directly contact structures that
are both vulnerable and essential to the containment function I! l, whereas
containment failure by missile generation is uncertain and should bc studied.

11.3 Issue Definition for BWR

According to NUREG-1150, the containment design assessed to display the
most significant vulnerabilities to ex-vessel steam explosions was Grand Gulf
since the likelihood of a deep water pool in the drywell is high during the course
of a severe accident. The threat to the Peach Botton_ containment fronl ex-vessel

steam explosions was not considered significant because of the shallow pool of
water in the drywell, llowever, if the drywell is flooded in the Peach 13ottom
plant, the same consequences as those of the Grand Gulf plant should be
considered.
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The scenario of concern in the Grand Gulf containment design is that a steam

explosion impulse is delivered to the reactor pedestal through water on the

drywell floor. The same scenario can be considered for the Peach Bottom

containment. Upon receiving the explosion impulse, the pedestal collapses,

resulting in failure of the drywell wall due either to impact by the unsupported

vessel or damage by the penetrating steam line and feedwater pipes. Another

scenario of concern in the Peach Bottom containment is that the drywell is

overpressurized by the rapid vaporization of water. The shock waves generated

from the explosion can fragment molten debris into fine droplets. The

fragmentation creates a large surface area of the molten debris and makes the

rapid vaporization of water possible. When the strategy of flooding the drywell is

used, the remaining free volume in the drywell is less than one third of the

drywell free volume. Because of the small free volume, the pressure rise can
become more serious.

The ex-vessel steam explosion issue is expressed in terms of four parameters

or probabilities'

* The likelihood of an ex-vessel steam explosion with the presence of water in
the pedestal at vessel breach, PI.

* The likelihood of pedestal failure when a steam explosion occurs, P2.

* The likelihood of drywell wall failure due to collapse of the pedestal, P3.

* The likelihood of drywell failure due to the overpressurization by rapid
vaporization of water, P4.

The likelihood of containment failure due to a steam explosion (Pev)can be

calculated by the equation, Pev = P1 x { P2 x P3 + ( 1 - P2 x P3 ) x P4 }. Figure

II.1 shows an event tree for early containment failure due to ex-vessel steam

explosion.

II.4 Technical Bases for BWR

The scenario of concern at Peach Bottom is that molten debris is released

from the breached vessel into a deep water pool (about 9 meters) on the drywell

floor when the strategy of flooding the drywell is used. The accident progression

models developed for this study decomoose the ex-vessel steam explosion scenario

into four phases: (1)occurrence of the steam explosion, (2) subsequent failure of
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the pedestal, (3) subsequent failure of the drywell wall, and (4) failure of the
drywell due to the overpressurization.

Initial Condition,8

If the drywell is flooded before slumping of the core, the vessel failure time
becomes much longer than that of the no flooding case. For the Browns Ferry
short-term station blackout, the amount of debris accumulated in the vessel lower
head before vessel breach was calculated at about 80% of the core mass (UO2 +

Zirconium) and large masses of top guide, fuel support pieces, core plate, and
control rod guide tubes [4]. In the case of the Surry plant (this is a pressurized
water reactor), about 80% of total core mass of the Surry plant would be
accumulated in the vessel lower head before vessel breach. This calculation for

Surry is based on low primary system pressure and that the vessel failure time is
about 10 hours after the station blackout accident initiation [5]. For a boiloff
accident starting at the same decay time, the BWR and PWR core meltdown
results are quite similar; for instance, the time required to achieve 80% of the
core melting is almost the same. Differences in the calculations are primary
attributable to differences in the core power density, pressure vessel water
inventory at the start of the accident, and the fuel element design (open lattice
versus shrouded) [6]. So, the amount of debris accumulated in the lower head is
assumed to be about 80% of the total core mass because vessel breach is assumed
to occur at about 10 hours [7] after station blackout. It can be also assumed that

all the debris accumulated in the vessel lower head melts due to the decay heat
except the upper and lower crust of molten debris [7].

As the bottom head debris reaches high temperature, several challenges to the
vessel pressure boundary would be introduced simultaneously. Penetration
failures can occur by weakening of the stub tube welds supporting the control rod
drive mechanism assemblies or by failure of the instrument tube welds at the
reactor vessel wall. The subsequent failure i.e., complete detachment of the tubes
from the vessel or creep rupture of the tubes just outside the wall would not
occur because the water outside the vessel cools the tubes.
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Failure of a stub tube weld would only cause a small downward motion of the

control rod drive mechanism assembly and therefore, although gas blowdown

would be initiated by such a failure, gross release of debris from the vessel would

not [8]. For the instrument tube, although there is nothing to prevent its complete

detachment from the vessel given weld failure at the vessel wall, the subsequent

continuous spillover of molten debris into the tube is difficult because the tube
outside the vessel remains cool.

Gross failure of the portion of the reactor vessel bottom head underneath the

vessel support skirt would be expected to occur long after the penetration failures
discussed above. The reactor vessel bottom head wall is thick, and there is

relatively little wall stress after the vessel is depressurized due to the penetration

failures [81. So, the failure mechanism for the BWR vessel bottom head when the

drywell is flooded is expected to be gross failure of the vessel wall, no matter

whether the vessel pressure is high or not. If gross failure occurs, a large pour of

molten debris drops into the water pool because the vessel lower head may not
melt uniformly along the circumference of the lower head and because there are
control rod drive mechanism assemblies under the lower head.

A steam explosion is expected to be triggered at some time inside the pedestal

after slumping of the melt into the pedestal. The total amount of water needed for

flooding the drywell up to the expected level is about 1.5 million gallons [41.

However, it is expected that only the waler inside the pedestal can participate in

the steam explosion. The amount of water inside the pedestal is 225,000 kg
(equivalent volume inside the pedestal). Since there exists control rod drive

mechanism assemblies and many structures supporting the assemblies inside the

pedestal which help the melt mix with water, all the water inside the pedestal can

be assumed to participate in the explosion. The water may be highly subcooled

(20-30°C). Heat released from the vessel lower head to water inside the pedestal

before vessel breach may be small because natural convection cannot be expected
inside the pedestal and because the part of the lower head which contacts with

water, is small. The ambient pressure is assumed to be about one atmosphere
because the drywell is vented for flooding.
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The fractiGn of core involved in an ex-vessel steam explosion is estimated for
the penetration failure and gross failure at low pressure by expert opinions in
reference [9]. The results are illustrated in Figure II.2. These results can be used
for Peach Bottom because the geometries and the specifications of the vessel and
pedestal of the Peach Bottom plant is similar to those of the Grand Gulf plant.
The dispersed premixtures are not a necessary condition for strong explosions
because the necessary prefragmentation can be achieved by precursor or weak
explosions or mixing waves and there may be no limit of the melt amount in
mixing with water. The mean of the level assignments on the gross failure is
16.5% of the core. The initial temperature of melt is assumed 2700 K [71.

During the explosion, thermal energy from Zirconium oxidation is not
considered because water is highly subcooled. Hydrogen burning is not
considered because the Peach Bottom containment is maintained in an inerted

state i.e., nitrogen filled.

Occu.rr_,nceof the Steam Explosion

The probability evaluated for this phase of the scenario is the fraction of
occasions upon which a steam explosion would be triggered when molten debris
is released from the vessel to an underlying water pool. The water temperature
and ambient pressure are the most important factors in this phase. As mentioned
above, even though the water near the vessel lower head may be saturated, most

of water inside the pedestal remains in a highly subcooled state (20-30°C). An
estimate of the probability, 0.86, was based upon the same experimental results
[3] that were used for the PWR case.

_Subseo31entFailure of the Pedest_

The estimation of the Grand Gulf pedestal impulse capacity can be used for
Peach Bottom because the pedestal region geometry and composition of each are
very similar. According to NUREG-1150, the potential failure impulse levels for
the Grand Gulf pedestal extends from 3.5 to 18 psi-s based on the assumption of
the similarity in thc impulse duration between steam explosion and gas detonation
loads (typically millisecond). Estimation of the impulse delivered to the pedestal
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was based on the similitude equation for an impulse from the underwater
explosion I101modified by Berman Ii 11,as follows:

I = 4,0 W I/3 ( W I/3/ R ).89 kPa-s (II.1)
where I = impulse at distance R in kilopascal-second,

W = mass of corium in kilograms, and
R = distance from explosion center to load in meters.

This equation was adopted to determine the relationship between the mass of
debris participating in the steam explosion and the impulse to the pedestal.
Calculations revealed that, with less than 0.5 percent of the total core (UO2 +

Zirconium) participating in the explosion, the impulse to the pedestal would reach
the upper edge (18 psi-s) of the uncertainty range over pedestal failure loads.
Failure of the pedestal is credible when a steam explosion is triggered in the
Peach Bottom pedestal.

The impulse generated from the explosion can directly reach the drywell wall
through the door, which exists on the pedestal wall. The door size is about 7.2
feet high and 3.4 feet wide. The maximunl energy reaching the door is 1.167% of
the melt energy participating in the explosion by assuming the kinetic energy
travels along all the directions equally. The impulse reaching the drywell wall can
be calculated by the equation above. The distance from the door to the wall is 3.0
m and the corium mass is assumed to be 1.167% of the melt participating in the
explosion. The impulse to the drywell wall is only 11.8 psi-s when the total core
participates in the explosion. The failure of the drywell wall due to the direct
impulse generated from the explosion is incredible.

For the Grand Gulf plant assessed in NUREG-1150, this probability of failure
of the pedestal when a steam explosion is triggered in the pedestal (P2) is

calculated at 0.5 by a Monte Carlo analysis with a uniform distribution assigned
to the interval between the fraction zero and fraction 1.

Subse_en_t Failure of theDrywe!l Wa,!l

According to NUREG-I 150 (for Grand Gulf), engineering judgement was
used and this probability of failure of the drywell wall when the pedestal fails due
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to the impulse from ex-vessel steam explosion, was taken to be 0.17. This
estimate cannot be used for Peach Bottom directly because the Peach Bottom
containment structure is very different from the Grand Gulf containment
structure. At Grand Gulf, there are many structures inside the drywell and the
distance between the vessel and the drywell wall is longer than that of the Peach
Bottom containment. It can be assumed that these differences make "failure of the

drywell wall" at Peach Bottom more probable than that at Grand Gulf. As
mentioned above, the mechanisms of subsequent drywell wall failure due to steam
explosions are the impact to the drywell wall by the unsupported vessel and the
damage by the penetrating pipes through the drywell wall. The impact to the wall
by the vessel and the damage by the pipes due to the vessel movement may more
easily occur when the distance between the vessel and the drywell wall is short.
The value of P3 = 0.17 for Grand Gulf 1nay be considered as the lower bound

probability for Peach Bottom.

Faihlre of the Dryv_ell W_IIIdue to Overp.ressurization

This probability, P4, is the fraction of occasions that the quasistatic
overpressurization due to the rapid vaporization of water results in failure of the
drywell wall when the drywell wall does not fail due to the impulse generated
from the given steam explosion. The potential static failure pressure levels for the
Peach Bottom drywell wall extends from 120 to 174 psig (mean value is 148
psig) [1]. The primary containment venting system at Peach Bottom is used to
prevent containment pressure limits from being exceeded. It is probable that the
venting system would be operable or open. (It has to be open to flood.) The
venting capability should be considered. If the vessel fails at high vessel pressure,
gas (steam+hydrogen) blowdown from the vessel to the containment would
contribute to the pressure rise.

Estimation of the containment pressure rise was performed by two
approaches; simple mechanistic calculation and scaling of the experimental
results. The probability, P4, could be assigned based on the results of two

approaches with the initial conditions as mentioned above. The first approach is
an energy balance calculation of the core debris quench in the water pool
assuming that the drywell is adiabatic and isolated. It is assumed that all the

sensible and latent heat of the debris is transferred into heating and vaporizing
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water, and the debris and water reach thermal equilibrium consequently. For the
calculation, the droplet diameter of the debris is assumed to be 0°001, 0,01 or 0.1
m. A part of the steam bubbles generated around the debris droplets might
condense before they rise to the surface of water. The amount of steam generated
around the debris droplets that condenses is a very uncertain factor in this
approach. The ratio ('fc') of condensed steam to the total generated is assumed
from 0 to 1.0. After the water is saturated (the saturation temperature is assumed
constant, Tj = 373 K), steam cannot condense any more. The steam and the gas in
the vessel are treated as ideal gases. The containment pressure with respect to
time can be calculated by the following equations.

Debris Droplet Energy Equation

VC dT
-pp p p-_-Ap(hc, O.88hr) (T(t)-T1(t) )'q(t) (II.2)

Coolant Energy Equation

CaH_-_ =fc npq( t) (11.3)

Steam Generation Rate

,_ . n__q!t) (1-fc)
n,g (II.4)

Steam/Air Energy Equatior_

V dP_wh+[hvh_rh v P +Wv.h (11.5)
r-i dr. pj(r-l)

Containment Vent Rate

f

q2 (P- P,) (II,6)W'CeA_ p ,,

Vessel to Containment Vent Rate

I 2 (Pv-P)w,,.c_,,A_,, p ,, - (11.7)
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Vessel Gas Space Energy Equation

v_ dP_._w_r-_ d_ (II.8)

The properties of water and steam are assumed to be constant. Fisure 11.3
represents the containment pressure with respect to time. When venting is
available, the pressure increases up to the maximum pressure and decrease to the
ambient pressure, whereas the pressure increases continuously up to the
maximum pressure when venting is not available. However, at the initial state,
there is no big difference in the containment pressure between venting and no
venting. Venting might not be effective for mitigation of the threat from rapid
vaporization. Ftgure II.4, II.6 and II.7 represent the effects of fc, droplet size and
melt mass, respectively. Assuming the water inside the pedestal and i6.5% of the
core (about 40 tons) participate in the explosion, which corresponds to the initial
conditions, the containment pressure would rise up to over 10 MPa when fc is
0.5. Except for high fc (near i.0), the maximum containment pressures exceed
the containment failure pressure. When fc is 1.0, the containment pressure does
not increase under any circumstances. Figure 5 shows a containment failure
criterion as a function of fc and vent diameter, that the containment fails if the

maximum containment pressure exceeds the mean containment failure pressure,
148 psig. Figure Ii.8 shows that the effect of the vessel pressure is not significant
because there is no big difference of the pressures of two cases when thei

pressures are over the containment failure pressure.

The second approach [9] is an empirical scaling of the results from the Sandia
Fully Instrumented Test Series (FITS) [3]. Almost fifty FITS experiments were
performed with the molten debris masses between 2 to 20 kg in the 5.6 m3 tcst
chamber. Figure 9 illustrates the quasistatic gas phase pressurization from a steam
explosion in the FITS chamber for the FITS A, B, and G series. If one makes the
assertion that the FITS test can be considered a scaled test reflecting the behavior
in the Peach Bottom drywell, it is possible to predict pressurization for Peach
Bottom from the experimental data. There are potential problems with this
assumption: (1) the tests represent approximately a one-seventh linear scale of
free volume, and the surface area/volume effects influence the results and tend to

underpredict the pressure rise at full scale; and (2) the scaling of microscopic
phenomena is not actually known. Assuming that the scaling laws are one-seventh
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for the linear geometry scale and all other scale factors are zero, then the
observed pressure rises in the FITS tests would be the same as those predicted for
full scale. Using the graph in Figure II.9, the quasistatic pressure rise would be
less than 2 bars (29 psia) for as much as 15% of the core (about 36 metric tons)
interacting with the available water in the pedestal (225 metric tons) i.e., when
the coolant fuel mass ratio is about 6,

The first approach showed that the maximum containment pressures obtained
exceed the containment failure pressure in most cases so that containment failure
due to the overpressurization is probable. On the contrary, the second approach
showed that the pressure rises are not high enough to fail the containment, even
in the low coolant fuel mass ratio case, so that containment failure due to the

overpressurization does not seem to be probable. The inconsistent results of the
two approaches were caused by uncertainties and assumptions of the approaches
mentioned above. In the first approach, the most significant uncertainty is how
much heat transfers from the debris to water for sensible heating. In the second
approach, the scaling laws are not well known and have many uncertain factors,
If the two results of each approach are considered to be equally weighted, the
probability, P4, can be assigned as 0,5, which gives the maximum uncertainty.

With uncertainties mentioned above, Pl, P2, P3 and P4 are assumed 0.86, 1.0,

0.17 and 0.5, respectively if water inside the pedestal and 16.5% of the core are
assumed to participate in the explosion. Based upon the technical bases, the

likelihood of early containment failure due to the ex-vessel steam explosion is
calculated at approximately 0.5 by Pev = Pl x { P2 x P3 + ( 1 - P2 x P3 ) x P4 },

0.86x(l.Ox0.17+0.83x0.5), in this study.
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Nomenclature

A : area (or surface area)
C : specific heat
Cd : discharge coefficient for venting (0.9)
Cdv : discharge coefficient for gas discharge from the vessel (0.6)

fc : the ratio of heat used for heating water to total transferredheat from the
debris

h : enthalpy of steam (2700 kJ/kg)
hc : convective heat transfer coefficient

hfg : latent heat of water (2100 kJ/kg)
hr : radiative heat transfer coefficient

M : amount of waterparticipating in the explosion (225 tons)
my : amount of steam generated per second

np : number of droplets
P : containment pressure
Pa : ambient pressure (0,101 MPa)
Pv : vessel pressure (initial pressure7.03 MPa)

q : heat transferredfrom a debris droplet to water
r : specific heat ratio (1.4)
V : remaining containment free volume after flooding(1415.5 m3)
Vv :vessel volume (585.1 m 3)

W : discharge mass rate from containnlent
Wv : discharge mass rate from vessel to containment

p :density

d : for venting
dv :for discharge from vessel
1 :water

p : debris droplet
v : steam
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Figure 11.6.Maximum containment pressure as a function
of droplet diameter.
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Figure II. 7. Maximum containment pressure as a function of melt mass
participating in the explosion.
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Figure 11.8.Maximum containment pressure as a function of melt mass
at high vessel pressure.
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Figure 11.9. FITS data analysis for steam generation [9]
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APPENDIX III

THE ASSESSMENT OF PROBABILITY DISTRIBUTIONS
FROM EXPERT OPINION

III.I



Introduction

The need to work with rare events and limited data about severe accidents have

led analysts to use expert opinion extensively. This application is for the estimation
of a containment pressure distribution curve from expert-supplied percentiles.

General Formulation

In a Bayesian framework, expert opinions are treated as evidence which is
incorporated into the analyst's state of knowledge via Bayes' Theorem, i.e.,

7z(xlE)= K1 L(EIx)xo(x) (III.1)

where

x0(x) = the analyst's prior state of knowledge about the unknown quantity x

(prior to receiving the opinions of the experts),

E= the set of expert opinion regarding the value of x,

L(EIx) = the likelihood of evidence E given that the true value of the unknown
quantity is x,

x(xlE) = the analyst's posterior state of knowledge about the unknown quantity

x given that he has received the set of expert opinion and

K-_= normalization factor.

The problem of expert opinion is reduced to the assessment of r_o(x)and L(EIx)

by the analyst. Especially, for the situation that we have unknown prior knowledge,
the key element is how to obtain the posterior from the likelihood supplied by
experts. In other word, the objective is to obtain an estimate for an unknown
posterior distribution using the assumption that the likelihood function (L) can be
quantitative judgement about the value of the unknown value. And, these opinions
are usually expressed by three percentiles such as the 5th, 50th and 95th.
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The evidence here is

E = { xij, j=l,3;i= 1,.., N} (III.2)

where xij is the estimate of expert i for the jth percentiles, and we have the
opinions of N experts on three percentiles.

Model

Reference 111used the following assumptions to develop the model:

1) the unknown distribution is a member of a parametric family of distributions.
With this assumption, the problem of estimating the unknown distribution is
equivalent to that of estimating its parameters.

2) A log-normal with parameter ct= (0, to) is used for the unknown
distribution.

Therefore, Eq (iII.l) is written as

_(oclE) = K_ L(EIg_) n0(ot) (I11.3)

Assuming that experts are independent and one has a uniform distribution for

_o(Ct) (i.e., we have unknown prior distribution), then the posterior log-normal
distribution becomes '

1 (__)2 +(O'Om)2]}
r_(0, colE)= KI exp 1-_1 oto o0

where

O, to = parameters of a log-normal distribution.
n

(oe)2= ( 3 _ _i-2)"1
i=!
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n

(Gco)2= ( 2 Z23_ Gi'2)"I
i=l

1 "

0m =_"_.=wi (In Xzl+ In Xz2+ In XZ3)

1 n

torn-2 Z 3 y--'wi (In XZ3- In Xz3)i--I
11

wi = weighting factor of each expert, _ wi = 1.0

K"l ; normalization factor

Z_, Z2, and Z3 = three percentiles

E = evidence (i.e,, expert opinions) (III.3)

"Most probable distribution" (i.e., the one that has the largest probability of
being the true distribution) is used for the analysis. This is done by maximizing the
posterior distribution with respect to (0, to) as follows:

c)rc(to,01E)
10m=O (111.4)

_0

and using the resulting 0m and tOmas set of parameters of the final distribution, in

other words, the most probable log-normal curve has the parameters 0 and to with

0m and tom, respectively, which are obtained from Eq (111.4).
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